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Introduction
The inverse Laplace transform maps each formal power series > a(n)u”
n>0
in one variable u into another series ) (a(n)/n!)u™, whose coefficient of
n>0

order n is normalized by the factor n! We then obtain the so-called ezpo-
nential generating function for the sequence (a(n)) (n > 0). The normal-
ization has numerous advantages: the derivative is obtained by a simple
shift of the coefficients; the exponential of a series can be explicitly calcu-
lated; there are closed formulas for the exponential generating functions for
several classical orthogonal polynomials, ... However the algebra of expo-
nential generating functions cannot be regarded as the universal panacea.
Further kinds of series are needed, for instance to express some generating
series for the symmetric groups by certain statistics.

In the middle of the eighteenth century Heine introduced a new class of
series in which the normalized factor n! was replaced by a polynomial of
degree n in another variable, more precisely, the series where the coefficient
of order n is normalized by the polynomial denoted by (g; q),, in another
variable ¢, defined by

1, if n = 0;
(0.1) (@ @)n = {(1_q)(1_q2)...(1_q”)7 ifn>1.

The algebra of those series has been largely developed by Jackson in the
beginning of the twentieth century. It has then fallen into disuse, except
perhaps in the field of Partition Theory, but has vigorously come back
in several mathematical domains, in particular in the theory of Quantum
Groups and naturally in Combinatorics.

Those series have been named g-series. They are simply formal power
series in two variables, say, v and ¢, where the latter variable ¢, used for
the normalization, plays a privileged role. Let Q[[u, ¢]] denote the algebra
of formal series in two variables u and ¢, with coefficients in a ring €2. Each
element of that algebra can be expressed as a series

(0.2) a = Z a(n,m)u™ q™,

n>0,m>0
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where, for each ordered pair (n, m), the symbol a(n, m) belongs to Q. Such
a series can be seen as a series in one variable u, with coefficients in the
ring Q[[g]] of series in one variable ¢, i. e.,

(0.3) a= Z u”( Z a(n,m) qm>.

n>0 m>0

For each integer n > 0 the expression (q;q), is a polynomial in ¢, which
is invertible in Q[[¢]], since its constant coefficient is 1. Thus the series a
can be rewritten as

(0.4) a=Y" & b(n; q),

n>0

where b(n; q) is the formal series in the variable ¢

(0.5) b(n;q) := (¢ @n - ( > aln,m) qm>~

m>0

Each formal series a written in the form (0.4) is called a g-series. The
coefficient u™/(q; q)n, is then a formal series in the unique variable q.

The purpose of this memoir is to give a basic description of the
algebra of those series and describe the use that has been made of them
in Combinatorics, in particular for expressing the generating functions
for certain statistics defined on permutations, words, multipermutations,
signed permutations and other finite structures. It has been customary to
regroup all the techniques that have been developed under the name of
Permutation Statistic Study, even though the group of permutations is not
the only group structure involved. The statistics themselves can be uni-
or several-variable, or even set-valued. As will be seen, the g-series enter
into the picture in a very natural way.

The g-binomial theorem, which is stated and proved in the first section,
is the basic tool in ¢g-Calculus. It opens the door to all the g-series identities
and also gives rise to two expansions of the ¢-exponential, as a g-series
itself, and also as an infinite product.

The polynomial (¢; q),,, defined above, is next studied in a combinatorial
context. This leads to a discussion of the so-called Mahonian statistics,
especially the Major Index and the Inversion Number that will play an
essential role in this memoir. One of our goals, indeed, is to try to
understand why the so-called natural q-analogs of various numbers or
polynomials can be derived by means of either one of those statistics.

The Major Index is strongly related to the combinatorial theory of
the representation of finite groups, particularly when dealing with various
tableaux (standard, semi-standard, ... ). The inversion number requires

7
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other techniques, in particular the so-called g-iteration method, that will
be used on several occasions.

The q-binomial coefficients or Gaussian polynomials that appear in
many identities on g-series are studied in several combinatorial environ-
ments, as is done in section 4. With the study of the g-multinomial co-
efficient we are led to introduce the statistic “number of inversions” for
classes of permutations with repetitions. We prefer to use the term “rear-
rangement” (of a given finite sequence) or “word.” This is the content of
section 5.

The MacMahon Verfahren, introduced in section 6, is the first tool
that makes possible the transcription of properties of certain statistics
defined on the symmetric group or on some classes of rearrangements to
the algebra of g-series. As a first application, it is shown that the Major
Index has the same distribution as the number of inversions on each class
of rearrangements.

A careful study of the MacMahon Verfahren serves to find a g-extension
of the traditional Eulerian polynomials, namely the Fuler-Mahonian poly-
nomials Am(t,q), that appear to be generating polynomials for classes of
rearrangements by the bivariable statistic (des, maj). The statistic “des”
is the number of descents that has been studied in several combinatorial
contexts and “maj” is the Major Index.

As shown in section 8, there are four equivalent definitions of the
Euler-Mahonian polynomials. The proofs of those equivalences are based
on fundamental techniques in ¢-Calculus, finite difference and iterative
methods. The insertion technique that looks so natural when dealing with
univariable statistics on the symmetric group becomes intricate for several-
variable statistics. A marked word technique is presented in section 9 and
appears to be successful for deriving a recurrence relation for the Euler-
Mahonian polynomials A, (t,q).

When the class of rearrangements is reduced to the symmetric group,
the Euler-Mahonian polynomials become the so-called ¢-maj-FEulerian
polynomials ™A, (t,q), as they form a first g-analog of the traditional
Eulerian polynomials A,,(¢) in one variable ¢. However, when the expo-
nential generating function for the latter polynomials is g-analogized in
a proper way, another g-analog of those polynomials, namely the g-inv
Eulerian polynomial YA, (¢, ¢) appears. As shown in the notations, “inv”
plays for ™A, (¢, ¢) the role that “maj” does for ™®A4,,(, q).

The Major Index and the Inversion Number, that can be defined for
each rearrangement of a given finite sequence of integers, are equidis-
tributed over each rearrangement class. Section 11 contains the construc-
tion of a bijection ® of the class onto itself such that inv ®(w) = majw.
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The bijection has several other properties, in particular when the under-
lying class is the symmetric group.

With section 12 we start the study of permutation statistics that
involve both the permutation and its inverse. Besides “maj” we are led
to introduce “imaj” that is nothing but the Major Index of the inverse

permutation. We then see the first occurrence of the classical infinite

1
product J] ————, that is to be expanded, once the substitutions

i>1,j>1 1 —uxy;
T; — qi_l, Y qg_l are made. The resulting series are series in two
bases, normalized by denominators of the form (q1;q1)n (¢2;G2)n-

In section 13 a further extension of the MacMahon Verfahren leads
to the derivation of the distribution of a four-variable statistic on the
symmetric group.

The theory of symmetric functions hides too many useful identities
and too many combinatorial algorithms not to appear in this memoir.
In particular, the infinite product mentioned above has a celebrated
expansion in terms of products of Schur functions. As those functions
have a handy combinatorial interpretation—as shown in section 17—it
was essential to give the main properties of those functions. This is the
content of sections 15, 16, and 17.

In the expansion of a Schur function we find monomials that are coded
by the so-called semi-standard tableauz. In their turn, those tableaux can
be further coded by standard tableaux and sequences of numbers. This
coding has several applications. In particular, it serves to express a Schur
function, in which variables are replaced by powers of a variable ¢, as a
generating function for standard tableaux by a certain statistic. This is
the content of section 18.

In section 19 we find an overview of the Robinson-Schensted correspon-
dence that enables the transfer of geometric properties on tableaux to
analogous properties on permutations. As an application, a bibasic gener-
ating function for polynomials in several variables defined on symmetric
groups is derived.

The next four sections 20, 21, 22 and 23 deal with Fulerian Calculus,
that is, the study of geometric properties of the Eulerian polynomials
and its various extensions. By “extensions” we mean three aspects: (i)
extension to the group of the signed permutations, (ii) g-extension, that
is, the introduction of a suitable Mahonian statistic “inv” or “maj,”
(iii) the study of generating polynomials for pairs or finite sequences
of permutations or signed permutations. The combination of those three
extensions leads to the combinatorial study of some Bessel functions, ¢-
Bessel functions and finite analogs of Bessel functions.
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The crucial step in Eulerian Calculus is to find the appropriate g-analog
for the generating polynomial for the signed permutations by their number
of descents. Our analytic choice (see section 21) forces us to find a suitable
definition of inversions for signed permutations. This leads to a coherent
study of all the extensions described above. Notice that the length, as
defined in the theory of Coxeter groups, does not conduct to an elegant
derivation in the algebra of g-series.

In our last section on Eulerian Calculus (section 23) we introduce
the bi-indexed Eulerian polynomials and explain how the Désarménien
Verfahren makes it possible the study of congruences of those polynomials
with respect to the cyclotomic polynomials. The section ends with a short
study on signed Eulerian Numbers.

Next, a combinatorial study of the basic trigonometric functions, es-
pecially the tangent and secant functions is developed. The coefficients
in their g-expansions are the generating polynomials for the so-called al-
ternating permutations by number of inversions. The same combinatorial
set-up is used to interpret the coefficients in the p,g-expansions of the
bibasic tangent and secant.

We end these Lecture Notes with an exposé on the celebrated “Master
Theorem” in its main three versions: the commutative one a la MacMahon,
the partially commutative one a la Cartier-Foata and the quantum one a
la Garoufalidis-Leé-Zeilberger. Finally, the Decrease Value Theorem, that
comes next, may be regarded as a true extension of the previous theorem,
as it makes it possible to calculate the distributions of several multivariable
permutations statistics.

1. The ¢g-Binomial Theorem
Take up again the notations (0.3)—(0.5). When, for each n > 0, the
ratio b(n + 1;q)/b(n; q) is a rational fraction in ¢", equal to 1 for ¢ = 0
and such that b(0;¢) = 1, we get what is called a basic hypergeometric
series. In the analytic expression of such a series the following notation is
used that extends the notation (0.1): for each element w in the ring define
the g-ascending factorial in w by

1, if n =0;
N G { 1-w)(l-wq) ... (1-wg"™?), ifn>1;

in its finite version and

(1.2)  (w;9)oo :=limy (w; q)y = l;[o(l —wq");

in its infinite version.

10



1. THE ¢-BINOMIAL THEOREM

When the underlying ring €2 is the complex field, the rational fraction
b(n+ 1;q)/b(n;q) can be written as

b(n+1;q) _ (1 —-a1q™)...(1 —ayq")
b(niq) — (1—pBig") ... (1= Beq™)’

where a4, ... , o, f1, ... , Bs are complex numbers. By iteration,

b(n;q)  b(2:9) b(1;q)

b ) = e g b )b(O 7)
_a —a1q" ). (1 - arg" )
(1=pBrgn)...(1- ﬁ Q” )
o ><(1—(11(])...(1—04,4(]) (1—a1)...(1—ap)
(1—p31q)...(1=Bsq) (1=751)...(1 =54’
that is
13 b g) = {0i0n - (Ori o

(B1;On - (Bs; On

For an arbitrary ring €2 the expression of b(n; ¢) given in (1.3) is taken as a
definition. As each g-ascending factorial (;;q), has a constant coefficient
equal to 1, it is invertible in the ring Q[[¢]], so that b(n;q) as shown in
(1.3) is well-defined. Then call basic hypergeometric series each g-series of
the form

(1.4) rgps(al""va g )‘Z (1@ - (ar; Pn

n

51,--'765 0 (51;Q)n---(ﬁs;Q)n (Q;Q)n.

Such a series can be defined in each algebra Q[[u, ¢]] of formal series in
two variables u and ¢, whatever the underlying ring 2 is. When r = 0
(resp. s = 0, resp. r = 0 and s = 0), the following notations are used:

al,...,ar o
osos( ;q,U) (resp. T(PO( 14, U> resp. 0900<7;6LU))-
517 o 7/88

In the g-binomial theorem which is stated next, the series 1900(f i q, u)
has a closed expression in terms of an infinite product.

Theorem 1.1 (¢-Binomial Theorem). The following identity holds:

u" (v u; q)oo l—augq”
(1.5) (5 q)n = = || ——;
RZZO (©)n (U3 0)0 };[0 1 —ug
or, equivalently:
o (@ u; q)oo
1.6 1900< ;q,u) = %0
(16) - (45 @)oo

11
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Before giving the proof of the theorem it matters to make several
remarks.

(a) The order o(a) of a formal series a = 3, - 5o a(n,m)u" g™ is
defined to be the smallest integer £ > 0 such that the polynomial

Z a(n,m)u" q™,

n+m==k

called the homogeneous polynomial of degree k of a (in u and q), is not zero.
Consider a countable family (as) (s > 0) of formal series in two variables.
As for the series in one variable, it is readily seen that if the order of ag
tends to infinity with s, then the infinite product [[,+,(1 — as) is a well-
defined series. In the infinite product (au; ¢)eo, with a # 0, the term a u g™
is a series (reduced to a monomial) of order (n 4+ 1). As o(auq™) tends
to infinity with n, the infinite product (au;q)s is well-defined. The same
property holds for the product (u;q). occurring in the denominator.

(b) Within the coefficient («;q)./(¢; q)n of ©™ in formula (1.5), make
the substitution « < ¢* to obtain (¢%;¢)n/(q;q)n; then let ¢ tend to 1.
We get (), /n!. The ratio (¢%;q)n/(q; q)n is said to be the g-analog of the
ascending factorial («), /n!, where

() = 1, if n =0;
Yn = ala+1)---(a+n—-1), ifn>1

But the series Y u” (a),,/n! is the hypergeometric series 1F0(f ; u), that
n>0
safisfies the identity

(17) 1F0(f,u) = (1 — U)_a,

which is known to be the binomial identity. Notice that (1.7) is used to
extend the definition of (1 — u)~® when « is not an integer (positive or
negative). Identity (1.6) is said to be the g-analog of (1.7).

The main difference between (1.6) and (1.7) is the following: when
dealing with the algebra of formal series, formula (1.7) is a definition of
(1 —u)~“ whenever « is not an integer, while (1.6) is an identity.

However, when considering the series 1F0(f;u) and 1<p0(f;q,u) as
power series of the complex variables u and ¢, the two formulas (1.6) and
(1.7) are identities, if the moduli of u and ¢ are less than 1. The first
proof of (1.6) given below is directly inspired from the classical proof of
(1.7) in the analytic case. However, the end of the proof uses a topological
argument on formal series and not on analytic series.

12
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(¢) In view of the proof of Theorem 1.1 let us mention the following
identity, easy to derive:

(1.8) (@ @n — (@@ Qn = (@ On-1(¢" —1) (n>1).

There exist numerous relations on the g-ascending factorials. Among the
most frequent let us quote the associativity property

(1.9) (@ Dk = () (™5 @)k
and the reverse formula
(1.10) (@7'q" " Q)0 = (a5 Q) (—a )" gD/,

No comment for (1.9). The latter can be proved as follows. For n > 1 we
have

(1-a)(l-ag)---(1—ag"™)

()1 —a M) (—ag)(l—atgh) (—ag" (1 —a g ")
— (—a)"q"(n—l)/Q(l . a—l)(l _ oflq_l) (1 a_lql_”)
(—a)"q" "2 (a7 g T ),

a formula that still holds for n = 0.
Finally, notice that the relation

v (g)
(1.11) (@ q)n = 00" 0w

can be used to define the g-ascending factorial («;q), for every real
number n.

(d) Let a = ¢ in (1.5). We get

(QNU; ) oo s R N, u
(112) (U;Q)oo _( aQ)N _Tg)(q 7Q)n(q;q)n-

But, if u and g are regarded as complex variables with modulus less than 1
and if we let ¢ tend to 1, we obtain the identity

(- =SV

n>0

that is, the usual binomial identity.

13
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First proof of Theorem 1.1. Start with the series 1@0(f;q,u) =
> u™ (a59)n/(q; q)n and evaluate the g-difference

n>0
1o(sau) = 100(“ g qu) = 7; ij;g;:un(l —-q") = ; %U”
(Oéq;(Dn—l n—1
=(1- a)u(l + 7%:2 G u )
(1.13) =(1-a)u 1g00(a_q;q, u).

By using (1.8) we get:

o) =100 (T g u) =

= G
. O‘Z (Oéq,Q)n—lun
=1 (@@
(1.14) = —aulgoo(a_q;q, u)
From (1.13) and (1.14) it follows that
o( Vi) = 11__auu o( g, qu),

and by iteration

(1.15) 1¢o(f;q,u) _ (@ d)m

Wl@o(iﬂ]aqmu) (m >0).

If 1o ( *:q, u) is considered as an analytic series of the complex variable u,

it suffices to say that 1900(3 ; q,u) is continuous inside the unit disk. As
the series is equal to 1 for u = 0, identity (1.6) follows from (1.15) by
letting m tend to infinity.

With the topology of formal series we may use the following argument:
consider a pair (¢, j) of nonnegative integers such that i + j > 1. As soon
as m > j + 1 the coefficients of u’ ¢/ in

(@uq)oo 4o (@U@
(U @)oo (W @)m
are equal. But 1¢q ( Yq, g™ u) is of the form 1+¢™ u a, where a is a formal
series in the two variables u and q. It follows that for every i the coefficients
of u' ¢/ in

(@ u; q)m (@ u; q)m o

dif U Dm gy gy = :
(U,Q)m and 1 W Q)m ( +q UCL) 1900(_76]7“)

q)
are the same. Hence, identity (1.6) is proved. []

14
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Second proof of Theorem 1.1. The right-hand side of identity (1.6) is
a formal series that can be written as

b(u,q) == > cnlq)u”,
n>0
where, for every n > 0, the coefficient ¢,(q) is a formal series in the
variable g. But

1—au (1-—auqq™) 1—au
b(u,q) = = b(ug, q);
(,q) 1—u nl;[() (1 —uqq™) 1—u ( )
therefore
(1 — au)b(ug,q) = (1 —u)b(u, q),
and then

(1 — au) Z en(q) ¢"u" = (1 —u) Z cn(q) u™.

n>0 n>0
Looking for the coefficient of 4! on each side provides:

ent1(0)q" ™ — aq” n(q) = cng1(q) — enlq);

so that
1—aq”
cnt1(q) = Cn(Q)l_—an-

As ¢o(q) = 1, the right expression

is found by induction on n. []

Let « =0 in (1.6). We get
" 1
(1.16) 3 ( R

@ (4i¢)e

Now consider the infinite product (—u; q)~ and again take the argument
developed in the second proof. If we let (—u;¢)oo = D cn(q) u™, we find
cnt1(Q) " + en(9)q" = cny1(q). Hence, n20

 q"ca(q)
tnt1(q) = m

As co(q) = 1, we get

( ) q(n+1)n/2
Cn+1\q) = 77—~
o (¢ @)t
and then the identity
n(n— un
(1.17) Zq ( WQW = (=1 @) o-

n>0

15
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The two series appearing in (1.16) and (1.17) are respectively denoted
by eq(u) and E,(u) and are referred to as the first and the second g-
exponential.

2. Mahonian Statistics

For each integer n > 0 let S, be a set of cardinality n! (for example,
the permutation group &,,). By statistic on S,, we simply mean a mapping
f 5, — N with nonnegative integral values. The polynomial

a(n) = Z ¢’

seSy

is called the generating polynomaial for S, by the statistic f; or, sometimes,
the generating polynomial for f. The series

(2.1) a:= Z u” %

n>0

is called the g-generating function for the polynomials (a(n)) (n > 0). If,
for each n > 0, the polynomial a(n) has the form

22) o= (B0 = (g b (g ) ),
we say that f is a Mahonian statistic on the family (S,) (n > 0).
With each positive integer n is associated its g-analog defined by
l1—q" 2 n—1
(2.3)  [nlg:= [T S lTat et
and its g-factorial

(2.4) [n]q! = [n]q [n — 1]q T [Q]q mq
(1-¢"(Q-q¢"") (1-¢)10-9q

1-q) (1-9 (1-9 1-q
_ (&9
(1—q)"

=(1+g+ - +¢" NA+g+ - +¢") - (1+a)

Consequently, the generating polynomial defined in (2.2) is equal to the
g-factorial of n and the g-generating function has the simple form

n 1 (@9n u \~!
(25) DI i il Ut e B




2. MAHONIAN STATISTICS

In this section our purpose is to introduce several Mahonian statistics
that are of constant use in the study of the g¢-series. Some of their
properties are being derived.

The first one of these statistics is denoted by “tot” (“tot” for “total”).
Although its definition is straightforward, it is very useful in many
calculations. For each n > 0 let SE,, denote the set of the subexcedent

sequences * = (x1,%2,...,%y). By subexcedent we mean a sequence of
integers x;, of length n, that satisfy the inequalities 0 < z; <7 — 1 for all
1 =1,2,...,n. The cardinality of SE,, is of course n! For each sequence

x = (x1,T2,...,2,) € SE,, define
(2.6) totx :=x1 + 22+ - + xp.

Proposition 2.1. The statistic “tot” on SE,, is Mahonian, that is, for
each n > 1 we have:

(27) Z qtotm: (Q;Q)n

e (1—q)m

Proof. The result is banal for n = 1. By induction on n:

Z qtot T _ Z qtot z’ Z qxn

zeSE, ' €SE,_1 0<z,<n-—1
q;4)n—1 _
_ (@9)n 0
(1—g)n

The next three Mahonian statistics that are being introduced are
defined on the permutation group &,; they are called the Inversion
Number “inv”, the Major Index “maj” and the Denert statistic “den”.

Let 0 = o(1)...0(n) be a permutation, written as linear word. It is
traditional to define the Inversion Number, inv o, of the permutation o as
the number of ordered pairs of integers (i, j) such that 1 <1i < j <n and
o(i) > o(j).

The Major Index majo of o is defined to be the sum of the positions i
where a descent o (i) > o(i + 1) occurs. We can also write

(2.8) majo := Z ix{o(i) >co(i+1)},

1<i<n—1

17
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by making use of the x-notation. Remember that for each statement A we
write x(A) =1 or 0 depending on whether A is true or not.

The definition of “den” is based on the notion of cyclic interval. Let i, j
be two positive integers; the cyclic interval ﬂi,jﬂ is then

ﬂi ]]] — ]Z J] leSJa
Al 11, 4] + i, 400, ifi>j.

The Denert statistic, deno, of the permutation ¢ is defined as the
number of ordered pairs (7, j) such that 1 <7 < j <mnando(i) € Ho(j),jﬂ.

To show that those three statistics are Mahonian on &,,, we construct
three bijections o — x of G,, onto SE,, having the properties

inve =totxz, majo =totxr, deno =totz,

respectively. The construction of those three bijections makes use of three
different codings of the permutations. The image x of o under each of those
bijections is called the inv-coding, the maj-coding and the den-coding of o,
respectively.

2.1. The inv-coding (also called Lehmer coding). Let o = o(1)...0(n)
be a permutation. For each ¢ = 1,... n define z; as being the number of
terms o(j) to the left of o(7) which are greater than o(i), that is,

X = Z x(o(4) > a(i)).

J1<y<i—1

The sequence x := (z1,...,x,) just defined is obviously subexcedent.
Furthermore, the correspondence o — x is bijective. Moreover, the sum
tot z of the x;’s is precisely equal to the Inversion Number invo of the
permutation o.

In the following example, under every element o(i) is written the
corresponding x; of the inv-coding.
(1 2345678 9)

7154926 38
r= 011204251

In particular, inv o = tot x = 16.

To reconstruct ¢ from its inv-coding x, proceed as follows: first let
o(n) := n—x,. Once the elements o(k+1), ..., o(n) have been obtained,
eliminate all the terms of the sequence (n,n —1,...,2,1) equal to one of
the o(l)’s for a certain [ > k + 1. Then, o(k) is equal to be the (zj + 1)-st
term of the sequence (n,n —1,...,2,1), when reading that sequence from
left to right.

18
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For example, start from the subexcedent sequence
x=1(0,1,1,2,0,4,2,5,1)

of length n = 9; first, get 0(9) := n — 2, = 9 —1 = 8. Then, form
the sequence (9,7,6,5,4,3,2,1), where 8 has been deleted. Then, o(8)
is equal to the (zg +1) = (5 + 1) = 6-th term of the sequence, that
is, 0(8) := 3. The running sequence becomes (9,7,6,5,4,2,1), whose
(x7 +1) = (2+ 1) = 3-rd term is 6; hence, o(7) := 6. Next, consider
(9,7,5,4,2,1) whose (z¢ + 1) = (4 + 1) = 5-th term is 2; then o(6) := 2,

and so on.

2.2. The maj-coding. Starting with a permutation ¢’ € &,,_1, written
as a word o’(1)...0'(n — 1), we can generate n permutations o € G,
by inserting the letter n to the left of the word, or between two letters
o'(i) and o’(i + 1) for 1 < i < m — 2, or to the right of the word, say,
in position i = 0,1,2,...,(n — 1), respectively. Thus, every permutation
o € G, is characterized by an ordered pair (¢’,7), where ¢’ € &,,_; and
0 < i < n — 1. The surjection ¢ : o — ¢’ of &,, onto &,,_1 consists of
removing the letter n from the word o = o(1)0(2)...0(n).

For describing the maj-coding we relabel the n possible positions
where n can be inserted into ¢’ = ¢'(1)...0'(n — 1) in the following
manner: label j = 0 is given to the insertion of n to the right of the word o’;
suppose that ¢’ has d descents, that is to say, d positions o’(i)o’(i + 1)
such that o’(i) > o’(i + 1). We label those descents j = 1, j =2, ... ,
j = d, from right to left; the insertion of n to the left of ¢’ is given label
j = d+1 and the labels j = d+2,d+3,...,n—1 are given to the (n—2—d)
insertions into the other positions when reading the word o’ from left to
right.

If the letter n in the original permutation ¢ is in position j for the
relabelling just described, we adopt the notations:

on_1:=0 =9(0); = J;

(2.9) Op 1= 0= [Op_1,Ty).

In the same manner, to 0,1 there corresponds a pair [0,—2,x,_1] and
by iteration we obtain a sequence of pairs [0,,—3, Tp—2], ... , [00, z1], where
0o is the void permutation and x; = 0. This yields a sequence, necessarily
subexcedent x = (x1,x2,...,x,), that is called the maj-coding of o.

Ezample. Consider the permutation 0 = 7154926 38. The permuta-
tions o1, 02, ... , 0g, 09 are simply the subwords reduced to the letter 1, to
the letters 1,2, ... , totheletters 1, 2,...,8, finally to the letters 1,2,...,9.

19



D. FOATA AND G.-N. HAN

At each step of the construction we have to maj-label the inserting
positions as was indicated before. In Table 2.1 the maj-labellings appear
as subscripts of the permutations written in the third column. The maj-
coding of ¢ is then x = (0,0,0,2,3,5,4,0,2). Notice that majo = totz =
16.

Permutation maj-coding maj-labelling
o1 = 1 T = 0 110
0'2:12 .CCQZO 11220
0’3:123 1‘320 1122330
Oy = 1423 117422 213412430
05 = 15423 Is = 3 31452412530
Og — 154263 Teg — 5 4155342266130
o7 = 7154263 Ty = 4 574165342276130
0g =71542638 g =0 | 57416534227613580
09 =T715492638| x9=

To reconstruct the permutation o from a subexcedent sequence z =
(x1,22,...,%,), we put o1 := 1, then obtain o9 := [01,22] (with the
notations (2.9)), ... , until we reach o := o, = [op—1, Tp)-

Proposition 2.2. Let 1) : 0 — ¢’ be the surjection of &,, onto &,,_1 that
consists of removing the letter n from the word o(1)...o(n). For n > 2
and for each permutation o' € &,,_1 the generating polynomial for the
class 1~ 1(o’) by the Major Index “maj” is given by

(2.10) > g = g (Lt Y,
erfl(o./)
Moreover, with the notation (2.9)

(2.11) maj(o,—1, %, = majo,_1 + T,.
Finally, if ¢ = (z1,x2,...,x,) is the maj-coding of o, then
(2.12) majo =x1 + 23 + -+ + x, = tot .

