COUNTING DESCENT PAIRS WITH PRESCRIBED TOPS AND BOTTOMS

JOHN T. HALL AND JEFFREY B. REMMEL

ABSTRACT. Given sets X and Y of positive integers and a permutation 0 = o102 ---0, € Sp, an
X,Y-descent of o is a descent pair o; > ;41 whose “top” o; is in X and whose “bottom” ;1 is
in Y. We give two formulas for the number P,f;y of 0 € S, with s X, Y-descents. P,f;y is also
shown to be a hit number of a certain Ferrers board. This work generalizes results of Kitaev and
Remmel [15] [16] on counting descent pairs whose top (or bottom) is equal to 0 mod k.
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1. INTRODUCTION
Let S,, denote the set of permutations of the set [n] = {1,2,...,n}. A descent pair of a permutation

o =010y---0, € Sy, is a pair (0;,0;41) with o; > 0;41. The main focus of this paper is to study
the distribution of descent pairs whose top o; lies in some fixed set X and whose bottom ;41 lies
in some fixed set Y.

Definition 1.1. Given subsets X,Y C N and a permutation o € S,,, let
Desxy(o) = {i:oi>0i41 &0, € X & 0,41 €YY}, and
desxy(0) = |Desxy(o)l.
Ifi € Desx y(0), then we call the pair (0;,041) an X,Y -descent.
For example, if X = {2,3,5},Y = {1,3,4}, and 0 = 54213, then Desx y(c) = {1,3} and

desxy (o) = 2.
For fixed n we define the polynomial

PXY(x) = PXYat = ) aterxr(o), (1.1)
s>0 o€ES,

Thus the coefficient P,f;y is the number of ¢ € S,, with exactly s X, Y -descents.
Our main result is to give direct combinatorial proofs of a pair of formulas for Pg;y. First of all,
for any set S C N, let
S, = SnNin], and
Sp = (8=[l-5
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Then we have

Theorem 2.3
- Xgl+7\ (n+1
PXY — 1 x°| —1)*" e 1 e na)s 1.2
= () (0 T a2
and
Theorem 2.5
[ Xn|—s
Xe 1
PzgY:Lchl“ Z (I)anr< nl+T> <|Xn+s 7«) H (r+ Bx.me — Bynz)s (1.3)
r=0 niee T€Xy

where for any set S and any 7,1 < 7 < n, we define

asn; = |SN{ij+1,j+2,....n}=H{z:j<z<n&z¢S}, and

6S,n,j |Scﬂ{1/277]71}‘:|{T1§7<J&T¢S}|
Example 1.2. Suppose X ={2,3,4,6,7,9},Y = {1,4,8}, and n = 6. Thus X¢ = {2,3,4,6}, X§ =
{1,5},Ys = {1,4},Y$ = {2,3,5,6}, and we have the following table of values of ax6.,Py.6,2, and
6X,6,z-

T 2131(141|6
axer |1]1]1]0
Bvoa |0]1]2]2
Bxsw 1] 1]1]2

(1.2) gives
2
g 24T 7
Py = 2!2(71)2 < . ><2T>(2+T)(3+7")(4+T)(3+r)
= 2(1-21-2-3-4-3-3-7-3-4-5-4+6-1-4-5-6-5)
2(1512 — 5040 + 3600)
= 144.

while (1.3) gives

Py = 2!2(-1)”(2”)( 7 )(1+r)(0+r)(—1+r)(0+r)

r 2—r
= 2(1-21-1-0-(-1)-0-3-7-2-1-0-146-1-3-2-1-2)
= 2(0-0+4+72)
= 144.

Let Pgs = ng;N. Since fnn,. = 0 for all € X,,, we have as corollaries

S

PX, = xe (1) <|X5 + ’“) (” + 1) [T (1 +r+axu.) (1.4)

r sS—7r
r=0 r€X,
and
X c |‘X"‘7s | X0 |—s—1 ‘Xﬁ|+7‘ n+1
PY=IXE Y () POk a) Mo s 0
r=0 " z€X,

We will show that the equality of (1.4) and (1.5) is equivalent to a certain special case of a general
transformation result due to Gasper [6] for hypergeometric series of Karlsson-Minton type. Since
(1.4) and (1.5) have completely combinatorial proofs, it follows that we can give combinatorial proofs
of many special cases of Gasper’s transformation theorem.

We will use the fundamental transformation of Foata [4] to show that the polynomials PXY (z)
are special cases of hit polynomials for Ferrers boards B contained in the n x n board. Since there
are many formulas for hit polynomials of Ferrers boards (see, for example, the results of Haglund
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[9]), we have an alternative way to prove formulas for the polynomials PX:Y (). Moreover, we will
show that we can use the same idea to reduce the computation of the coefficients of PX'Y (z) to the
computation of the coefficients of Pf*’N(m), for some appropriate X* depending on X and Y. Thus
(1.4) and (1.5) already contain all of the information needed to compute the seemingly more general
formulas (1.2) and (1.3).

This type of study was initiated by Kitaev and Remmel [15, 16]. In particular, they studied
descents according to the equivalence class mod k of either the top or bottom of a descent pair. For
any set X C {1,2,3,...}, they defined

. %X(a) = {i: 01> 01 & 01 € X} and desx (o) = \ES_X)(U)L and
e Desx (o) ={i:0;>0i11 & 0;41 € X} and desx (o) = |Desx (o).

—
It is easy to see that %x(a) = Desx n(o) and Desx (0) = Desy,x(0). In [15], Kitaev and Remmel
studied polynomials such as

-
Rn(’ﬁ) = ZRk,n-’Ek = Z .’EdesE(J), and
k>0 o€ES,
—
Qu(@) = Y Qunz" =) 2,
k>0 0ESy
where E = {2,4,6,...,} is the set of positive even integers. In these cases, they found surprisingly
simple formulas for the coefficients. For example, they showed that
2
R = (Z) (n))2. (1.6)
In [16], Kitaev and Remmel studied polynomials such as
. <
A%’c) (z) = ZASC;:U’ = Z x5~ (7) - and
>0 0ES,
. -
BT(lk)(.r) = ZBffj)r] = Z .’Edes’m(”),
j>0 0ES,

where kN = {k, 2k, 3k,...}. Note that Aglk)(m) = PXN(z) and By(lk)(m) = PNY(z), where X and Y
are kN for some k > 2. When k > 3, the formulas for the coefficients of these polynomials are not as
simple as (1.6). For example, Kitaev and Remmel used a recursion to prove the following formulas,
which hold for all 0 < j < k—1and all n > 0.

Agjl)ﬂ',s = ((k=1n+j)!x
i(—l)“ <(k - 1)777;+j + r) (kns-l-_j: 1) nl:[(T et 0
Agﬂliz)ﬂ,s ((k—=1)n+j)! x
nf(fl)”*sfr <(k - 1>T;+ j+ r) (k:_—l—sj_-i-rl) ﬁ(r cen s

Our main results are generalizations of the two formulas (1.7) and (1.8).

The outline of this paper is as follows. In Section 2, we give several formulations of a recursion
for the number P,f;y of ¢ € S, with s X,Y-descents. Then we present our main results, the
combinatorial proofs of (1.2) and (1.3). In Section 3, we give several applications of our main results,
including new proofs of results of Kitaev and Remmel [15] [16] on counting descent pairs whose
top (or bottom) is equivalent to 0 mod k, and a combinatorial proof of various special cases of a
transformation of Karlsson-Minton type hypergeometric series due to Gasper [6]. In Section 4, we
use Foata’s First Transformation, which is a bijection taking descents to excedences, to rephrase
the problem of computing the polynomials P:X:Y (z) as one of computing hit polynomials for certain



4 JOHN T. HALL AND JEFFREY B. REMMEL

boards B contained in the n x n board. In Section 5, we show that our results can be extended from
permutations to words. In Section 6, we shall consider a more general problem. That is, for any
X,Y,Z CN, we can consider the polynomials

PXYVA(g) = 30 PXY Ay o 3 glesnrn(o),
s>0 0€ES,
where for any subsets X, Y, and Z of N, and permutation ¢ = o109 -+-0,, € Sy,
Desxyz(oc) = {i:o;>041 & 0;€ X,0i41 €Y & 0, — 0441 € Z}, and
desx,y,z(o) = |Desxyz(0)l.

Clearly P.XY (z) = PX:Y'N(2). We do not have a formula for the coefficients Pn)f;Y’Z for arbitrary X,
Y, and Z. However, we will show that we can find formulas for Pn)f;Y’Z for certain special cases of
X, Y, and Z. Finally, in Section 7, we present some directions for future research.

