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Abstract. In [18], Mendes and Remmel showed how Gessel’s generating function for the
distributions of the number of descents, the major index, and the number of inversions of per-
mutations in the symmetric group could be derived by applying a ring homomorphism defined
on the ring of symmetric functions to a simple symmetric function identity. We show how
similar methods may be used to prove analogues of that generating function for compositions.

Keywords: permutation statistics, compositions, symmetric functions

1. Introduction

A permutation statistic is a function mapping permutations to nonnegative integers.
The modern analysis of such objects began in the early twentieth century with the
work of MacMahon [16]. He popularized the “classic” notions of the descents,
rises, inversions, coinversions, major index, and comajor index statistics. Here if
G = 01 ---0C, is an element of the symmetric group S, written in one line notation,
then

n—1

des(0) = ) x(0i > Gir1),
i=1

n—1
ris=1+ ) x(c; <oir1),inv(c) = Y x(0;i>0;),coinv(c) = Y x(o;<0)),
i=1 1<i<j<n 1<i<j<n

n—1 n—1
maj(c) = Y ix(i > 6iy1), comaj(c) = Y ix(ci < Git1),
i=1 i=1
where for any statement A, (A) is 1 if A is true and 0 if A is false. These definitions
make sense if 6 = 07 - -- G, is any sequence of natural numbers.
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The study of the properties of these statistics and subsequent generalizations of
these statistics to other groups and sequences remains an active area of research today.
In this paper, we shall find analogues of the joint distribution of des(c), maj(c), and
inv(c). That is, Gessel gave a generating function for

Z xdes(c)’/[maj(c)qim’(“)7 (1.1)

oS,

both in his thesis and in a paper coauthored with Garsia [9, 10]. Later, Mendes and
Remmel showed how Gessel’s result could be derived by applying a homomorphism
defined on the ring of symmetric functions A in infinitely many variables x1, x2, ... to
the simple symmetric function identity

H(t) = (1.2)

where H(t) is the generating function for the homogeneous symmetric functions
hy = hn(x1, x2,...) and E(t) is the generating function for the elementary symmet-
ric functions e, = e, (x1, X2,...). That is,

1
H(t)=Y ht"=]] | —xt (1.3)

n>0 n>1

and

E(t)=Y ex" = [](1+xu). (1.4)

n>0 n>1

In particular, Mendes and Remmel proved the following formula, which is easily de-
rived from the Garsia-Gessel formula for the generating function of des(c), maj(o),
and inv(o),

" xdes(c)

ris(o‘)umaj(c) comaj(o) inv(c)pcoinv(c)

y v q
n>0 [n]P«,q!(xv y; u, V)VH”I ocS,
B xk
__k20)*+1e;$"/wo~~~e;$u/wk.

Here we use standard notation from hypergeometric function theory. For n > 1 and
A n, let
P =q" n—1_0 0, n—1
[]p.q = =P g+ tpy
PaT g
and
[]p.q! = [nlp.g - [1p.q

be the p, g-analogues of n and n!. By convention, let [0], , =0 and [0], ,! = 1. We
let (x; ¢)o = 1 and

(X; C])n = (1 —x)(l —xq)...<1 _an,]) .
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In addition, let (x, y; p, q)o = | and

n

X,y P, @)n = (x—y)(xp—yq) - (xp" ' —yg" ).

Finally, ejm ¢ 1s a p, g-analog for the exponential function defined by

n
; t

“pa = ng() [”}pﬂ!q(;).

Mendes and Remmel also showed how their methods can be used to extend such
results to the hyperoctahedral group B,, and its subgroup D,,.

The main goal of this paper is to show how the methods of Mendes and Remmel
can prove similar results for compositions. Here a composition Y is a sequence of
positive integers Y= (V1,...,Yx). We call the ¥;’s the parts of v and let £(y) denote
the number of parts of . We let [y| =i + - - -+ Y and x? be the monomial xy, - - - xy, .
Since compositions can have repeated entries, it is natural to have analogues of des
and maj where we replace > by > or = in the definition of des and maj. That is, if
Y= (Y1,-..,¥s) is a composition, then we let

Des(y) = {i: ¥i > Yir1},
WDes(Y) ={i: i = ¥iy1}, and
Lev(y) = {i: ¥i = Yit1 -
Then we define
des(y) = |Des(y)];
wdes(y) = [WDes(y)|, and
lev(y) = [Lev(y)|

and
maj(y) =} i
i€Des(Y)
wmaj(y) = Z i, and
i€WDes(y)
levmaj(y) = Z i.
i€Lev(Y)

Let P denote the set of positive integers. We shall prove the following three theorems.