Proof. Identities (2.10) and (2.12) follow from (2.11) that is now being
proved. When n is inserted to the right of ¢/ = o,,_1, into the position
maj-labelled 0, we have maj[o’,0] = majo’. If n is inserted into the x,,-
th descent (1 < z, < d = deso’) (labelled from right to left), the z,
descents occurring on the right are shifted one position to the right; the
other descents remain alike. Hence, (2.11) holds. In the same manner,
(2.11) holds for x,, = d + 1, since the maj-labelling corresponds to an
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insertion of n at the beginning of the word. Now if ¢/(i) < 0’(i 4+ 1) is the
k-th non-descent when o’ is read from left to right (1 < k < n—d—2), the
left factor ¢’(1)0’(2)...0'(i) contains i — k descents and the right factor
o'(i+ 1)o'(i 4+ 2)...0'(n — 1) exactly d — i + k descents. The insertion
of n between o’ (i) and o'(i 4+ 1), into a position maj-labelled d + k + 1,
increases the Major Index by (i +1) + (d —i+ k) = d+ k + 1, since a new
descent is created between o’(i) and o (z +1) and the (d — i+ k) descents
of the right factor ¢’(i + 1)o’(i +2)...0'(n — 1) are shifted one position
to the right. []

2.3. The den-coding. The Denert statistic, den o, of a permutation o €
S, can be calculated by means of its den-coding, defined as follows. For
each integer j (1 < j < n) define z; as the number of integers ¢ such that

(2.13) 1<i<j—1 and o(i) € ]o(j),J].

The den-coding of o is defined to be the sequence = := (z1,z2,...,2,),
which is obviously subexcedent. Clearly, deno = x1 + 22+ ---+x, = totx
and the mapping o +— z is injective and then bijective. Let us illustrate
the calculation of the den-coding with an example.

In the example below the first row shows the integers j from 1 to 9, the
Second row the value of o(j), the third row the value of the cyclic interval
]] jﬂ the fourth row the value of zj (Whlch is the number of integers 4
suchthat1<@<j—1anda ﬂ ]H

J 1 2 3 4 5 6 7 8 9

a(j) 7 1 5 4 9 2 6 3 8

oG] 1.8 9}{2}{6 7,8, 9,1,2,3}@{1,2,3 4,5}{3,4,5 6}{7}{4 5,6,7, 8}{9}
x;j 0 2 3 2 4

The den-coding of o is then x = (0,0,2,0,3,2,1,4,1). In particular,
deno = 13.

To recover o from z, first define o(n) := n — x,,. Suppose that o(j +1),
.., 0(n) have been determined from x4, ... , x,,. Write the sequence

LG =1),...,2,1,n,(n—=1),...,(j+1).

From that list remove all the elements equal to o(l) for a given | > j + 1.
Then o(j) is the (x; + 1)-st letter in the sequence when reading it from
left to right.

Three bijections ¢V, ¢™a ¢den of &,, onto SE,, have so been con-
structed with the following properties:

invo = tot $™ (o), majo = totp™¥(c), deno = tot ¢ (o).
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By taking the composition products of ¢V, ¢™a and ¢°*, together with
their inverse bijections, we can explicitly construct one-to-one correspon-
dences of &,, onto itself, that map “inv” onto “maj”, “inv” onto “den”
and “maj” onto “den.”

3. The algebra of the ¢-binomial coefficients

Consider the product ¢ = a - b of two formal series in the variable u
written in the form

7

ut W
azzﬁa(z) and b:ZTb(j).
i>0 §>0 J:

If we want to express the product c¢ in the form
n

c= Z %c(n),

n>0
we are led to the identity

)= 3 (Tats) w0,

120,520
1+j=n
ny . . . . n!
where | . | is the binomial coefficient ———.
i il (n —1)!

Now if we replace the factorials i!, j!, n! occurring in the denominators
by their g-analogs (¢; )i, (¢;9);, (¢; @)n, as they were defined in (0.1) and if
the coefficients a(i), b(j), c¢(n) are replaced by formal series a(i, q), b(J, q),
¢(n,q) in the variable ¢, we obtain the identity

)= X |2ati.asiia)

i>0,7>0
where irj=n
n (¢:9)n .
3.1 = 0<i<n).
(3.1) H (0:9)i (¢ @) n—i ( )

We can also write :

m _ (@@ _ (@ 9)
Z, .

(3.2)

(@G D)n—  (g:9)

n
The expression [ } is called q-binomial coefficient or Gaussian polynomial.
i

It is a remarkable fact that this coefficient is a polynomial in ¢, with
nonnegative integral coefficient. This can be derived in an algebraic
manner.
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In definition (3.1) make the convention that the g-binomial coefficient
m is zero when condition 0 < ¢ < n does not hold. First, we have

-F]-
-1
We also have two Pascal Triangle formulas
N =
s L

that can be derived by mimicking the traditional calculus of the binomial
coefficients:

U e e gy - )

’ U )i (@3 @)n—i
_ (¢ @)n-14" 2(1 )
(¢ 0)i (¢ Dn—i
TG Dt [n—l}
(¢ @)i—1 (QaQ)n—z i1

In the same manner,

P e ] I
[0

Finally, the limit lim {n] = (n) is straightforward.
g—1 |1 7

Relation (3.3) and one of the relations (3.5), (3.6) show that the g¢-
binomial coefficient m is a polynomial in ¢, with nonnegative coefficients,

of degree i(n — ). The first values of the g-binomial coefficients [7] are
shown in Table 3.1.

Ll =0Ll=1 [=0Gl=1 [=1+¢ []=[(=1
d=bl=t+a+as [=f]=1 []=[]=1+a+c+d"
|=1tat2? g +ah [ =[] =1 [] =[] =1+e+a+a+d"
=[] =1+q+2¢*+2¢° +2¢* + ¢° + ¢°.

Table 3.1

[
E
E
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In (1.16) and (1.17) we have obtained two expressions for each one of
the two g-exponentials e,(u) and E,(u), first as infinite products, then as
g-series :

n

1 U
37 W= g 7;) (@ @)n’
” n(n—-1)/2 %
(3.8) Ey(u) = ;)q q7 q)n

By means of the g-binomial coefficients we can obtain the expansions
of the finite products 1/(u;q)n and (—u;q)n, where N is a nonnegative
integer. Those two products can be regarded as finite versions of the two
g-exponentials e, (u) and Ey(u).

Proposition 3.1. We have the identities:

(3.9) 1 :Z{N—Fn—l}un;

(waon Sl
(310) (_u. Q)N _ 22 |:N:| qn(n—l)/2 u”.
, n
0<n<N

Proof.  To derive (3.9) go back to (1.12). We have:

1 (@) N u
o)y (W@ ;@ MG

_1+Z N+n1 Z[N+n—1] .
n>0

n

To derive (3.10) make use of the g-binomial theorem:

BRI G 17/) S C Il Gt /DS
( ’Q)N_(—qu;q)  (—ugNi @)
N g, CU)" v, (ugd™)"
_;0 S _0<;N(q D g,
N

The summation is finite, since (¢~
use (1.10) for a = ¢~ %, that is,

:q)n is zero for every n > N 4 1. Now

(@), = (g Nyn gmn(n=1/2,
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We get
—n nn— un
(—uig)n = Y (@
0N (¢ @)n
N — n
_ Z |: :|qn(n 1)/2u7
0<nen L™

because of (3.2) with the substitutions n <~ N and i - n. []

We can also prove (3.9) and (3.10) by induction on N, using the Pascal
Triangle formulas (3.5) and (3.6).

4. g-Binomial Combinatorial Structures

For an easy handling of the g-binomial coefficients in Combinatorics it is
essential to be familiar with the basic combinatorial structures that admit
those coefficients as generating polynomials. For each pair of integers
(N,n) we give the description of several pairs (A4, f), where A is a finite
set of cardinality (]7\1] ) and f is a statistic defined on A having the property
that

(4.1) Z ¢ @ = [N%—n}‘

n
a€A

Four of those structures are introduced below: the partitions of integers,
the nondecreasing sequences of integers, the binary words, the ordered
partitions in two blocks. Each of these structures has its own geometry
and its specific underlying statistic.

4.1. Partitions of integers. Formula (3.9) reads

1 B N+nun
(4.2) <1—u><1—uq>---<1—qu>‘Z[ n } |

n>0

The left-hand side of (4.2) can be expressed as a formal series in the two

variables ¢ and u
> um Y p(m,n,N)q™,

n>0 m>0

where p(m,n,N) is equal to the number of sequences (mg, my, ma, ..., my)
of nonnegative integers such that

(4.3) mo+mi+---+my=n and 1l.m;+2.my+---+ N.my =m,
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or, in an equivalent manner, to the number of partitions 17122 N™N
of the integer m whose number of parts is at most equal to n (because of
the occurrence of the coefficient mg). Hence,

p(m,n, N) is equal to the number of partitions of m in at most n parts,
all the parts being at most equal to N.

Notice that p(m,n,N) = 0 for m > nN + 1. Let P(n,N) be the set
of partitions in at most n parts, all of them being at most equal to N
(their Ferrers diagrams are then contained in a rectangle of basis N and
height n). Let ||| denote the weight of a partition 7 € P(n,N), that is,
||| = m if 7 is a partition of m. Accordingly,

(4.4) [N“q: S pma,Nygr = Y g

n
0<m<nN T€P(n,N)

The first g-binomial model is then the pair (P(n, N), | - ).

N N
First kind Second kind

Fig. 4.1

There is another way to derive identity (4.4), by using induction on
N + n, the formula being trivial for N +n = 1. We use (3.6), that can be
rewritten as

{N+n} _ [N+(n—1)] +qn{(N—1)+n}

n n—1

But the factor [N Z(f{ 1)] is the generating polynomial for the partitions
in at most (n — 1) parts, all of them being at most equal to N. Call them
of the first kind. The factor [(N j”"} is the generating polynomial for the
partitions m whose Ferrers diagram is contained in the rectangle (N —1)xn.
Add a column of height n to the left of the Ferrers diagram of each 7. We
obtain the Ferrers diagram of a partition 7’ having n parts exactly, all
of them being at most equal to N. Say that those partitions 7’ are of
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the second kind. Their generating polynomial is equal to ¢" [(N j””] by
induction. But, every partition in at most n parts, all at most equal to N,
is either of the first kind, or of the second kind (see Fig. 4.1). []

4.2. Nondecreasing sequences of integers. 'This model will appear to
be extremely convenient, for a great many of combinatorial objects can be
easily coded by sequences of integers. For each pair (N,n) of integers
let NDS(NV,n) (resp. IS(IV,n)) be the set of the nondecreasing (resp.
increasing) sequences of nonnegative integers b = (by, ba, ..., by ) such that
0<b; <by<---<by<n(resp.0<b <by<---<by <n). As above,
let totb:=by +by +---+ by.

Proposition 4.1. For each pair of integers (N,n) we have:

(4.5) {N;tnl S D L L

bENDS(N,n) bENDS(n,N)
_ n+1 o
(46) qN(N 1)/2|: N 1 — Z qt tB‘
BEIS(N,n)

Proof. Notice the symmetry of formula (4.5) in N and n. To derive
(4.5) we construct a bijection 7 +— b of P(n, N) onto NDS(n, N) that has
the property that ||r| = totb. Let m = (mq > 7m0 > -+ > m, > 0) be a
partition in at most n parts, all of them at most equal to N. The bijection
is simply given by

T (Tp,y ..., T2, m) = b.

Suppose n > N — 1. To prove (4.6) we use the traditional bijection B + b
that maps each increasing sequence B € IS(N,n) onto a nondecreasing
sequence b € NDS(N,n — N + 1), defined by

(OSBl<BQ<~"<BN§W/>H(0§Z)1Sbgg"'SbNgn—N—l—l),

where bl = Bl, bg = BQ—I, bg = 33—2, ,bN = BN—N—I—l It
follows that
N(N —1
tot B = % + tot b
and
thotB _ qN(N—l)/Q Z qtotb
BEIS(N,n) bENDS(N,n—N+1)
— N1/ N+ (n—-N+1) = N2 n+1 i
N N |

The second g-binomial model is (NDS(N, n), tot).
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4.3. Binary words. Let BW(N,n) denote the set of all words of length
(N + n) having exactly N letters equal to 1 and n letters equal to 0.
If 2 = z129... x84y is such a word, the inversion number, inv z, of the
word z is defined as the number of subwords (not simply factors) 10 of the
word .

Example. We can also write the number of 1’s that appear to the left
of each letter equal to 0, as shown below for the word x.

r=100101001
-11-2-33-

Henceimmve=1+1+2+3+3=10.

Proposition 4.2. For each pair of integers (N,n) we have:

(4.17) {NH‘}: S

n
z€BW(N,n)

Proof. Again, we construct a bijection m — x of P(N,n) onto
BW(N,n), such that ||7|| = inva. Every partition 7 € P(N,n) can

be, in its multiplicative version, described as a monomial 752 ... 4",
where 0 < i1 <o < -+ <t <N, nyg >1,n,>1,... ,n,. >1and

n1+ng+- - -+mn, = n. If the number of parts [(7) of 7 is strictly less than n,
let ny ;= n — I(7) and 47 := 0. Then the partition 7 has its parts only
equal to ig, ... , i, repeated no, ... , n, times, respectively. If I(7) = n,
then 1 < 4; and 7 has its parts equal to 1, ... , i, repeated ny, ... , n,
times, respectively.

With the partition 7 associate the word x

x o= 10Qn T2l Tizgns QR i i e N

The word x has Zl—f—(lg —i1)+(i3—ig)+"'+(ir—ir_1)+<N—ir) =N
letters equal to 1 and ny +n9 +n3+---+n,_1 +n, = n letters equal to 0.
Moreover, ||7|| = i1.n1 4+ i2.n9 + -+ - + ip.np = i1.07 + (i1 + (i2 —41)).n2 +
coo+ (iy + (ig — 1) + -+ + (4 — ip—1)).n, = inv . Finally, the mapping
7 — x is obviously injective, and then bijective. []

Remark. There is a geometric manner to see the bijection m +— =z
described in the previous proof. Put the Ferrers diagram of the partition m
inside a triangle of basis N and height n. The rim of the Ferrers diagram
is a polygonal line, made of vertical and horizontal steps of length 1,
starting from the point whose coordinates are (0,n) down to the point with
coordinates (IV,0). The rim has exactly n vertical steps and N horizontal
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n="710
1110
0
1110
0
110
110
N =6
Fig. 4.2

steps. Now read the rim of 7 from top to bottom and from left to right
and give label 0 (resp. label 1) to each vertical (resp. horizontal) step.
The word x thereby obtained is the binary word described in the previous
bijection (see Fig. 4.2).

Ezample. Consider the partition 7 = (6,5,4,4,2,2) belonging to
P(6,7). In its multiplicative version it can be expressed as the monomial
0'22425'6'. The word = corresponding to that monomial is the word
z = 1°0112-90214-20215-40'16-50'16-6 = 0,1,1,0,0,1,1,0,0,1,0, 1,0,
which is the word we can read on the rim of its Ferrers diagram using the

previous labelling.
The third g-binomial model is then (BW (N, n),inv).

4.4. Ordered Partitions into two blocks. The word “partition” used
in this subsection will refer to (set) partitions. The (set) partition of a
finite set S is a collection of subsets (called blocks) of S, two by two
disjoint, whose union is S. By ordered partition of a set it is meant a (set)
partition into blocks, together with a linear ordering of those blocks. For
convenience, we may assume that some of those blocks are empty.

Now consider the set [V + n| of the (N +n) integers 1,2,..., N +n. If
(A, B) is an ordered partition of [N 4+ n| into two blocks, v(A) (resp. v(B))
will designate the increasing word whose letters are the elements of A (resp.
of B) written in increasing order. There is no inversion of letters in each of
the words v(A), v(B), so that the number of inversions inv(vy(A)y(B)) in
the juxtaposition product y(A)y(B) is equal to the number of pairs (a, b)
such that a € A, b€ B and a > b.

Proposition 4.3. For each pair of integers (N,n) we have

N+n| _ inv (v(A)y(B))
|: n :| - Z q 9

(A,B)

where the sum is over the set OP(N,n) of all the ordered partitions (A, B)
of the set [N + n] into two blocks such that |A| = N and |B| = n.
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Proof. 1t follows from Proposition 4.2 that the g-binomial coefficient
[N :”} is the generating function for the binary words z = z122... N1y
having N letters equal to 1 and n letters equal to 0, by the inversion
number. With such a binary word z associate the ordered partition (A, B)
of [N + n] defined by: i € A or i € B depending on whether x; = 0 or
x; = 1. The inversion z; = 1, z;y = 0, j < j’ in the word = will then
correspond to the inversion j° > j between the element j° € A and the
element j € B. []

The fourth g-binomial model is then (OP(N,n),inv).

5. The g-multinomial coefficients

They form a natural g-extension of the multinomial coefficients and
can be introduced as follows. For each integer r > 1 and each sequence of
nonnegative integers (mq, mao,...,m,) let

mime 4o +m] (@5 @)y +mat-tm,
¢ (GO (G Dms - (6 Dm,

(5.1)

my, M2, ...,My

If there is no ambiguity the subscript ¢ is suppressed. In case r = 2 we
recover the expression of the Gaussian polynomial studied in the previous
section. The fact that the g-multinomial coefficient is a polynomial in ¢
with positive integral coefficients follows from the combinatorial interpre-
tations given in the sequel

When ¢ tends to 1, the g-multinomial coefficient tends to the multino-
mial coefficient (m;r:";f;;t“), as is readily verified. We can then expect
that the ¢-multinomial coefficient is the generating polynomial for a set of
cardinality (mT;TZZT’;T’”) by a certain statistic.

The two combinatorial interpretations of the g-binomial coefficient in
terms of classes of partitions and nondecreasing sequences are difficult
to be extended to the multinomial case. However, when going from the
binary words, studied in the previous subsection, to the words whose
letters belong to an alphabet of cardinality r (r > 2) and when the
statistic “inv” is extended to those words, the g-multinomial coefficient
can easily be interpreted in a combinatorial way. In the sequel the word
“rearrangement” of a word w, with or without repeated letters, means any
word derived from w by permuting its letters in some order.

For r > 1 and for each sequence m = (mq,ma, ..., m,) of nonnegative
integers let R(m) denote the class of all the words of length m =
mi + mg + --- + m, which are rearrangements of the nondecreasing
word 1122 . r™r The number of such rearrangements is equal to the

multinomial coefficient (™" Jlr?”frzz2+~--;mT)'
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5. THE ¢-MULTINOMIAL COEFFICIENTS

Let w = x125 ... x,, be a word belonging to the class R(m). The number
of inversions, inv w, of w is defined to be the number of pairs (i, j) such
that 1 < i < j < m and z; > z;. For each word w = z122... 2y, it is
convenient, for each j = 1,...,m, to determine the number z; of letters
x; lying to the left of x; such that x; > x;. Then invw = 2 + -+ + z,.

In the following example the number of inversions of w is determined
from the sequence of the z;’s:

w= 313412543
z= 010033013

so that invw =totz=1+3+3+1+3=11.

Theorem 5.1. The g-multinomial coeflicient [m{rlnﬂ:“;fj”;mr

erating polynomial for the set R(m) by the number of inversions. In other
words,

(5.2) |:m1 +mgo+ -+ mr:| _ Z qinvw.
my, Mz, ..., My
w€ R(m)

is the gen-
] g

Proof. Relation (5.2) is banal for » = 1 and holds for » = 2 by
Proposition 4.2. Consider the factorization

{m1 +mg A+t mr+l:| _ (4 Dmytmatotmeia
my, My, Mgt | (@G Dm (G Dme - (G Dy
_ (q;Q)m1+m2+---+mr+1 (q; Q)m1+m2+~--+mr
(@ Dmytmattm, (G Dmpsr (G Dma (G D - - - (G D,
_ mp+mo+ -+ My mi+ Mo+ -+ My
N [ml +m2+---+mr,mr+1} [ M1, M9, ooy My

and take a word w = x122 ... 2, from the set R(mqy, mo,...,my11), SO
that its length is m’ = my+ma+- - -+m,11. The inversions z; > z; (i < j)
of w fall into two classes: (i) the inversions of the form z; =r+1 > s = z;,
where s is one of the integers 1, 2, ... , r; (ii) the inversions of the form
r; =8 >t=ux;, where r > s > ¢ > 1.

Let wy denote the word of length m’ derived from w by replacing all the
letters less than or equal to r by 1 and all the letters equal to (r+ 1) by 2.
Likewise, let wy denote the subword of length m = mq +mo + -+ + m,
obtained from w by deleting all the letters equal to (r + 1).

The map w +— (wq,ws) is obviously a bijection of R(my,ma,...,m.11)
onto R(my + mg + -+ + my, myy1) X R(my,ma,...,m,). Moreover,
(5.3) invw = inv w; + inv ws.
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But by induction on r we have:

Zqinvwlz [ mi+mo + -+ Mpyq :|
o mi+mo + -+ My, Mg

Zqinvwgz {m1+m2++mr}
Wy 1, 1762, s [Ty

The identity (5.2) is then a consequence of those identities and of (5.3). []

6. The MacMahon Verfahren

W erfahren u W i e
The German word Verfahren means “procedure,” “way of doing,”

This term applies to the rearrangement method of sequences of numbers,
imagined by MacMahon when he was dealing with ¢-series in a combina-
torial context.

Obviously, the fraction 1/(q;q)m, is the generating function for the
partitions of integers in at most m parts. If we write such a partition
in its classical form © = (m; > w9 > -+ > 7, > 0), then the sequence
b = (b1, ybm—1,bm) := (mm,...,m2, 1) is a nondecreasing sequence
of m nonnegative integers. Extending our previous notation we write

b € NDS(m), so that

1
(61) — Z qtot b,

(5 @)rm bENDS(m)

where totb =b; +---+ b,,.

In section 2 we have introduced the Mahonian statistic on a set of
cardinality n! and more essentially on the symmetric group &,,. We now
extend the definition of that statistic to arbitrary rearrangement classes.
A statistic “stat” is said to be Mahonian, if for every class R(m) the
following identity holds:

1
(G Dmy (G Dm,

1 stat w

(6.2) : Z q =
(& Doty S

Theorem 5.1 says nothing but that the inversion number “inv” is a
Mahonian statistic. By using (6.1), identity (6.2) can be rewritten in the
form

tot b+statw __ tot b ... tot (™
(6.3) > glothtstat = 3" g ,

beNDS(m), weR(m) b1 ..., b(r)
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where b() € NDS(my), ... , b € NDS(m,.). Hence, we can also say that a
statistic “stat” is Mahonian, if to every pair (b, w) € NDS(m)x R(m) there
corresponds a unique sequence (b1, ... (") € NDS(m1) x - - - x NDS(m,.)
such that

6.4 tot b+ stat w = tot b + ...+ tot b,
(

The purpose of this section is to use that definition for making the Major
Index appear as a Mahonian statistic, not only for permutations, but for
rearrangements of arbitrary words.

Each sequence (b(l), cee b(r)) can be mapped, in a bijective way, onto
a two-row matrix

(6.5) S I A G S IS N ORI A
’ 1 ... 1 2 ...2 ...r ...r )

where, on the first row, the nonincreasing rearrangements bgi . ..bgl),
b&%ﬁ .. .bgz)’ cee bff;i . ..bgr) of the sequences b, b2 .. (") have
been in that order.

The idea of the MacMahon Verfahren is to rearrange the columns of
the latter matrix in such a way that the elements on the top row will be in
nonincreasing order (when read from left to right), this being made in a
one-to-one manner. The bottom row will then go from 1™2™2 .. . r™ to a
rearrangement of that word. To realize the rearrangement of the columns
we make use of the following commutation rule:

/

(6.6) two columns (2) and (2/) commute if and only if ¢ # .

The commutation rule being given, to each matrix of type (6.5) there
corresponds, in a bijective manner, a matrix

(6.7) (yl Y2 ym),

1 T2 ... Im

whose top row is nonincreasing and if yr = yr41, then zp < xp1q, or, in
an equivalent way,

(6.8) Tp > Tht1 = Yk > Yktl-

In other words, if there is a descent on the bottom row, there is also a
descent on the top row, the converse being not necessarily true.
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For example, let r = 3, m; = 6, my = 2, ms = 4, b = (0,0,1,1,5,6),
b2 = (1,3), b® = (1,1,4,5), so that m = my + mg + m3 = 12. The
matrix of type (6.5) reads:

651100315411
111111223333 )°

Using the commutation rule (6.6) the matrix is transformed into a matrix
of type (6.8):
655431111100
(113321123311)'

The coefficients on the bottom row that are greater than their successors
are written in bold-face. We see that the corresponding coefficients on the
top row are greater than their successors (property (6.8)).

Go back to the general case and let v := yyy2...y,, denote the word
appearing on the top row of the matrix (6.7). It is the unique nonincreasing
rearrangement of the juxtaposition product () ... b, Next, let w :=
Z1T3 ... T, be the word appearing on the bottom row of (6.7). It is a
well-defined word belonging to R(m).

For £ = 1,2,...,m let z; be the number of descents in the right
factor xxxgy1 ... T, of w, that is, the number of subscripts j such that
k<j<m-—1and z; > zj4q; next let by ==y — 2 (1 <k <m). If
Tk > Tpy1, then zx = zpy1 + 1 by definition of z; and also yr > yry1 + 1
by (6.8). It follows that by = yr — 2k > Ygr1 + 1 — (2g41 + 1) = br41.
However, if x, < xg41, we always have yx > yr+1, since v is nonincreasing
and also 2z = zx+1. Hence by, = yr — 2k > Yrt1 — 2k+1 = bk+1-

We conclude that the sequence b defined by b := (b, . . ., b, by ) satisfies
the relations 0 < b, < -+ < by < by, so that b € NDS(m). Finally, if z(w)
designates the sequence (21, 29, ..., 2y ), we have:

tot b + -+ tot b =y + Yo+ - + Ym
= (b1 +21) + (b2 + 22) + -+ + (b + 2m)
(6.9) = tot b + tot z(w).

Comparing the last identity with (6.4) we see that tot z(w) is a new
Mahonian statistic, if it can be verified that the mapping (o™, ..., (") -
(b,w) is bijective. But the construction that has just been made is
perfectly reversible: starting with a word w € R(m) and a sequence
b= (bm,...,b2,b1) € NDS(m), we first determine the sequence z(w) =
(21,..+,2m). We know that the word v = ¥yi...Ym_1ym defined by
yi = b; + z; (1 < i < m) is nonincreasing. We next form the two-row
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matrix () and by applying the commutation rule (6.6) we define the
sequences b, ... | b(") by (6.5). Relation (6.9) obviously holds.

Let us take again the previous example. We had obtained:
(v)_(655431111100)
w 113321123311 )/°
We now get
v =655431111100
w =113321123311
2(w)=333321111100

322110000000 =5 (read from right to left)
and can verify that

tot b 4+ Ftot b = (64+5+1+ 1)+ B+ 1)+ (5+4+1+1) =28
=totb+totz(w)=B3+2+24+14+1)+(124+2+5) =28.

Going back to the general case the problem is to characterize the new
Mahonian statistic “tot z(w)” in a more direct way. It is, indeed, the Major
Indez, “maj”, already introduced in section 2 in the case of permutations.
Its definition can be extended to the case of arbitrary words.