2. PRESCRIBED Tops AND BoTTOMS

In this section, we will give several ways to compute the coefficients P,f;y.
Given X, Y C N, let POX’Y(a:7y) =1, and for n > 1, define

XY — § XY s t._ § desx,y (0),,|Yy
Pn (T,y) - Pn,s,t'r Yy = T xv )y‘ ‘
$,6>0 o€ES,

Let ®,,11 and ¥, 1 be the operators defined as

B2ty — szt Y+ (n+ 11— s)atyt
‘Iln+1 : wsyt — (S +t+ 1)wsyt + (n —5— t)$s+1yt.

Proposition 2.1. For any sets X,Y C N, the polynomials P.X"Y (z,y) satisfy

Yy @, (P5Y(z,y) ifn+1¢gX andn+1¢Y,

PXY (0y) = @, 1 (PXY (z,y)) ifn+l1¢g X andn+1€Y,
n+1 (s Y y -V, (PXY(2,y) ifn+1e€X andn+1¢Y, and
U, 1 (PXY (2,y)) ifn+leX andn+1€Y.

Proof. We think of a permutation as being built up by successively inserting the numbers 1, 2, 3, and
so on. Given a permutation o € S,, with s X, Y-descents, if n +1 ¢ X and we insert n + 1 in the
middle of one of the s X, Y-descent pairs, then we destroy that X, Y -descent and get a permutation
with s — 1 X, Y-descents. If, instead, we insert n + 1 in one of the other n 4+ 1 — s possible spots
(including the spots at the beginning and end of the permutation), then we preserve the number of
X,Y-descents. Thus, if n +1 ¢ X, we have

PXY ()= ¥ @, (PXY (2,y) ifn+1¢Y, and
ntl A ®,1(PXY(z,9)) ifn+leY.

n

On the other hand, if n + 1 € X, then we preserve the number of XY -descents by inserting n + 1
in the middle of one of the s X, Y-descent pairs, or before any of the ¢ elements of Y,¢, or at the end
of the permutation. If, instead, we insert n + 1 in one of the other n — s — ¢ possible spots we create
a new X,Y-descent. Thus, if n +1 € X, we have

PXY (mg) =4 U U, (PXY(2,y)) ifn+1¢Y, and
nt1 5 Y U1 (PXY (2,1)) ifn+1ev.

It is easy to see that Proposition 2.1 implies the following result.
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Corollary 2.2. For all X,Y C N and n > 1, the following recursion holds for the coefficients Pn st

(s+1)Pns+1t1+(n+1—s)£f;§,1 fn+1¢X andn+1¢Y,
pxyY (S+1)nsy+1t+(n+]‘ )Pn;tX fn+1¢g X andn+1€Y,
et (s+1) nst1+(n+2—s—t)Pns Li-1 ifn+leX andn+1¢Y, and
(s+t+1)nst+(n+lfsft)Pn; 1t nt+le€Xandn+1eY.
(2.1)
We can rephrase Proposition 2.1 in terms of partial differential equations as follows.
y((n+1)Pf’Y(z,y)+(l71)58_EPXY(1 y)) ifn+1¢ X andn+1¢Y,
XY () = (n 4+ P (2, y) + (1 — 2) 45 PY (2, y) ifn+1¢Xandn+1€Y,
mHUETY oy (@n A DPXY (@) + (2 - 22) 2 PXY (a, y)+y(1fw)a PXY(2,y))  ifn41€X andnt1¢Y, and
(zn+1)PXY(a: y)+(zfa:2)61P"XY(aJ y)+y(1—a:) PX’Y(z,y) ifn+1€ X andn+1€Y.
(2.2)

Onme can then use either of the recursions (2.1) and (2.2) to compute P:%Y (z,y) for any X and Y.
For example, if X = {2,3,5} and Y = {1,3,4} we have

Yy =1
P1X V(e y) 1
P (,y) y(1+z)
PV (z,y) = y(2+4z)
P (x,y) y(12 + 12x)
PV (wy) = y?(24+ T2z + 2427).
It is easy to see that Pfsi = 0 unless ¢ = [Y,¢|, so we will drop the ¢ and write P;;" for Pfsﬁyc‘.
Thus PXY (z,1) is really just the polynomial PX'Y (z) defined by (1.1).
Recall that for each =z € X,,, we defined
axny = |{zrx<z<n&z¢ X}, and
Byme = Hz:l<z<z&2¢VY}.
Then we have following formula for Pf;y.
Theorem 2.3.
Py =|X§ I'Z( 1)”<|X’CL H) (” * 1) I @ +7+axne + Byna)- (2.3)
r s—r

r=0 reX,

Remark 2.4. Theorem 2.8 can be proved by showing that the formula satisfies the recursion (2.1)
for Pg;y. However, we will give a direct combinatorial proof using a sign-reversing involution on a
set of configurations, which are arrays of numbers, +’s, and —’s. The basic idea is simple: applying
the involution to each configuration results in either changing a + to a —, or changing a — to a +.
The fized points of the involution will be shown to correspond naturally to permutations o € S,, such
that desx y (o) = s.

Proof. Let X,Y,n, and s be given. For r satisfying 0 < r < s, we define the set of what we
call (n,s,r)%Y-configurations. An (n,s,r)* Y -configuration ¢ consists of an array of the numbers
1,2,...,n, r +’s, and (s — r) —’s, satisfying the following two conditions:

(i) each — is either at the very beginning of the array or immediately follows a number, and

(ii) if z € X and y € Y are consecutive numbers in the array, and z > y, i.e., if (z,y) forms an
X, Y-descent pair in the underlying permutation, then there must be at least one + between
z and y.

Note that in an (n,s, 7)Y -configuration, the number of +’s plus the number of —’s equals s. For

example, if X = {2,3,5,6} and Y = {1,3}, the following is a (6, 5,3)* 'Y -configuration.
c=5+2— 446+ 13—
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In this example, the underlying permutation is 524613. In general, we will let c;cs - - - ¢, denote the
underlying permutation of the (n,s,r)% Y -configuration c.
Let CX:Y be the set of all (n,s,r)%Y-configurations. We claim that

X¢| + )+ 1
:|X5!<| 3 T) <" > II O+ +axns + Byina)

‘CX,Y
r S—r
zeX,

n,s,r

That is, we can construct the (n, s, r)%'Y-configurations as follows. First, we pick an order for the

elements in X2. This can be done in |X¢|! ways. Next, we insert the r +’s. This can be done in

(‘XTC‘THT) ways. Next, we insert the elements of X,, = {z; < x5 < --- < 7|x,|} in increasing order.
After placing z1,z9,...,z;_1, the next element x; can go
e immediately before any of the Sy, 4, elements of {1,2,...,2;_1} that is not in Y, or
immediately before any of the ax , », elements of {z; + 1,z; +2,...,n} that is not in X, or

[ ]
e immediately before any of the r +’s, or
e at the very end of the array.
Thus we can place the elements of X, in H‘Zf;‘(l + 7+ axnz + Bynz) ways. Note that although
x; might also be in Y, and might be placed immediately after some other element of X,,, condition
(ii) is not violated because the elements of X, are placed in increasing order. Finally, since each —
must occur either at the very start of the configuration or immediately following a number, we can
place the —’s in (Zil,) ways.

We define the weight w(c) of an (n, s,7)%¥ -configuration ¢ to be (—1)*"", i.e., —1 to the number
of —’s of ¢. It then follows that the RHS of (2.3) equals

Z Z w(c).

r=0 CECX’Y

s
We now prove the theorem by exhibiting a sign-reversing involution I on the set Cflf’sy = ||
r=0
whose fixed points correspond to permutations o € S, such that desx y (o) = s. We say that a sign
can be “reversed” if it can be changed from + to — or from — to + without violating conditions
(i) and (ii). To apply I to a configuration ¢, we scan from left to right until we find the first sign
that can be reversed. We then reverse that sign, and we let I(¢) be the resulting configuration. If
no signs can be reversed, we set I(c) = c.
In the example above, the first sign we encounter is the + following 5. This + can be reversed,
since 52 is not an X, Y-descent. Thus I(c) is the configuration shown below.

I(c) =5—2—+46 + 13—

CX,Y

n,8,17

It is easy to see that I(I(c)) = c in this case, since applying I again we change the — following 5
back to a +.
As another example, suppose X = E,Y = O, and n = 9. Let ¢ be the following (9,4, 3)%Y-
configuration.
¢ =986+ 17 — + + 4253

In this example we cannot reverse the + following 6, because 61 is an X, Y-descent in the underlying
permutation 986174253. Thus we move on to the — following 7. Changing this — to a + we get

I(c) = 986 + 17 + + + 4253.

It is easy to see that I(I(c)) = ¢ in this case, as well.