Theorem 1.1.

" . k
Rty esmain — y Y

S0 0wt 50 iz (it )it
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Theorem 1.2.
tn
xyywdes wma] yk —xitsu k+1
,E’o(y; W1 Ygin k;o ,g
Theorem 1.3.
¥ sty ylemst — 7 !
XY ev(y), levmaj(y _ ' ,
n>0 (o )n+1 Yepr k>0 H],C':o (anopn(—uff)n)

where pp, = pu(X1,X2,...) = Y>1 X! is the power symmetric function.

It should be noted that there has been considerable work on enumerating com-
positions by the number of occurrences of certain patterns in a compositions. For
example, if Y= (y1,..., Yx) is a composition and we define ris(y) = |{s: Vs
then Carlitz [7] proved that

M ris(y des(y) lev(y) _ e(qu(z—y), q) —e(qu(z—x),q) 15
ezpf*u ‘ xe(qu(z—x), q) —ye(qu(z—y),q)’ (1>

where

= =

va=Y O =11,

and (¢q)o =1 and (¢), = (1—¢) (1—¢?)---(1—¢") for n > 1. Similarly, Heubach
and Mansour [13] found generating functions compositions according to the number
of occurrences of various 3 letter patterns, and Mansour and Sirhan [17] extended the
work of Heubach and Mansour by finding generating functions compositions accord-
ing to the number of occurrences of various / letter patterns. Enumerating various
types of compositions according to other types of patterns can be found in [12, 14],
and [15]. In each case, one can find such generating functions by applying the transfer
matrix method, see [20, Section 4.7] or [11]. The basic idea is the following. Suppose
you want to find the generating function

C(u,v,x) = Z u )yl des(y), (1.6)
Yep*

Then one can define

C(is u, v, x) = Z ul Oyl des(y)
YeP v =i

and we have simple recursions
C(isu, v, x) =uwv' +uv' (ZxC(j; u, v, x)+ ZC(j; u, v, x)) (1.7)
j<i Jj=i

for all i > 1. Thus, if U and V are the infinite vectors U = [wv!, w?,...] and V =
[C(1;u,v,x),C(2;u,v,x),...], we can write down an invertible matrix M such that

ul =mv?
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and hence, we can solve for V7 as

Then, at least in some cases, one can simplify the expression for 1+ Y~ C(i; u, v, x)
to obtain nice formulas for the desired generating function. Of course, this method is
more straightforward if we restrict ourselves to finite alphabets, but it can still work
over infinite alphabets, as Carlitz basically showed in [7]. However, when we try the
same thing while adding a variable ¢ recording the major index, we cannot derive
such an equation. That is, define

Clisu, v, x,q) = Z ut )y ydes(y) gmai(y) (1.8)
YePt, v =i
When we consider a composition Y= (yi,..., ¥x) where y; = j and add i to the front

of Y to obtain the composition 8 = (i, v1,..., V), then a descent y; > Y,+1 which
contributes s to maj(y) will contribute 1 + s to maj(3) since that descent will occur
at position s+ 1 in 8. Thus maj(8) = 1+ des(y) +maj(y) if j < i and maj(d) =
des(y) +maj(y) if i < j. Hence, in this case we obtain the recursion

Clisu, v, x, q) = u' + w/' (Z gxC(js u, v, qx, )+ Y C(j; u, v, gx, q)) . (L9)
i<i =

The fact that C(j; u, v, gx, q) appears on the right hand side of (1.9) as opposed to
the C(j; u, v, x, ¢) which appear on the right hand side of (1.7) means that we cannot
solve directly for V7 in this case. Instead, if V =V (u, v, x, q) = (C(1; u, v, gx, q),
C(2;u, v, qx,q), C(3; u, v, gx, q),...) and A = (uv, uv?, uv?,...), then we end up with
an equation of the form

V(u, v, x, q)T =AT + B(u, v, x, q)V (u, v, xq, q)T, (1.10)

where B(u, v, x, q) is a matrix. We can iterate (1.10) to obtain an expression for
V(u,v,x,q)" of the form

AT +B(I,t, v, X, CI)AT +B(u’ V, X, q)B(Ma v, Xq, q)AT
+B(u7 v, X, Q)B(u7 v, Xq, q)B(M, Vv, xQ27 C])AT + Tt

However, in this case, even when we restrict ourselves to finite alphabets {1,..., n}
so that the matrix B(u, v, x, ¢) is finite, this leads to a complicated expression for
V(u,v,x,q)". We were unable to see how we could simplify these expressions for
V(u,v,x,q)" or 1 +¥,_, C(i; u, v, x, q) to obtain anything as simple as the formula
in Theorem 1.1.