Definition. Let w = xixy...7, be a word whose letter are taken
from the alphabet {1,2,...,7}. The Major Index, “majw”, of the word w
is defined by

(6.10) majw:= > ix(wi > zig1).
1<i<m—1

Thus, for calculating the Major Index of a word, we determine its
descents and their positions. The Major Index is the sum of the positions
of its descents.

Proposition 6.2. For every word w we have: majw = tot z(w).

Proof. If w = z129...2y, and 1 < ¢ < m, we have defined z;
as being the number of descents in the right factor z;z;41...2,,, and
z(w) as being the sequence of the z;’s. If w is of length 1, obviously
majw = totz(w) = 0. If w is of length greater than 1, define w’ :=
1T ... Tym—1 and let z(w') = (Z4,...,2,_1) I 1 < a,,, then
majw = majw'z,, = majw = totz(w') = totz(w'z,,) = totz(w). If
Tm—1 > T, then majw = majw’ + (m — 1), since there is a descent in
position (m — 1). On the other hand, z(w) = ((21 + 1),...,(z,,—1 + 1));
hence tot z(w) = tot z(w’) + (m —1). []

In the next theorem we state the results derived in this section about
the Major Index.
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Theorem 6.3. The Major Index is a g-multinomial statistic; that is, for
each rearrangement class R(m) the identity

mi1+mo+ -+ My ;
6.11 - maj w
( ) mi,mo,...,Mp :| Z 1

weER(m)

holds.

The right-hand side of (6.11) is the generating polynomial for the class
R(m) by the Major Index, a polynomial that will be denoted by Am(q).
Relation (6.11) can also be rewritten as

1 1

(4 0)m Am(2) = (G Dmy (6 Dm,

(6.12)

which is (6.2) with “maj” replacing “stat.”
Now introduce the algebra of power formal series in the variables uq, us,
oy U Let u™ = wfug? oul ) also (U59) e = (U159) 00 - (Ur; @)oo
and remember that m = m; + --- + m,. Next, multiply (6.12) by u™
and sum the two sides of the equation with respect to all the sequences
m = (mq,...,m,) of r nonnegative integers. By using the ¢-Binomial
Theorem (Theorem 1.1) we get the equivalent identity

(6.13) 2_ Am(@) (ql;l;r;m N <u;2>oo '

7. A refinement of the MacMahon Verfahren

Re-examine the inverse mapping of the bijection

(7.1) D6 = (b, w)

of NDS(my) x --- x NDS(m,) onto NDS(m) x R(m), described in the

previous section. Each term z; in the sequence z(w) = (z1,22,...,2m)

counts the number of descents in the right factor x;x;41...x,, of the

word w. Let desw := > x(x; > z;41) denote the number of descents
1<i<m—1

of the word w, so that
(7.2) z1 = desw.

As y1 = b, + 21 and since y; is the maximum term in the sequence b(l),
..., b we also have:

(7.3) b,(%z <b +desw, ... ,b(m’"z < b; + desw.
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Take a nonnegative integer s’ and a nondecreasing sequence b = b,, . .. bab;
such that 0 < b, <--- < by <, ie., be NDS(m,s); further take a word
w € R(m) and let

(7.4) s:= s + desw.
It follows from the inequalities (7.3) that
(7.5) b € NDS(my, s),...,b") e NDS(m,., s).

The bijection constructed in the previous section also has the property
stated in the next proposition.

Proposition 7.1. To each triple (s’,b,w) such that s’ > 0, b €

NDS(m, s") and w € R(m) there corresponds, in a bijective manner, a se-

quence (s,b1) ... b(")), where s = s'+des w and where b") € NDS(my, s),
., b") € NDS(m,., s), having the property:

tot b + -+ + tot b = tot b + majw.

Let Ap(t,q) denote the generating polynomial for R(m) by the bi-
statistic (des, maj):

9 IR D
wER(m)
Then L
r{m S

 An(tg) = ts{ 1Amt,q by (3.9

o At = 0" by (3.9)

S Y P Ante) by (49)
s’>0 beNDS(m,s’)
_ Z ts'—i—deswqtotb—i—majw

s'>0,beNDS(m,s’),
wER(m)

_ Z 15 Z qtot b+majw

>0  s/>0,beNDS(m,s’),
weR(m), s’ +des w=s

_ s tot b 4. ftot (™)
D DL D :

520 p(MDeNDS(my,s),...,
b(" eNDS(m,.,s)

[in view of Proposition 7.1]
so that

(7.7) m Am(t,q) = Szzots [mlj S} {m’“; 8] by (4.5)].

37



D. FOATA AND G.-N. HAN

As at the end of the previous section, we can express (7.7) as an identity
between formal power series in r variables uq,us, ..., u,. However, those
series will be normalized by denominators of the form (¢; ¢),,+1. Again, let
u™ = uMug? . ou' and let (w5 q)sq1 = (u13@)s+1 - (Up; q)sy1. Next,
multiply (7.7) by u™ and sum over all sequences m = (my,...,m,) of r
nonnegative integers. Then,

ZA 40 G _;)tsz [mljs]...{m"‘js]

Z@ [P e D,

so that by using (3.9),

tS
" Xm0 G = X

Remark. Identities (7.7) and (7.8) appear to be “t-extensions” of
identities (6.12) and (6.13) derived in the previous section.

8. The Euler-Mahonian polynomials

In the previous section the polynomials Ay, (¢, q) have been introduced
as generating polynomials for the class R(m) by the bi-statistic (des, maj).
In formula (7.7) they appear as numerators of rational fractions whose
series expansion in ¢ has an explicit form. In fact, formula (7.7) is only
another way of looking at their (¢,q)-generating function, as obtained in
(7.8). However there are other ways of expressing the polynomials without
any reference to any combinatorial interpretation, as shown in this section.
First, we state a definition that will be made valid, once we prove that
the four items (1)—(4) are equivalent. For proving the equivalence of those
statements we use two methods: a finite difference gq-calculus and a g-
iteration that are developed afterwards.

For each multi-index m = (my,ma,...,m,_1,m,) let |m| := m;+mo+

-+ my,_1 + m, (a quantity that has been denoted by m in the previous
section) and m+1, := (my,ma, ..., m,_1, m,+1). Also keep the notations
u, u™, (u;q)s41; also 0], :=0and [m],:=14+qg+---+¢™ 1 (m>1).

Definition 8.1. Let r be a fixed positive integer. A sequence

(Am(t,0) = 3" 1 Am(@))

s>0
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of polynomials in two variables ¢t and ¢, indexed by a multi-index m =
(mq,...,m,) of r nonnegative integers, is said to be Euler-Mahonian, if
one of the following equivalent four conditions holds:

(1) For all m we have:

m Am(t,q) =Y {mlj S} .. {m”; 81 .

s>0

(8.1)

(2) The (¢,q)-generating function for those polynomials Ay, (¢, q) is
given by:

(8.2) ZA (t,q) Z

(t:0) 14 m| 14|m| >0 W q)st1

(3) The recurrence relation holds:

(83) (1—¢™ ") Amy1,(tq)
= (1 —tg""™) A (t, @) — ¢ TH1 — t) Aml(tq, ).

(4) The recurrence relation holds for the coefficients Am 5(q):

(84) [mr + 1]q Am+1r,s(Q)
— e+ 1+ sl Ams(a) + (1 + ) — 5 — 1]y A1 ().

For the equivalence (1) < (2) see the previous section. To verify
(3) < (4) notice that (8.3) is equivalent, for each s > 0, to

(1= ¢™ ") Amy1,.5(0)
- Am,s(Q) - q1+|m|Am,s—1(Q) - qmr+1+5Am,s(Q) +qmr+1+(s_1)Am,s—1 (Q)7
which, in turn, is equivalent to (8.4) by dividing by (1 —¢). We next prove

(2) = (3) (resp. (3) = (2)) by means of the finite difference q-calculus
(resp. the g-iteration) given next.

8.1. A finite difference q-calculus. Let

m

(8.5) Alt,q;u) = A(t, g ug, ..y uy) i= Z Am(t, Q)m

m

denote the left-hand side of (8.2) and form the g¢-finite difference applied
to the sole variable u,.:

Dy, == A(t,qu1, ..., up) — AL, qs us, oo Up—1,UrQ).
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We get
D= Y 4 LS g ™
u — 75 1 Q)1+ |m)| T (5 Q)14 |m|
me>1 my>1
um+1r
=> Amy1, (6, q) 77—
%: el )(t; Q)2+ |m|
ul™ ol ()™
- ZAm-l-lr(taQ) (t?" ) g’
m 34 )24 |m)|
so that
41 m+1,
8.2 Dy, =S (1—¢™ A, (t, ) ———.
(8:2) o =2 JAmr.{ )(t; 9)2+|m|

m

Now use the right-hand side of (8.2):
t° t°
D,, = —
Z (Ul; (D ; Z )

5>0 s+1--- (ura Q)s—l—l >0 (u17 Q)s+l o (UTQ; Q)8+1

=Y o [ - o]
B s+1 1_urqs+1

s>0

= Up (A(ta q;ug, ... 7u’r) - qA(tQ7 q; Uty -y Up—1, UTQ))
This yields:
(8.6) A(t,q;u1,...,u,) — A(t,q;u1, ..., Ur—1,Urq)
= u, (At g u, ... ur) — qA(LG, G ua, - - Ur—1, Urq)).

Re-write every term on the right-hand side by means of the polynomials
Am(t,q). We get:

Atg) = 3 A(tg) S
tQ7 - mtvq
— (t; @)1+ |m|
(5.7 (1 tq 1m0 A (1, ) =2
8.7 = ST = gt A ()
(t; )2+ |m|

In the same manner,

U1 o (upg) !
urq A(tq, g ur, ..., urq) = » Am(tq,q)
Z (tq; @) 14 |m|
(8.5) S 1) At q) e
8.5 =N "¢t (1 — ) Am(tq, @) ———.
(t;9)2+|m|

Taking (8.5)—(8.7) into account we deduce the recurrence relation (8.4).
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8.2. A g-iteration method. By using the notation (8.5) we see that the
recurrence relation (8.3) can be rewritten:

(8.8) A(t,g;u) — A(t, G ur, .. uiq. .. uy)
= U; A(t7Q7 11) - ulqA(tQ7q7u17 <oy Ugq,y .. 7u7”)‘

Let A(t,q;u) := > t°Gs(u, q). We deduce:
s>0

Zts(l —u;)Gs(u,q) = Zts(l —wi*TH G (ur, .. Ui, - Uy, Q).

s>0 s>0
Now take the coefficient of t* on each side. We obtain:

1 — u;q®t?

1—ui

(89) Gs(u7Q>: Gs(ula'--7uiQ7"'7ura7Q)a

fori =1,...,r. Then, let Fs(u,q) := Gs(u,q)(u;q)s+1 and use (8.9). For
1 =1,...,r we obtain the equation

(8.10) Fs(u,q) = Fs(uy, ..., uiqy ..., Up, q).

But we can write F(u,q) = > u™F; m(q), where F; i (q) is a (positive)
power series in ¢. Fix the multi-index m and let m; be a nonzero
component of m. Relation (8.10) implies: Fs m(q) = ¢"™ Fs.m(q). Hence,
Fsm(q) = 0 and Fs(u,q) = Fs50(q), a quantity that remains to be
evaluated. But, by definition of Fy(u,q), we have:

Fool@) = Fu(wq) | = Gluoa | _ =G0.0)=1.
1
since t°Gs(0,q) = A(t,q;0) = = t°. Thus G4(u,q) =
D600 = Aw0) = G = 3 (.0
= >
(u; Q)s—i—l
Remark 8.2. If o is a permutation of the set {1,...,r}, denote by cm
the sequence (M4 (1),...,Mq(r)). In particular, R(om) is the class of all
the rearrangements of the word 17« ... 7™ . As the product of the

binomial coefficient on the right-hand side of (8.1) is symmetric in mq,
., m,, we conclude that for every permutation ¢ we have:

(811) Aam(ta Q) = Am(ta Q)'
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Remark 8.3. The relations (8.3) and (8.4) provide the evaluations of
the first values of the polynomials Ay, (¢, ¢). Because of the previous remark
it suffices to make the calculations for the nonincreasing sequences m.

Table of the polynomials A, (¢,q) :

Ay =1 Aqy=1+t¢; Apy =1 Apin =1+t2q+2¢)+1%¢);
Ay =1+1t(g+ 7); Apy=1;

Ay =1+t(3q+ 5¢° + 3¢%) + t2(3¢° + 5¢* 4+ 3¢%) + t3¢°;

Ay = 1+1(20+3¢% + 2¢°) + 12(¢* + 2¢" + ¢°);

Apay = 1+tq+2¢* +¢*) + 12" Agyy =1+tq++¢%); Aw =1

9. The insertion technique

In section 7 we have shown that the Euler-Mahonian polynomial
Am(t,q) was the generating polynomial for the class R(m) by the bi-
statistic (des, maj). To derive the result we made use of the MacMahon
Verfahren and obtained identity (8.1). The natural question is whether
we can prove the same result by using one of the two recurrence relations
(8.3), (8.4). If we dealt with the symmetric group (i.e., with all the m;’s
equal to 1), we would try the traditional insertion technique: start with
a permutation of order r and study the modification brought to the
underlying statistic when the letter (r+1) is inserted into the (r+ 1) slots
of the permutation. The technique can be applied without any difficulty.
Identity (8.4)—with all the m;’s equal to 1— is then easily derived.

With words with repeated letters the derivation is not straightforward.
A transformation called word marking must be made on the initial word.
The word marking goes as follows. This time we consider the polynomial

(9'1) Am(ta (D = Z Am,s(Q)tS

s>0

as being the generating polynomial for R(m) by the bi-statistic (des, maj),
so that Ap, s(g) is the generating polynomial for the words w € R(m) such
that desw = s by the Major Index. Again use the notations [s], := 14+¢+
C++¢* 7 Im| == mi+- - -+m, and m+1; := (mq,...,m;+1,...,m,)
for each j = 1,2,...,r and each sequence m = (my, ma,...,m,).

Proposition 9.1. Let 1 < j < r and let An(t,q) be the generating
polynomial for R(m) by the bi-statistic (des, maj). Then the following
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relations hold:

92) (1= ™) A, (t.0)
= (1—tq"™) A (t,q) — ¢™ (1 = t) Am(tq, q);
(9:3)  [my +1]gAm+1;,5(q)
= [m; + 1+ slg Am,s(q) + ¢ ™ [1+m| — s — mjlg Am s-1(q)-

Proof. The latter identity is equivalent to the former one, so that
only (9.3) is to be proved. From Remark 8.3 this relation is equivalent to
the relation formed when j is replaced by any integer in {1,...,7 }. It is
convenient to prove the relation for 7 = 1 which reads

(94) (14+q+---+q¢™)Act1,.5(q)
=(Q+qg+ -+ 7" Ams (@) + (@™ + -+ ™D Am 1 ().

Consider the set R*(m + 11, s) of 1-marked words, i.e., rearrangements
w* of 1™+ ™ with s descents such that exactly one letter equal to 1
has been marked. Each word w € R(m+ 1;) that has s descents gives rise
to mq + 1 marked words w(®, ... w(™) . Define

maj* w® := majw + nq,

where nq is the number of letters equal to 1 to the right of the marked 1.
Then clearly

my
> maj*w® = (1+q+-- +¢™)majw.
i=0

Hence

Ltgt+ ™ Amis@ = D ™"
weR*(m+11,s)

Let m = |m| and let the word w = z125 ...z, € R(m) have s descents.
Say that w has m + 1 slots x;x;41, @ = 0,...,m (where g = 0 and
ZTm+1 = 00 by convention). Call the slot x;x,11 green if either x;x,41 is a
descent, x; = 1, or ¢ = 0. Call the other slots red. Then there are 1+ s+m;

green slots and m — s —my red slots. Label the green slots 0,1,...,m; +s
from right to left, and label the red slots mi + s+ 1,...,m from left to
right.

For example, with r = 3, the word w = 2,2,1,3,2,1,2, 3,3 has three
descents and ten slots. As mq = 2, there are eight green slots and two red
slots, labelled as follows

slot 0]2]2]|1|3|2]1]2]3]|3]|
)

(2] 1]3]2]1]2[3]3]
label 6 4 3 2 107 8 9
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i w® des w® maj* w®
0 2 271 37271 1 2 3 3 3 11
1 2 271 372711 2 3 3 3 12
2 2 271 371 271 2 3 3 3 13
3 2 2711 37271 2 3 3 3 14
4 2 2711 37271 2 3 3 3 15
5) 1 2 271 37271 2 3 3 3 16
6 271 271 37271 2 3 3 4 17
7 2 271 37271 271 3 3 4 18
8 2 271 37271 2 371 3 4 19
9 2 271 37271 2 3 371 4 20

Table 9.1

Denote by w(? the word obtained from w by inserting a marked 1 into
the i-th slot. Then it may be verified that

(6) _ des w, if i <mq + s;
(9-5) desw { desw + 1, otherwise.
(9.6) maj* w® = majw + i.

Ezxample. Consider the above word w. In Table 9.1 the values of “des”
and “maj*” on w(?. Descents are indicated by —~ and the marked 1 is
written in boldface.

So each word w € R(m) with s descents and majw = n gives rise

to my + s + 1 marked words in R*(m + 1y,s) with maj* equal to

n,n+1,...,n+my+s; and to m—s—m; marked words in R*(m+1;, s+1)
with maj* equal to n+mj+s+1,...,n+m. Hence a word w in R(m) with
s — 1 descents gives rise to m — s+ 1 —my marked words in R*(m + 14, s)
with maj* equal to majw-+mi+s, ..., majw-+m. This now proves relation

0.4). []

10. The two forms of the g-Eulerian polynomials

When the multi-index m is of the form (17) = (1,1,...,1), the Euler-
Mahonian polynomial Ap,(t,q) will be denoted by ™#A,.(¢, q) and referred
to as the q-maj-Fulerian polynomial. It also follows from the previous two
sections that ™#JA,.(t,q) is the generating polynomial for the symmetric
group &, by the bi-statistic (des, maj). As for the polynomial A, (¢, q) for
an arbitrary m, the new polynomial ™®A,.(t,q) can be characterized in
four different ways, as shown in the next definition.
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Definition 10.1. A sequence (™#A,.(t,q)) of polynomials in two vari-
ables t and ¢, indexed by the integers r > 0, is said to be g-maj-FEulerian,
if one of the following equivalent four conditions holds:

(1) For every integer r > 0 we have:

1
10.1 maig ( t* ([s+1
(o1 (& @)rs1 ; (I 1)

(2) The ordinary (resp. exponential) generating function for the ratios
maj A ( q)

is given by:
(t; @)rsa
maJA 1
(10.2q) u” o
;0 tqH_l ;} 1 —uls+1],
(10.20) PG P +1],).
. exp(u
|
>0 (t q)r+1 $>0

(3) The recurrence relation holds:

(10.3) (1 —q)™A,.(t,q) = (1—tq") ™A, _1(t,q) —q(1—1) ™¥A,_(tq, q).

(4) With ™84, (¢, q) := Y t5 ™A, ((q) the coefficients ™A, ;(q) satisfy

the recurrence: >0
(10.4) ™4, 4(q) = [s + g ™™Ar_1,5(q) + ¢°[r — s]g ™A, _1,s-1(q).

In the above definition (10.1), is the specialization of (8.1). However
(8.2a) and (8.2b) have no immediate counterparts, but the exponential

generating function for the ratios majA, (t,q) has an interesting

(£ @)r41
closed form, as written in (10.2). Finally, (10.3) and (10.4) are straight-

forward specializations of (8.3) and (8.4) when m = 1"~1.

When ¢ = 1 in (10.1), (10.2) and (10.4), we recognize some familiar
definitions for the so-called Fulerian polynomials. Let us introduce them
following the same pattern as above.

Definition 10.2. A sequence (A, (t)) of polynomials in one variable ¢,
indexed by the integers r > 0, is said to be Fulerian, if one of the following
equivalent five conditions holds:

(1) For every integer r > 0 we have:

1 s

s>0

45



D. FOATA AND G.-N. HAN

(2) The exponential generating function for the ratios 1T—T is
given by:

u

(10.6) Z :—: % = Zts exp(u(s+1)) = ¢

>0 $>0 I te
(3) The following recurrence relation holds:
(10.7) At =0+ (r—1Dt) A1 (t) +t(1 —t) Al_{ (1),
where A! () denotes the derivative of the polynomial A, _1(¢).
(4) With A,.(t) := go t* A, 5 the coefficients A, ; satisfy the recurrence:

(10.8) Ars=(s+1) A1+ (r—s)Ar_1 1.

(5) The exponential generating function for the polynomials reads:

(10.9) 3 % A1) -t

= - —t +exp(u(t—1))

Notice that (10.1), (10.2) and (10.4) that define the g-maj Eulerian
polynomials are reduced to their counterparts (10.5), (10.6) and (10.8)
that define the Eulerian polynomials, when ¢ is given the value 1. On
the other hand, we go from recurrence (10.8) to the g-recurrence (10.4)
by replacing the integers (s + 1) and (r — s) occurring in the relation
by their g-counterparts [s + 1], = 1+ ¢+ --- + ¢° and ¢°[r — 5], =
¢ 5 4+q" 5T 4. 4¢" 71, respectively. We then say that the ¢g-maj Eulerian
polynomial A,(t,q) is a g-analog of the Eulerian polynomial A, ().

Also notice that there is no specialization of (10.3) for ¢ = 1. To obtain
a recurrence for the polynomials A, (t) themselves, as shown in (10.7),
we start from (10.8) and make the appropriate identifications. Finally,
observe that (10.9) is simply derived from (10.6) with the substitution
u < u/(1—t). The Eulerian polynomial A, (t) is the generating polynomial
for G, by the number of descents “des.”

Another g-extension of the Eulerian polynomials can be achieved by
using the defining relation (10.9) or the exponential generating function
for the polynomials ¢t A, (t), that can be directly derived from (10.9) and

reads
1—t

T 1—texp((1—t)

un
1+ —tAn(t)
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In the above fraction make the substitution exp(u) < e,(u) and express
the fraction so derived as a g-series

wn - 1—t
(10.10) 7; @ An(tiq) = 17— teg(1—t)u)’

where the ™A, (t,q)’s are coefficients to be determined. Identity (10.10)
can be rewritten as

- u" U ~1
> (tg) e = (1=t T )
= (¢ @)n = (¢ 0)n
so that the identity

> At q) (@ q)n <1 —t (-0 (; q)n> -

n>0 n>1

n

provides the recurrence: ™Ay(t,q) = 1 and
(10.11)  ™Au(t,g)= > {Z} WAL (L)t (1 —8)" R (0> 1),
0<k<n—1

so that the coefficients ™A, (¢, q) are polynomials in the two variables ¢
and ¢ with integral coefficients. Let g tend to 1 in (10.11) and let
t Bp(t) := ™A, (t,q) {q _ 1 (n>1). This yields

tBu(t)= Y (Z)tBk(t)t(l—t)”_l_k (n>1),

0<k<n—1

which, in turn, is equivalent to

u” 1-1¢
1 tB,(t)— = .
+ 7; (*) n!  1—texp(u(l—t))
Hence
1+> B 0 = Lt
= "l —t 4 exp(u(t — 1))’

which is the right-hand side of (10.9). Hence B,,(t) = A,(t) and t A,,(t) is
the generating polynomial for G,, by the statistic 1 + des. Now what can
be said about the polynomial ™A, (¢, q)?
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Theorem 10.1. For n > 1 the polynomial ™A, (¢, q) in the expansion

1t | "
(10.12) = Mt q)
1—teqs((1—1t)u) 7%;) (¢:Q)n
is the generating polynomial for &,, by the bi-statistic (1 + des, inv), i.e.,
(10.13) AL (t q) = Z fltdeso ginv o
oeG,

To prove Theorem 10.1 we will show that the induction formula (10.11)
holds for the polynomial defined by (10.13). For k£ = 0,1,...,(n — 1) let

Uy 1= Bj VA (t, q) t; then, by iteration on k =0,1,2,...,(n — 1), define

(1014) G_1:=0; G = uy + (1 — t)Gk_l.
We see that for proving the theorem it suffices to show that:
(10.15) WAL (t q) = Gr.

But (10.15) follows immediately from the following lemma.

Lemma 10.2. For each k = 0,1,...,(n — 1) the polynomial Gy, defined
by the recurrence (10.14) is the generating polynomial, by the bi-statistic
(1+des,inv), for the set of the permutations of order n, whose longest in-
creasing right factor is of length at least equal to (n—k), i.e., permutations
o=o0(l)...0(n) such that o(k +1) < o(k+2) <--- < o(n).

Proof. By Proposition 4.3 we have

n inv
M = Y g,

(A,B)

where the sum is over all ordered partitions (A, B) of [n] into two blocks
such that |A| = k and | B| = n—k. Recall that v(A) and ~(B) designate the
increasing words whose letters are the elements of A and of B, respectively.
With & 4 denoting the group of the permutations of A we have

| iny _ inv(y(A)y(B))+inv 7 14+des T
M Altig) = D > g™voan t
(A,B)TGGk

_ Z Z qinv(w(A)v(B))—i—invTtl—&—deST’
(A,B) T€G A
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since A is of cardinality k. As the (n — k) terms of v(B) are in increasing
order, the mapping (v(4)y(B),7) + o defined by o := 7y(B) is a
bijection onto the set of the permutations o, whose longest increasing
right factor is of length at least equal to (n — k). Moreover invo =
invy(A)y(B)+inv 7 and deso = des 7+ x(o(k) > o(k+1)). Let &,, , be
the set of the permutations whose longest increasing right factor is exactly
of length (n — k) and Fj be the generating polynomial for &,, 5 by the
bi-statistic (1 + des,inv). Then

N inv _ invoyld+deso—x(o(k)>o(k+1))
M Alt,g)= > 4™ x

UEGH,,OU"’UGn,k
— E qlnvat1+desa+t—1 E : qlnvatl—l—desa
U€6n70U"'U6n,k71 O’EGnyk

=Fy+ -+ Fpo1 +t " Fy.
Hence, by letting Gy := Fy+- - -+ F} and by multiplying the identity by ¢,

up =tGr—1 + (G — Gr—1) = G + (t — 1)Gr—1
and then
Gy =ur + (1 —t)Gg_1,

which is precisely the induction relation (10.14). []

The polynomials ™#4,,(¢,q) and ™A, (t,q) form two g-analogs of the
Eulerian polynomial A, (¢). The polynomials t™%A,,(¢,q) and ™A, (¢, q)
already differ for n = 4. Notice that Theorem 10.1 implies that ™A, (¢, q)
is a polynomial with nonnegative integral coefficients.

Table of the polynomials ™#A4,,(t,q) and ™A, (t, q).
WAL (t,q) = 1; MMA(t,q) = 1+ tg; ™MA3(t,q) = 1+ 2tq(q + 1) + t2¢%;
maiA,(t,q) = 1+ tq(3¢* + 5q + 3) + t2¢*(3¢® + Bg + 3) + t3¢".
AL (Eq) = t; Mo (t q) = t+12q; MAs(t q) =t +2t%q(q + 1) + ¢
A (L q) = t+12(q" +3¢° +4¢% +3¢) +13(3¢° + 4¢" +3¢° +¢%) +7¢°.

11. Major Index and Inversion Number

Again, let R(m) be the set of all rearrangements of 1™12™2 . ¢™r,
In theorems 6.1 and 6.3 it was proved that the generating polynomial
for R(m) by the Inversion Number “inv”, on the one hand, and by the
Major Index “maj”, on the other hand, was equal to the g-multinomial
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coefficient [ml m;" m }, where m = my +mso +- - -+ m,. If we write those
two generating polynomials under the form

> ¢ {we R(m) :invw =k} and Y ¢"[{w € R(m):majw =k},
k>0 k>0

we see that for every k > 0 we have:
(11.1) {w € R(m) : invw = k}| = |[{w € R(m) : majw = k}|.