Conditions (i) and (ii) are clearly preserved by the very definition of I. It is also clear that I is
sign-reversing, since if I(c) # ¢, then I(c) either has one more — than ¢, or one fewer — than ¢. To
see that I is in fact an involution, we note that the only signs that are not reversible are single +’s
occurring in the middle of an X, Y-descent pair, and +’s that immediately follows another sign. In
either case, it is clear that a sign is reversible in a configuration c if and only if the corresponding
sign is reversible in I(¢). Thus, if a sign is the first reversible sign in ¢, the corresponding sign in
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I(c) must also be the first reversible sign in I(c). It follows that I(I(c)) = ¢ for all ¢ € C;X;.Y'. We

therefore have i i
Z Z w(e) = Z Z w(c).
r=0cecX.Y, =0 ce CX.y.
I(¢) = ¢
Now, consider the fixed points of I. Suppose that I(¢) = ¢. Then ¢ clearly can have no —’s, and
sor = s and w(c) = 1. It must also be the case that no +’s can be reversed. Thus each of the s +’s
must occur singly in the middle of an X, Y-descent pair. It follows that the underlying permutation
has exactly s X,Y-descents.
Finally, we should observe that if 0 = 0109 -0, is a permutation with exactly s X,Y-descents,
then we can create a fixed point of I simply by placing a + in the middle of each X, Y-descent pair.
For example, if X = {2,4,6,9},Y = {1,4,7}, n =9, s = 2, and 0 = 528941637, then we have

c=95289+4 + 1637.
O

Note that the right-hand side of (2.3) makes sense for s > | X,,|, even though a permutation ¢ € S,
can have no more than | X,,| X,Y-descents. This issue becomes important if one attempts to prove
(2.3) by induction, using the recursion (2.1). Although it is straightforward to show that the right-
hand side of (2.3) satisfies the recursion, to complete the proof one needs to show independently
that the sum is zero when s = |X,,| + 1. Our involution makes it clear that the sum is zero for all
s > |X,], since in such cases there will always be at least one — or at least (|X,,| + 1) +’s. If there
are at least (|X,,| + 1) +’s, then there must be either an X, Y-descent (¢;, ¢i+1) such that at least two
+’s occur between ¢; and c¢;41, or consecutive numbers ¢; and ¢; 1 which do not form X, Y-descent,
such that at least one + appears between ¢; and ¢; 1. In each of these cases we can change a sign,
and thus I(c) # ¢ for all c € C;XY.

We can use the same involution on a related set of objects to prove an alternative formula for

PX.Y,
Theorem 2.5.
[ Xn|—s
c —s—r ‘X7?L|+r n+1
PXY = xS (—1)X ( ! X s [T ¢+ Bxinie = Bron)- (24)
r=0 n r€Xn

Proof. Let X,Y,n, and s be given. For r satisfying 0 < r < |X,| — s, an (n,s,T)X’Y—conﬁgumtion
consists of an array of the numbers 1,2, ... n, r +’s, and (|X,| — s —r) —’s, satisfying the following
three conditions.
(i) each — is either at the very beginning of the array or immediately follows a number,
(i) if ¢; € X,1 < i <m, and (¢;, ¢iy1) is not an X, Y-descent pair of the underlying permutation,
then there must be at least one + between ¢; and ¢;41, and
(iii) if ¢, € X, then at least one + must occur to the right of ¢,.

— XY .
Note that in an (n,s,r) "~ -configuration, the number of 4+’s plus the number of —’s equals | X,,| — s.
XY .
As an example, if X = {2,3,6} and Y = {1,2,5}, then the following is a (6,1,1) ~ -configuration.
c=2134+6—-54

XY — XY . .
Let C be the set of all (n,s,r) ~ -configurations. Then we claim that

| XS +7r n+1
=X | " nx n,x)-
(T (1) T B v

zeX,

XY

n,s,r

\U

— XY . . .
That is, we can construct the (n,s,r) = -configurations as follows. First, we pick an order for the
elements in X&. This can be done in | X¢|! ways. Next, we insert the r +’s. This can be done in
(‘X;TH'T) ways. Next, we insert the elements of X,, = {z; < w3 < --- < z|x,|} in increasing order.

First, we can place z1 in r + 8x 5.2, — By.n.2; Ways, since z; can either go immediately before any of
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the  +’s or immediately before any of the z1 — 1 — By.n,2, = Bx,n.2; — By,n.2, elements of Y which
are less than 1. We note here that Sx ., = x; —i for all 4,1 < i < |X,,|. There are now two cases
for placing .

Case 1. z; was placed immediately in front of some element of y € Y. In this case, zo cannot
be placed immediately in front of y, since otherwise we would violate condition (ii). x5 can be placed
before any + or immediately in front of any element of Y which is less than z, except y. Hence, x4
can be placed in

r+w2_1_BY,n7w2_1 = r+w2_2_BY,n7a:2
= 7+ Bxnaz — By

ways.

Case 2. 1, was placed immediately before a +. In this case, 2 cannot be placed immediately
before the same +, since again we would violate condition (ii). zs can be placed immediately before
any of the other +’s or immediately before any element of Y which is less than x,. Hence x5 can be
placed in

T*1+m2*176Y,n,12 = 7‘+$27276Y,n,zz
= 7+ Bxnz — By

ways.

In general, having placed 1, o, ..., z;_1, we cannot place z; immediately before some y € Y,y < z;,
which earlier had an element of {z1,z,,...,2;,_1} placed before it. Similarly, we cannot place z;
immediately before any + which earlier had an element of {x,zs,...,z;_1} placed before it. It then
follows that there are

r+zi—1—Byne, —(—1) = r4+x;—i— Pyna,
= 7+ Bxna — Byina
ways to place z;. Thus, there are total of H‘Zf;‘(r + Bx,n,2: — Byn,z;) Ways to place 21,2, ..., 7)x, |,

given our placement of the elements of X:. Finally, we can place the —’s in ( ) ways.

| Xpn|—s—r
— XY . .
We define the weight w(c) of an (n,s,r)  -configuration ¢ to be (=1)IX=I=5=" ie. —1 to the
number of —’s of ¢. It then follows that the RHS of (2.4) equals

[ Xn|—s
> > w(o),
r=0 Ceé:,,zr
_xy  Xelos_xy
We now prove the theorem by exhibiting a sign-reversing involution / on the set C,,; = || C, 5.

r=0
whose fixed points correspond to permutations o € S, such that desx y (o) = s. We define I exactly
as in the proof of Theorem 2.3. That is, we scan from left to right and reverse the first sign that we
can reverse without violating conditions (i)-(iii).
In the example above, we cannot reverse the + following 3 without violating condition (ii), since
3 € X and 36 is not an X, Y-descent. Thus, we reverse the — following 6 to get

I(c) =213+ 6 + 54.
We argue as in Theorem 2.3 that [ is a sign-reversing involution, so that

Z Z w(c):Z Z w(e).

= =X, r=0 —X.,Y
ceCl s c€ClLls,

I(c)=c
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Now, consider a fixed point ¢ of I. As in the proof of Theorem 2.3, ¢ can have no —’s, and thus
r = |X,| — s and w(c) = 1. No string of multiple +’s can occur, since the first + in such a string
could be reversed. Thus, each of the (|X,,| —s) +’s appears singly, and must either

e immediately follow some ¢; € X,1 < i < n, such that (¢;,c;11) is not an X, Y-descent pair
of the underlying permutation, or
e immediately follow ¢, € X.

Thus |X,| — s elements of X, immediately precede a + that cannot be reversed, and are thus
not the tops of X,Y-descent pairs. It follows that each of the remaining s elements of X,, do not
immediately precede a 4+, and as such each must be the top of an X,Y-descent pair,. Thus the
underlying permutation c;jcs - - - ¢, has exactly s X, Y-descents.

Again, we observe that if o109 - - - 0, is a permutation with exactly s X, Y-descents, then we can
create a fixed point of I by inserting a + after every element of X,, that is not the top of an X,Y-
descent pair. For example, if X = {2,3,4,6,8,9},Y ={1,2,3,5},n =9, s =4, and 0 = 958621437,
then the corresponding configuration would be

958 + 62143 + 7.
O

We note that the quantity r + Bx n,z; — By,n,z; may be zero, or even negative. For example, let
— XY .
X =12,3,4},Y ={1,3,5}, n = 6, and s = 3. In constructing a (6, 3,0) configuration, we start
with an ordering of X§ = {1,5,6}, such as
516.

Since | Xg| — s = 3 — 3 = 0, there are no +’s to place, and the next step is to place the elements of
Xg in increasing order. There is one place to put z; = 2, namely, immediately before the 1. This
corresponds to the fact that Sx 6.2 — fy,e2 = (2—1) — 0 = 1. We then have the array

5216.