It should be noted, however, that various specializations can easily follow from
Theorems 1.1, 1.2, and 1.3. That is, by setting the variables x; = 0 for certain i, we
can obtain formulas for an arbitrary alphabet A C P. By setting x; = uv' for all i, we
can also obtain generating functions like

C(u, v, x, q) Z u )y ydes(y) gmai(y),
YeP*
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The outline of this paper is as follows. In Section 2, we will provide the necessary
background on symmetric functions and generating functions for partitions that we
will need to prove Theorems 1.1, 1.2, and 1.3. In Section 3, we will give the proofs
of Theorems 1.1, 1.2, and 1.3, as well as some extensions.

2. Preliminaries

To prove Theorems 1.1, 1.2, and 1.3, we will manipulate basic relationships between
the elementary and homogeneous symmetric functions. The idea of extracting in-
formation about permutation statistics through symmetric function theory has been
used for decades, but the methods of this paper — defining a homomorphism on the
elementary symmetric functions and evaluating it on the homogeneous symmetric
functions — was first given by Brenti [5,6]. Beck and the second author reproved his
results combinatorially [2—4]. It is this approach which is closest to our own.

In this section, we shall state the basic results on symmetric functions and gener-
ating functions for partitions that we shall need.

We shall consider the ring of symmetric functions A over infinitely many vari-
ables. We let hp = ep = po = 1 and forany n > 1,

hn:hn(x17x27"'): Z xilxi2.”xin7

1<) <ip<--<in

en:en(xlvx%“’): Z XiyXig *++ Xiy and
1<i) <ip <<y

Pn :Pn(xlaXZr--) = fo

i>1

A partition of n, written A - n, is an increasing sequence of positive integers A =
(M, A2,..., Ag) such that n = Zle Ai, A1 <Ay < -+ < Ay. In such a situation, we
write |A| = n and £(A) = £. For any partition A = (A1, ..., Ay), we define

My =hy, -l (2.1
e =e, e, and 2.2)
DL =Dy Py (2.3)

It is well known that the collections {hy}, {ex}, and {p;} as A runs over all parti-
tions are bases of A. These are referred to as the homogeneous symmetric function
basis, the elementary symmetric function basis, and the power symmetric function
basis, respectively. These definitions of the homogeneous and elementary symmetric
functions give

n>0 i n>0

—1 —1
Y mi"=]T, —lx,-t = (]‘_[(1 —x,-r)> = (Zen(—t)”> N X))

This trivial restatement of definitions is the key symmetric function identity behind
Theorems 1.1, 1.2, and 1.3.
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A second key ingredient of our proofs is the combinatorial definition of the ex-
pansion of &, in terms of the elementary symmetric function basis. This was given
by Egecioglu and Remmel [8]. A rectangle of height 1 and length n chopped into
“bricks” of lengths found in the partition A is known as a brick tabloid of shape (n)
and type A. For example, Figure 1 shows one brick tabloid of shape (12) and type
(2,3,7).

Figure 1: A brick tabloid of shape (12) and type (2, 3, 7).

Let Bj, , be the number of such objects. Through simple recursions, Egecioglu
and Remmel proved that

hy = Z (_ 1 )ni[(X)Bk.nek
A-n

Next, we state several well-known generating functions for partitions, see [1]:

1
1+ q\lltk(l) — ,
L=y
and .
Y Y M =TT (1 o).
n>1 A, i>1

A has distinct parts

More generally, for any set S C P, let Ptn,(S) denote the set of partitions of n with
parts from S. Then,

1

YD M CCES )

n q’
n>1AePtng(S) €S

and

E D WIS s ((Re)
n>1  AePtn,(S), icS
A has distinct parts

3. The Generating Functions for Compositions

In this section, we shall give our proofs of Theorems 1.1, 1.2, and 1.3.
To prove Theorem 1.1, define a ring homomorphism ok by defining it on the
elementary symmetric function e, so that

k
@(k)(en) _ Z M0i0+"'+kik [HH 1+le]