Hence, for every k > 0 there exists a bijection of the set {w € R(m) :
invw = k} onto the set {w € R(m) : majw = k}; this is equivalent
to saying that there exists a bijection ® de R(m) onto R(m) with the
property that

(11.2) majw = inv ®(w),

for every w € R(m). This brings up the problem of constructing such a
bijection, that is to say, of inventing an explicit algorithm that transforms
a word w € R(m) into a word w’ € R(m) such that majw = invw’ in a
one-to-one manner.

Of course, when all the m;’s are equal to 1 and the rearrangement
class R(m) is simply the symmetric group &,., the construction of such a
bijection can be made by means of the maj- and inv-codings introduced in
section 2. For arbitrary rearrangement classes we have to follow another
route, but the route will be richer, as further properties will be given for
free, in particular when we restrict ourselves to the symmetric group.

11.1. How to construct a bijection. The proofs of Theorems 6.1 and
6.3 were so different in nature that there was no hint for imagining any
immediate construction. However, if we make up a table of the first values
of the Major Index and Inversion Number for small classes R(m), we
observe a further property. Let L(w) (“L” for “last”) be the last letter of
the word w. Then, for every k > 0 and x € X = {1,2,...,r} we have:

(11.3) {w € R(m) : invw = k, L(w) = z}|
= |{w € R(m) : majw =k, L(w) = x}|.

In Fig. 11.1 the values of those two statistics have been calculated for
the words of the set R(2,1,1), the rearrangements of the word 1,1,2,3. In
the first, second, third table the words ending by 1, 2, 3 are respectively
listed. We can observe that the distribution of “maj” and “inv” in each
table is the same.

50



11. MAJOR INDEX AND INVERSION NUMBER

w maj | inv w maj | inv w maj | inv
1,2,3,1| 3 2 1,1,3,2| 3 1 1,1,2,3| O 0
1,3,2,1| 5 3 1,3,1,2| 2 2 1,2,1,3| 2 1
2,1,3,1| 4 3 3,1,1,2| 1 3 2,1,1,3| 1 2
2,3,1,1| 2 4
3,1,2,1| 4 4
3,2,1,1| 3 5

Fig. 11.1

For each letter x belonging to a linearly ordered alphabet X and each
word w let bot,, (w) (resp. top,, (w), resp. |w|,) denote the number of letters
in w which are less than or equal to (resp. greater than, resp. equal to) x.
In particular,

(11.4) bot, (w) + top, (w) = |w| (length of w).

Further, let R(m)z be the set of words wz, where w € R(m). If v’ is a
rearrangement of w, the following properties hold:

(11.5)  invwz = inv w + top, (w);
(11.6) majwz = {majw’ if L{w) <@
' majw + bot, (w) + top, (w), if L(w) > x.

Suppose that property (11.3) holds for every class R(m). Then there
exists a bijection w — w’ of R(m) onto itself such that majw = invw’
and L(w) = L(w'). In the same manner, the letter x being given, there
also exists a bijection w — w” such that majwz = invw”z.

If L(w) < x, we then have:

L(w') = L(w);

. / .
invw’ = majw

= majwx [by (11.6)]
= invw’z
= invw” + top, (w') [by (11.5)].
If L(w) > z, we also have:
L(w') = L(w);
invw’ = majw
= maj wzx — bot, (w) — top, (w) [by (11.6)]
= invw”x — bot, (w) — top, (w)
= invw” — bot, (w’) [by (11.5)].
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Consequently, if property (11.3) holds, there exists a bijection 7, of
R(m) onto itself, namely w’ — w”, having the property

invw’' — top, (w'), if L(w') < x;

11.7 inv 7y, (w') =
(11.7) inv s (w') {invw/—f-bOt:r(w/)v if L(w') > .

Conversely, if there exists a bijection v, : w’ — w” that sastisfies (11.7),
we can define a bijection ® of each class of rearrangements of words onto
itself by letting

(11.8) O(w) = w,

if w is of length 1, and for each nonempty word w and each letter x by
letting

(11.9) O (wz) 1= v, (P(w))z.

Thus by induction we determine the image ®(w) of w, then apply the
bijection v, to ®(w), finally the letter z is juxtaposed at the end of the
word.

Theorem 11.1. The following two statements are equivalent:

(a) Property (11.3) holds for every class.

(b) For every letter x there exists a bijection 7, : w' + w" such that
property (11.7) holds; moreover, the bijection ® defined by (11.8) and
(11.9) has the properties:

(11.10) majw = inv ®(w) and L(w) = L(®(w)).

Proof. The implication (b) = (a) is straightforward. To prove the
converse it suffices to verify (11.10). First, L(w) = L(®(w)) by the
definition of ® given in (11.9). Then, for each nonempty word w and
each letter = such that L(w) < z we have:

inv ®(wz) = inv v, (®(w))z

= inv vy, (®(w)) + top, (w) by (11.5)]
= (inv ®(w) — top, (®(w))) + top, (w)  [by (11.7)]
= majw

= majwx.

If L(w) > x, we have:

inv ®(wz) = inv v, (®(w)) + top, (w)
= (inv ®(w) + bot,(w)) + top, (w)
= majw + |w|

= majwz. []
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Thus, the construction of a bijection ® boils down to the constructions of
bijections 7y, having property (11.7).

11.2. The binary case. Let a,b be two elements of the alphabet such
that @ < b and consider a (binary) word w’ of the class R(mg,my) with
Mg, mp > 1. We have

0, if z < a;
bot, (w') = ¢ |w'|e, ifa<z<b;
lw'|, ifb<um
lw'l, if x < a;
top, (w') = ¢ |w']p, ifa <z <b;
0, if b <.

Condition (11.7) can be rewritten as

invw’, if x < a;

invw — |w'ly, if L(w') =a<x <b;
invw + |[w'|,, ifa<xz< Lw)=b;
invw’, if b= L(w') <.

(11.11) inv Ay, (w') =

We can take the identity map for v, when x < a or b = L(w’) < z. Let vy
belong to R(mg,mp) with y the last letter equal to a or b. The most
straightforward transformation we can think of for 4, in the remaining
two cases is

(11.12) Yz (vy) = yv,

which is obviously bijective and satisfies (11.11). The next theorem is then
a consequence of Theorem 11.1.

Theorem 11.2. Let {a,b} be a two-letter alphabet (a < b) and for each
x = a, b let v, be defined, for every binary word v in the letters a,b, by

(11.13) Ya(va) =av and ~,(vb) = vb.

Then, the transformation ®, as defined in (11.8) and (11.9), is a bijection
of every rearrangement class onto itself having the property:

majw = inv ®(w) and L(w) = L(®(w)).

Example. Starting with w =0,0,1,0,1,1,0, so that majw = 3+6 =9,
we successively have:
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v d(v)
0 0
0,0 (0): 0,0
0,0,1 71(0,0) = 0,0,1
0,0,1,0 70(0,0,1) = 1,0,0 1,0,0,0
0,0,1,0,1 71(1,0,0,0) = 1,0,0,0 1,0,0,0,1
0,0,1,0,1,1 ~1(1,0,0,0,1) = 1,0,0,0,1 1,0,0,0,1,1
0,0,1,0,1,1,0|70(1,0,0,0,1,1,) =1,1,0,0,0,1[1,1,0,0,0,1,0

Thus ¢(w) =1,1,0,0,0,1,0 and inv ®(w) =9 = majw.

11.3. From the binary to the general case. The next step is to start
with the natural bijection ,, introduced in (11.13) and see how it can be
extended to arbitrary words while keeping property (11.7).

For each n > 1 let F,, := {0,1,2,...,n} and let E} denote the set of
all finite words whose letters belong to E,,. For x,z; € E,, define

0, ifz; <u;
(11.14) Bz (x;) = { 1 if x>
and for each word w = z129 ... 2y, € E let

= Bo(x1)Be(x2) ... Pu(xm).

If i3 <9 < -+ < iy (resp. j1 < jo < --- < Jp) is the sequence of the
subscripts ¢ such that x; < x (resp. subscripts j such that z; > x), let wy,
wy be the subwords: wy = , %, ... x;, and wi = x5, 4, ... 7 ,. Also let

a

(11.15) B, (w) =

(U, Wo, wl)'

Proposition 11.3. For each = € E,, the mapping B, defined in (11.15)
is a bijection of E} onto the set of triples (u,wp,w;) such that |w| = |ul,
lulo = |wo| and |u|; = |w1| having the further property that

(11.16) invw = inv u + inv wg + inv w; .

Proof. Relation (11.16) simply indicates a sorting of the inversions
within the word w. The bijective property is obvious. []

Now, let w be a word in E; and let x be a letter. Form the chain

71

(11.17) w 2z (u, wo, w1) = (V2 (w), wo,wn) by w',

/

where B! designates the inverse of B,, and define v, (w) := w'.
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When w is a binary word, ¢. e. n = 1, the above chain gives back the
value of v,(w) defined in the previous subsection. Assume n > 2 and
let w = z125...2,, be an arbitrary word. If all its letters are greater
than (resp. less than or equal to) z, then B,(w) = (1™,e,w) (resp.
B, (w) = (0™, w,e)), so that v, (w) = w. Condition (11.7) holds.

If L(w) < = and there is at least one letter of w greater than x, then
L(u) = 0 and inv 7y, (w) = inv y,u+inv wo+inv wy = inv u—|ul; +inv we+
invw; = invu — top,, (w) + inv wg + invw; = invw — top,, (w).

If L(w) > z and there is at least one letter of w less than or equal to z,
then L(u) =1 and inv vy, (w) = inv y,u + inv wg + inv wy = invu + |u|g +
invwg + invw; = invu + bot,(w) + invwy + invw; = invw + bot,(w).
Thus, condition (11.7) always holds.

Accordingly, our program is fulfilled: by means of the bijections defined
in (11.13) for binary words, then, the bijections B, defined in (11.15) and
finally the chain (11.17), we hold a family of bijections =, that, when
incorporated in the definition of ® given in (11.9), provide a bijection
having properties (11.10).

The three steps (11.13), (11.15), (11.17) can be combined and described
more quickly by making use of the z-factorisation defined as follows: let x
be a letter and w a word. If the last letter L(w) of w is less than or equal
to (resp. greater than) x, the word w admits the unique factorization:

(Ulyh V2Y2, ..., UpZ/p)?

called its x-factorisation having the following properties:

(i) each y; (1 < ¢ < p) is a letter verifying y; < x (resp. y; > z) ;

(ii) each v; (1 <14 < p) is a factor which is either empty or has all its
letters greater than (resp. smaller than or equal to) x.
We then let:

(11.18) Vo (W) 1= Y1v1Y202 . . . YpUp.

We see again that 7, is a bijection of each class R(m) onto itself, since it
maps each z-factorisation (viy1,vay2,...,vpYp), obtained by cutting the
word after every letter less than or equal to (resp. greater than) x onto
the factorisation (yjv1,y2v2,. .., ypvp) obtained by cutting the word before
every letter less than or equal to (resp. greater than) x.

The transformation ® itself, as defined in (11.9), can also be described
in the following algorithmic manner:
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Algorithm for ®. Let w = x122...%Tm;

1. Puti:=1, w} = xy;

2. If i = m, let ®(w) := w, and stop; else continue;

3. If the last letter of w} is less than or equal to (resp. greater than)
xiy1, cut w, after every letter less than or equal to (resp. greater than)
Tit1 5

4. In each compartment of w, determined by the previous cuttings,
move the last letter in the compartment to the beginning of it; let v’ be
the word obtained after all those moves; put w;_, := v'x;41; replace i by
1+ 1 and go to 2.

For example, the image of w =4,3,5,1,1,3,4,2,3 under ® is obtained
as follows:

w) =4 |

wh =413 ]|
wy=413]5|
W, =4351 |

wh=1[43|51]
wh=1]3]4|1|53]
wh=13[4[13|5|4|
wh=3|1]43]1]542]
O(w) = w) =3,1,3,4,1,2,5,4, 3.

The descents in the word w = 4, 3,5,1,1, 3,4, 2,3 are in position 1, 3 and 7,
so that majw = 11. But ®(w) = 3,1,3,4,1,2,5,4,3 has inv®(w) = 11
inversions. Finally, w and ®(w) end with the same letter, namely 3.

11.4. Further properties of the transformation. As we now see, the
transformation ® just defined preserves other statistics, first, the set-
valued statistic inverse ligne of route and also the subword-valued statis-
tics right-to-left minimum letter subword and right-to-left maximum letter
subword we now define.

If a multiplicity m reads m = (my,...,m;,0,...,0,m;,...,m,) with
1 <i<j<randm;,m; > 1, we say that j is the succcessor of i in m
and we write j = succi. Of course, if all the components of m are positive,
the successor of each i (1 <i <r—1)is (i +1). Let w be a word in the
class R(m).

Definition. The inverse ligne of route of w is defined to be the set,
denoted by Iligne w, of all the letters ¢ such that the rightmost occurrence
of succ(7) lies to the left of the rightmost occurrence of i. In an equivalent
manner, the letter i is said to belong to the inverse ligne of route of w,

56



11. MAJOR INDEX AND INVERSION NUMBER

if w can be written vsucc(z) v’ iv”, where the factor v/ contains no letter
equal to succ(i).

For example, consider the rearrangement w = 436113423 of the
nondecreasing word 12233426. The inverse ligne of route of w is Iligne w =
{3,4}. Notice that 4 € Iligne w, since succ(4) = 6 is located on the left of
the rightmost occurrence of 4. Also 1 ¢ Iligne w, since there is a letter 2
on the right of the rightmost occurrence of 1.

Remark. The expression “line of route” is classical; we have added
the letter “g” making up “ligne of route,” thus bringing a slight touch
of French. The ligne of route of a word w = x1x2...x,, is defined to be
the set, denoted by Ligne w, of all the i’s such that 1 < ¢ < m — 1 and
Ti > Tiq1-

Definition. Let w = z1x2...x,, be a word of length m; denote by
1 <4 <ig <--- < i, the sequence of all the ¢’s such that i, = m and
x; < xp for all k > 4. The right-to-left minimum place subword and the
right-to-left minimum letter subword of w are respectively defined by:

Rmip(w) 1= i1z ... i4;

Rmil(w) := x;, 4y . .. x4, -

In the same manner, let 1 < j; < jo < .-+ < j be the sequence of the
integers j’s such that j, = m and x; > x, for all k > j. The right-to-left
mazximum place subword and right-to-left marimum letter subword of w
are defined by

Rmap(w) = j1ja ... jb;
Rmals(w) := zj,zj, ... xj,.

For example,

12345678910

Rmap(w) = 3 7 10
Rmip(w) = 45 891

w= 4351134233
Rmil(w) = 11 233
Rmals(w) = 5 4 3

Notice that the words Rmip(w) and Rmap(w) are always strictly
increasing, as they are subwords of the increasing word 12 ... m; also
observe the discrepancy between Rmals(w), which is strictly decreasing
and Rmil(w), which is increasing in the large sense. This explains the
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presence of the “s” in our notation for “Rmals.” Finally, let y := x;,, then
Rmilw = y™vv, where v has no letter equal to y.

Four other analogous definitions “Lmip,” “Lmap,” “Lmil” and “Lmals”
can be introduced by considering the subwords from left to right, instead
of right to left. We will do it later on for permutations only.

Remark. For a permutation w the numerical statistics # Lmil w and
# Lmals w have been considered long ago by probabilists under the names
of lower records and upper records.

Theorem 11.3. Let ® be the transformation constructed in subsec-
tion 11.3. Then, the following properties hold for every word w:

(a) majw = inv ®(w);

(b) ®(w) is a rearrangement of w and the restriction of ® to each
rearrangement class R(m) is a bijection of R(m) onto itself;

(c) ignew = Iligne ®(w);

(d) Rmilw = Rmil ®(w);

(e) Rmalsw = Rmals ®(w).

The next corollary is an immediate consequence of Theorem 1.2.

Corollary 11.4. Let A be a finite set of integers, u, v be two words and
R(m) be a rearrangement class. Then, the statistics “maj” and “inv” are
equidistributed on the subclass

{w € R(m) : (Iligne, Rmil, Rmals) w = (4, u,v)}.

In Fig. 11.2 the values of these statistics have been calculated for the
words belonging to the class R(2,1,1), the rearrangements of the word
1,1,2,3. There are five tables corresponding to five subclasses character-
ized by a value (A,u,v) of the triple (Iligne, Rmil, Rmals). Notice that
within each subclass the statistics “inv” and “maj” are equidistributed.

When @ is restricted to G,,, the group of permutations of 1,2,...,n,
i.e., the rearrangement class R(1™), several properties can also be derived.
For each permutation w let

imajw := sz(z € Iligne w).
It is immediate to verify ’
imajw = majw™ !,
where w™! denotes the inverse permutation of w. We then deduce the
following corollary that is proved in section 5.
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w maj | inv | Iligne | Rmil | Rmals w maj | inv | Iligne | Rmil | Rmals
1,2,3,1| 3 2 1 1,1 3,1 1,1,3,2| 3 1 2 1,1,2| 3,2
2,1,3,1| 4 3 1 1,1 3,1 1,3,1,2| 2 2 2 1,1,2| 3,2
2,3,1,1| 2 4 1 1,1 3,1 3,1,1,2| 1 3 2 1,1,2| 3,2

w maj | inv | Iligne | Rmil | Rmals w maj | inv | lligne| Rmil |Rmals

1,3,2,1| 5 [ 3] 1,2 | 1,1(321]| |1,1,2,3 0 |0 | 0 |1,1,2,3| 3

3,1,2,1 4 | 4| 1,2 | 1,1 [3,2,1

w maj | inv | lligne| Rmil |Rmals
3,2,1,11 3 | 5| 1,2 | 1,1 3,21

1,2,1,3] 2 | 1| 1 1,1,3 3

2,1,1,3 1 | 2| 1 | 1,1,3 3

Fig. 11.2
Corollary 11.4. The two statistics “inv” and “imaj” are equally dis-
tributed on each set of permutations having a given ligne of route A, a
given left-to-right maximum place subword C' and a given right-to-left
maximum place subword D. In other words, let

S:={we€ G, : Lignew = A, Lmapw = C, Rmapw = D},

then Z qinvw — Z qimajw‘

weS weS

The preceding corollary is an extension of the classical result (see, e.g.
[Lo02, Theorem 11.4.4]), where no restriction is made neither on “Lmap,”
nor on “Rmap”, but only on “Ligne.”

Proof of Theorem 11.3. Properties (a) and (b) have been proved with
Theorem 11.1. For the remaining ones we proceed as follows:

Proof of Property (c).

Consider the mapping wz +— @®(wz) defined by (11.9), where wz
belongs to the rearrangement class R(m). Let z a letter of wz having
a successor 2z’ := succ(z) in m. Suppose L(w) < z (resp. L(w) > x).
There are four cases to be considered:

(i) z < 2/ < x; let P be the property “the rightmost occurrence of 2’
is to the left of the rightmost occurrence of z.” Then, all the following
properties are equivalent: (1) P holds for wzx; (2) P holds for w; (3) P
holds for ®(w) [by induction]; (4) P holds for yiys...yp; (resp. (4) P
holds for v1vs ... vp;) (5) P holds for y1v1y2va . .. Ypvp = V2 (®(w)); (6) P
holds for ®(wzx) = v, (®(w))x.

(ii) « < z < 2’; same proof, only property (4) is to reverse: (4) P holds
for vivg ... vp; (resp. (4) P holds for y1y2 ... yp;)
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(iii) = 2z < 2/; then x € llignewz and z € Iligne ®(wx), since
L(®(w)) = L(w) = =.
(iv) 2 < 2/ = z; then x ¢ llignewx and z ¢ Iligne ®(wzx). []

Proof of Property (d).

Assume that (d) holds for a nonempty word w and let x be a letter.
If all the letters of wx are equal, the result is banal. Otherwise, let
Rmil(w) := x;, x4, ... x;,, so that, by induction Rmil ®(w) = z;, 2, . .. x;,
Notice that L(w) = L(®(w)) = z,, = x;, and the smallest letter of w is
equal to x;,.

If all the letters of w are less than z, then Rmil(wx) = x = Rmil ®(wz).
If it is not the case, but still if L(w) < z, then

Ty iy - - - Ti,x = Rmil(wx)
= Rmil(®(w)z) [by induction]
= Rmil(y1y2 . . . ypx) [by definition of the z-factorization]
= Rmil(y1v1y2v2 . . . ypvpx)
= Rmil ®(wz). [by definition of ®]
If L(w) > x, there is a unique integer k such that 1 < k < a — 1 and
iy <o <@y <o <wp,, < - <wx,. Then
Ty ... i, ¢ = Rmil(wx)
= Rmil(®(w)z) [by induction]
= Rmil(vivs . .. v,x) [by definition of the z-factorization]
= Rmil(y;v1y2v2 . . . ypvp)
= Rmil ®(wz). [] [by definition of @]

Proof of Property (e).

Again, the result is banal if all the letters of wx are identical. Otherwise,
let Rmals(w) = zjj,...2;,, so that Rmals ®(w) = zjzj,...x;,. If
all the letters of w are less than or equal to x, then Rmalswx = = =
Rmals ®(wx). If it is not the case, but still L(w) < z, there is a unique
integer k such that 1 <k <b—-landzx; > --->z; >x>2)_ , > >
z;,- Then

zj, ...x; 2 = Rmals(wz)
= Rmals(®(w)x) [by induction]
= Rmals(vvz ... vpx) [by definition of the z-factorization]
= Rmals(y1v1y202 . . . YppT)
= Rmals ®(wz). [by definition of @]
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If L(w) > x, then

xj, ...2;« = Rmals(wz)
= Rmals(®(w)x) [by induction]
= Rmals(vvz ... vpx) [by definition of the z-factorization]
= Rmals(y1v1y202 . . . Ypvp)
= Rmals ®(wz). [] [by definition of @]

This achieves the proof of Theorem 11.3.

11.5. Application to permutations. Consider the classes R(m) of words
without repeated letters (all the m;’s are equal to 1), i.e., the permutations.
The inverse ligne of route of a permutation w = 125 ...z, (of the word
12...7) is then the set of all the integers j such that 1 < j <r —1 and
(j + 1) is to the left of j within the word z1x5 ...z,

The ligne of route of a permutation w is the set, Lignew, of the
integers j such that x; > x,41, so that

desw = |Lignew| and majw = Zj (j € Lignew).
J
It is readily seen that

(11.19) Tligne w = Ligne w™?,
where w~! designates the inverse of the permutation w. Also let

idesw := |llignew| and imajw := Zj (j € Tligne w).
J

The statistic “imaj” is called the Inverse Major Index of w. Also let i(w)
denote the inverse w1 of the permutation w. As invi(w) = invw, it
follows from the property (c) that the chain

w»—i>w1 (I)i;l wgl—i>w3£>w4i—i>w5
has the properties:
Ligne w = Iligne w; = Iligne wo = Ligne ws;
desw = ides w; = ides wo = desws;
majw = imajw; = imajws = majws = invwy = inv ws;

invw = invw; = majws = imajws = imaj w4 = maj ws.
This result has several consequences that are now stated.
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Corollary 11.5. The six pairs (maj,inv), (imaj,inv), (imaj, maj),
(maj,imaj), (inv,imaj), (inv,maj) are equally distributed on each sym-
metric group &, i.e., with w running over &,, we have:

maJ w 1nv w maj w 1nV w 1maJ w maJ w
11 20 E q1q qs E 4 ') E :q p)
maj w 1maj w invw lmaj w invw maJ w
- Z ESR ) Z ‘i Z a

Corollary 11.6. With w running over &,, we have:

(1121) 1n\L4 thesw invw __ theswqimajw'
w

Proof. Consider the bijection w +— ws. []

Corollary 11.7. The two statistics “inv” and “imaj” have the same
distribution on each set of permutations having a given ligne of route. In
other words, for every subset A C [n — 1] the following identity holds:

Zqinvw _ Zqimajw (w € &,, Lignew = A).
w w

Proof. Again consider the bijection w +— ws. []

We make a further use of the transformations, i, ¢, r of the dihedral
group. Recall that c is the complement to (n+ 1) and r the reverse image
that map the permutation w, written as a linear word w = x1 ... z,, onto

cCw = (n—|—1—.I'l)(n‘f’l_xQ)"'(n—i_l_xn);
rw: ==Xy ... T2T1.

As inviw = invw and also Rmapiw = Rmalsw, Lmapiw = Rmilw
(easy to verify), it follows from Theorem 11.3 that the chain

w s wy — Wo BN w3

has the properties:

Ligne w = Iligne w; = lligne wy = Ligne ws;

Lmapw = Rmilw; = Rmilwy = Lmap ws;

Rmap w = Rmals w; = Rmals ws = Rmap ws;
imajw = majw; = invwsy = inv ws.

Hence, for each triple (A, B,C) the bijection w +— w3 maps each set
of permutations w such that (Ligne, Lmap, Rmap)w = (A4, B,C) onto

itself with the property that imajw = invws. This proves the following
corollary.
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Corollary 11.8. The two statistics “inv” and “imaj” are equally dis-
tributed on each set of permutations having a given ligne of route A, a
given left-to-right maximum place subword C' and a given right-to-left
maximum place subword D. In other words, let

S:={w e, : Lignew = A, Rmapw = C, Lmapw = D};

then Z qinvw _ Z qimajw'

weS weS

There are other consequences we can deduce from Theorem 11.3 by
taking the composition product of ® with other operations of the dihedral
group. First, we can verify that invrcw = invw and Lignercw =
n — Lignew := {n — i : i € Lignew}, so that

majrcw = Z(n —i)x(z; > ®iy1),

a statistic that will be denoted by comajw. Let Lmilw (resp. Lmalsw)
denote the left-to-right minimum (resp. maximum) letter subword of the
permutation w. Again, it is easy to verify that

Lmilrcw =n+1—Rmalsw, Lmalsrcw =n+1— Rmilw.

Consider the sequence:

Then
lligne w = n — lligne w; = n — Iligne wy = lligne ws;
Lmilw =n+1— Rmalsw; =n + 1 — Rmalswy = Lmil ws;
Lmalsw =n+1— Rmilw; =n + 1 — Rmilwy = Lmals ws;

comajw = majw; = invwy = inv ws.

This implies the following corollary.

Corollary 11.9. The two statistics “inv” and “imaj” are equally dis-
tributed on each set of permutations having a given inverse ligne of
route A, a given left-to-right minimum letter subword C and a given left-
to-right maximum letter subword D. In other words, let

S:={we G, : llignew = A, Lmilw = C, Lmalsw = D}.

Z qinvw _ Z qcomajw;

weS weES

then
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that can also be expressed as:

Z qinvw _ Z qcomajw’

weS’ weS’
where S’ := {w € &,, : Lignew ! = A, Lmipw~! = C, Lmapw~! = D}.

12. Major Index and Inverse Major Index

For each n > 0 let A,,(q1,q2) be the generating polynomial for &,, by
the pair (maj,imaj) :

(121) CZ1,€]2 Z qmaja 12maja
ceS,

Corollary 11.3 shows that there are five other ways of expressing such a
polynomial. By analogy with the one-basis g-ascending factorials, intro-
duce the following notations:

1, if r or s is zero;

(U35 q1,q2)r,s = (1—-u J , if r,s > 1,
Q1QQ

0<i<r—10<5<s—-1

(122) (U, q17q2)oo,oo = hmr s(u q1, q2 r,s H H 1 — uq1q2
i>0 >0

The purpose of this section is to prove the following theorem.