Notice that now there is no place to put x5 = 3. There are no +’s, and 3 cannot be placed in front
of 1 (the only element of ¥ smaller than 3) without violating condition (ii). This corresponds to the
fact that Sx 63 — fves=(3—2)—1=0. So Pg’gjy = 0, which we can also see by inspection: the
only potential X, Y-descents are 21,31,41, and 43, and no permutation can contain more than one
of 21,31, and 41. Note, finally, that the quantity r + 8x.n,z; — By,n,«; s non-negative for ¢ = 1, since
By e < Bx e, =21 — 1, and that the difference

(T + /BX,n,zi - /BY,n,zi) - (T + /BX,n,zH_l - 6Y,n,z,-+1)
= (7“ +x—i— Byﬂlﬂvi) - (T + Zipr — (Z + 1) - By1n7wi+l)
=1+z— /BYJL,-Z‘i - (wz'+1 - By,nﬂvzurl)

is at most 1, since the sequence {z; — 6y7n’zl.}‘i:;‘ is nondecreasing. Thus in a situation in which

T+ BXn,2; — By.n,e; 18 negative, we must have r + Bx ,.0; — By,n,e; = 0 for some j <.
Taking ¥ = N in (2.3) and (2.4) gives the following two corollaries.

Corollary 2.6.

px. - Xﬁ“i(U”OX’C‘ +r> <n+1> T[ Gt rtaxns) 2.9

r S—r
r=0 zEX,

Corollary 2.7.

[ Xn|—s
c —85—r |X'rcz‘ +r n + 1
PX = Ixgt Y (X < ! X e I ¢+ Bxna) (2.6)
r=0 n zEX

Remark 2.8. Using a rook-placement interpretation outlined in Section 4 of this paper, (2.5) and
(2.6) can also be obtained from formulas of Haglund [9] for hit numbers of Ferrers boards.
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One can use (2.3) and (2.4) to obtain similar formulas for the coefficients of the polynomials
Q:X(z) = PY-X(x). Formulas for the coefficients of QX (z) can also be derived directly from (2.5)
and (2.6) by using the following result.

Theorem 2.9. Given a subset X C N and a permutation o € S, let X* be the subset of [n]
satisfying 1 € X* <= n+1—1i€ X,,. Then

ne=D,.

n,s

Proof. Given a permutation o = o0103...0,, the complement of 0 is 0 = (n+1—-01)(n +1—
02)...(n+1—0,). The reverse of o is 6" = 0, ...0201. The operations of “complement” and
“reverse” are both clearly invertible. Now suppose o has a descent pair (i,5). Then o¢ has an
ascent pair (n + 1 —i,n + 1 — j), and so (¢¢)" has a descent pair (n +1 — j5,n + 1 —4). Thus
cgsx(a) = desx- ((0°)"), which implies QX , = PX, . O

For example, if X = kN and n = km + j for some 5,0 < j < k—1, then X,, = {k,2k,...km} C [n]

and X* = {144, 14+j+k,...,1+j+k(m—1)}. Thus |(X*)¢| = (k—1)m+j,and, fori =0,...,m—1,
we have

ax«nitj+ie = km+j—1+j+ik)—(m—-1—1i)=(k—1)(m—i), and
Bx+matjrik = J+ (k—=1)i.
It follows from Corollaries 2.6 and 2.7 that
EN _ pll+iltith. 14j+k(m=1)} _
km+j,s = * km+j,s -
— k= Dm+j+r\ (km+j+1\ 1o ,
k-1 ! —1)*" ’ 1 k —1)i), and
(=S (B S a0,
EN _
km+j,s —
m—s . . m—1
. mes—r((E=1)m~+j+r\ km+j+1 . .
((k—l)m—i—])!Z(—l) <( )r ><mST>H(r+]+(k—1)z).
r=0 =0

These two formulas for Q’,fnﬂ.ﬁ were first proved by Kitaev and Remmel in [16] using the special

case of the recursion (2.1) with X =N and Y = kN.

3. APPLICATIONS

Corollary 3.1. Let X =N, so that %X(O') = Des(o). Then

s

S e (A R0

S—r
r=0

which is a well-known formula for the Eulerian numbers (see, e.g., [1], pp. 240-246).

In the following results we employ the notation of hypergeometric series. For a € R and n € N,
let (a), =ala+1)(a+2)---(a+n—1). Let (a)g = 1. Define

ag, a1, Qa, ..., Qmn L = (ao)r(al)r(a2)r"'(am)r
werkn| G | = S R

Since (—n), = 0 for all r > n, a hypergeometric series may be undefined if a parameter in the
denominator is a negative integer. In our applications, all of the parameters are negative integers.
However, in each case the largest (least negative) parameter occurs in the numerator, hence the series
terminates in a well-defined, finite sum.

Corollary 3.2. Let X = 2N. Then
2
Pk = a7 (1)
: s

which was originally derived by Kitaev and Remmel [15] using the special case of the recursion (2.1)
with X =2N and Y = N.
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Proof. By Corollary 2.6, we have

PX, = Y (1 (" ’ T) (2:+T1) f[(z‘ +7)

Il
.
»
_|_
i
=
S N
w
=
| — |

_ (S+1)i(n+1—s)s(n+l—s)s

- (n!)2<’s")2,

where in the third step we use the Pfaff-Saalschiitz 3 F5 summation formula (see [7])

3l [ o i a—l—b—c—n—l—i) } :%'

O

Remark 3.3. More generally, if X = {u+2,u+4,u+6,...,u+2m}, a similar computation gives
X m\[/m+u+v
P2m+u+v,s = <S> ( v+ s >(m—|—u)'(m—|—v)' (31)

Combining (2.5) and (2.6) for various sets X, we get interesting identities, such as the following
result of Kitaev and Remmel (Theorem 2 of [16]).

Corollary 3.4. Let X = kN. Then for each 3,0 < j <k — 1, we have

Plc)f(l+j,s -

((k — T)n+ j)! i(ﬂ)“ <(k - 1)7;” * ’") (k";’_]: 1) ﬁ (L4r+j+k—1)i), and
Plﬁnﬂns =

(k—Dn+ i) (-1 (““ - ”’;*j +’“) (’“:jsjjj) [0+ -1,

For some sets X the right-hand sides of (2.5) and (2.6) can be rewritten in terms of hypergeometric
series; hence we obtain combinatorial proofs of identities such as the following.

Corollary 3.5. Let k and m be positive integers, and let s be a non-negative integer. Then

k1 —((k+1)m+1), =S, ceey =5 _
(s+1n ka2Frr —(m+s), ..., —(m+s) |
kL —((k+1)m + 1), —(km — s), . —(km — s)
(km+1—35),"" jpyoFrp —((k+1)m —s), ..., —((k+1)m —s)
Proof. Let X ={i:i# 1 mod (k+ 1)}, and use (2.5) and (2.6) to compute P()I§+1)m,s' O

This identity is a special case of an integral form of a transformation of Karlsson-Minton type
hypergeometric series due to Gasper [6]:

F , T, by+dy, .., bp+dp | _
k2 k41 gt e+, b, by -
T(1+z+ )T —w) v (b — 2)a,
Fl4+z—w)l(c+1) Pl (bi)d;
y 7 —c, T, 1+z— b, 1+x— by
k25 k41 r+l-w, l14+z-b—d, ..., 14+z—bp—dy

The following identity, while still a special case of Gasper’s transformation, is more general.
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Corollary 3.6. Let u = (u,...,ur) be a weakly increasing array of non-negative integers, and

k
v =(v1,...,0x) an array of positive integers. Then for n > > v; + maz{u; +v; : 1 <i <k} —us,

i=1
we have
(s+1Dals +ur+ 1)y, -+ (s +up + 1)y,
9 I —(n+1), —s, —(s+up) —(s + uy) _
2tk —(s+a) —(s+ur+wv) ..., —(s+upg+uve) |
(C)™(—n 4 8)a (o 5t )y - (-0 + 5+ U)oy
—(n+1), —n+s+a —-n+s+u+vi ..., —n+s+up+o
X g2 Fpp ;
—-n+s —n+ s+ uy —n + S+ ug
(3.2)
k
where a =n — Y v;.
i=1

Remark 3.7. Note that both hypergeometric series in (3.2) are balanced, i.e., the sum of the
parameters in the top row is one less than the sum of the parameters in the bottom row. Balanced
hypergeometric series are a particularly well-behaved class of hypergeometric series for which several
summation and transformation results ezist.