_iQ ..... ik.ZO ]=0121 &’0 ’k
ig+-+ig=n 0
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where expression|, means to take the coefficient of tFin expression.
First we apply 0¥ to h,. We have

0 (h,) = Y (~1)""MB, 0¥ (ey)

An
k
:Z(_ n —L(A Ban Z u010+"'+k1k HH 1"‘sz/
An m=1iy,...,ixr>0 j=0i>1 io . lA

3
io++ik=MAn 0

3.1)

Our goal is to interpret G)(k)(hn) as a sum of weighted combinatorial objects. We
interpret the sum Y5, , By, ,, as all ways of picking a brick tabloid T of shape (n). Then
the factor (—1)" ‘@) allows us to place a —1 in each non-terminal cell of a brick in
T and place a 1 at the terminal cell of each brick in 7. Next, for each brick in 7',
choose nonnegative integers io, ..., i; that sum to the total length of the brick. This
accounts for the product and second sum in (3.1). Using powers of u, these choices
for iy,..., iy can be recorded in T'. In each brick, place a power of u in each cell such
that the powers weakly increase from left to right and the number of occurrences of
u/ is i;. At this point, we have constructed an object which may look something like
Figure 2 below.

-1

0
u

-1

0
u

-1

2
u

-1

2
u

1 -1

2 0
u u

-1

3
u

1

3
u

1 -1

3 0
u u

T T T T T T T
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
| | | | | | |
| | | | | | |
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
| | | | | | |
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1 1 1

Figure 2: One possible object when k = 3 and n = 12.

Now, the term [HJ olli=1 (1 +x,z])} . let us choose k + 1 partitions with

i
...

distinct parts, n(%),..., 70 where ¢(n/)) = i; for j = 0,..., k, which we write in
strictly decreasing order. Each i that occurs in such a configuration is weighted with
x;, so that we write these factors in the bottom row of each configuration. Figure
3 gives one example of such an object created in this manner. The weight of such
a composite object is the product of the signs at the top of the configuration times
the product of the x;’s that appear in the bottom row of the configuration times the
products of the u/’s in the second row of the configuration. Thus, the weight of the
object in Figure 3 is —xlx%xgxﬁxsxﬁu

These decorated brick tabloids of shape (n) and type A for some A F n have the
following properties:

(1) the cells in each brick contain —1 except for the final cell, which contains 1,
(2) each cell contains a power of u such that the powers weakly increase within each
brick and the largest possible power of u is 1, and
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1 : -1 : 1 -1 : -1 : 1 : 1 : 1 : 1 1 : 1 : 1
10 11 3 0 01 01 21 21 2 0 31 3
u 'u 'uuw 'u u o uwuw [ uwru
I I I I I I I I I
6 .1, 3 5.3 .2 .4 3.2 2,4 3
I I I I I I I I I
Xe 1 X1 X3| X5 X3 Xy Xy X3 Xy Xy Xy X3
I I I I I I I I I

Figure 3: An object coming from (3.1) when k =3 and n = 12.

(3) T contains a composition of n which must strictly decrease between consecutive
cells within a brick if the cells are marked with the same power of u.

In addition, each entry i in the composition is weighted by x;. In this way, @ %) (hy) is
the weighted sum over all possible decorated brick tabloids of shape (n).

Next, we define a sign-reversing involution / which will allow us to cancel all the
terms 7 with a negative weight. To define 7, scan the cells from left to right looking
for either a cell containing —1 or two consecutive bricks which may be combined to
preserve the properties of this collection of objects. If a —1 is scanned first, break the
brick containing the —1 into two immediately after the violation and change the —1
to 1. If the second situation is scanned first, glue the brick together and change the 1
in the first brick to —1. For example, the image of Figure 3 is displayed in Figure 4.

1 -1 { 1 -1 { -1 { -1 { -1 { -1 { 1 -1 { -1 { 1
1 11 3 0 01 0 21 21 2 0 3. 3

u u 'u u 'u 'uw 'u'u 'u u 'u 'u
I I I I I I I I

6 1, 3 5,32 .4, 3.2 2.4 3
I I I I I I I I

Xe | X1 X3| X5 X3 Xy Xy Xz Xy Xy Xy X3
I I I I I I I I

Figure 4: The image under / of Figure 3.

It is easy to see that [ is a sign-reversing, weight-preserving involution. Thus, /
shows that @%) (hy) is equal to the sum of the weights of all the fixed points of 1.