Theorem 12.1. The bibasic generating function for the polynomials
A, (q1,q2) is given by:

u" 1
12.3 An(q1,42) = .
( ) 7;) Ch;ql)n (QQ§(]2)n (’U,; Q1JQQ)OO,OO

The term “bibasic” refers to the normalization (q1;q1)n (¢2; ¢2)n of the
denominator as a product of two g-ascending factorials. A priori, there was
no evidence that such a normalization was to be introduced. In fact, the
infinite product on the right-hand side preexisted in the literature, ready
to be unearthed for combinatorial purposes. It could also be regarded as
a specialization of the celebrated Cauchy infinite product

M

ux;y;
i>1,5>1 iYj
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with the substitutions z; < qifl, Yj qg _1, for which several expansions
are known, in particular in terms of Schur functions. That method will be
exploited more in detail in subsequent chapters.

In the proof of Theorem 12.1 the starting point is the infinite product
1/(u; g1, ¢2)00,00 that is first expanded as an infinite series and shown to be
the generating function for pairs of finite sequences, called biwords. This is
the “manipulatorics” part of the proof. The next step, the “combinatorics”
part, consists of mapping each such a biword onto a triple (o, ¢),
where o is a permutation and where (0',¢’) is another biword that is
precisely counted by the product 1/(q1;¢1)n (¢2;g2)n- The construction of
that mapping may be regarded as another application of the MacMahon
Verfahren. Accordingly, let us decompose the proof into those two parts.

12.1. The biword expansion. On the right-hand side of (12.3) each
fraction 1/(1 — ugq} ¢3) expands into a geometric series Zaij>o(wﬁ q3)%id
whose first nonconstant term is the monomial ug! q%. Hence, the coeffi-
cient of the monomial u®gy ¢, in the expansion of the infinite product
1/(u;q1,G2)00,00 1S equal to the coefficient of the same monomial in the

finite product [ 1/(1 — uqt q%) We can then write 1/(u;q1,42)00,00
1<a,j<pB
as the series

(12.4) D TTwai )™ =) u™q ™ g” ",
A g

A

where A runs over the set of all matrices of the form A = (a;;)
(¢ > 0,7 > 0), whose entries a;; are integers which are all zero except
finitely many of them. Beside the null matrix we can then express each
such matrix as a bounded matrix having at least one nonzero entry on its
rightmost column and its lowest row.

For example,

01 2 3 4

0/0 0 1 0 2

1{1 0 0 3 O
A_2 00 0 0 O
3\0 1 2 0 2

is such a matrix.
Now with each matrix A we associate a two-row matrix or biword

b = b = b b , with integral entries such that
C Cl1 ...Cp
(12.5) Zaij:n,ZiGiijl—i—"'—i—bn, Zjaij:cl+-~-+cn;
i,j 1,5 ,j
(126) (bl,Cl) S (b2762) S e S (bnycn)
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with respect to the lexicographic order. We then say that the biword b is
nondecreasing.
The sum in (12.4) is then replaced by:

— Z thotb totc

n>0

12.7 W
( ) (U QIaQZ 00,00

where b runs over all nondecreasing biwords (whose biletters are pairs
of nonnegative integers) of length n. To fulfill the relations (12.5) start
with matrix A, read its rows from left to right and top to bottom and, for

each positive entry a;; write down a;; biletters ; one after another. The

number of biletters written in this way is then equal to ) ij @ij- Moreover,
on the top (resp. bottom) row of b each number ¢ (resp. j) is repeated a;;
times. Consequently, the last two conditions of (12.5) hold.

Finally, as the biletters <[21 were written starting with the first row
from left to right, then the second row, ... those biletters are in increasing
lexicographic order when the biword b is read from left to right, so that
the relations (12.6) hold. Conversely, when starting with a nondecreasing
biword, we can reconstruct the matrix A in a unique manner.

For example, to the matrix A above there corresponds the nondecreas-

ing biword
b— by (000111133333
“\ec) \244033312244)”
a biword of length n = 12 and such that tot b = 19, tot ¢ = 32.

12.2. Another application of the MacMahon Verfahren. For conve-
nience define the Comajor Indez of a permutation o € &,, by

(12.8) comajo:= Y (n—i)x(o(i) > o(i+1)).

1<i<n—1

We now construct a bijection b — (o, ', ¢’) that maps each nondecreasing
biword b = (i) of length n onto a triple (o,b,¢’), where 0 € &,, and

b, € NDS(n), that is, o is a permutation of order n and ¥’, ¢’ are both
nondecreasing words of length n whose letters are nonnegative integers.
Moreover, the bijection has the properties:

(12.9) tot b = comajo + totd’, totc=comajo !+ totc.
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To do so start with a nondecreasing biword b = (i) Since the biletters

* ) are written in nondecreasing order with respect to the lexicographic

&)
order, the following property holds:
(1210) Ci > Ciy1 = b; < bi_|_1.

For each i =1,2,...,n let
(1211) o(i))={j:1<j<n,¢;<cH+|{7:1<j <4, ¢ =¢}

In other words, o(7) is equal to the number of letters in ¢ which are less
than ¢;, plus the number of letters equal to ¢;, but lie to the left of ¢;,
with ¢; included. This defines a permutation o of order n.

By construction ¢; > ¢;41 if and only if o(i) > o(i +1). For 1 <i<mn
let y; be the number of integers j such that 1 < j < i—1 and o(j) >
o(j + 1), which is also the number of integers j such that 1 < j7 <i—1
and ¢; > ¢j41. The word y = vy ...y, is nondecreasing. Moreover,

(12.12) comajo =toty =y1 + -+ yn

and (12.10) implies

(12.13)  y; <yiy1 < o0(i) >o(i+1) < ¢ > cip1 = by < bita.
As y; = 0, the relations (12.13) imply that

(12.14) yi<bi (1<i<n)
We then define a nondecreasing word b’ = b} ... b}, by
(12.15) b, :=b,—y; (1<i<n).

Finally, because of (12.12) the first of the relations (12.9) holds.

b
Again use the previous example. Under the nondecreasing word >
we have written the values of o, of y and of b’ = b — y. ¢

b= 00011113333 3
c= 24403331224 4
c=391016782451112
y=00011112222 2
¥=000000011111

. b ~
c
range its biletters | '] in increasing ordér. We obtain a biword b whose
i
top row is the nondecreasing rearrangement of the word c.

b
We can also start with the biword (C) (and not b = ( )) and rear-
c

With the running example we get:

b — 012223334444
- \130331110033)/°
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Let us go back to the general case. By definition of o given in (12.11),
there are exactly o(i) biletters <ij> such that 1 < j < n and ¢; < ¢
or such that 1 < j < i and ¢; = cjz As in the biword b we have sorted
the biletter (Zj ) in increasing order, the biletter (Zz) will be found in

b in the o(i)-th position. Hence b = Comt(1) -+ z"_l(”) . Let 7 be the
o=1(1) « -+ Og=1(n)
permutation defined as in (12.11) when the counting is applied to the

nondecreasing biword b, i.e.,

T(Z) = |{j 1 <5 <n, bgfl(j) < bo-fl(i)}l
+ |{.7 1< ] <1, ba_l(j) = bcr_l(i)}|'
We also have:

To(i) = {7 :1<7<n, by <b}[+{j:1<j<0(i), bo-1(y) = bi}|

But by definition of o, if by, = b;, we have o(k) < o(l) < k < [. Therefore,
if by—1(j) = bi, we have j < o(i) & o~ !(j) < 4. Since b is nondecreasing,
we obtain:

ro(i) ={j:1<j<n, by <b}+[{j:1<071(j) <i, borjy = bi}|
=Hi:1<7<i, by <b}+[{j:1<j<i, bj =0b}
= 1.

Therefore, 7 = o~ 1.

Under the same procedure, to the nondecreasing biword b there corre-
sponds a pair (7,¢), in a one-to-one manner, where 7 = o~ ! and where ¢’
is a nondecreasing word. Moreover, the second relation of (12.9) holds.

Keeping the same example we determine 0!, y and ¢/, where this time

the word y serves to calculate comajo~!:

= 01222333444 4
b= 13033111003 3
c7l= 4819105672311 12
y= 00111222333 3
d= 001111111111

Now by using the bijection b — (o,’,¢’) just obtained we can derive:

n totb totc __ n comajo+totd’ comaj 0'_1—|-tOtC/_
E U E a1 4s —E U E a; qs ;

n>0 b n>0 ce6G,
b’,c’eNDS(n)

and then by (6.1):
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n tot b totc comajo comaj o1
2 u" Y dl =2 " D @™

n>0 b n>0 cEG,

CI1,Q1 (QQ;Q2)n

There remains to show that the polynomial A, (q1,¢2), defined in (12.1),

is also equal to 30 oMo gLomaiT Thig can be proved by means of
ceES,
the bijection rc that maps the permutation o onto the permutation rco

defined by
rco(i):=n+1l—-ocn+1-1i) (1<i<n).

It is easily seen that
comajrco = majo.

This completes the proof of Theorem 12.1.

13. A four-variable distribution

In section 7 we have introduced the FEuler-Mahonian polynomial
Am(t,q) as a t-extension of the polynomial A.,(q) by noticing that the
combinatorial correspondence used in the calculation of the generating
function for the A, (¢q)’s had a further property. We will do the same for
the bijection constructed in the previous section and derive what could be
called a t1, ta-extension of formula (12.3).

Consider the inverse bijection (o,’,¢’) — b described in 12.2. The
nondecreasing word y defined just before (12.12), such that toty =
comaj o, has the further property

(13.1) yn = deso.

Now consider the finite product

: IR

(u; q1, CJ2)r+1,s+1 0<i<r0<j<s 1-— uq1q2

It can be expanded into the series
ST (udd gy =3 uBai gy 9 gy v,
A 4,5 A

but this time the matrices A are (r+1) X (s+1)-matrices. The nondecreas-

ing biword b = (i) = (bl bn) that corresponds to such a matrix

Cl1 ...Cp
has the further property:

maxb; = b, <r and maxc; <s.
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Properties (12.15) and (13.1) imply: b/, = b, — y, < r — deso, with an
analogous property for the c’s, that is ¢}, < s —deso 1.
Start with a quintuple (o,r’,s’,b’, '), where

(13.2) o€, 1 ,s>0, VeNDS(n,r), ¢ eNDS(n,s).
Under the inverse bijection (¢,¥’,¢’) — b the quintuple is mapped onto a

c
b € NDS(n,r) and ¢ (the nondecreasing rearrangement of ¢) in NDS(n, s).
We can then write

§ : ( t1t2 E :tr E :un E q‘iotbqtotc
Uu,
r,s>0 141 QQ r+1,s+1 r,s>0 n>0 beNDS(n,r),
ceNDS(n,s)

_ n r'+des o8 +deso ™! comajo+totd’ comajo l+totc’
—E:E,“ E:tl ty q1 d2 5

r,s>0n>0 (o,r’,s’,b',c’)

triple (r,s,b) such that r = r’ +deso, s = s’ + deso™!, b = <b) with

where the relations (13.2) hold and also r = 7/ + deso, s = s’ + deso ™!,
Let

—1

(133)  Aultato,g,g0) = Y tiesoagese” gromaiaggomaio
oceS,

It follows that

15 / /

Z (u - Zu Ay (t,t2,q1,92) Z t] qi"tb Z 5 giote

rs>0 $q1,G2)r 41,541 0 = =
b ENDS(n T ) ClGNDS(n,s/)

1
13.4 = u"” An t 7t 7L ,
(13.4) 2 Anltrs b ) s s

by (3.9) and (4.5).

Formula (13.4) provides an expression for the generating function for
the polynomials A, (t1,t2,q1,g2). Observe the nature of the denominators.
They are products of a ¢i-ascending factorial by gs-ascending factorial.
There remains to verify that

(13.5) An(ti to,qr,qe) = Y tiesoilesogmaiogimaio
ceG,

where, by analogy with “imaj”, the symbol “ides” means
(13.6) ideso := deso !,
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Again this is proved by means of the bijection rc that maps each permu-
tation ¢ onto the permutation rc o defined by

rco(i):=n+1l—-ocn+1-1i) (1<i<n).
Clearly, we have
comajrco =majo, desrco = deso.

We have then proved the following result.

Theorem 13.1. The bibasic generating function for the polynomials
A, (t1,t2,q1,q2), as defined in (13.5), is given by

uTL

(tl; Q1)n+1 (t2; QZ)n+1

-y tit5

r,5>0 (u; qu, q2)r+1,s+1 '

(13.7) Y An(ti,t2,q1,92)

n>0

Specializations. The right-hand side of (13.7) is symmetric in the
pairs (t1,q1), (t2,q2), so that the polynomial A, (t1,q1,t2,q2) is also
symmetric in (¢1,q1), (t2,g2). This can also be seen by using the bijection
o+ o1 of G, on itself. In particular, both specializations A, (t,1,q,1)
and A, (1,t,1,q) are equal. Moreover,

(13.8) An(t,1,q,1) = A, (1,8, 1,q) = ™A(t, q),

where M#A(t, q) is the g-mag-Eulerian polynomial defined in section 10.
On the other hand, it follows from Corollary 11.4 that

(13.9) tA,(t,1,1,q) =t A, (1,t,1,q) = ™A(t, q),

where "™A(t, q) is the g-inv-Eulerian polynomial, also defined in section 10.

Tables of the polynomials A, (t1,q1,t2,q2) for n = 3,4,5 are shown in
Fig. 13.1. Keeping in mind (13.8), the following notations have been used:
maA(t,q) = > Ank(q) and A, g = A, (1) (the Fulerian coefficient).
Notice the numerous symmetries within the tables.
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ides— [0 1 |2 n=3
imaj—) 01123 AS,k(q) A3k
des| mayj
4 4
0 0 1 1 1
1 1 11 2
2 11 2 4
2 3 1 1 1
ides — |0 1 2 3 n=4
imaj —[0[123]|345|6|A4k(q)|Aak
des| maj
4 4
0 0 1 1 1
1 111 3
1 2 121 1 5 11
3 111 3
3 111 3
2 4 1 121 5 11
5 111 3
3 6 1 1 1
ides — |0 1 2 3 4 n=
imaj —|0[1234|34567|6789|10|A5%(q)|As5.x
des| mayj
4 4
0 0 1 1 1
1 1 1111 4 26
2 1221 111 9
3 1221 111 9
4 1111 4
2 3 11211 6 66
4 11 13431 11 16
5 11 24642 11 22
6 11 13431 11 16
7 11211 6
3 6 1111 4 26
7 111 1221 9
8 111 1221 9
9 1111 4
4 10 1 1 1
Fig. 13.1

14. Symmetric Functions

The Cauchy identity for Schur functions will be an essential tool for
deriving several combinatorial formulas for symmetric group statistics. It
matters to have a brief account for the algebra of symmetric function
and a complete description of the combinatorial properties of the Schur
functions. This is the content of the next three sections.
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14.1. Partitions of integers. Those structures remain the privileged
objects in the theory of symmetric functions. As already discussed in
section 4, by partition of an integer n > 1 it is meant a nondecreasing
sequence A = (A1, Ag,...) of nonnegative integers, where finitely many of
them are nonzero. The nonzero elements of A\ are the parts of the partition.
The number of parts is denoted by I(\) and the weight, denoted by ||, of
the partition A is defined by

NEPYNI YIS

When |\| = n, we say that X is a partition of the integer n. The symbol
P, will designate the set of partitions of n.

The multiplicative notation of the partition A is reads as A = 1™12™2 .. |
where for each 7 = 1,2, ... the exponent m; is equal to the number of parts
of A equal to i. The integer m; = m;(\) is called the multiplicity of i in A.

For example, A\ = (5,4,4,2,1,1) is a partition of n = 17, whose
multiplicative notation reads 1221394251,

The shape of a partition A = (A1, Ag, ..., A.) (A > 1) is the set of all the
|A| points (1,1), (1,2), ... , (1, A1), (2,1), (2,2), ... , (2, A2), ... , (1, 1),
(r,2), ..., (r,\) located in the north-eastern quadrant N? of Z2. Each
shape if also represented by a set of squared boxes left justified, where
every point of the previous sequence is the center of a box. For example,
the partition A = (5,4,4,2,1,1) is represented by the shape drawn in
Fig. 14.1

Fig. 14.1

This geometric representation is also called Ferrers diagram and de-
noted by the same symbol A.

The conjugate partition of A = (A1, Aa,...,A,) is the partition
N o= 1M7A22%2=ds - (written in multiciplicative notation) or )\ =
(A1, A9, ..o, AL ), where A] i= [{j : A\j > 4}| (i = 1,...,A1). In particular,
A} = 1(N). The Ferrers diagram of )\ is obtained by taking the symmetry
of the Ferrers diagram of A\ with respect of the line y = x of the plane.
With the previous example we have X = 11293241596 = (6,4, 3,3, 1).
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14.2. The algebra of symmetric functions. Let Z[xq,...,z,] be the
ring of polynomials in n variables with integral coefficients. A polynomial
in that ring is said to be symmetric, if it is invariant by permutation
of its variables. Let A, be the subring of Z[x1,...,x,] of all symmetric
polynomials. For every k& > 0 let A* be the set of all homogeneous
symmetric polynomials of degree k, the zero polynomial included. Then,

A, =EP A

k>0

Qn

For each a = (aq,...,ay) € N let 2% be the monomial % := z7* ... 28
and for each partition A of length I(A) < n let my(z1,...,2,) := > z®
denote the sum of all (distinct) monomials =, where « is a permutation

of A = (A1,...,An). The polynomial my is called monomial symmetric
polynomial. We also use the notation in\lxé\z ... in place of m.

For example, with n = 4 variables,
mey = T1 = Ty + Tp + T3 + Ty
M(1,1) = ) T1Tp = T1Tp + T123 + T124 + ToZ3 + T2y + T32y4;
M1y = 2. T3xTe = Tix2 + T3 + 21w4 + 1321 + 2323 + W34 + T3T1 +
3w0 + 2374 + 2311 + 2370 + TIT3.

The monomial symmetric polynomials my(x1,...,x,) form a Z-basis
for A,, when X is restricted to the set of all partitions of length I(\) < n.
On the other hand, the polynomials my(x1,...,2z,) (I(A) < n; |A| = k)
form a Z-basis for AK. When n > k, that is to say, when the number of
variables is large, the set of all the polynomials my such that |A\| = k form
a Z-basis for A¥. Hence, dim A* = p(k), the number of partitions of k.

In the theory of symmetric functions we assume that the number of
variables is finite, but large; some authors prefer to deal with infinitely
many of them, but the statements of certain properties are less intuitive.
To make the notion of largeness more precise, we deal, not with polyno-
mials, but with sequences of polynomials f = (f,) (n > 0), where each
term f,, belongs to A¥ and where for each pair m > n the polynomials f,,
and f,, satisfy the compatibility property:

fm(x1, oo 20, 0,...,0) = fr(z1,. .., Ty).

Let A* be the set of the sequences f = (f,), where each term f, is
a symmetric polynomial of degree k. We can show that for n > k the
mapping p* of A¥ into AF that sends f = (f,,) onto f, is an isomorphism.
Consequently, A* is of dimension p(k). The set of the sequences m) =
(mx(x1,...,2,)) (n > 0) such that |A| = k is a Z-basis for A*. We then

let
A =EPAk

A>0
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The elements of A are formal series with integral coefficients in the
functions my. The ring A is called the ring of the symmetric functions.
For every n > 0 the mapping of A into A, that sends the formal
series ZA axmy onto the symmetric function ZA axmy(zi,...,z,) is a
surjective homomorphism for n > 0 and maps the formal series ), axmy
such that |A\| < n onto the corresponding series, in an injective manner.

14.3. The classical bases. For each r > 1 the polynomial

Cr = Mr = E 1T ...Tp = E LijyLjg « - Tq,.

1< <ig <+ <ip

is called the r-th elementary symmetric function. By convention, ey = 1.
The generating function for the e,.’s is obviously:

(14.1) E(u) =) e =[] +zm).

r>0 i>1

For each partition A = (A, Ag,...) we define:

EXN = €X\,€6)y - -

Notice that if A is written A = 17122 . (multiplicative notation), then
mi _mo

For each » > 0 define the homogeneous symmetric function of de-
gree r by

h ::ZmA (A =1).
A

In particular, ho =1, hy = ey , ha = m2) + m(1,1), ha = mz) + m@1) +
m(Ll,l). NOW

H(l —zu) "t = H Z (z;u)k

i>1 i>1k; >0

— r kl km
= E U E E S

r>0 1<y << (K1yeeeskm)
Yki=r

— r kl km
—E U E E E P

>0 A =1 (ke km) 1500 <<

[where (k1,...,kn) is a rearrangement of (Aq,..., An)]
= Zur Z my = Zurhr.
r>0 [X|=r r>0
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Thus, the generating function for the h,.’s is

(14.2) H(u) =Y hou" =[] - 2m)~"

r>0 i>1
For every partition A = (A1, Ag,...) define
h>\ = h>\1h)\2 oo

The power sums p, are defined by
Dr = M) = ZCEL

furthermore, let
DX = DPxiPxy - - -

The generating function for the p,’s, defined by P(u) := > o, pru""!
can also be expressed as a

szr N 1_Zl—mu_z_lgl—a:u

1i>1r>1 1>1

d 1 d H'(u)
= — = log H = .
du 10g1:[ 1—ziu  du (u) = H(u)

The proof of the following theorem can be found in Macdonald [Ma95].

Theorem 14.1. The functions ey (resp. hy) form a Z-basis for A. The
functions py form a QQ-basis for A.

Theorem 14.2. We have the relations:

(i) H 1+ z;u) Zeru =

(ii) H(l—xu Zhu =
(iif) ) H(u)E(—u) = 1;
(iv) Y (-D)erhp =0 (n>1)

=Y pu = Plu);
r>1
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E'(u)
E

(u)

= P(-u);

> prhnr;

1<r<n

Proof. Relations (i), (ii) have already been proved; (iii) is a straight-
forward consequence of (i) and (ii). Identity (iv) is derived by consider-
ing the coefficient of ¢t on the two sides of (iii). Identity (v) has been
proved and (vi) follows from (iii) and (v). When (v) is written in the form

H'(u) = H(u)P(u), we obtain (vii).
For the proof of (viii) write

HHl_x =112 ain

v r>0

R no

n>0 (rq,..

:ZZhwm

n>0 |y|=n

For (ix) write:

log H

1—wu_210g
=> Zw

n>1

Finally,

1
log 1:[ 1:[ 11—z, 2y

i n>1

= ) =

) Y
:Z Z ha(x)m

n>0 |\|=n

S pul@)pa ()

i1

[by (ii)]

.xm

in

Let us give further relations between h,,, e, and py. If A = 1712™2 |

is a partition, define

Z\ = 1m1m1!2m2m2! ce
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Notice that if C'y designates the set of the permutations of order n whose

cycle structure is given by 1™12™2 .. .n™n_in other words, if C'y is the set

of all the permutations having m; cycles of length 1, my cycles of length 2,
., then z)y =n!/|Cy|.

Theorem 14.3. We have:

1 o 1

N A \
3 1 3~y 1
hn = —DXx; €n = (_1) — DX
— 2 — Z)
[Al=n [Al=n

Proof. 1t suffices to prove the first identity. But P(u)=(d/du)log H(u)
implies

u” u” (pru*r)mr 1
o =Y = Texn(p ) - T 3 22 L
r>1 r>1 r>1m,.>0
_ Srm,. Hp:“nr _ (Al i

15. Schur Functions

Let (o) designate the signature of the permutation o. A polynomial

P(z) = P(z1,...,x,) in n variables is said to be alternant or antisym-
metric, if for every permutation o of (1,2,...,n) the following relation
holds:

P(zo1,262,...,Zon) = (o) P(x1,2Z2,...,2y).

Let A,, (resp. AF) be the space of all the alternants in n variables (resp. in
n variables and homogeneous of degree k, the zero polynomial included).
Then every alternant P(z) that belongs to A¥ can be written

P(x) = Z c(a) det(x?j)(lgi,jgn)’

Qa1 >a2>>0n
la|=a1+-+an=k

since, if P(x) contains the term z{*...x%" with coefficient c¢(«), it also

n
contains the term x07 ...x%r with the coefficient e(a)c(a). On the other

ol %on
hand, the «;’s are all distinct, for if it were not the case, every determinant
det (3:20‘] ) would be zero. Also notice that c¢(a) is the coefficient of z® in

P(x).
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Asa; > ag >+ > ayp, we can write a; = \; +n—i (1 =1,2,...), so
that \qy > Ao >--- > X, and k= |a] =1 + A2+ -+ n(n—1)/2. Thus,

)\j n—j
P(x) = Z c(N) det(x; N ])(1&.,]5”).
|z|=k=n(n—1)/2

Consequently, there exists no alternant in n variables of degree (strictly)
less than n(n —1)/2. .
The determinant as = det (2] 7) (1 <4,j <n), where § = (n —1,n —

2,...,1,0) is the Vandermonde determinant, equal to HKj (z; — x;). The
determinant a, = det (:I:?]) can be written a, = ayys = det (x?ﬁn_])-

But if two «a; are equal, the determinant is zero. Therefore, it is divisible
by (z; —z;) (i # j) and then by the product as = [],_;(z; — x;), that is,
by as.

Definition. The quotient sy(z1,...,T,) := axts/as is called the Schur
function in the variables x1, ... , x, associated with the partition .

The Schur function ay,s is symmetric and homogeneous of degree k.
This follows from the fact that it is the ratio of two alternants. On the other

hand, the alternants ax4s (|\| = k, [(\) < n) form a basis for AbAn(n=1)/2
The mapping A +— asQ is an isomorphism of A* onto Aff”(n_l)/ 2, the

kernel being zero, since as@) = 0 = @ = 0. The following theorem has
then be proved.

Theorem 15.1. The Schur functions sy(z1,...,z,) (N = k, [(A)
form a Z-basis for A¥ and the Schur functions sy(x1,...,2zn) (I(\)
form a Z-basis for A,,.

)

n)

VARVAN

There is a compatibility relation that holds for the Schur functions, as
shown in the next proposition.

Proposition 15.2. Let I(\) = [ and p, q be two integers such that
[l < p<q. Then,

Sx(T1,- .5 Tp) = sa(T1, .o, Tpy Tpt1y .0, Tg) ot = — 3 =0
pbl ==Xy =

Proof. 1t suffices to verify the proposition for ¢ = p + 1. First,
ax+s(21,-..,Tp+1) is equal to

A1+p Apt1 Ap+1 A1+p Apt+1
Ty Ty 1 1 1 1
A1+p Ap+1 Ap+1 A1+p Ap+1 )
TG O I L
A1+p pt p+1 A1+p pt
Lpi1 Tpr1  Tpyl p+1 pr1 1
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since A\p41 = 0. Hence, axys(z1,...,2p,0) is equal to
A1+p Ap+1
T x 1 -1 A
1 1 ptp z)”
..................... . .
A1+p Ap—i—l 1 Pl oo
x D 1 phitp—1 v
0 0 1 P
=21...Zpaxt5(T1, ..., Tp).
Thus,
T1...Tpaxts(T1,...,Tp)
sx(z1,...,2p,0) = =sa(z1,...,2p). [J
x1...Tpas(x1,...,2p)

We can then define the Schur functions as infinite sequences sy =
(sa(z1,...,2,)) (n > 0). Thus the sy’s form a Z-basis for A and the
sx’s (|\| = k) for a Z-basis for A*.

The Schur functions can also be expressed as plain determinants in the
hi’s and also the ey’s, as shown in the next proposition. Remember that
A designates the conjugate of the partition .

Proposition 15.3. We have

S\ = det(hxi_i'i_j)(lgi,jgn) (TL 2 l()\)) )

sy = det (6)‘2_"'+j)(1§i,j§m) (m > l()\’)) :
where, by convention, the coefficients are zero when the subscripts of the
hi’s or the e’s are strictly negative.