Proof. For each i,1 <1i <k, let
FG) = sy < <y 4y — 1},

Define M = max{m : f(m) >0} and set b=a+1— M — u;. Let X be the subset of N defined by
the binary sequence

7=0...01...101...101...10...01...101...10...0.
| S~ S~ N S N —

b fM)  f(M-1)  f(M=2) flurt+1)  fur)  w

That is, let ¢ € X if and only if 7, = 1.
We prove the identity by showing that both sides are equal to P;‘,. Applying (2.5) gives

M
+r\/n+1 :
pX = | a i+ 1 f(i)
n,s a: Z ( )(S_r> H(Z+ +T)

i:u1

B G'Z <a+7“> <Z:r:> ﬁ(ui+1+r)m

i=1
= (s+ l)a(s +ur+ 1)y, - (s+up + 1)y,
X S F 7(n+1)/ -5, *(S+U1) ey 7(S+Uk)
2tk —(s+a) —(s+ur+wv1) ..., —(s+ug+uvg)
M k
The key observation here is that J] (i + 1+ r)/C H (u; + 1+ 7),,, since i + 1 + r occurs in
i= w1 i=1

k
1:[1('11/]‘ +1+4+7),; exactly f(i) = |{j : u; <i <wuj+wv; — 1} times.
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On the other hand, applying (2.6) gives
M

n—a—s
X _ | _1\n—a—s—r a+r n+1 g f(@)
Py, = a Y (-1 < N I U 'H(a i+ )
r=0 1=u1
n—a—s k
a+r n+1
— ! 717"47(17377’ 17 L . .
“ g( ) < r ><n—a—s—7“)i1:[1(a+ i = Ui,
= (-D)"(-n+s)a(-n+s+tur)y - (—n+s+up),
o F —(n+1), —n+s+a —-n+s+ur+vi ..., —n+s+up+o
k25 k41 —n-—+s —-n+ s+ u —n+ s+ ug

O

Example 3.8. Let u = (0,1,1,5),v = (2,3,1,2), and n = 16. If we represent u and v with four

rows of e’s, the ith row starting at w; and having length v;, then f(i) = |{j :u; <i < wuj +v; — 1}

is the number of ®’s in the it column. In this example we have f(0) =1, f(1) =3, f(2) = f(3) =
1,f(4) =0, and f(5) = f(6) =1, as shown below.

2 3 45 6
The corresponding binary sequence is
7 =0010100101011101,

and the corresponding set is X = {3,5,8,10,12,13,14,16}. Using (2.5) and (2.6) to compute Prffs
gives

(s+ 1Dsg(s+1)2(s+2)3(s +2)1(s + 6)2

« {—17, -8, —s, —(s+1), —(s+1), —(s+5)]
655 —(s48), —(s+2), —(s+4), —(s+2), —(s+7)

= (~D'(~16+ 8)8(—16 + 5)2(—15 + 8)3(— 15+ 8)1 (—11 + 5)9

% - F -17, —8+4s, —14+4s, —12+s, —144s, —9+s
655 —164+s —16+4s, —15+s, —15+s, —11+s

4. CONNECTIONS WITH ROOK THEORY

A board is a finite subset of an infinite grid of unit squares. The “rook number” ry(B) of a board
B is defined to be the number of ways to place k& non-attacking rooks on B. Two boards B and B’
are rook-equivalent if ri(B) = ri(B') for all k. For a board B contained inside the n x n board, the
“hit number” hg(B) is defined to be the number of ways to place n non-attacking rooks on the n x n
board so that exactly k rooks lie on B. In what follows we will focus on hit numbers rather than
rook numbers. Kaplansky and Riordan [11] showed that rook-equivalent boards have the same hit
numbers.

The key to the connection between rook placements and descents of permutations is Foata’s First
Transformation [4], a bijection ® : S,, — S,, which exchanges excedences and descents. An excedence
of o = 0109 ...0, is an entry o; satisfying o; > i. Foata’s transformation can most easily be explained
with an example.

1 2 3 45 6 78 . .
Example 4.1. Let w = 61437258 = < 6 1437 2 5 8 ) This permutation has three
excedences: é , i , and ? . The first step in Foata’s transformation is to write w in cycle form:

(162)(34)(57)(8). Next, write each cycle with largest element last, and order the cycles by increasing
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largest element: (34)(216)(57)(8). Finally, to compute ®(w), reverse each cycle and erase the paren-
theses: ®(w) = 43612758. In this example the descents of ®(w) are 43,61, and 75. In general, it is

not hard to see that (i,j) is a descent pair of ®(w) if and only if Z is an excedence of w. To go

backwards, given o = 43612758, cut before each left-to-right mazima: 43|612|75|8, then reverse each
block to get the cycles of @ (o): (34)(216)(57)(8).

Foata’s transformation is key to this section because rook placements provide a convenient way
of tracking the excedences of a permutation. As the following example illustrates, given any subset
U C{(i,j) : 1 <j <i <n} of potential excedences we can construct a board BY inside the n x n
board so that the number of o € S,, with exactly s U-excedences, and hence the number of o € S,
with exactly s U-descents, is hs(BY).

Example 4.2. Suppose we wish to count descents o; > o1 satisfying o; € FE,0;41 € O, and
0; — oiy1 € {1,3} (this is an instance of counting what we have called “X,Y, Z-descents”). For
n = 8, the board BY consists of the squares (i,j) € [8] x [8] such thati € E,j € O, and i —j =1
or 3. We have pictured this board as the shaded squares in Figure 1. Now consider the placement,

1 2 3 45 6 7 8

0 N o o b~ W NP

FIGURE 1. The board BY .

shown in Figure 2, of eight non-attacking rooks (marked by X ’s) on the 8 x 8 board so that two rooks

1 2 3 45 6 7 8
. U . . _
lie on By . This placement corresponds to the permutation w = < 41576 2 3 8 ),

1 2 3 456 7 8
X

X

N OO A W NP
X

X

FIGURE 2. A placement of rooks on the 8 x 8 board.

. . 1
with the rooks placed on BY corresponding to the excedences 4 and 2 . We now employ Foata’s
transformation to get the permutation o = ®(w) = 74126538 with exactly two U-descents: 41 and
65.

One important class of boards is the class of Ferrers boards, that is, boards of partition shape.
Ferrers boards are usually drawn right justified, as in Figure 3. For X,Y C [n], the board B;X"Y

corresponding to the potential X,Y-descents of permutations o € S, is trivially rook-equivalent to
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FI1GURE 3. A Ferrers board.

a Ferrers board; we need only shift all the non-empty rows and columns to the bottom-left of the
square and take the mirror image. For example, if X = {2,3,5},Y = {1,2,4}, and n = 5, the board
B5X7y is shown in Figure 4; this board is trivially rook-equivalent to the Ferrers board shown in
Figure 3. Therefore, in certain cases we can make use of results for Ferrers boards in computing the

1 2 3 4 5

a b W N

FIGURE 4. The board B; " .

numbers P,f;y. As one example, in [9], Haglund gives several formulas involving the hit numbers of
Ferrers boards, one of which can be specialized to obtain (2.5).

As another example, we can use the rook interpretation of our problem to give a purely com-
binatorial proof of Corollary 3.2. For instance, the board Bf’N corresponding to even descents of
permutations o € Sg is shown in Figure 5. The corresponding Ferrers board is shown in Figure 6.

1 2 3 45 6 7 8

0 N o o b~ W NP

FIGURE 5. The board By

In what follows we use the notation of [5] and [8]. Let the column heights of a Ferrers board B
inside an m X n square be given by the “height vector” h(B) = (hi, ha, ..., hy,). Define the “structure
vector” s(B) = (s1,82,...,8,), where s; = h; — (i — 1),1 < i < n. Here it is standard practice to
insist that n» be large enough so that none of the entries of the structure vector is positive. This
can always be done, for example, by taking n greater than the number of squares of B. In our
applications n is already fixed; however, the entries of the structure vector are still non-positive
because boards corresponding to descents necessarily lie strictly below the main diagonal. In [5],
Foata and Schiitzengerger showed that two Ferrers boards B and B’ are rook-equivalent if and only
if the entries of s(B) and s(B') are equal as multisets.

In our example, we first compute s(B):
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F1GURE 6. The Ferrers board B corresponding to Bf’N.

1 2 2 3 3 4
2 3 4 b) 6 7
00 -1 -1 -2 -2 -3 =3

01
01

Thus B is rook-equivalent to the board B' with structure vector s(B') = (0, -1, —-2,-3,0, -1, -2,

To identify B’ we next compute h(B'):

O -1 -2 -3 0 -1 -2 =3
+ 0 1 2 3 4 ) 6 7
0 0 0 0 4 4 4 4

Thus B’ is the board shown in Figure 7.

F1GURE 7. The board B’, rook-equivalent to B.