Let’s consider the fixed points of /. First, there can be no —1’s, so every brick
must be of size 1. Next, it cannot be the case that the power of u strictly increases as
we move from brick i to brick i + 1, since then we could combine these two bricks and
still satisfy properties (1), (2), and (3). Thus, the powers of u must weakly decrease
as we read from left to right. Let y= (i, ..., Y,) denote the underlying composition.
We note that if the power of u is the same on brick i and i + 1, then it must be the case
that ¥; < i+1; otherwise, we could combine brick i and brick i + 1. One example of a
fixed point may be found in Figure 5.

We now turn our attention to counting fixed points.

Suppose that the powers of u in a fixed point are ry, ..., r, when read from left
to right. It must be the case that k > r; > --- > r,. Define nonnegative integers a;
byai=ri—riyg fori=1,...,n—1and let a, = r,. It follows that r{ +---+r, =
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1 1 1 1 1 1 1 1 1 1 1 1
3 3 3 3 3 2 2 2 1 1 0 0
u u u u u u u u u u u | u
1 2 3 3 5 3 3 6 2 2 3 4
X | Xy | X5 | X5 Xg| Xy | Xy Xo| X, | X, | X3| X,

Figure 5: A fixed point when k = 3 and n = 12.

ay+2ax+---+nay, a;+---+a, =r; < k. Now suppose that yis the composition in
a fixed point. Then if y; > i+, it cannot be that r; = r;;| because that would violate
our conditions for fixed points. Thus, it must be the case that a; > % (y; > Yi+1). Let
x7 denote [T, xy,. In this way, the sum of the weights of all fixed points of I equals

Z XY Z @ H2ax+tnay

yep”! ay+-+ap<k
a1 (i€Des(y))

= Z x! Z A Z yal+“'+anual+2az+“'+nan

YEP" gy >y(l€Des(y))  an>x(n€Des(y))

<k

where expression|,<« means to sum the coefficients of #/ for j=0,..., kin expression
Rewriting the above equation, we have

Yo Y e ¥

YEP"  a;>x(1€Des(7)) an>y(n€Des(y)) (yu")™

ysk
xv(yu)x(lez)es(v)) (yuz)x(ZEDes(y)) .. (Wn)x(nebes(y))
- ygr;n (1= yu) (1 —yu2) - (1 — yu") .
_ xYydes(¥) maj(v)

yemn (L=yu) (1 —yu?) - (1 - yu")

y=k

Dividing by (1 — y) allows the above expression to be rewritten as

xYydes(¥)ymai(y)
g (L=y) (1= yu) - (1 = yu")

)'k
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Therefore, we have

" ;
xtydest)mai(y)

n>0 (y7 u)n+l yepn

~x el (gm)

k>0 n>0

yk

k; (Zizo(—1)"0®) (e,))

yk

= (ZnZO( ) Z i0yeery >0 ulio ki Hk 0H1>1 (1 +‘x’Z/) ‘zi0~-~zij>

ig+-- ‘Hk n

However,

. . k
Z (_t)n Z yOio-t-+ki HH (1 +xizj) |zi0~-~zi-/

n>0 iy ig>0 j=0i>1
ig-Hig=n
k .
=Y )"TTTT (1 +w'xiz) |z
n>0 j=0i>1
k
= HH 1 —x,u/t
Jj=0i>1
H Xit; U k+1
i>1

Thus, we have shown that

k
" Yydes(r) mai() — Y

n>0 (s 1 yep” k>0 [Tiz1 (xits u)gq ’

which proves Theorem 1.1.

To prove Theorem 1.2, we define a homomorphism @55 ) on A by defining

k
®5§)(€n) _ Z y Dotk [H - ]
=l 121 XiZj

iQye-s k=0 io ’k
igeeeig=n SR
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(k)

Again we apply ©,,” to h,. We have
L ()
_ k

—= Y (=) MB, 0% (e1)

A-n

(Wn 13 Oig ki | T 1

- Z(,l)”* ( )Bk,n H Z Vo Fkiy HH | (3.2)

A-n m=1"ig..., x>0 j=0i>1 2] o ik

i-F- 4 ig=Mm 0%

(k)