Proof. We only give the proof of the first identity. Start with the
formula (iii) of Theorem 14.2, that is, H(u)E(—u) = 1 and let e,gk) be

the elementary symmetric function of x4, ... , x—_1, Tx+1, ... , Ty, With
E®) () being the generating function ZZ:_OI egk)ur. Obviously,
n—1
Y ey e (—u)" = (1 apu)
p>0 r=0
Now consider a sequence (by,...,b,) of nonnegative integers and deter-

mine the coefficient of u®™ on the two sides of the previous equation. We
get

n—1
> (1)) = abn,
r=0

where with r 4+ j =n
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n
_+ (k b
(15.1) S by (1) = al,
r=1

Let £ be the n x n-matrix whose k-th row is given by

(15.2) ((=1)n—te

n—1s- -

< (_1)ej(lk)7 eg)k))
and let H be the matrix whose m-th column H. ,, reads

(15.3) H = (P —nt1, B —nt2, sy, ).

The left-hand side of identity (15.1) can be rewritten as a matrix product,
so that
bTIL
HE = (ack )

Now take the determinant of each side: det H.det £ = det (xzm). When
b =20, we get 1 xdet€ = det(mZ_J) = as, so that det(hbj_n+i)a5 =
det (xfj) With b, := \; + n — 7, this can be rewritten as

det (h/)\j+n_j_n+7;)a§ = det (:L’;\j+n_j),
i.e.,

det (hx, —j1i) = det (ha, _i1;) = det(2}7"77) / det (z77) = s5. []

Let v, 6 be two Ferrers diagrams such that v D 6. The set difference
v\ 6, usually denoted by v/6, is called a skew diagram. When n > [(v),
we can define the skew Schur function s, o(x) = 5,/9(21,...,2,) by the
determinantal expression

(154) SV/G('r) = det(hVi—9j—i+j) (1 <%, < n)
As above, it can be shown that also
(15.5) sy/0(x) = det(eyg_gé_iﬂ) (1<i,j,<mn).

when n > [(v'). The skew Schur Function s, /¢(z) is a symmetric function
that reduces to s, (z) when 6 is the zero partition.

16. The Cauchy identity

We have already found an expression for the expansion of the product
[T(1 — z;y;)~ ', namely

(16.1) H(l —zy;) " = me(x)hx(y)-
i, A
Two other expressions can be obtained:
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(16.2) H(l —2y;)" Z 25 oA (2)pa(y) 5

(16.3) H(l — %‘yj)fl = Z sa(z)sa(y)-
i A

In those expansions A runs over all partitions of integers. First, (16.2)
follows from

[T —zim) ™" =exp D pa(@)paly)-,
iv.j n>1
since the right-hand side can be written

H Z pn(a;,)knpn nk k ‘ Z Z Hpm me(y)

n>1k,>0 (n3) (kn,) i - knz

= %px(fﬂ)px(y)

A

This proves (16.2). The third identity follows from the Binet-Cauchy
identity that reads:

det((1 - xiyj)_l)(lgi,jgn) = as(z)as(y) [] (1 —z;) "
ij=1

The proof of the Binet-Cauchy identity can be made as follows. Multiply
the i-th row of the determinant det((1—z;y;)~") by the product []_,(1—

x;yx) and do it for each i = 1,...,n. The entry in (i, j) becomes
n—1 )
[10 =i =320V @) [ W) = enlwr - 5 9m)
k#j r=0
= a1 ()
r=1

As product of matrices this can be read as

o n—j n—i (J) .
<H<1 N xiyk))(m‘) = (@) ) (CD e w) )
k#j ’
and as product of determinants as

det(H(l — xlyk)> ( H(l — 2;y;) det((l — ziy;)” 1))

k#j 1,7
= det («777) det ((~1)" e, ()
= a(;(x)a(;(y),
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remembering that as(z) = det (ac?_j) and det((—l)"_iegli(y)) =det& =
as(y), using the notations of the previous section.

Now to derive (16.3) we expand each term (1 —z;y;) " in the determi-
nant:

det((1 — zy;)~") —det(<2x ))

m>0
a1ty Ty Yn"
= det (Z : , ,Z
o Nt ) ey
= Zdet x?jy?j [a=(ag,...,a,) € N
z]! "
=Sdet(y | 2w | )
= Z y* det(z;7) = Z y¥aq(x)
o o

As an(x) = 0 if the «;’s are not all distinct, this yields:

det((l — xiyj)fl) = Z Z yaﬁaaﬁ(x)

Bl>>,3n20 O'E6n

=3 3 yPeo)as()

IB O'ESn

= Zaﬂ(x)aﬁ(y) = ZaMé(ﬂ?)aHa(y),
Jé] A

where [(A) < n. Hence,

H (1-— :I;iyj)_l = st(xl, ces ) SA(Y1y e Yn)-
ij=1

A

The identity also holds for infinitely many variables (z;,y;), for the
coefficient of i ...zi"yi' .. .y;" (i1 < -+ <'ip; j1 < -+ < jn) in the
product []; ;5,(1— zy;)
mial in the finite product [],; ;o y(1 — ziy;)~", where iy, j, < N. The
identity holding in the finite case, the previous coefficient is equal to the
coefficient of the same monomial in sy(z1,...,2x5)sA(y1,...,Yyn), and also
insx(z1,...,xm)82(Y1, ..., yn) for every M > N, because of the compat-
ibility property of the sy’s: sx(1,...,2n,0,...,0) = sx(z1,...,2,). []

is equal to the coefficient of the same mono-
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Identity (16.3) is referred to as the Cauchy identity and is used in many
combinatorial contexts, especially under the form

(16.4) Zu” Z sx(z)sa(y) = H%

TLZO ‘>\|:’I’L 2y

17. The combinatorial definition of the Schur functions

The theory of symmetric functions would not have such an impact in
Combinatorics, if there was no interpretation of the Schur functions in
terms of sums of tableau evaluations. The tableaux in questions are called
semi-standard and can be introduced as follows.

First, recall that the Ferrers diagram associated with a partition A =
(A1, A2, ..., A) is the set of ordered pairs (i,7) of the Euclidean plane
with the property that 1 < ¢ < A;, 1 < j < r. Each Ferrers diagram
is usually identified with its corresponding partition. For instance, the

following Ferrers diagram
X X

X X X
X X X
X X X X X

corresponds to the partition A = (5,3, 3, 2).

Let A be a Ferrers diagram with n points and let #1i...7, be a
nonincreasing word of length n whose letters are integers. Suppose that
those n letters are written on the n points of A in such a way that every
column (resp. every row) is (strictly increasing) from bottom to top (resp.
nondecreasing from left to right). The configuration 7 thereby obtained is
called a semi-standard tableau, of content {iy,i2,...,i,} and of shape A.
If é199...7, is the word 1,2,...,n the semi-standard tableau is called
standard of order n.

. 67
For instance, _ 448
335
12245
is a semi-standard tableau of shape (5, 3, 3,2) and of content 122324352678,
Let x = {x1,x2,...} be a set of variables (finite or infinite) and 7 be a

semi-standard tableau of shape A and of content {i; < iy < --- < i,}. If
the cardinality of x is greater than or equal to i,,, the x-evaluation of 7 is
defined to be the monomial z(7) := z;, x4, - - - x;,,, i.e., the product

H'TT(I'»J')’

where (i, j) runs over all points (7, j) of the Ferrers diagram .
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For each alphabet x = {z1,z2,...,2,} with n > 7 the semi-standard

tableau of the running example has the z-evaluation z1z3x3z322vez725.

Theorem 17.1. The Schur function sy (z) associated with the partition \
in the alphabet x is equal to

(17.1) sa(x) =Y a(r),

where the summation is over all semi-standard tableaux T of shape .

Thus Theorem 17.1 provides a combinatorial definition of the Schur
functions. Notice that with that definition it is not at all obvious that each
Schur function is symmetric in the z;’s. This follows from the algebraic
definition given in section 15, although there are several ways of proving
the symmetry property using (17.1) only. To obtain the expansion of sy ()

it suffices to list the semi-standard tableaux of contents {1*,2° ...} with
c1 > cg > --- > 1. As the Schur function is symmetric, the expansion will
also include the semi-standard tableaux of contents {11, 2% .. .} for

each permutation o of the subscripts.

For example, consider the partition A = (3,1) and the alphabet
x = {x1,22,23,24}. The semi-standard tableaux 7 of shape A whose
contents are of the form {1°,2° ...} with ¢; > ¢o > --- > 1 are the
following

2 2 3 2 4 3 2
111; 112 112 113; 123 124; 134

According to Theorem 17.1 we have:

3 2,2 2
5(3,1) (71, T2, T3, 74) = E rixo + g xixs + 2 E r1T2x3 + 3 x1XT0T32L4.

Notice that the first summation involves twelve monomials. For 1 < ¢ <
j < 4, the monomial z3x; (resp. xzx?) corresponds to the semi-standard

J J
tableau i 7 4 (resp. @ j j).

To prove Theorem 17.1 we start with the very first definition of the
Schur function as a ratio of two determinants, as given in Section 15. An
alternate proof consists of using Proposition 15.3, but this involves other
combinatorial techniques

Let A and p be two partitions (or Ferrers diagrams) such that p is
contained in A. The set difference A\ i is called a skew tableau and denoted
by A/pu. A skew tableau is called a horizontal strip, if each column contains
at most one box (or one cross) of the skew tableau. Let \; and p; denote

85



D. FOATA AND G.-N. HAN

it | Ait1

Hi i

Fig. 17.1

the parts of the partitions A\ and pu, respectively. As shown in Fig. 17.1,
the skew tableau A/u is a horizontal strip if and only if for all i we have
)\H-l < Mo s i'e'v

AL 2> p1 > A > g > A3 > e

Let 7 be a semi-standard tableau of shape A and of content 1¢12¢2 ... n°n,
Let A\g := 0 and A\, := \. For each i = 1,2,...,n the subset of the boxes
of 7 containing an integer at most equal to i (resp. an integer equal to 7) is
a semi-standard tableau (resp. a horizontal strip) we denote by A(*) (resp.

AD /A1) Let )\gi) denote the parts of A\(¥). Hence, foreachi = 1,2,....n
the following inequalities holds

i i—1 i i—1 i i—1
AP AT S AT S AFT > AP > AT >
With those notations the z-evaluation of 7 is given by:

AM 2@ 2@ aM (n)|_y(n—1)
33(7'):.',13'1 = |x|2 - l...a:,‘n’\ =1 I,

Theorem 17.1 can then be rephrased as follows.
Theorem 17.1'. We have:

O =A@ X =AW A\ (n—1)
sx(xy,...,zpn) = E xy Ty x'n = l.

D=2 2D .oam=)
A /AG=D horizontal strip

The formula holds for n = 1, since the only Schur functions sy (z1) in

. . A .
one variable x; are the monomials 3/"1 |, where A = A\ is reduced to a

single part. The formula can be rewritten

A=A (=1 ARG (A= D || A(r=2))
Sx(z1,...,xp) = E M= | E xy cee Xy ,

A=) MO A c...caln-1)

keeping in mind that each skew tableau )\(i)/ A1) is a horizontal strip.
The second summation is nothing but the formula of the theorem for
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(n — 1) variables. Let p := A(»~1 and use the induction hypothesis. We
are left to prove the identity

(%) sx(x1,...,xp) = Z MWl s (21,20, 20 1),
A horiz%ntal strip

To prove (%) we proceed as follows. Consider the determinant

. Aj+n—j
ax(x1,...,xy) = det(x;’ )(1<i,j<n)
and evaluate
mi‘ﬁ_n_l xi\m—n n
a,)\<1'1,---,33n_1,1) = )\1_"_”_1 A —{-n—n
In_l o e In_l
1 1

Subtract the (j + 1)-st column from the j-th column for each j =
1,2,...,n— 1. We get:

An
Ly
E
An )
Tpn-1
0 ... 0 1
. . Nj+n—j Nj1t+n—j—1
where F is the matrix (z;’" "7 — ;707" )(1<i,j<n—1)- But
Xj+n—j Aj1tn—j—1 _ t
€ - = (2 — 1) E Ly
Ajt1+n—j—1<t<Aj+n—j—1
; —i1
=(z;—1) > Tl
Aj+1Sps S
Hence
. —i-1
det £ = det((xi -1) E xfﬁn / )
Nit1<Hi <A

n—j—1

= [ @-1x > det@™ 7 Nacijeny.
1<i<n Nj+15p5 <)
(1<j<n—1)

Now if we divide det E¥ by

A(l’l, ey n_1, 1) = H (I‘Z — 1) . A(xl, .. .,Infl),
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we obtain the Schur function sy(x1,...,z,—1,1). Consequently,

dn—1—j
det(z;” ™" ) 1<ij<n—1)
A(l‘l, NP ,£L‘n71>

S)\(xlw"axn—lv]-): Z

N1 <Ny)
(1<i<n—1)

= Z Sp(T1,. .. Tp_1).

n
A/p horizontal strip

As sx(z1,...,@n_1,2zy,) is of degree |A| with respect to the set of all
variables and as s, (z1,...,2,—1) is of degree |u|, we get:
sx(z1, ..., Tp_1,2n) = Z e M=Wls (zy, . 2 ),

I
A/p horizontal strip

which is formula (x). []

There is also a combinatorial definition for the skew Schur function that
reads

(17.2) su/0(T) = Zx(TL

T

where the summation is over all semi-standard tableaux 7 of shape v/6.
Those semi-standard tableaux obey the same rules as the semi-standard
tableaux occurring in (17.1): every column (resp. every row) is strictly
increasing from bottom to top (resp. nondecreasing from left to right).
However their shapes are skew diagrams.

For instance,

6 8
7_:155
2
122

is such a semi-standard tableau of shape is v/0 with v = (6,4, 3,2) and
6= (3,3).

To derive (17.2) we have to use another combinatorial technique, since
we have to start from a determinantal definition such as (15.4) and not a
ratio of two determinants. The proof of (17.2) is not given in this memoir.

18. The inverse ligne of route of a standard tableau

In this section we consider standard tableaux whose shapes can be
skew diagrams v/6, as introduced in section 15. If the skew diagram has n
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boxes (or crosses), the entries written on those crosses are the n integers
1,2,...,n, the rows (resp. columns) being increasing when read from left
to right (resp. from bottom to top). For instance,

68

459
= 3

127

is a standard tableau of shape v/0 with v = 6,4,3,2 and 6 = 3, 3.

By analogy with the permutations, we can define the inverse ligne of
route of the standard tableau 1" as the set, Iligne T', of all k£ such that (k+1)
is above k in T (or, equivalently, to its left). With the above example we

have
HigneT = {2,3,5,7}.

Notice that for a standard tableau no ligne of route is introduced. The
word “inverse” has been here added for convenience. We further define:

(18.1) idesT := |IlligneT| and imajT := Z] (j € NligneT).
J

A more refined statistic is the y-vector of T' defined as the word y(7') =
y(1)y(2)...y(n), where

(18.2) y(i) == #{j >i:j € lligneT}.
Using the same example, idesT =4, imajT =2+ 3+ 5+ 7= 17 and

123456789
y(T)=443221100

The next proposition is straightforward and given without proof.

Proposition 18.1. For each standard tableau T' whose y-vector reads
y(T) =y(1)y(2)...y(n) the following holds:

idesT =y(1), imajT =toty(T)=y(1)+y(2)+ - +y(n).
Now let {z1,z2,...} and {q1,q2,...} be two sets of independent
variables. If x.(1)@c(2) - - - Te(n) 18 @ monomial written in such a way that

c(l) > ¢(2) > -+ > ¢(n), define

Paq(Te(1)Te(2) - - Te(n)) = g g BT gt
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and let ¢q act linearly on the algebra of the polynomials in the z;’s. If the
variables ¢;’s are distinct, then ¢4 cannot be a ring homomorphism. For
a standard tableau T of order n it will be convenient to use the notation:
qV(") = qzl/(l)qg@) e q;{(n). Also, for each variable t introduce

. (14, if n =0;
Bl = (= (1= tg) (1 — trgs) - (1~ tgr -+ ga), ifn > 1.

Theorem 18.2. Let v/0 be a skew diagram with n points. Then, the
following identities hold:

1
(183) ¢q(Sy/9(I1,I2,,,,)) e P Z qy(T)’
H (1 —q1- - q1> T,T of shape v/0
=1
1 .
(184) Dt dalsvolar,wr) = g 3 #0Tq!D;
r=0 » Aln+1 T,T of shape v/0

the summations on the two right-hand sides being over all standard
tableaux of shape v/8.

When all the variables ¢; are equal to a single variable ¢, the homomor-
phism ¢q, that will then be denoted by ¢,, becomes a ring homomorphism.
We then have

(185) (bq(sv/ﬁ(xth; <. )) = 8V/0(17 g, q27 s ))7
(186) d)q(sl//@(xla S 7x7“+1)) = Su/9(17 q, ... 7qr))‘
In view of Proposition 18.1 this implies the subsequent corollary.

Corollary 18.3. Let v/ be a skew diagram with n points. Then, the
following identities hold:

1 .
(18.7) sup(La % ...) = o 3 e T,
G Qn T,T of shape v/0
1 . L
(188) Ztr 31//0(17 q,... ,qr) _ W Z tldequlmaJT;
r>0 »An+1 T,T of shape v/0

the summations on the two right-hand sides being over all standard
tableaux of shape v/6.

The proof of Theorem 18.2 is based upon the combinatorial definition
of Schur functions (or skew Schur functions), as discussed in the previous
section, and a bijection

T+ (T,d)
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of the set of semi-standard tableaux onto pairs (T,d), where T is a
standard tableau having the same shape as 7 and d a nonincreasing
sequence of integers.

The semi-standard tableaux we will consider this time are mnon-
increasing along the rows (from left to right) and (strictly) decreasing
(from bottom to top) along the columns, as opposed to the definition given
in the previous section. This convention will facilitate the calculations. For
instance

21
. 331
N 5
862
is such a semi-standard tableau, whose shape is v/0 with v = (6,4, 3,2)

and 6 = (3,3).

Each such semi-standard tableau 7 determines a total ordering on the
points (i,7) of its diagram v/ in the following manner: (i, j) is said to
be less than (i, j’), if the integer 7(7,j) written on (i,7j) is greater than
T(i',j"), or if 7(i,7) = 7(i',4") and (i,7) is to the left of (i’,5’), that is,
i<

Suppose that the diagram v/6 has n elements; write k on the point
(1,7) if (i, 7) is the smallest k-th element using the previous ordering. This
produces a standard tableau T, of order n, of shape v/0. Reading the
elements 7(7, j) from smallest to greatest yields a non-increasing sequence
c=1c(1)c(2)...¢c(n), called the content of 7. Moreover, we have

(18.9) k € lligneT = c(k) > c(k + 1).

see that the sequence d := d(1)d(2) ...d(n), defined by d(i) := c(i)—1—y(7)
for each 1 = 1,2,...,n, satisfies d(1) > d(2) > --- > d(n) > 0. Moreover,
the mapping 7 — (7', d) is bijective.

With the previous semi-standard tableau 7 the standard tableau T is
the tableau given in the beginning of this section. We further have:

123456789
c= 865332211
y(T)=443221100
d= 311000000

Next, for each semi-standard tableau 7 of content ¢ = ¢(1) ... ¢(n) define

.CIT(T) = Te(1) " Te(n)s
so that

da(a(r) == a; s gt
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Using the above bijection 7 +— (T, d), we get
n) d d n
da(a(7) = afVay® .. gy Mg Vap® L gh
_ qy(T)qd_
Accordingly,

Y. gale(m) = > @D g%
d

7,7 of shape v/6 T,T of shape v/6

As the last summation is over all non-increasing sequences d = d(1) >
-+ >d(n) > 0, we obtain

(18.10) > pqz(r) = ! 3 /™.

n
7,7 of shape v /60 H (1 —qy- - qi) T,T of shape v/0
=1

Now make use of the combinatorial definition for the skew Schur function

Su/e(xlax%"-): Z x(7)7

7,7 of shape v/

and take the homomorphic image of identity (18.10) under ¢q. This yields
(18.3).

For the proof of (18.4) proceed as follows. In the expansion of
the skew Schur function s, ,9(x1,72,...,2,41) in the finite alphabet
{z1,22,...,2,41} the semi-standard tableaux 7 of content ¢ such that
¢(1) > r 4 2 bring no contribution. Consequently,

Z x(c) = 8,/9(T1, T2, ..o, Tpy1) — Spyp(T1, T2, .., T0);
c(l)=r+1
hence,
Ztr Z z(c) = Ztr(sy/g(xl,.CEQ, oy Tpg1) — Syse(T1, X2, .., 1))
T c(l)=r+1 r

=(1-1) Ztrsy/9($1,$2, ey Tpg1)-
T

On the other hand, by using (18.10) we get

bq <Z t" Z a:(c)) = Z (tql)C(l)—qu(Q)*l L qz(n)—1

r c¢(l)=r+1 7,7 of shape v/6

= — 1 Z fides Tqy(T)’
H(l—tfh%) T,T of shape v/0
=1

since y(1) = ides T'. Thus identity (18.4) is proved.
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19. The Robinson-Schensted Correspondence

This is one of the most celebrated correspondences. Its main interest in
Combinatorics lies in the fact that geometric properties held by permuta-
tions can be transferred onto tableaux. Remember that we have introduced
inverse lignes of route for both permutations and standard tableaux. One
of our problems will be to relate those two lignes of routes through the
Robinson-Schensted correspondence.

19.1. The Schensted-Knuth algorithm. In section 12.2 each nonde-
creasing biword b has been mapped onto a triple (o,V’,¢), where o is a
permutation and o', ¢ two nondecreasing words. The Schensted-Knuth al-
gorithm will map such a biword onto a pair of two semi-standard tableaux
of the same shape, that shape being a (right) Ferrers diagram. Again take
up the example of section 12.1

b— by (000111133333
“\e) \244033312244)

a biword of length n = 12, which is nondecreasing in the sense that the
biletters (0,2), (0,4), ... , are in nondreasing order with respect to the
lexicographic order. The Schensted-Knuth algorithm applied to b can be
described as follows:

start with two empty tableaux P = I_ , Q= I_ . Next, insert the first
entry 0 on the top row b into ) and the first entry 2 on the bottom row c
into P, to obtain P = Il, Q= I& As 2 <4 <4 (on the bottom row c),

insert 44 next to 2 onto the same row in P and record the positions by
inserting the corresponding entries 00 (on the top row b) onto analogous

places in Q:
p=[244 =000,

Next, the fourth letter 0 of ¢ will bump up the smallest entry in P that
s strictly larger than itself. This is 2. We also record the new position
occupied by 2 on the second row in P by writing 1 (the fourth entry on

the top row) into Q:
= L = L
p=044 =000

Then, the fifth letter 3 of ¢ will bump up the smallest leftmost entry on
the first row in P that is strictly larger than itself. This is the leftmost 4.
There is no entry on the second row of P smaller than 4, so that 4 is
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inserted next to the right of 2. We then record the new position occupied
by 4 on the second row in P by writing 1 (the fifth letter of b) into Q:

24 11
p=034 =000

Again, the sixth letter 3 of ¢ will bump up the smallest leftmost entry on
the first row in P that is strictly larger than itself. This is 4. There is no
entry on the second row of P smaller than 4, so that 4 is inserted to the
right of the second row. We then record the new position occupied by 4
on the second row in P by writing 1 (the sixth letter of b) into Q:

244 111
P=1033 Q=000

The seventh letter of ¢ is 3. There is no entry on the first row in P that is
greater than 3, so that 3 is inserted to the right of the first row and the
seventh letter 1 of b is written to the right of the first row in Q:

244 111
P=[0333 g=[0001,

The eighth letter of ¢ is 1. It will bump up the smallest leftmost entry on
the first row in P that is strictly larger than itself. This is the leftmost 3.
In its turn that entry 3 will bump up the smallest leftmost entry on the
second row in P that is strictly larger than itself. This is the leftmost 4.
The third row is empty, so that 4 will form a new one-entry row for P.
We then record the new position occupied by 4 on the third row in P by
writing 3 (the eighth letter of b) into Q:

4 3
234 111
p=l0133 g—[0001.

Using the same insertion technique we successively get

44 33 44 33
233 111 2333 1113
p=10123 @=10001. p=10122 =[0001.
and finally

44 33
2333 1113
p=1012344 (=000133
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Theorem 19.1. The insertion algorithm

b (b> _ (61 by bn) PQ
C Cl1 C2 ... Cp
provides a bijection of the set of all nondecreasing biwords onto the set

of ordered pairs P () of semi-standard tableaux, of the same shape, the
content of P (resp. of Q) being {c1,ca,...,c,} (resp. {b1,ba,...,b,}).

It is not our intention to give a formal proof of the theorem. The only
difficult part is to see that the algorithm provides two tableauzr which are
both semi-standard. The fact that both P and () have the same shape is
then evident. Also, the algorithm for the reverse construction is easy to
formulate.

In the sequel, standard Young tableau of order n means standard tableau
whose shape is a (right) Ferrers diagram corresponding to a partition of n.

Let T,, (resp. ‘Ig)) be the set of all standard Young tableaux of order n
(resp. of all ordered pairs P @ of standard Young tableaux of order n of
the same shape).

Corollary 19.2. When restricted to permutations o of order n written
as increasing biwords, the insertion algorithm

oc— PQ

establishes a bijection of the group &, of n! elements onto ‘5512). The
bijection is called the Robinson-Schensted correspondence.

19.2. A combinatorial proof of the Cauchy identity. Let

b by by ... by
A= (aij>(i,j20) = b= (C) - (Cl co ... Cn)

be the bijection constructed in section 12.1 that maps each matrix A =
(aij) (i,j > 0) with integral entries such that »_, ;a;; = n onto a
nondecreasing biword of length n. By construction the biletter (;) occurs
a;; times in b. Accordingly, if z = (o, x1,22,...) and ¥y = (yo, Y1, Y2, ..)
are two alphabets of variables, we have

(19.1) Ty Ty - - Th, Yer Yoo -+ - Y, = H(miyj)‘”j.

2]

Now consider the Schensted-Knuth bijection b — P Q. The product (19.1)
is equal to the product of the z-evaluation x(Q) by the y-evaluation y(P).
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When the matrix A runs over all matrices with integral entries whose
finitely many of them are nonzero, the pair P () runs over all pairs of
semi-standard tableaux, of the same shape. For short, designate the shape
of a tableau P by |P|. We can then write:

g(l — zy5) " H > (wiy;)*
- ZA: 1"][ iy;) %
= PZQ :L"(Q)y(P)
=Y > =(Quy(P)

A |PI=IQl=A
= ;<|Q|Z:f(Q)> <|P|Z:AQ(P)>

= sa(y)sa(x)
A

by the very combinatorial definition for the Schur functions given in
section 17.

In the same vein we can prove the dual Cauchy identity, i.e.,
(19.2) H (14 zy;) Z NIC:
,J
where )\’ still designates the conjugate partition. The product on the left-
hand side is equal to
> @iy,
A 1]

but this time the entries of the matrices are only 0 or 1. The corresponding
biwords b have distinct biletters, so that we can derive an inserting process
in which each inserted element bumps up the entry that is larger than or
equal to instead of the smallest leftmost entry strictly larger than itself.
Recording the tableau () as before, we obtain a pair P @), of tableaux of
the same shape, such that the transpose PT of P and ( itself are semi-
standard. An analogous calculation leads to identity (19.2).