In general, the board for even descents of permutations o € Ss, has structure vector

s(B) =(0,0,—-1,-1,...,—(n—=1),—(n - 1)),
and is thus rook-equivalent to the square n x n board B’, which has structure vector
s(BY=(0,-1,...,—(n—1),0,-1,...,—(n—1)).

The hit number h, for this square board B’ inside the 2n x 2n board is given by

hy = (Z)zs' (n" S) (n—s)l-nl= (n!)2<z>2,

-3).

since we can first place s rooks on the n x n board B’ in (’;)25! ways, then place n — s rooks above
B’ in ( " )(n — s)! ways, and finally place n rooks in the left half of the 2n x 2n board in n! ways.

n—s

An important class of boards whose hit numbers have a simple product formula is the class of

rectangular boards. One might ask whether there are other sets X such that the board corresponding
to X-descents is rook equivalent to a rectangular board. In fact, Remark 3.3 (in which X = {u +
2,u+4,u+6,...,u+2m}) covers all possibilities. For example, consider the 2 x 3 rectangular board
B shown in Figure 8. We place this board in the lower right corner of an 8 x 8 board, as shown in

Figure 9.
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Fi1GUuRrE 8. The 2 x 3 board B.

FI1GURE 9. The board B placed in an 8 x 8 board.

Note that for any set X the board associated to X-descents has distinct rows, since the row
corresponding to i € X has length i — 1. Rearranging the elements of s(B) in weakly decreasing
order gives the unique (see [5]) board B’ with distinct rows that is rook-equivalent to B. In our
example, we compute s(B) = (0,—-1,—-2,-3,—4, -3, —4,-5). Thus B is rook-equivalent to the
board B’ with structure vector s(B’) = (0,—1,—2,—3,—3,—4,—4,—5) and height vector h(B') =
(0,0,0,0,1,1,2,2). B'is the board shown in Figure 10. Finally, to get the board for X-descents,

F1GURE 10. The board B’, rook-equivalent to B.

we take the mirror image, and shift the rows upwards so that a row of length ¢ — 1 is in position 1,
as shown in Figure 11. Thus in our example, X = {3,5}. In general, if we start with a rectangular

1 2 3 45 6 7 8

0 N o o b~ W NP

FIGURE 11. The board Bg.

a x b board (a < b), then the corresponding set is X = {u+2,u+4,u+6,...,u+2m}, where m = a
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and u = b —a. For n = 2m 4+ u + v, we get

pX, = <Z> <2>s!- (’b"_z>(bs)!-(nb)!
<TZ> (m;”‘)s!- (Zigf:)(mus)!-(mﬂ)!
<m> <m+“+”> (m + u)l(m + ),

S v+ s

exactly as in (3.1).
As noted in the introduction, we can also use the rook interpretation to translate the more general
problem of counting X, Y-descents into one for which Corollaries 2.6 and 2.7 apply directly.

Proposition 4.3. Given subsets X, Y C N and a permutation o € Sy, let B be the Ferrers board
corresponding to the potential descent pairs (i,j), where i € X, and j € Y,,. Let B’ be the unique
Ferrers board rook-equivalent to B that has distinct rows. Let X' C [n] be the unique subset whose
corresponding board (once empty rows and columns are deleted, and taking the mirror image) is B'.
Then

PYY =P,

Proof. By the previous discussion, we have P;;Y" = hy(B) and Prf(s' = hs(B'). But B and B’ are
rook-equivalent, and thus hs(B) = hs(B') for all s. O

Example 4.4. Let X = {2,3,5,7,8},Y = {1,2,4,5,6}, and n = 8, so that the potential descent
pairs are 21,31,32,51,52,54,71,72,74,75,76,81,82,84,85, and 86. Then Py," = hy(By""), where

Béxy is the board shown in Figure 12. The unique board B' rook-equivalent to B?’Y that has distinct

1 2 3 465 6 7 8

o N o 0o B~ W DN PP

FIGURE 12. The board By .

rows is shown in Figure 18. B' is the board for X' = {2,3,4,5,7}, and so P;i;y = Ps)fsl for all s.

1 2 3 465 6 7 8

o N o 0o A W DN PP

F1GURE 13. The board B’, rook-equivalent to Béx’y.
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5. WORDS

Our results (2.3) and (2.4) extend easily to words. Let p = (p1, p2, ..., pm) be a composition of n,
and let R(p) be the rearrangement class of the word 1712¢2 ... mf™ (i.e., p1 copies of 1, pa copies of
2, etc.). Given X,Y CN, and a word w € R(p), define

DESX,Y(U)) = {Z cw; > wipy & w; € X & wigpg € Y}7
desxy(w) = |Desx,y(w)|, and
P;;’Y = |{w e R(p) : desx y(w) = s}|.
Then
Theorem 5.1.

io(_l)sr <GWTL7“> <Z+:) H (/Jz +7r+axs +ﬁY7p7a:)= (5.1)

pXy _ a
ps
p’U]7p’U27"'7pUb r= CL‘GX pCL‘

b
where X, = {v1,v9,..., wha= > py,, and for any x € X,,,

i=1
X px = E Pz, and
z ¢ X
r<z<m
6Y, RS Pz
p
2 @Y
<z<

Proof. We proceed as in the proof of Theorem 2.3. Fix s and the composition p = (p1,p2,- -, pm)
of n. Given r such that 0 < r < s, a (p, s, )XY -configuration ¢ consists of an array of the elements
of the multiset {1°*,2°2 ... mP™} r +’s, and (s — r) —’s, satisfying
(i) each — is either at the very beginning of the array or immediately follows a number, and
(ii) if x and y are consecutive numbers in the array, with z € X,y € Y, and z > y, i.e., if
(z,y) forms an X,Y-descent pair in the underlying word, then there must be at least one +
between z and y.
As an example, if p = (2,3,1,4,2), X = {2,3,5}, and Y = {1,3,4}, the following is a (p, 5,3)% Y-
configuration.

c=4124 — 413 — +25+42+5

In this example, the underlying word is 412441325425. As before, we will let ¢yc¢s - - - ¢, denote the
underlying word of the (p, s,7)**Y -configuration c.
Let CX;Y be the set of all (p, s,7)%X Y -configurations. Then we claim that

0,8,T
. ( a > (a + 7‘) <n + 1> H <pz +r+ X px + 6Y,p,z>
Pors Poas s Puy r s—r Pa .

zeX

| XY
P,S,T

That is, we can construct the set of (p, s,7)* Y -configurations as follows. First, we order the elements

. v P - . .
of the multiset {v{"",..., v, " }. This can be done in (p ) @ ) ) ways. Next, we insert the r +’s.
015 Pun s sPuy

This can be done in (“i‘r) ways. Writing X,, = {z1 < 22 < --- < 7|x,,|}, we can next place the
[ X |
. ® Pa . . .
elements of the multiset {z%"",... ,m‘X‘X‘"“} in [ (”mi+r+axﬁ;f’”i+ﬁ"'”i) ways, since after placing
" i=1 i

all copies of x1,22,...,2;_1, the p,, copies of z; can either go

e immediately before any of the Sy, ,, elements of {1,2,...,2;_1} that isnot in Y, or

e immediately before any of the ax , ,, elements of {z; +1,2; +2,...,m} that is not in X, or

e immediately before any of the r +’s, or
e at the very end of the array.
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Thus, we have 1 +7 + ax , 2, + By,p,«; places in which we can insert letters equal to x;. The number
of ways in which we can place the z;’s is therefore equal to the number of positive integral solutions
of the equation

z1+ -+ Zl4r+oax p0;+8y.p,2; — Pzis
n+1

S§—T

pa; +rtax, pa; +0Y.p 2,
P
As before, we define the weight w(c) of an (p, s,r

—’s of ¢. Tt then follows that the RHS of (5.1) equals

> Y we

r=0 CGOX'Y

p.s,r

which is well know to be ( ) Finally, we can place the —’s in (

)X7Y

) ways.

-configuration ¢ to be —1 to the number of

We now employ the identical involution I as in the proof of Theorem 2.3, this time on the set

S
CXY = | CX;.. As before, we scan from left to right, and reverse the first sign that we can
=0

reverse without violating conditions (i) and (ii). In our example above, the first place where we
either encounter a sign that can be reversed is the — after the second 4. Thus
I(c) = 4124 + 413 — +25 + 42 + 5.

As was the case with the proof of Theorem 2.3, it is simple to check that I is a sign-reversing
involution.

Now, suppose that I(¢) = ¢. Then ¢ clearly can have no —’s, and so r = s and w(c¢) = 1. It must
also be the case that no +’s can be reversed. Thus each of the s +’s must occur singly in the middle
of an X, Y -descent pair. It follows that the underlying word has exactly s X, Y-descents. |

Taking Y = N in (5.1) gives the word analogue of Corollary 2.6.
Corollary 5.2.