Again we interpret @;,” (h,) as a sum of weighted combinatorial objects. Ev-

erything is the same as before except that the term [H]}:o I1i>1 lfi _Z}
> iZ)

zi}’---z}}' lets
us choose k + 1 partitions, ©(?), ..., n®) where ¢(n/)) = i; for j = 0,..., k, which
we write in weakly decreasing order. Each i that occurs in such a configuration is
weighted with x;, so we write these factors in the bottom row of each configuration.
Figure 6 gives one example of such an object created in this manner. The weight
of such a composite object is the product of the signs at the top of the configuration
times the product of the x;’s that appear in the bottom row of the configuration times
the products of the /s in the second row of the configuration. Thus, the weight of

fact in Fi ; 3,43, 17
the object in Figure 6 is —x1x3x3x3x61" '

-1 : -1 : 1 1 : 1 : 1 : 1 : 1 : 1 1 : 1 : 1
11 11 3 0 01 01 21 21 2 0 3.1 3
u 'u 'u u 'u 'u 'u uu u 'u 'u
I I I I I I I I I
6 .1, 3 3 0372 4,32 2.4 4
Xsi Xy X3 Xsi X33 Xyl Xy X3 X Xyl X, X
I I I I I I I I I

Figure 6: An object coming from (3.2) when k =3 and n = 12.

These decorated brick tabloids of shape (n) and type A for some A - n have the
following properties:

(1) the cells in each brick contain —1 except for the final cell, which contains 1,

(2) each cell contains a power of u such that the powers weakly increase within each
brick and the largest possible power of u is u¥, and

(3) T contains a composition of n which must weakly decrease between consecutive
cells within a brick if the cells are marked with the same power of u.

In addition, each entry i in the composition is weighted by x;. In this way, (955 ) (hy) is
the weighted sum over all possible decorated brick tabloids.

We define a sign-reversing involution / exactly as before. That is, we scan the
cells from left to right looking for either a cell containing —1 or two consecutive
bricks which may be combined to preserve the properties of this collection of objects.
If a —1 is scanned first, break the brick containing the —1 into two immediately after
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the violation and change the —1 to 1. If the second situation is scanned first, glue the

brick together and change the 1 in the first brick to —1. Thus, / shows that @8‘ ) (hy)
is equal to the sum of the weights of all the fixed points of /.

Again, let us consider the fixed points of /. First, there can be no —1’s, so ev-
ery brick must be of size 1. Next, it cannot be the case that the power of u strictly
increases as we move from brick 7 to brick i + 1, since then we could combine these
two bricks and still satisfy properties (1), (2), and (3). Thus, the powers of u must
weakly decrease as we read from left to right. Let Y= (Yi,..., ¥,) denote the under-
lying composition. We note that if the power of u is the same on bricks i and i+ 1,
then it must be the case that y; < ¥;+1: Otherwise, we could combine brick i and brick
i+ 1. One example of a fixed point may be found in Figure 7.

1 1 1 1 1 1 1 1 1 1 1 1
3 3 3 3 3 2 2 2 1 1 0 0
u u u u u u u u u u u |u
1 2 3 4 6 3 5 6 2 5 3 4
X1 X2 X3 X4 X6 X3 X5 X6 X2 X5 X3 X4

Figure 7: A fixed point when k =3 and n = 12.

We can then count the fixed points as before. That is, suppose that the powers of
u in a fixed point are ry, ..., r, when read from left to right. It must be the case that
k>ry > --- > r,. Define nonnegative integers a; by a; = r; —riyp fori=1,...,n—1
and let a, = r,,. It follows that r; +---+r, =a; +2ax+---+na,, ay+---+a, =
r1 < k. Now, suppose 7Y is the composition in a fixed point. Then if y; > ;4 1, it cannot
be that r; = ri+1 because that would violate our conditions for fixed points. Thus, it
must be the case that a; > %(Y; > Vi1). Let x¥ denote [/, xy,. In this way, the sum
the weights of all fixed points of / equals

Z XY Z u +2ay+--+nay

YeP!  ayttap<k
a;>x(i€WDes(y))

= Z x! Z cee Z yal+"‘+anu01+2a2+---+nan

YEP" a1 >x(1€WDes(y))  an>x(neWDes(y))

<k

Rewriting the above equation, we have

Yoy whe Y (yu" )™

YEP" g >x(1€WDes(y)) an>y(neWDes(y))

y<k

X (yu)X(1EWDes()) (yuz)x(zewues(v)) .. (yuKnEW Des(a))

yepn (1 —yu) (1 —yu?)--- (1 — yun)

<k



116 E. Fuller and J. Remmel

Z xYywdes(y)  wmaj(y)
YEP" (1 —yu) (1 —yu?)--- (1 —yu") Yk

Dividing by (1 — y) allows the above expression to be rewritten as

Z xYywdes(y)  wmaj(y)
ez (1=9) (1 —yu) - (L—yu) | | '