19.3. Geometric properties of correspondence. The ligne of route
“Ligne” and the inverse ligne of route “Iligne” of a permutation have been
defined in section 11 and the inverse ligne of route “Iligne” of a tableau in
section 18.
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19. THE ROBINSON-SCHENSTED CORRESPONDENCE

Theorem 19.3. Let 0 — P (@ be the Robinson-Schensted correspon-
dence. Then

(19.3) Ligneo = Iligne ); Iligne o = Iligne P.

This property can be verified by a careful study of the various steps in
the construction of the Schensted-Knuth algorithm. We omit the detailed
proof. It is essential to notice that the ()-tableau retains the geometric
information on the permutation o, on the one hand, and the P-tableau on
the inverse permutation o—!, on the other hand.

For instance, with

12345 34 24
C’_(31425)HPQ_125,135

we observe the equalities: Ligne o = {1, 3} = Iligne @ and Iligneo = {2} =
Iligne P.

The Robinson-Schensted correspondence is a useful ingredient in the
construction of bijections of the symmetric group onto itself. For instance,
suppose that we have a a bijection Q — Q7 of T,, onto itself that preserves
the shape and has the property: Iligne Q7 = n — Iligne@Q = {n —i : i €
Iligne @}. Then the chain

c—PQ—PQR'—jo,

where the rightmost arrow stands for the inverse of the Robinson corre-
spondence, is a bijection of &,, onto itself such that

Iligne jo = lligneo, Lignejo = n — Ligneo.

The other important property of the correspondence (for which there
exist many proofs) can be stated as follows:

(19.4) 0= PQ]& o' — QP

19.4. A permutation statistic distribution. As was done in section 18
for standard tableaux, we can introduce the y-vector of a permutation
o=o0(l)...0(n) and define it as the word y(c) = y»(1)...ys(n), where

Yo (i) == #{j > i:j € Ligneo}.
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Hence, deso = y,(1), majo = toty(o) = yo(1) + -+ + y,(n). We can
also consider the y-vector for the inverse c~! of o. Taking two sequences
(p1,p2,-..) and (g1, qo, - ..) of variables define the monomials

o o n o1t o—1 1 o—1n
Q@ = e ey et () v ()
and consider the polynomial

An(t,s,q,p) = Y tdsogdese ™ quio)pule),

The homomorphism ¢4 that has been introduced just after Proposi-
tion 18.1, keeps the same meaning. Also let ¢, be the analogous homo-
morphism defined by means of the variables p;’s

Theorem 19.4. The bi-factorial generating function for the polynomials
A, (t,s,q,p) is given by:

Z A u ) An(tvsaqv p) = d)q(bpztlsk H 1_;
I,k

=0 [t; dlnt1 [S: Plns1 <GSt ux;Y;
1<i<k+1

Again, we emphasize the fact that ¢4 and ¢, are (non-ring) homomor-
phisms acting on the z;’s and the y;’s, respectively. The infinite product
on the right-hand is to be extended first in monomials in the z;’s and the
y;’s and the mappings ¢p, ¢q are to be applied next to each monomial.

The proof of Theorem 19.4 is a consequence of the geometric properties
of the Robinson-Schensted correspondence, as stated in Theorem 19.3, and
of the Cauchy identity. From (19.3) we can write:

A ts,q, Z Z Sidethidesty(Q)qy(P)
IM=n |P|=]Q|=A

Hence,
L An(t, 5., p)
Gl 5Pl P
ides Q y(Q) ides P_y(P)
2( 7qn—|—1 |C§:)\t ><[ p]n—|—1 |Pz::)\8 p )

= Z (Z tlgbq(s,\(aﬁl, cee acl_H)) (Z Skqbp(s/\(yla e ,yk+1)>

[M=n 120 k>0
[by (18.4).]
Thus
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u'I’L

= [t A]n+1 [S; Pt

= d)CId)P Ztl‘sk Z u" Z 8)\(:1;17 cee 7$l+1)3)\(y1, cee 7yk+1)

An(t,s,q,p)

l,k ’)’7,20 |)\|:n
1
= d)qd)p Z tlSk H W [by the Cauchy formula (164)]
1k 1<j<l+1 iYi
1<i<k+1

When all the variables ¢; (resp. the variables p;) are equal to a single
variable ¢ (resp. p), the homomorphisms become ring homomorphisms.
We recover formula (13.7) that gives the bi-basic generating functions by
the four-statistic (des, ides, maj, imaj).

20. Eulerian Calculus; the first extensions

The next three sections will be devoted to deriving the various exten-
sions of the fundamental identity for the Eulerian polynomials (A, (t))
(n > 0) (see (10.9)) that reads

1—-1 u”
(20.1) —t + exp(u(t — 1)) - 7;) HAn(t)’

when the exponential occurring in the denominator of the rational fraction
is replaced by the g-exponential (as was done in section 10), then by a
Bessel function J or by a g-Bessel function J, in its infinite or finite form,
and also when the fraction itself is replaced by

n

(1—-t)exp(u(t-1)X) u
(20.2) —t+exp(u(t—1)(X+Y)) nZ;O HBH(X? Y.1),

that stands for the natural extension of the fraction, when going from the
group A,, of the permutations to the group B,, of the signed permutations.

Those various extensions are symbolized by the diagram of Fig. 20.1,
where the identities (20.1) and (20.2) sit on the vertices (-,-,-) and
(sgn, -, ), respectively, and where the horizontal arrow — stands for the
passage from the permutations to the signed permutations, the oblique
arrow " stands for the g-extension, the uparrow 1 for the extension by
means of a Bessel function, in its infinite form (J) for the first level and
in its finite form (Jj) for the second one. All those terms will be fully
explained in the sequel.
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('7Q7 Jk) _— (Sgl’l,q, Jk)
A A

('7'7Jk) —b(sgn7’7Jk)
('aQ) J) —_— (Sgr}7Q1 J)
(yyd)—— 1, (sgn,-,J)
‘ ('7 q, ) —‘—b- (Sgn7q7 )
(" R ) _— (Sgn7 E )

Fig. 20.1

Of course, we could start from the most general extension that sits
on (sgn,q,J;) and get the other results by successive specializations.
However proceeding in such a way would overlook the local techniques
that have their own interest. We then proceed from the particular to the
general, at least in the beginning. When we have enough material, we
will attack (sgn, ¢, Ji) itself and obtain the remaining identities with their
combinatorial interpretations.

20.1. The signed permutations. A signed permutation of order n can
be defined as a pair (o, ¢), where o is a permutation 0 = o(1)c(2)...0(n)
and € = €(1)e(2)...e(n) is a word of length n in the alphabet {z,y}.
The word ¢ is called a xy-word; the number of letters in £ equal to x
(resp. equal to y) is denoted by £(g|x) (resp. £(e|y)). Also 0., (resp. o.y)
designates the subword of o made of all letters o (i) such that (i) = x
(resp. (i) = y).

Definition. The integer 7 is said to be a descent of the signed permu-
tation (o, ¢), if one of the following conditions is verified
(i) ¢ =n and e(n) = x;
(i) 1<i<n-—1,e(i) =z, e(i +1) =y;
(i) 1<i<n-—1,e(i) =e(i+1)and o(i) > o(i+1).
The number of descents of (o,¢) is denoted by des(o,¢).

Ezxample. Let
123456789

c=672431859
E=TYYYTTYTT
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be a signed permutation. Then o, |, = 63159, 0., = 7248 and des(o,¢) =
Card{1,2,5,6,9} = 5.

Another way of introducing the descents is to start with the linear
order (n,z) > --- > (L,z) > (n,y) > --- > (1,y), keep item (i) and
replace conditions (ii) and (iii) above by

(ii') 1<i<n-—1and (6(i),e(i)) > (o(i + 1),e(i + 1)).

Now let

(20.3) Bn(X, Y, t) — Z X Uelz)yL(ely) pdes(o.e)
(0:¢)
be the generating polynomial for the set of signed permutations of order n

by the number of descents.

Theorem 20.1. The following identity holds:

n

(1—1) exp(u(t—1)X) u
(204) —t+exp(u(t —1)(X +Y)) ;0 n! Bu(X, Y1),

Notice that when X = 0 and Yu = w in (20.4) we revover identity
(20.1) with their combinatorial interpretation.

For the proof of Theorem 20.1 we proceed as follows. Define the statistic

desy o of a permutation (not a signed permutation) o = o(1)...0(n) to
be

dest o des o, if 1 <o(n) <n-—k;
kO = l+deso, ifn—k+1<o(n)<n;
and let

Al =Yt (5 6,).

Because of item (i) in the definition of a descent in a signed permutation
we can write:

(20.5) Bo(X,Y,1) = i (Z) XYk A% (1),

k=0

Now the “desy” interpretation given for AF(¢) provides the following
recurrence relation

(20.6) Al = A O+ (- DAL a<k<r),
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since tA,ﬁ:%(t) is the generating polynomial for the permutations ending

with (n — k 4+ 1) by “desy,” while A¥~1(t) — A*~1(¢) is the generating
polynomials for the other permutations. By iteration,

k k
@0.0) a3 =20+ (§) - a0+ (5) ¢ - 024250
k
4ot (k) (t—1)FAY _ (2).
Using Umbral Calculus (dear to the late professor Rota, who had made an

extensive usage of that approach) A" = A,, = A%(¢) and A° = 1, formula
(20.7) may be rewritten as

(20.8) ARty = A™ R (= 1)+ A)"
In view of (20.5) and (20.8) we then have
(20.9) B (X, YV,t)= (X(t— 1)+ (X +Y)A)", A" =A,.

Now exponential generating function (20.1) for the Eulerian polynomials
may be rewritten as

1—t¢
A) =
exp(ud) = = D)
so that
u” u™ n
> T Ba(X,Y 1) = > H(X(t — 1)+ (X +Y)A)
n>0 n>0

= exp(uX(t — 1)) exp(u(X +Y)A)
(1 —t)exp(uX(t—1))

T ttexpu(X +Y)(—1) 1

20.2. Pairs of permutations. Let 71 = n(1)7(2)...7(n) and p =
p(1)p(2)...p(n) be two permutations of order n. The number of common
descents of m and p, denoted by ddes(, p), is defined to be the number of
integers k such that 1 <k <n—1and w(k) > w(k+ 1), p(k) > p(k + 1).
The generating polynomial for the Cartesian product G,, x &,, by “ddes”
is denoted by

(20.10) AQIS(t) = Y 190 (7 p) € &, x By).
(m,p)
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Now, let
n (u/2)%"

n!n!

Jo(u) = (1)

n>0

be the Bessel function of the first kind, of order zero and let

(20.10) J(u) == Jo(2v/u) = Z(—n“i.

n!n!
n>0

Theorem 20.3. The bi-exponential generating function for the polyno-
mials A39¢s(t) (n > 0) is given by:

1—t u™
20.11 =1 — Addes(y
(20.11) i+ J(u(l—1) +7;1n!n! w0

Notice that we go from the fraction in (20.1) to the fraction in (20.11) by
merely replacing “exp” by “J.” The proof of Theorem 20.3 is quite similar
to the proof of Theorem 10.1 that gives the generating function for the
polynomials ™A,,(, q). The fraction in identity (20.11) can be rewritten
as

n 1 U -1
<1+Z n'n') ’

n>1
so that (20.11) is equivalent to

1= ()" (1 - 1Y 3 Addes(p) Wy
n!n! " nln!
n>1 n>0
and provides the recurrence A39(¢) = 1 and

@12 af=m= ¥ (7)(3)e-0alen @,

1<k<n

Let Fj be the generating polynomial for the pairs of permutations (7, p)
of order n, such that both 7w and p have their longest decreasing rightmost
factors (l.d.r.f.) equal to k by “ddes.” Also, let Gy, := Fy,+ Fi41+-- -+ F,.
Under those conditions we have

n
(k) (k) tF A (4) = tFy, + G,

so that
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> (1) (1)re v = S G-

1<k<n k=1

_ i tik(t«;k = Giy1) + G ) (= DF

= Z (tGk —(t— 1)Gk+1>(t —1)k1

by definition of the G}’s. []

Remark. 'The proof of the previous theorem shows that if instead of a
pair of permutations we consider a finite sequence of permutations, we can
also calculate the generating function for those finite sequences by their
common descent. This is one of the extensions that will be proposed in
the next section.

Let AS%® = [{(m,p) € &y, x &, : ddes(m, p) = k}|. The first values of

the coefficients Ag?fs, calculated by means of the recurrence (20.12), are
shown in Table 20.2.

k= 0 1 2 3 4
1 1

2 3 1

3 19 16 1
4

)

211 299 65 1
3651 7346 3156 246 1

Table 20.2 (distribution of ddes on S,, x S,,)

20.3. The g-extension. The g-extension of (20.1) was already done
in Theorem 10.1. Recall that when the exponential is replaced by the
g-exponential F,, the expansion of the fraction involves the generating
polynomials for &,, by the bi-statistic (1 4 des, inv). We will also consider
the replacement of the exponential by the other g-exponential e,. The
formulas obtained together with their combinatorial interpretations will
be discussed in the next section as specializations of more general results.

Referring to the diagram represented in Fig. 20.1 the three extensions
(sgn, -, ) [signed permutations], (.,.,J) [pairs of permutations| and (-, ¢, -)
[the g-extension] have been described.
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20.4. The t,q-maj extension for signed permutations. In §20.1 the
notion of descent for a signed permutation has been introduced, so that
the major index can also be defined by adding the positions at which
a descent occurs. In the example shown in §20.1 the descents occur at
positions 1,2,5,6,9 so that maj(o,e) =1+2+5+6+9 = 23.

Now form the generating polynomial for the set of signed permutations
of order n by the pair (des, maj), that is,

(2013) Bn (X, Y, t, q) — Z X€(€\$)Y€(€|y)tdes(cr,a)qmaj(a,e) )
(0.€)
As we now see, the generating function for those polynomials B, (X, Y,t, q)

(n > 0) can be derived, by g-analogizing the calculation made in §20.1
for the polynomial B, (X,Y,t). For 0 < k < n and each (ordinary)

permutation o let
desy, 0 = {desa, %fl <o(n)<n-—k;
1+deso, ifn—k+1<o(n)<mn;
(20.14) maj, o :=majo+nx(n—k+1<o(n) <n);
and let
AF(t,q) = thes’“ T@MHRT (o€ G,,).

If I is a subset of [n] = {1,2,...,n} let B;(t,q) denote the generating
polynomial for the signed permutations (¢,¢)=(c(1),e(1))...(c(n),e(n))
containing all the letters (i¢,2) when ¢ € I and all the letters (j,y) when
j € [n]\ . Because of the definition of a descent for a signed permutation,
we have

(20.15) Br(t,q) = Ak (t,q) if #I=k.

Hence
n

n
B,(X,Y,t,q) = XFEyn=kAF (¢ q).
Xy =3 (}) k(.0
Mimicking (20.6) we also have:
ARt q) = AVt ) + (tg" = DAL (tg) (1<K <n).

By iteration,

k
k - n—s
atta) =3 (5) 00" - 0 = 1) - DB ()
s=0
Hence
|
XY= Y e X kynh

(n—k)s!(k—s)!

0<s<k<n
X (tq" — 1)(75(]”*1 —-1)... (tq”*erl — 1)B275(t7 q)
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and
u" Bp(X,Y;t,q ystntmxstnym —1)¢
Z_v <t- ) > Tl t-( : B (t,4)
n>0 n: ( ) Q)nJrl 5,m,m>0 S:n.m: ( ) Q)n+m+1
= ! (t @)1

But A%(t,q) is the generating polynomial by (desg, maj,), that is, the ¢-
maj Eulerian polynomial ™*A,(t,q), introduced in Definition 10.1. As, by

(10.20)
ZU, Aotq Ztsexp S+])

>0 t q r+1

we conclude that

" Bn X7Y>t7 s
Z W Ba(X, Vit q) = exp(—uX) Zt exp(u(X +Y)[s +1],)

= Ztsexp (Xq[slg + Y[s+1]g)).

Proposition 20.4. Let B, (X,Y;t,q) be the generating polynomial for
the signed permutations by (des, maj), as defined in (20.13). Then

(20.16) % Zts (Xqlslg +Y[s +1]g)";
WBa(XYita) N 1 ~
(20.17) nzz;)u (t: @)nin - Z:Ot 1 —u(Xq[s]q +Y][s+ 1]Q)’

u” n(X Y t,q) s
n>0

For each subset I C [n] let B(t,q) be the generating polynomial for the
signed permutations containing all the letters (i,x) with ¢ € I and all the
letters (j,y) with j € [n] C I by (des,maj). If #1 = k, we have:

Bf(t7Q) o s n—
(20.19) Tdon ;t q"[s]F [s + 1]0 7.

Proof. Identity (20.18) has just been proved. The other formulas can
then be easily deduced. []
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20.5. A first inversion number for signed permutations. As explained
in the next section, the inversion number for signed permutations that will
be further studied will be motivated by analytical reasons. However, we
can also look for an inversion number, that reduces to the usual “inv”
for the ordinary permutations, that has the further property of being
equidistributed with “maj” on the set of signed permutations.

Keep the notations of Proposition 20.4 and let SP; be the set of signed
permutations of order n containing all the letters (i, z) with ¢ € I and all
the letters (j,y) with j € [n]\ I. By letting ¢ = 1 in (20.19) we get

k (QaQ)n
(L=

The most (7) natural inversion number, say, “Inv”, whose distribution
on the set SP; is given by Bj(1,q), can be defined by mapping each
(0,€) € SPr onto

BI(LQ) =dq

Inv(o,¢e) :=invo + # 1.
In the notations of §20.1
(20.20) Inv(o,¢e) :=invo + {(e|x).

To avoid any confusion, denote the major index of a signed permuta-
tion w by Majw. To construct a bijection W having the property that

(20.21) Maj(o,e) = Inv ¥(o,¢),

proceed as follows. It suffices to do so for each subset SP; such that
I={n—k+1,n—k+2,...,n} (0 <k <n). Each signed permutation in
such an SPr is then a permutation of the increasing word

Ly)2y)...(n—ky)n—k+1z)... (nz),
Introduce a new letter x and impose the ordering
(n—kyy) <*<(n—k+1,z).

Consider the alphabet {(1,y),...,(n—k,y),*, (n—k+1,x),...,(n,z)} and
let w belong to SP;. The transformation ®, introduced in Theorem 11.3,
maps w *x (the signed permutation w, linearly written as a permutation,
with the juxtaposition of the letter x at the end) onto

(20.22) O (w*) = w' *,
where w’ is a rearrangement of w. Furthermore,
(20.23) maj(w %) = inv ®(w *) = inv(w’ x).
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The bijection ¥ of SP; onto itself is then defined by
(20.24) U(w)*:= P(wx) =w *.

Theorem 20.5. The mapping ¥ defined in (20.24) is a bijection of each
class SP; onto itself such that Majw = Inv ¥(w) holds for every w € SPy.

Proof. As ® is a bijection of each rearrangement class onto itself and
because of (20.22), the mapping V¥ is itself a bijection. Furthermore, let
w=x1Zy...2T, € SP;. Then Majw = majw + ny(z, € I) = maj(w*) =
inv ®(w*) = inv(¥(w) *) = Inv ¥(w). []

Ezample. Letn = 6,1 = {4,5,6} and consider the signed permutation
w = (3,y)(1,y)(6,z)(5,2)(2,y)(4,x), that will be rewritten as w =
3,1,6,5,2,4. With 3 < x < 4 the image of w * under ® (defined in § 11.3)
is ®(wx*) = 6,3,5,1,4,2, , so that ¥(w) = 6,3,5,1,4,2. We verify that
Majw = 1+4+3+446 = 14. Moreover ¥(w) has 11 inversions and # I = 3,
so that Inv ¥ (w) = 11 + 3 = 14.

21. Eulerian Calculus; the analytic choice

When the symmetric group G, is regarded as a Coxeter group generated
by the transpositions (i,7 + 1) (1 < i < n — 1), the length lcox(o) of a
permutation o is simply the number of inversions invo. As recalled in
the previous subsection 20.3, the generating function for the bi-statistic
(1+des,lcox) = (1+des,inv) on the symmetric groups A,, = &,, has been
derived by taking a suitable g-analog of the generating function for the
single statistic “des.”

As we already have an expression for the generating function for “des”
on the groups B,,, namely (20.4), the natural question arises: can we find
an analogous approach to obtain the generating function for (des,lcox) on
the groups B,,? The answer is yes (see Exercise 30), but the formula we
can derive does not fit any longer in the set-up of the g-series; its analytic
manipulation is cumbersome.

Accordingly, if we wish to remain in the algebra of the g-series and
obtain the desired extension for the signed permutations, identity (20.2)
must play the role played by identity (20.1) for the plain permutations.
In the first place it is necessary to find a g-analog for (20.2), with an
interesting combinatorial interpretation.

We definitely adopt that approach of analytical nature. The statistic
“inv” for the signed permutations will directly come out of that interpre-
tation.

21.1. Inversions for signed permutations. A good choice for a g-
analog of formula (20.2) is to replace the product of the two exponentials
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in the denominator by a product of two g-exponentials (and not by
eq((t — 1)(X +Y)) that would give a g-expansion with some negative
terms.) In the g-series expansion

(1—t)e,((t—1)X) B 1
N (s ST iy RaP S P

the coefficients B, (X,Y,t,q) are polynomials with nonnegative integral
coefficients. One of the consequences of the main result proved in this
section is to show that each B, (X,Y,t, q) is the generating polynomial for
the signed permutations of order n by a bi-statistic “(des, coinv)”:

(212) Bn(X, Y, t, q) — Z Xé(s|x)y£(5\y)tdes(a,€)qcoinv(cr,a)‘
(0,6)

Of course, “des(o,e)” is the number of descents, as was defined in
subsection 20.2; and “coinv(c,e)” is the number of co-inversions in the
signed permutation, defined as follows.

A pair of integers (i, j) is said to be an inversion (resp. a co-inversion) of
the signed permutation (o, ) of order n, if one of the following conditions
is verified

(i) e(i) = e(j), i < j; and o(i) > o(j) (resp. o(i) < o(4));

(if) (i) =y, €(j) = = and o (i) > o (j).

Let inv (o, €) (resp. coinv(o,€)) denote the number of inversions (resp. the
number of co-inversions) of (o,¢).

Take up again the example of section 20.2. We have:

y 672431859

TYYyrryrx

. (672431859
coimmv

TYYyrryrzx

):4+2+¢1:1m
):6+4+&1:2L

The first values of the polynomials B, (X,Y,t,q), i.e., the generating
polynomials for the signed permutations by the pair (des, coinv), are shown
in Table 21.1.
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By =tX+Y; By=tt+q)X*+2t(1+q)XY + (t+q)Y?;
By = (2t + 2t +t* + ¢*)Y?* +t(1+ ¢+ ¢*)(3g + 2t + 1) XY?
+t(1+q+ ¢*) (20 + tq + 3H) XY + t(2tq + 2t¢® + t* + ¢*) X5.
Table 21.1 (distribution of (des, coinv))

Another consequence of our main result is to show that if in (21.1)
each g-exponential e,(u) is replaced by the second Q-exponential Eq(u),
the polynomials B, (X,Y,t,Q) on the right-hand side are the generating
polynomials for the signed permutations by the pair (des,inv). The first
values of those polynomials are shown in Table 21.2.

By =Y +tX; By=(1+tQ)Y*+2t(1+ Q)XY +t(1+tQ)X?
Bz = (1+2tQ +2tQ* + *Q*)Y> +t(1+ Q + Q*)(3+ Q +2tQ)XY?

+t1+Q+ QY3+ Q +2tQ) XY +t(1 + 2tQ + 2tQ* + t2Q3) X3.
Table 21.2 (distribution of (des, inv))

When restricted to the elements of &,,, the statistic “inv” for B,, is
nothing but the usual number of inversions for the permutations. Likewise,
formula (21.1) with X = 0 specializes into the analog of (10.12) for e,.

Thus, (21.1) with its combinatorial interpretation (21.2) is our g¢-
extension of (20.4). In our diagram of Fig. 20.1 that extension sits on
vertex (sgn,q,-).

21.2. Basic Bessel Functions. The next step is to study the expansion
of (21.1), when the g-exponentials are replaced by g-analogs of Bessel
functions. Formally, the left-hand side of (21.1) is to be replaced by the
fraction

(1-HJ((1-t)X;Q,q)
—t+J(1-9)X;Q.a)J(1-t)Y;Q.q)

where J is a basic Bessel function defined below. Our problem will be
to study the expansion of that fraction in the algebra of series in one or
several bases.

Let L, | be two fixed nonnegative integers and Q = (Q1,Q2,...,QL),
q=(q1,92,-..,q) two sequences of variables. Define

(21.3)

n

Q) =¥ . gl
(Q;Q)n = (Q1;Q1)n--- (QL: QL)n,
(@6Q)n = (q1501)n - - - (@5 @) n-
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Using the H-notation for the Hadamard product of two series, that is,

(nzm anu") H<nz>0 Bnu”> = Z(anﬁn)u”,

n>0
we define the several-basis Bessel function by

(214) I(w;Q,a) == (Y (~w)") 1 Eq, (u) 1 Eq, (u) 1

"= e, (u) Heg, (u) He -

We can also write:

Q(g) 1
(21.5) Juw;Q,q) =) (—1)" "
V= 2" Q) wan

n

If L =1=1, then

Q(g) 1
J(uw;Q,q9) =) (1" u
! % CXRCTD

Finally, for L = 0 and [ = 1, we regain the g-exponential

I(u;-,q) =Y (—1)" .

and for L =1 and [ = 0, the -exponential

o%)
J(u;Q,-) = (=" u" = Eg(—u).
n% (Q: Q)n ¢

n

u" = BQ(_U)v

The coefficients in the series expansion of the fraction (21.3) will be
shown to be polynomials with positive integral coefficients. They actually
are generating polynomials for combinatorial objects, called signed mul-
tipermutations by a multivariable statistic that includes a single statistic
referred to as the number of descents.

Definition. Each triple (X, g,¢) is called a signed multipermutation of
order n if ¥ = (¥4,...,%) and ¢ = (01,...,07) are two sequences of L
and [ permutations or order n, respectively, and if € is an xy-word of
length n.

Definition. FEach integer ¢ is said to be a descent of the signed multi-
permutation (X, g, ¢), if one of the following three conditions is satisfied:
(i) ¢ =n and e(n) = x;
(i) 1<i<n-—1,e(i)=z,e(i +1) =y;
(iii) 1 <i<n-1,¢0) =¢e(+1) and 1(¢) > X1 + 1), ... ,
Yr(i) > Xt +1), and also 01(¢) > o1(i + 1), ... , 0y(3) > oy(i + 1);
Let ddes(X, g,¢) denote the number of descents of (X, 0,¢).
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The inversion and co-inversion numbers “inv” and “coinv” of a signed
permutation (o, e) have been defined in § 21.1. With a signed multipermu-
tation (X, 0,¢) we further use the notations:

Qinv(g,e) _ Qilnv(zlﬁ) . Qij{lV(EhE) .
qcoinv(£75) _ q;oinv(al,e) . qCOinV(O‘l,é‘)
= l _

Let (0,¢) be a signed permutation, where o € S,, and ¢ = ¢(1)...e(n)
is an xy-word. Recall that the word o.|, (resp. o.|,) is defined to be the
subword of o(1)...0(n) made of all letters o(i) such that (i) = x (resp.
g(i) = y). Introduce the number of inversions “inv (o, 0c|,)” between the
words ¢, and o, by

inv(0-5|y70-s|a:) = #{(Zv.]) : 5(1) =Y 6(]) =, U(Z) > U(.j)}

Y

Another way of defining the statistics “inv” and “coinv” is then to let

inv(o,e) = inv o,y +invog), +inv(o.y, 0qz) ;

coinv(o, €) = coinv o, |, + coinv o, |, + inv(o.|y, oc|z).