® _ +r\/n+1 Pz +T+0ax 2
2 ) B () CI) ) e
. pv17pv27"':pvb§ r s=r w];( Pz

o, pX XN
where we write Py for P,

Corollary 5.3. Let X = {2} and p = (a,b). Then

b
rX = (")(").
5= ()0
Proof. By (5.2) we have

o= (e (0 0)

s+ 1), (s+1) —s, —s, —(a+b+1)
B al B! > 5Pl { —(a+s), —(b+s) }
s+ (s+1)p(a—s+1)(b—s+1)s

T bl (@a+1),(b+1),

- (90

Remark 5.4. We can give a purely combinatorial proof of Corollary 5.3 using Foata’s transformation
switching descents and excedences. The number of rearrangements of a 1’s and b 2’s with exactly s
excedences is (‘;) (z), since we have to choose which s of the first a spots to be 2’s (giving s excedences)
and which s of the last b spots to be 1°s.

O
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Corollary 5.5. Let X = 2N and p = (k,k,..., k). Then
————

2n

px _ kn ? (kn\”
P \kyky ..k s )

(s ) o () (s I ()

r=0

= G 20T g ()

(s + 1)22
IR [

B kn ? (kn\?
T o\kk, ..k s )
Finally, there is an alternative formula for P,X;*". In addition to the notation of Theorem 5.1, let

6X,p,z = Z Pz

Proof. By (5.2) we have

X
Pp,s

—s, -s, —(2kn+1)
—(kn+s), —(kn+s) }

O

1 ¢ X
1<z<uw
We have
Theorem 5.6.
Pst’Y = ( “ ) nfs(,l)nfafsfr <a + T) ( n+1 ) H (7“ + Bx.pz — BY,p,z>7
’ Puis Pugs -5 Puy —0 r n—a—s—r seX Pz

(5.3)
where we use the convention that (5) =0ifp<O.

Proof. The proof is analogous to that of Theorem 2.5. Given a fixed composition p = (p1, p2, - - -, Pm)
— XY . . .
of n, and s > r > 0, a (p,s,r)  -configuration is an array of the elements of the multiset
{1°2,2°2 ... ;mP=}, together with r +’s and (n —a — s — r) —’s, satisfying
(i) each — is either at the very beginning of the string or immediately follows a number,
(ii) if ¢; € X,1 < i < n, and (¢, ¢;41) is not an X, Y-descent pair of the underlying word, then
there must be at least one + between c; and ¢; 41, and
(iii) if ¢, € X, then ¢, must be followed by at least one +.
As an example, if X = {2,3,6},Y = {1,2,5}, and p = (2,1,3,2,1,1), then the following is a
XY .
(p,1,2) " -configuration.

213+43+3-165—-4

— — XY . .
Let Cfsyr be the set of all (p,s,r) ~ -configurations. Then we claim that
= () ) T ) I )
S r Puis Pusy -5 Puy n—a—s—r reX Pz .

— XY . .
That is, we can construct the set of (p, s,r)  -configurations as follows. First, we order the elements

. P Py - - .
of the multiset {v;",...,v,"*}. This can be done in (p ) @ ) ) ways. Next, we insert the r +’s.
015 Pu s e3Py

This can be done in (“i‘r) ways. Next, consider the choices for placing the elements of the multiset

pa
Pay Py x50y - .
N Y } in the order z; < zp < -+ < mx¢|. First, there are r + 8x .2, — By, p.z

spaces in which to insert the z;’s, since x; can either go immediately before of any +, or immediately
before any element of Y which is less than z;. Note that unlike the situation in Theorem 5.1, no
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r+Bx,p,2q 7BY,p,m1)

more than one copy of z; can go in any particular available space. Thus there are ( ;
T

ways to place the x;’s.

In general, having placed all copies of x1,xs,...,%;_1, we cannot place x; immediately before
some y € Y,y < x;, which earlier had an element of the multiset {wf”,mg”. .,a:fjifl} placed
immediately before it. Similarly, we cannot place x; immediately before any + which earlier had an
element of the multiset {z{**, z5"2,... ,:Ufiil’l} placed immediately before it. It then follows that

there are

i—1
T+ Z Pz = By.pai — Z Pa; =T+ Bx,pe; = By.p,ai
1<z<x; j=1
r+Bx,p,2; —BY,p,x;
Pa;

of the copies of x1, %3, ..., 2|x. |, given our placement of the copies of v1,v2,...,vp. Finally, we can

place the —’s in (nizfiq) ways.
The remainder of the proof follows exactly as in Theorem 2.5. The weight of a configuration is de-

fined in the same way, and applying the same sign-reversing involution I cancels out all configurations

except, those corresponding to words with exactly s X, Y-descent pairs. |

spaces in which to insert the z;’s. Thus, there are total of Hl):('l"‘ ( ) ways to place all

In the special case Y = N, Theorem 5.6 reduces to the following.
Corollary 5.7.

n—a—s
px _ ( a > Z (—1)n-a—s—r <a+r> (n—l—l) H <r—|—ﬁx7p7w>.
P Puis Pugs -+« Py r—=0 r s—r reX Pz

6. X,Y, Z-DESCENTS

As mentioned in the Introduction, a more general problem is to study the class of polynomials

XY, Z _ X, Y. Z s .__ desx v,z (o
P; (a:)_g A S E x (@),

s>0 0€ES,

where for any subsets X, Y, and Z of N, and permutation ¢ = o109 -- -0, € Sy,

Desxyz(oc) = {i:o;>041 & 0;€ X,0i41 €Y & 0y — 0441 € Z}, and
d68X7y’Z(0') = ‘DeSx’)Qz(O')‘.

We say shall that (0;,0,41) is an X,Y, Z-descent if i € Desx y,z(0). The polynomials studied in
this paper are thus the special case Z = N of the polynomials PX:Y"7 (z).

In many cases, we can obtain formulas for the coefficients P,X;">” from our previous formulas. That
is, in many cases, the possible X, Y, Z-descents under Foata’s transformation corresponds to a board
which is rook equivalent to a Ferrers board. In such cases, we can use the formulas for hit polynomials
or our formulas for Pg;y or ngs to obtain formulas for ngéy,z_ For example, let £ = 2N and N>, =
{k,k+1,k+2,...}. Under Foata’s transformation, the E, E, N>s;-descents correspond to excedences

of the form where 2t — 2s > 2k. For example, if £ = 2 and n = 20, then we would consider the

2s
2t
board By, 2

board B2{§’374’5’6’7’8’9} pictured in Figure 15, which is the board we would consider when computing
: : E,E,N :
the polynomial P2{02’374’576’7’8’9}(m). It follows that Py, >*(z) = P2{02’374’576’7’8’9}(m). Thus we can
PE,E,NZ4 _ P{273,475,677,879}
20,s — +20,s .

The problem of computing Pi;xz for arbitrary sets X,Y, and Z seems to be difficult in large
part because the board corresponding to X, Y, Z-descents is not a Ferrers board in general. This can
be seen in Example 4.2, in which X = E|Y = O, and Z = {1,3}. In some special cases, however,
the rook-placement formulation will enable us to derive a formula for Pif;yvz involving a double or
triple sum. One such example is given below.

shown in Figure 14. It is then easy to see that Bi{E’NZ“ is rook equivalent to the

use Corollary 2.6 or Corollary 2.7 to give explicit formulas for
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1 2 3 45 6 7 8 91011 12 13 14 15 16 17 18 19 20

1
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FiGURE 14. The board By ™",
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N
©

N
=]

Figure 15. The board B2{§73’475’6’7’8’9}.

Example 6.1. Let X = {z: 2 = 4,5, or 6 mod 6},Y = {z:2 =1,2, or 3 mod 6}, and Z =
{1,2,3,4,5,6}. For n =12, the board B]);’Y’Z corresponding to X,Y, Z-descents is shown in Figure
16. By permuting rows and columns we see that B]’;Y’Z is rook equivalent to the board B' shown in
Figure 17. To compute the hit number hy of B', we think of placing the rooks in several successive
steps, as indicated by the numbers on the diagram in Figure 18.

Suppose we first place p rooks on the lower-left 3 x 3 block of B' and q rooks on the upper-right
3 x 3 block of B', where p+ q = s. This first step can be done in (i) (i)p! - (2) (3)(1! ways. Next, we
place a total of 3 — q rooks in the regions marked ‘2’; this can be done in (2:5) (3 — ¢)! ways. We
then place a total of 3 — p rooks in the regions marked ‘3°; this can be done in (3:2) (3 — p)! ways.
At this point, there are siz rooks left to place, one in each of the siz columns of the regions marked
4°. Since sixz rooks have already been placed, only siz rows remain open. Hence there are 6! ways to
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FIGURE 17. The board B', rook-equivalent to By,

1 2 3 45 6 7 8 9101112

© © N O U WN P

=
[S)

-
B

N
N

FIGURE 16. The board By .