Therefore, we have

t" :
xvywdesm ghma ()

n>0 (vs ) nt1 yepn

g (g)

k>0 n>0

2 (Lro(—1"01 (en))
-y ¥
k>0 (ano( ) Y 100 g0 uOio+ +kzkH 0H1>1 - x,z,

ig+- —Hk n

i
Z00 Zkk )

k 1
=2 0 4

However,

Z (_t)n Z Olo+ ki, HH

n>0 i x>0 j= S0is1 1 Xz 2] n>0 j=0i>1 1 —ulxiz
io+-tig=n
ﬁ :
01 I +xu/t
1

121( Xit; u)kJrl.
Thus, we have shown that

tn

. Z xyywdes wmaj Zka —xitiu k+17
n>0 (Vs W)ns1 YePn >0 il

which proves Theorem 1.2.

To prove Theorem 1.3, we define a homomorphism @21{) (en) on A by setting

k
®§k) (en) _ Z u0i0+“'+kik Hpi_jﬂ

iy i >0 i=0
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where p, is the n-th power symmetric function.

As before, apply @ék) to h, we have

0 (h,) = Y (-1 ™B, 01 (¢)

An
(0 .
— Z (_l)nfé(k)Bxﬁ H u010+.-.+kzkpi0 Dy (33)
Y= M=1 g, x>0

ig+-Fig=Am

Again we interpret @gm(hn) as a sum of weighted combinatorial objects. Ev-
erything is the same as before except that the term p;,--- p;, lets us choose k + 1
partitions, 71:(0), ceey 1) where (/) = (nl]’) for some n; for j =0,..., k. Each i that
occurs in such a configuration is weighted with x; so that we write these factors in
the bottom row of each configuration. Figure 8 gives one example of such an object
created in this manner. The weight of such a composite object is the product of the
signs at the top of the configuration times the product of the x;’s that appear in the
bottom row of the configuration times the products of the /s in the second row of
the configuration. Thus, the weight of the object in Figure 8 is 7)(2)62)@31)621417.

6
—1{—1{1 —1{—1{—1{-1{-1{1 -1{-1{1
1+ 11 3 0 01 0 21 21 2 0 31 3

u 'u 'uuw 'u u ' uwuwuw|uwu
I I I I I I I I I

6 6 3 373 1314 4 4 27313
I I I I I I I I I

Xe 1 Xe1 X3 | X3, X3 X3 X4 Xy X, X2 X3 X3
I I I I I I I I I

Figure 8: An object coming from (3.3) when k =3 and n = 12.

These decorated brick tabloids of shape (n) and type A for some A b n have the
following properties:

(1) the cells in each brick contain —1 except for the final cell, which contains 1,

(2) each cell contains a power of u such that the powers weakly increase within each
brick and the largest possible power of u is u*, and

(3) T contains a composition of n whose entries must be equal for any two consecu-
tive cells within a brick if the cells are marked with the same power of u.

In addition, each entry i in the composition is weighted by x;. In this way, @)Ek) (hy) is
the weighted sum over all possible decorated brick tabloids.

We define a sign-reversing involution / exactly as before. That is, we scan the
cells from left to right looking for either a cell containing —1 or two consecutive
bricks which may be combined to preserve the properties of this collection of objects.
If a —1 is scanned first, break the brick containing the —1 into two immediately after
the violation and change the —1 to 1. If the second situation is scanned first, glue the
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brick together and change the 1 in the first brick to —1. Thus, / shows that ®ék> (hn)
is equal to the sum of the weights of all the fixed points of /.

Again, let us consider the fixed points of /. First, there can be no —1°s, so ev-
ery brick must be of size 1. Next, it cannot be the case that the power of u strictly
increases as we move from brick i to brick i + 1, since then we could combine these
two bricks and still satisfy properties (1), (2), and (3). Thus, the powers of # must
weakly decrease as we read from left to right. Let Y= (yi,..., V) denote the under-
lying composition. We note that if the power of u is the same on brick i and i+ 1,
then it must be the case that y; # 7;+1; otherwise, we could combine brick i and brick
i+ 1. One example of a fixed point may be found in Figure 9.

1 1 1 1 1 1 1 1 1 1 1 1
3 3 3 3 3 2 2 2 1 1 0 0
u u u u u u u u u u u |u
3 2 1 3 5 3 2 6 6 2 3 4
Xy| X, | X, | X3 Xg| X5| X, | Xo| X X, | X3| X,

Figure 9: A fixed point when k = 3 and n = 12.

We can then count the fixed points as before. That is, suppose that the powers of
u in a fixed point are rq, ..., r, when read from left to right. It must be the case that
k>ry > --- > r,. Define nonnegative integers a; by a; =r; —riy; fori=1,...,n—1
and let a, = r,,. It follows that rj +---+r, = a1 +2a2+---+na,, a1 +---+a, =
r1 < k. Now suppose that yis the composition in a fixed point. Then if y; = ¥+, then
it cannot be that r; = r;;| because that would violate our conditions for fixed points.
Thus, it must be the case that a; > X (Vi = Yi+1). Let x¥ denote [T7 xy,. In this way,
the sum of the weights of all fixed points of I equals

Z XY Z ua1+2a2+---+na,,

yepr ay+-+an<k
a; =¥ (i€Lev(y))

= Z xY Z e Z yal+...+anua1+2a2+...+nan

YEP" gy >y(l€Lev(y))  ap>x(n€Lev(y))

Rewriting the above equation, we have

Z X Z (yu)®t - Z (yun)an

YEP"  ay>y(l€Llev(y)) ap>y(n€Llev(y))

y<k

XY (yu) X1 ELev(1)) (yu2)x(2€LeV(Y>> .. (yun)x(nELev(y))

=)

VP (1 —yu) (1 —yu?)--- (1 —yu)

<k

xYylev (v) y levmaj(y)

- yezﬂ)fn (1 —yu) (1 = yu?) - (1 — yu")

y=k
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Dividing by (1 —y) allows the above expression to be rewritten as
lev( ) levmaj(7y)

x'y
3 (L=y) (I =yu) (T =yu) |

e P

Therefore, we have

n
! ylev(n) Jevma(y)

n>0 (y, u)nJrl yepn
= Zyk® (Z t"h )

k>0 n>0
k>0 (an(](*t)n@gk) (6,,))

k
-y Y
= (Z”>0(t)nz i, k=20 u0i0+m+kikpi0 . 'pij)

gt tig=n
However,
k .
Z(it)n Z 010+ +klkp sz _ Z(it)nH (Z Pm (ujz)m> ‘Zn
n>0 'i().,....ikZO n>0 j=0 \im>0

ﬁ(me —~u't) )

Jj=0 \m>0
Thus, we have shown that

t" j ¥
Kyl (¥) levmaj(y) _ Z

. k j )
S0 (0 Wnt1 YeP" i=oITj=o (Zoz1 pm (—uit)™)
which proves Theorem 1.3.
Now suppose that S is a subset of P. Then we can restrict to compositions with

parts from S by simply setting x; = O for all i ¢ S. Thus, we immediately have the
following three corollaries:

Corollary 3.1.
k
y ! " tydes()mai() _ y .
n>0 (y; “)n+1 yesn k>0 [Tics (xit; u)k+l
Corollary 3.2.

Z xy wdes(y Wmaj(Y) — Zka(*xit; u)k+l-

n>0 (y7 U)nt1 yesn k>0 ieS
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Corollary 3.3.

k

Z xY lev(y evmaj(y) _ Z . y

n>0 (y’ )"+1 yesn k>0 Hj:O (anopn,s (_ujt)n) 7

— n
where p, s = Y icsXi.

We can also derive analogues of our results for other partial orders on P by spe-
cializing our results. For instance, suppose that < is the partial order where all the
odd numbers are incomparable, every even number is larger than every odd number,
and the even numbers are ordered as in the standard universe. In this case, we define
for any composition y= (Y1,..., Yu)s

Des(y) = {i: Vi = Yis1},
des(y) = ‘Des(y)

maj(y) = Z i

i€Des(Y)

, and

Then it is easy to see that the generating function

t" .
xTydes(y) ymai(y)
,g) (y; u>n+l ng;n

arises by taking the generating function

" :
Z Z xYydes()ymaiy)
n>0 (y’ M)n+1 YEP!

and setting x; = 172n>10x2n+1
following corollary.

and setting xp;+1 = 0 for i > 1. Thus, we have the

Corollary 3.4.
N
(y n+1 any e maJ W= Z k 1 wlt . '
n>0 YEP! k>0 Hj:() < T Y0 me1 ) Hi21 (xz,'t, u)k+1
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