1 2 3 45 6 7 8 91011 12

© 0 N O AW NP

=
[S)

-
B

N
N

XY, %

2
3

1
1 2

FiGure 18. A diagram indicating the order of placement of rooks on B'.

do this last step. Thus we have

XY, Z
P]Q,s

ptqg=s
0<p<3
0<¢qg<3

>

ptqg=s
0<p<3
0<¢<3

(3)*

((9 = p)))?

(CRy DR(CR

0))?plg! (6 —p+q)!
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7. FURTHER QUESTIONS

In this section, we discuss some open questions and directions for further research.
Relations between P*, and P,*.. Tt is easy to see that for any composition p = (p1, pa, - - -, Pm)
of n, we have

pilp2!- - pm!|R(p)| = [Snl.

In fact there is a natural bijection

X:(Sp, X Sp, x---x8, )xR(p) — Sp,

where o is obtained from w by replacing the ith occurrence of 1 by cbz(.l), the ith occurrence of 2 by

p1 + %) and so on. For example, x((21,312),12212) = 25314. As another example, if () is the
identity permutation for each j, then x((¢™"), ¢, ..., ¢("™)), w) is just the usual standardization of
w, written std(w), which is obtained from w by replacing the ith occurrence of 1 with i, the ith
occurrence of 2 with p; + 4, and so on. However, in general it is not true that

p1!p2!...pm!p‘ffs =P, (7.1)

for arbitrary p and X. For example, if X = N and we are counting descents without restriction, then
P‘;)’(s =0 for s > 22111 pi, since the largest number m cannot be the bottom of a descent. On the
other hand, ngs is non-zero for all 0 < s <n —1.
In light of the above, the following consequence of Corollaries 3.2 and 5.5 is quite surprising. For
X =2Nand p = (k,k,..., k), we have
————

3

2n
(k')2an)7(s = P2)Ign,s'

This identity does not follow by applying the bijection y. For example, w = 41421323 has two even
descents, while std(w) = 71832546 has one. We therefore ask for an explicit bijection

@ZJ:(Sk><Sk><---xSk)xR(k7k,...7k)HSan,
—_———

2n 2n

satisfying
desp((w)) = dess(w)

for all w € R(k,k,..., k). We also ask if there are other sets X and compositions p for which (7.1)
N———
2n

holds.

g-analogues. The following g-analogue of the numbers Pis = Pi;N exists. Let
]y =1+q+d +...+q" "
Let A}, and I'] | be the operators defined as
Apyr o 28— [s],2* '+ ¢°In+ 1 — s],2°
Cppr 0 2® — [s+ 1,2% + ¢* T n — s8],z
Given a subset X C N, we define the polynomials P.X (¢, z) by P<(¢q,z) =1, and

(g, 2) = { A? L (PX(q,2). ifn+1¢X, and

PX
It (PX(g,x), ifn+leX.

n+1
We define the coefficient polynomials Prfs(q) by setting P.X(q,z) = Y Prfs(q)ms. The polynomials
520

P;¥,(q) satisfy a recursion analogous to (2.1), and g-analogues of the formulas (2.5) and (2.6) have



26 JOHN T. HALL AND JEFFREY B. REMMEL

been found. These results, along with a combinatorial interpretation of a Mahonian statistic stat

satisfying
Pis (q) — Z qstat(a)7

o € Sy,
desx (o) = s

will be presented in an upcoming paper by the authors and J. Liese.

Pattern matchings. One can put our results in a more general context of pattern matchings in
permutations as follows. Given any sequence o = o109 - -0, of distinct integers, we let red(o) be
the permutation that results by replacing the i-th smallest integer that appears in the sequence o
by i. For example, if 0 = 2 7 5 4, then red(c) =1 4 3 2. Given a permutation 7 in the symmetric
group S;, we define a permutation ¢ = 6,02---0, € S, to have a 7-match at place i provided
red(0;0i41 - 0iyj—1) = T. Let 7-mch(o) be the number of T-matches in the permutation o. To
prevent confusion, we note that a permutation not having a 7-match is different than a permutation
being T-avoiding. A permutation is called T-avoiding if there are no indices i; < iy < --- < 4, such
that red(o;, 04, ---04;) = 7. For example, if 7 = 214 3, then the permutation 32 14 6 5 does not have
a T-match but it does not avoid 7 since red(2 1 6 5) = 7. In the case where |7| = 2, T-mch(o) reduces
to familiar permutation statistics. That is, if ¢ = g109--- 0, € Sy, let Des(o) = {i : 0, > 0441}
and Rise(o) = {i : 0; < 0;41}. Then it is easy to see that (2 1)-mch(o) = des(o) = |Des(o)| and
(1 2)-mch(o) = rise(o) = |Rise(o)|. A number of recent publications have analyzed the distribution
of T-matches in permutations. See, for example, [2, 13, 12].

We can consider a more refined pattern-matching condition where we take into account conditions
involving equivalence mod k for some integer £ > 2. That is, suppose we fix £ > 2 and we are given
some sequence of distinct integers 7 = 77 - - - 7;. Then we say that a permutation 0 = o102 ---0p, €
Sp has a 7-k-equivalence match at place i provided red(c;oit1---0i+j—1) = red(r) and for all
s€{0,1,...,j — 1}, 0i4s = 7145 mod k. For example, if r=12and o =517436 82, then o
has 7-matches starting at positions 2, 5, and 6. However, if kK = 2, then only the 7-match starting
at position 5 is a 7-2-equivalence match. (Later, it will be explained that the 7-match starting at
position 2 is a (1 3)-2-equivalence match and the T-match starting a position 6 is a (2 4)-2-equivalence
match.) Let 7-k-emch(o) be the number of 7-k-equivalence matches in the permutation o.

More generally, if T is a set of sequences of distinct integers of length j, then we say that a
permutation o = o109 ---0,, € S, has a Y-k-equivalence match at place i provided that there is a
7 € T such that red(c;0,41 - -0i1j—1) = red(r) and for all s € {0,...,j — 1}, 0iys = 7145 mod k.
Let Y-k-emnch(o) be the number of T-k-equivalence matches in the permutation o.

One can then study the polynomials

n
Trin(s) = 3 a7 *emeno) 23 T8, o8 and
o€ES, s=0

n
Urpn(z) = E -TT_k_emCh(J):E Ut kn®”
oES s=0

In particular, suppose that we focus on the special cases of these polynomials where we consider
only patterns of length 2. That is, fix ¥ > 2 and let Ay equal the set of all sequences (a b) such
that 1 < a < b < 2k and there is no lexicographically smaller sequence z y having the property that
z=a mod k and y = b mod k. For example,

A;={12,13,14,15,23,24,25,26,34,35,36,37,45,46,47,48)}.

Let Dy = {ba:abe A} and E, = A U Dy. Thus Ej, consists of all k-equivalence patterns of
length 2 that we could possibly consider. Note that if T = A, then Y-k-emch(o) = rise(o) and if
Y = Dy, then Y-k-emch(c) = des(o).

Liese [17] studied the polynomials U¥ k., where T consists of patterns of length 2. For example, he
showed that one can use inclusion-exclusion to find a formula for Uy , , for any T C Ej in terms of
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certain rook numbers of a sequences of boards associated with Y. The same is true for coefficients of
the the polynomials P.X>Y>#(z). This approach leads to completely different formulas than the ones
produced in this paper. While this approach is straightforward, it is unsatisfactory since it reduces
the computation of Uy  ,, to another difficult problem, namely, computing rook numbers for general
boards.

Liese [17] was able to give direct formulas for the coefficients T,  where 7 € Ej. For example,
in the case where 7 = (1 k), his results imply that for all 0 < s <n and for all 0 < j < k—1,

B —
TG k) keknts =

(k= 1)n + 5)! i(q)“((k CDntj+r)" <(k —Dn+i+ r) (k" A 1), and

r sS—r
r=0

s —
T(1 k).kkn+j =

((k—l)n+j)!§(—1)"sr(l+r)"<(k_1)n+j+r> (lm+j+1>.

T n—s—r
r=0

These two formulas are easily seen to be equivalent to special cases of our formulas. However,
Liese has produced explicit formulas for Uy ; ,, in the special case where T is a subset of the form
{(z1,91), (z2,92), ..., (Tn,Yn)}, where for all i,j y; = y; mod k and either T C Ay or T C Dy.
These formulas cannot always be reduced to special cases of our formulas.
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