Definition. Suppose that € has a letters equal to x and 3 letters equal
toy (a+ 0 = n). We say that the permutation o is compatible with e (also
that the signed permutation (o,¢) is compatible), if inv(o,|,, 0.),) = 0, or,
in an equivalent manner, if the subword o.|, is a rearrangement of the
word 12... 3 (and then o,|, is a rearrangement of (8 +1)(8+2)...n (of
length «)).

A signed multipermutation (X, 0,¢) such that ¥ = (3q,...,%1) and
o= (01,...,07) is said to be compatible, if the permutations ¥4, ..., ¥,
o1, ..., op are all compatible with e.

Let

(216) Boz,,B (t, Q. q) — Z tddes(g,g,a)Qinv(g,a) qcoinv(g,e)
(Z,0,¢) (comp.)
Lelr)=a, L(e|y)=p

be the generating polynomial for the compatible signed multipermutations
(X, 0,¢) such that & contains « letters equal to z and [ letters equal to y,
by the statistic (ddes, inv, coinv). Also let

(21.7) B.(X,Y,t,Q,q)
- Z X (el ylely) yddes(Z.0.2) Qinv(Ee) geoinv(ge)

(X,0,¢)

the sum being over all signed multipermutations of length n.
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Proposition 21.1. We have the identity

(21.8) B, (X,Y,t,Q,q) = Z {Z] [Z} xeyh Ba,ﬁ(taQaq)
a+p=n Q a

Proof. To avoid cumbersome notations assume that L = [ = 1. Let
(X, 0,¢) be a signed bipermutation of length n such that ¢(¢|z) = a. Let
denote the set of the a letters of the word o.,. There exists a unique
increasing bijection fx; (resp. f,) mapping the set (1) (resp. o(I)) onto
the interval [n — o+ 1,n] and the set X([n]\ I) (resp. o([n]\ I)) onto the
interval [1,n — a. The triple (fy 0o X, fy 00, €) is then a compatible signed
permutation. The mapping (X,0,¢) — (fs o 3, f, 0 0,¢) is surjective.
Moreover, if (3¢, 00,¢€) is compatible, the number of preimages (X, 0,¢)
mapped over (Xg,0g,€) by that surjection is equal to (”) (”)

a/ \a/”

If (X9, 00,¢) is compatible and if (fx 0 X, f, 0 0,¢) = (X0, 00,¢), then
ddes (X%, 0,¢) = ddes (X¢, 00,€);

inv (0,¢) = inv (09, ¢€) +inv(o.|y, 0c|2);

coinv (0, €) = coinv (g, €) + inv(og)y, 0c|z),

since fy, and f, are increasing mappings.

Therefore, the sum > QM) geoinv(9:€) oyer all triples (X,0,¢)
(Z,0,¢)
such that (fy o X, fo 0 0,¢) = (2, 00,€), is equal to

Qinv(Eo,s) qcoinv(ao,a) Z Qinv(ZE‘y,ZE‘z) qinv(asw,ae‘z)

(3,0,€) _ Qinv(Eo,s) qcoinv(ao,s) [n} |"Il:| )
AlQ q
Hence,

B’I’L (X7 Y’ t’ Q7 q)
_ Z xoy#s Z tddes(Eo,ao,s) Z QinV(E,e) qcoinv(cr,e)

a+pB=n (20,00,€) (comp.) (3,0,¢)
Z(E‘.’E):Oé (fEOE,fUOO',E):(Zo,Go,E)

= 3 xevme ] ] Best@0 0

0<a<ln

The main result of this section that will be proved in the next subsection
is the following theorem.
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Theorem 21.2. The following identities hold:

(1-8)J((1-t)X;Q,q)
-t+J(1-9)X;Q,q)J(1 -1)Y;Q,q)

1
- Bn X7Y, I 2)
2. G qQ XY4Qa)

(21.9)

= n (9 Q)n
Xey”
—= Ba t) Y °
aéo (Q;Q)a(a;9)a(Q: Q)s(a: a)s ot Q)

The list of the first values of the polynomials B, 5(t, @, q) is shown
in Table 21.3. Remember that to obtain the polynomials B, (X,Y,t,Q,q)
(for L =1=1) identity (21.8) is to be used.

Boa=1; Bio=t
Bop=Qq+q+tQ+1; Bi1=2t Byo=1t(Qq+q+1tQ+1);
Bos=2Qq+2Q%q+2q+2Q%q+2Q%¢ +2Q°¢* +2¢°
+ @ +14+2Q¢> +2tQq + 2tQ%q + 2 ¢*tQ + 2 ¢*tQ?
+2Q¢° + Q°F +21Q + 21Q° + 2 Q¢ + Q°¢°
Bio=1t(3Qq+3q¢+2tQ+Q+3)
By1 =t(2Qq+tQq+2q+tqg+3tQ +2+1)
B3 o=1tBo3

Table 21.3 (distribution of (ddes, inv, coinv)
over the compatible signed bipermutations)

The list of the first values of the polynomials B, (X,Y,t,Q,q) (for
L =1 =1) is shown in Table 21.3. If in Table 21.3 we let ¢ = 0 (resp.
Q@ = 0), we recover Table 21.1 (resp. Table 21.2). On the other hand, the
table contains the first values of the Gaussian polynomials 1+Q, 1+Q+Q?
and 1+ ¢, 14 g + Q2. That occurrence will be fully explained in the next
subsection.

Back to the diagram in Fig. 20.1 we see that Theorem 21.2 refers to
extension (sgn,q,J) and the distribution of (ddes,inv, coinv) on signed
multipermutations. When X = 01in (21.9), we go from signed multipermu-
tations to the multipermutations themselves. This corresponds to vertex
(,q,J). For L = 0, [ = 1 we have the specialization (sgn,q,-), corre-
sponding to identity (21.1) with a combinatorial interpretation in terms
of number of descents and co-inversions. Finally, vertex (sgn, -, J) may be
regarded as the specialization with all the variables (); and ¢; equal to 1.
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Theorem 21.2 provides a combinatorial interpretation in terms of signed
multipermutations counted only by their numbers of descents.

21.3. The iterative method. To prove Theorem 21.2 we proceed as
follows. Let (Q)n = (Q;Q)n, (¢)n := (¢;9)n and again assume that
L =1 =1. Identity (21.9) (in its second form) may be rewritten

(- Xy
( ; Q)i (@):(Q); (a),

XoyB
B BZ @ @a(@)s (@) o0 @ )

) 3 -0x:Q.0

an identity of the form (1—R)™!S = T. Express it in the form S = (1-R)T
and look for the coefficients of X*Y? on both sides. Then the identity is
equivalent to the set of the two recurrence formulas

(21.10) Bro = QB (t — 1)" + <Z< m ) mq (t—1)"1QG) B,
(21.11) Ba.s :OSZZSQ m@ mq mQ mq(t_l)i+j_lQ(;)+@) Ba—ip—j;
0<j<B
iTi>1

withn > 1, a+ 8 >1and Byo = 1.

First, if (3, 0,¢) is a signed bipermutation such that £ contains « let-
ters x and [ letters y, both signed permutations (X, ¢), (0,¢) are permu-
tations of the biletters (1,y)...(8,y)(1+5,z)...(a+f,z). Consequently,
the left factor (X(1),0(1),e(1))...(X(k),0(k),e(k)) (1 <k < a+ ) of
(X, 0,¢) is decreasing, if we have ¥(1) > --- > (k) and o(1) > --- > o (k).
Each compatible signed bipermutation [in short, c.s.b.] has a longest de-
creasing left factor [in short, l.d.l.f.] of length at least equal to 1. Each
letter (X(i),0(i),e(i)) of the signed bipermutation (3, 0,¢) is said to be
large (resp. small), if €(i) = x (resp. €(i) = y).

In the sequel the c.s.b. are supposed to have « large letters and 3 small
letters. Let F'(i,7) denote the generating function for those c.s.b., whose
l.d.l.f. is of length (i + j) and start with i large letters followed by j small
letters (0 < i < a,0<j < pB,i+7 > 1). Let G(>14,>0,> k) (resp.
G(=1,> j,> k)) designate the generating function for those c.s.b., whose
l.d.l.f. is of length at least equal to k and start with at least i large letters
(resp.and start with ¢ large letters followed by at least j small letters). Let

o= [, L, B B, 290 o
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so that (21.10) and (21.11) can be rewritten as

(2112)  Bap=QE(t—1)"+ 3 wio(t - 1) (8=0);

1<i<a
(21.13)  Bap= > wi;(t—1)""1 (3>1).
0<ifax
0<j<B
i+5>1

Lemma 21.3. The following identities hold:

(21.14)  t'u;o =t F(i,0) + G(>4,> 0,> i + 1);
(21.15) t'"Mu; ; =t F(i,j) +G(=i,>j+1,>i+j+1), ifj>1.

Proof. The product t'u;q is the generating function for the c.s.b.
starting with a decreasing factor having 7 large letters, with the restriction
that the initial number of descents is counted ¢ (instead of i — 1) when
the [.d.l.f. is exactly of length 7. In that generating function are included,
besides the c.s.b. just described, the c.s.b. whose [.d.l.f. contains ¢ large
letters and at least a small letter, plus all the c.s.b. whose [.d.l.f. contains
at least 7 + 1 large letters and no small letter. This proves (21.14).

When j > 1, the product ¢*+7 u, ; is the generating function for the
c.s.b. starting with a decreasing factor having i large letters and at least j
small letters, still with the restriction that the intial number of descents
is counted i + j (instead of i + j — 1) when the Ld.l.f. is of length i + j.
Beside those c.s.b. the generating function involves all the c.s.b. whose
I.d.Lf. contains i large letters and at least j + 1 small letters. []

As F(i,0) = G(>4,>0,>1i) — G(>14,>0,>i+ 1), it follows from
(21.14) that

(21.16) G(>4,> 0,>14) = t" L u; o + %G(z i,>0,>1i+1);

it also follows from (21.15), when j > 1, that

(21.17) G(=i,>j,>i+j) = " Ly ; + %G(:i,Zj +1,>i+j+1).
Moreover, we have the identity:

(21.18) G(>4,>0,>i+ 1) =G(=4,> 1,> i+ 1)
+G(>i+1,>20,>i+1).
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Since By is equal to G(>1,>0,> 1) + G(=0,> 1,> 1), those three
formulas furnish the calculation for B, 3 as we now see. By iteration,

(21.19) B =ui o+ (t — Dugo+ -+ (t = 1)* 2uq_1 0

(t—1)>!
toz—l

(t—1)*!
ta—1

G(>a,>20,>a)
G=a—-1,>1,>a)

t—1
+"'+¥G(: 1,21,>22)+G(=0,21,2=1).
If 8 =0, we have G(> a,>0,>a) = G(=a,=0,=a) = F(a,0) =
tO‘Q(g) and all quantities of the form G(=1i¢,>1,>i+ 1) are null. As

«@

Up,0 = Q(2), we get

Bao=1u1o+ (t—Dugg+ -+t —1)* 2ug_19+t(t — 1)a—1Q(3)
=10+ (t = Dugo+ -+ (= 1) Pug_1,0 + (t = 1) g

+ (¢ - 1)),

which is nothing but formula (21.12) to be proved.
When f > 1, we can pursue the iteration in (21.19) and because
G(>a+1,>0,>a+ 1) =0 obtain

Byg=ui o+ (t—1ugo+---+ (t— l)a_lua,o
t—1)~
+(t—a)G(=a,2 l,=a+1)
(t—1)
t

Then each expression G(=i,> 1,> i+ 1) is iterated by making use of the
relations G(=4,> 8+ 1,>i+8+1) =0 (0 < i < «a). We then obtain
(21.13). []

22. Eulerian Calculus; finite analogs of Bessel functions

Looking back on the diagram in Fig. 20.1 there remains to show how
a further extension of Theorem 21.1 can be made and what meaning be
given to the top level of the diagram, especially to vertex (sgn,q, Ji). As
was shown in the previous section, the letter “J” without subscript refers
to the basic Bessel function. The subscript “k” will refer to a finite analog
of that function, that is now introduced.
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Rewrite the two identities of Proposition 4.1 as:

n+k| tot b
(22.1) { . } = > g’
9 0<by<-<b,<k+1l
[ K+ 1
(222) Q(z)[ n :| — Z QtotB'
@  0<Bi<-<B,<K+1

They hold for all integers £ > 0 and K > 0. On the other hand, as we
have (see (6.1))

1
(223) _ qtotb’
(q; q>n 0<b1;'<bn
(5)
(22.4) (52, Q)n :0<BZ 5 QtOtB’
<Bi<--<B,
we can let
n+oo|l 1
(22.5) { n L C (G
(3)
| (3) {OO + 11 — Q
(22.6) Q nolo (@QQ)

so that (22.1) and (22.2) are valid for all k¥ and K finite or infinite.
Let ef(u) and Ef (u) denote the generating functions for (22.1) and
(22.2), i.e.,

220 ) = n%% [n Z k} qun, still equal to TR
(228)  ESw) =3 Q) [K; 1] Q“n'
n>0

In particular, the two g-exponentials may rewrite as

1
eq(”) = ego (’U,) = . un,
n%:o (4 O)n
o)
Eg(u) = EQ(u) = u”.
¢ ¢ 22:0 (@ Q)n
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Let K, k be two fixed nonnegative integers. Using the Hadamard
product (see (21.4)) we define the K, k-finite analog basic Bessel function

JE(u;Q,q) by

(22.9)  IFQ.a) = (D (~u)") wEE (u) Hel ()

or, in an equivalent manner, by
K+ 1 k
20 stwa =S ] [
nZO n Q n q
When K and k are infinite, then
ok 1

! ! ZO CXONCTN

which is the basic Bessel function defined and used in the previous section.
We could take the Hadamard product of more than two Bessel functions;
our results would still be valid, but awkward to state and handle.

Following the same pattern as in the previous two sections consider the
fraction

Cean (1— ) IK((1 - ) X: P,p)
(2212) P =F(in) = S 3R (A= 0X: Pp) (1 - 0Y: 0,0

and expand it first as a generating function for signed biwords, then for

signed bipermutations. Notice that the above fraction involves two Bessel
functions JE((1 — t)X; P, p) and JM((1 - )Y;Q, q).

22.1. Signed biwords. The next step is to express F' as a homomorphic
image of a generating function for the so-called signed biwords. We just
make use of the combinatorial expressions given in (22.1) and (22.2). Let
z, X, vy, Y, P, p, Q, q designate independent variables and K, k, M, m
four fixed nonnegative integers. Consider the alphabet 2 = Ql(fénl\f ) whose

C
elements are the triletters (c>, where z = x or y, and C, ¢ are integers
such that z
0<KC<L<K, 0<c<k, ifz=ux
0<C<M0<Lc<m, ifz=y.

C
Let ®(-) = ®(-; P,p,Q,q, X,Y) be the map that sends each triletter (c)
onto o z
C,c : — e
o((e)) = PCpX, #‘z-x,
2 QYqY, itz=y.
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Next, form the free monoid 2A* generated by 2. It consists of all the
three-row matrices, called signed biwords,

B B(1) B(2)...B(n)
(22.13) w=|b|=1|05b1) b2)...b(n)
£ e(1) e(2) ... e(n)

The length of w is n and denoted by ¢(w). The signed biword of length 0
is the empty word, denoted by e. When ¢ = z" (resp. ¢ = y") and also
when B(1) < B(2) < -+ < B(n) and b(1) < b(2) < --- < b(n), we say
that the signed word w is nondecreasing. Let ND,, (resp. ND, ) be the set
of all nondecreasing signed biwords, whose bottom row has only z’s (resp.
only y’s). The set of the juxtaposition products w'w”, where w’ € ND,
and w”" € ND,, is denoted by ND, ND,,.

By defining ®(w) as the product of the images under ® of the triletters
of w, we extend ®, by linearity, to a homomorphism of 2* into the ring of
polynomials in the variables P, p, X, @, q, Y.

Proposition 22.1. Let

Gi= (1= -1 (w))_1 (>t - vew),

w w

where w runs over ND, ND,, \ {e} and w’ over ND,. Then
F =9(G).

Proof. 1t follows from (22.1) and (22.2) that

IX)=I((1-)X;Pp) =) (t—1)"™d(w) (weND,);

IOV) = I - )Y3Q,9) = St~ D) d(w) (w € ND,);
IX)I(Y) =) (t-1)"™(w) (we ND,ND,).
Hence, with w running over ND, ND,,
1—t 1—1t

L+ IX)IY) T —t+ 3t — 1)) d(w)

- (1 =3 (-t <1><w))

w#e

—1

We obtain the desired identity by multiplying by J(X) on the right. []
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Definition. Let w be a signed biword, as in (22.13), and ¢ an integer.
We say that ¢ is a rise for w, if one of the following three conditions holds:
(i) i =n and e(n) = z;
(i) 1<i<n—1,e(i)==z,e(i+1) =y;
(iii) 1<i<n—1,¢e(i)=¢e(i+1), B(i) < B(i+1) and b(i) < b(i + 1).
The number of rises of the signed biword w is denoted by rise w.

Proposition 22.2. The following identity holds:

(22.14) G=) tevy
and consequently
(22.15) F =Y tva(w),

where w runs over all signed biwords in 2*.

To prove Proposition 22.2 we make use of a classical inversion formula
that is stated and proved in various contexts. Let X™* be the free monoid
generated by a set X and form the large algebra of X* over a ring 2 of
polynomials. The elements of that algebra are the formal sums > c(w) w,
where w runs over X* and c(w) belongs to . Let a : X2 — Q be a given
mapping that we extend to a mapping a : X* — ) by sending each word
wW=2T1Ta...Ty € X* to

a(w) = {a(xl,:cg) coa(Tp_1, ), ifn>2;

1, ifn=0or 1.
Next define:
oy a(zy,x0) = 1) .o (a(zp—1,2,) — 1), ifn>2;
aw) '_{1, if n=0or 1.

Further, let U, V be two nonempty subsets of the alphabet X. The
expressions UT and U*V stand for the sets of all nonempty words w =
1T ... Ty all letters of which are in U (resp. whose rightmost letter x,,
is in V' and other letters are in U).

Lemma 22.3. In the large algebra of X* we have the identity:
-1
(22.16) 3 a(w)w= (1 -3 aw) w) < S aw)w.
wel*V weU+ welU*V
Proof. Multiply each side by (1 — >  @(w)w) on the left and verify

weU+
that the coefficients of each word w on both sides are the same. []
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In formula (22.16) take the following ingredients: first, X := AU {oc},
where “00” is the triletter (0o, 00,00) (writing the triletter horizontally
for typographical reasons). Let u = (C,¢,2) and v = (C’,c,2") be two
triletters belonging to X.

For “a” take the mapping:

t, if z=x and 2/ = oc;

t, if 2=z and 2 =y;

t, ifz=2and C <(C" and ¢ < ¢;
1, otherwise.

For V take the singleton {oo} and for U the alphabet . Formula (22.16)
is rewritten, after simplification on the right by oo, as

(22.17) Za(w@)w:<1— 3 E(w)w>_1>< Y a(woo) (w).

weA* weA*\{e} weA*

a(u,u') =

Let w = uMu® .. u(?) be a signed biword of length n, written as a word
with n triletters. Let u(®*t1) := co. Then, the statistic rise(w) can also be
expressed as:

(22.18) rise(w) = Z X(a(u(i) w D) = ).
1<i<n

For every signed biword w we then have:

a(w@) — trisew,
(t — 1)* @)=L if ¢ € ND, ND, and ¢(w) > 2;
a(w) =<1, if /(w) =0 or 1;
0, otherwise;
(t — 1)) if w € ND, and £(w) > 1;
a(woo) =< 1, if /(w) = 0;
0, otherwise.

With those ingredients the left-hand side of identity (22.17) is equal to

S trisewqy and the right-hand side is the expression found for G in
weA*
Proposition 22.1. []

22.2. Signed bipermutations. Although Proposition 22.2 provides an
expression for the fraction F in terms of biwords and involves one statistic,
namely the number of rises, the combinatorial objects are still rudimen-
tary. To obtain an expression in terms of combinatorial objects having a
richer geometry, such as permutations or signed permutations, it is nec-
essary to imagine a further correspondence. This is the purpose of this
subsection and the next one.
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The definition of a signed multipermutation (X, o, ) was given in § 21.2.
When ¥ (resp. o) consists of a single permutation ¥ (resp. o), we speak
of a signed bipermutation (3, 0,¢), as in the present subsection. With such
a signed bipermutation we associate the subset I, := {i1,...,isc|e)}
(resp. I.jy := {Jj1,-- -, Je(e|y)}) of all the integers i such that £(i) = z (resp.
e(i) =y).

Suppose that (X, 0, €) is compatible in the sense of Proposition 21.2 and
consider the restriction of the bijection i + X (i) to I, (resp. to I.|,); it
is a bijection, denoted by X, of I}, onto the interval [1,£(e|y)] (resp. a
bijection X, |, of I, onto the interval [(([y) +1,n]). In the same manner,
two restrictions of o are considered: o, of I}, onto [1,{(c|y)] and o), of
I |, onto [((ely) + 1,n].

For instance,

123456789
Y= (753421896

(22.19) c= |672431589
eE= \XTYyYyyyrrzw
is a compatible signed bipermutation of order n = 9. Also I,

{1,2,7,8,9}, I, = {3,4,5,6}.
The restrictions Y., Y., 0cz Oy, Written as two-row matrices,
together with their inverses read:

v _(12789)  _(3456) (12789 (3456
sle=\75896) v \3421) "l \67589) “lv T\ 2431 )
1 56789 o1 _ 1234 ol 56789 ol 1234
ele " \29178) Telv \6534) Tele \71289) "elv \6354)°
We do not repeat the definitions of “des” and “maj” for permutations,

but introduce the definition of “rise” and “rmaj” (referring to the “rises”

and no longer to the “descents”). If p is a permutation, written as a linear
word p = p(1)p(2)...p(n). Then, define

risep:= »  x(p(i) < p(i +1));

1<i<n—1

rmajpi= Y ix(p(i) < p(i+1)).

1<i<n—1

The statistics “des” and “maj” will be determined for ¥}, 0! and the

elz? “ely
statistics “rise” and “rmaj” for ‘75_|31;’ J;;, by means of word codes, as it was

done in §12.2 for the application of the MacMahon Verfahren. To avoid
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cumbersome notations suppose that those four bijections are identified
with the bottom rows of their defining two-row matrices, respectively
denoted by S, := Sy(1)...5:(l(e|z)), Sy = Sy(1)...5:(l(ely)), sz :=
50(1) s (0(ElD)), 5y = 5,(1)... 5, ((ely)).

For each i = 1,...,{(e|x) let Z (i) be the number of j such that
i < j < lex) -1 and S.(7) > Sz(j + 1), that is, to the number of
descents to the right of S, (i) and form the word Z, := Z,(1) ... Z({(¢|x)).
Define Z, in the same way, replacing “x” by “y”.

For s, and s, the word “descent” is to be replaced by “rise.” For each
i=1,...,4(c|z) let z,(i) be the number of j such that i < j < {l(e|lz) —1
and sx( ) < $.(7 4+ 1) and form the word z, := z,(1)...z(¢(g|x)). Define
2z, in the same way, replacing “z” by “y”.

With the above example we get

S, = (29178\ S,= (6534\ s,= (71289 s,= (6354
Zy=\11000)" Z,=\2100)" 2,=1\33210)" 2z,=\1100/"
Proposition 22.4. We have:

desE 1 1); maJZ| =totZ, = Z,(1

Za(
des ¥, 1 = Z,(1); maJZ| =totZ, = Z,(1

(

(

risec_ = 2zz(1

)
)
|w )
)

(

(
; Tmajo |i = tot z, = 2z,(1

(

rise U€| = zy(1); rmaj 0'€| = tot zy, = 2zy(1

Y Yy

Proof. With the words Z,, Z,, 2, and z, we have another way of
counting descents and rises. |:|

To further simplify the notations the following shorthand will be used:

ides, X := des Z_|1' imaj, ¥ :=majX_
ides, X := des XJ_ L.

ely’

E\m’

imaj, 3 := maj Z€|y,

. . e 1 —1
irise, 0 :=rise o, ; irmaj, o := rmaj Ol

.. N —1. . . L .1
irise, 0 :=riseo_ ; irmaj, o :=rmajo, .
With each compatible signed bipermutation (X, 0,¢) is associated the
eleven-variable monomial

(22.20) (%, 0,¢) := X CER)yHey)yddes(Eo.e)

% Uidesx Evidesy Z‘,Pimajz EleaJy b 1rlsex o 1rlsey aplrmajz O'qirmajy o
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Our purpose is to work out the generating function for the polynomials

(22.21) Bos =) VU(Z,0,9),

where the sum is over all compatible signed bipermutations (X, o, ¢) such
that ¢(¢]|z) = a and {(e|x) = B.

22.3. Signed biwords and compatible bipermutations. Using the nota-
tions of the previous subsection and Proposition 22.2, we prove the fol-
lowing theorem.

Theorem 22.5. The factorial generating function for the polynomials
B, s defined in (22.21) is given by

KM kym (1—t) (1 —t)X; P,p)
(K,ZM)U Y IR X Pp) M (- OV Q)

By (22.12) and (22.15) the left-hand side of the previous identity is
equal to

Z RKSMTkSmF(K’M) _ Z UKVMukUm Z trisewcb(w),

k,m

(i) (i) weA(in)”
so that there remains to find an appropriate correspondence between
signed biwords and compatible signed bipermutations.

Again use the notation (22.13) for the signed biword w and still let
Iy(c|zy (vesp. Iy|y)) be the set of all 4 such that (i) = x (resp. (i) = y).
Then let Blz := B;(1)...B;(l(e|x)) (resp. Bly := By(1)...By(¢(c|y)))
be the nonincreasing rearrangement of all letters B(i) such that i €
Ip(elwy (vesp. @ € Iycpyy). Let blz = by(1)...b.(€(c]z)) (resp. bly :=
by(1)...b,(¢(ely))) have analogous definitions when B is replaced by b.
Hence (see §22.1) the image ®(w) of the signed biword w reads:

(22.22) @(w) — Ptot B|1‘Qtot B|yptot b|:rqtot b|yX£(5|x)Y€(s|y) )

For example, let K =8, M =6, k =9, m = 8 and consider the signed
biword w € ﬂ(g’g):

B 471046335
w=\|b]=1954006910
€ TTYYYYyrrw
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Then Blz = 75433, Bly = 6410, blz = 99510, bly = 6400, £(c|z) = 5,
l(ely) = 4, so that ®(w) = PZ2QM p*¢°X5Y?. The rises of w are: 2
(because €(2) = y, €(3) = ), 4 and 5 (because £(4) = ¢(5) = €(6) = v,
B(4)=0< B(5) =4 < B(6) =6, b(4) =0 <b(5) =0 < b(6) =6) and
finally 9 (because n =9 and £(9) = z). Hence, risew = 4.

Definition of the mapping w = (B,b,e) — (X,0,¢). First, the z,y-
word € remains the same. If (i) = y let

(22.23) X(i) = |[{j: 1 <j <n,B(j) > B(i),e(j) = y}|
+ {71 <4 <4,B(j) = B(i),e(j) = y};
and if (i) = z let
(22.23")  2(i) :=L(ely) + |{j : 1 < j < n,B(j) > B(i),e(j) = z}|
+{j:1<i<j,B(j) = B(i),e(j) = v}l

Next for each i = 1,2,...,n and (i) = y let

(22.24) o(i) = |{j: 1 < j < n,b(j) > b(i),(j) = y}
+ {7 i <J <n,b(j) = b(i), () = y}.
When ¢(i) = z, let

(22.24") o(i) == Llely) + {7 : 1 < j <n,b(j) > b(i),e(j) =z}
+ {7 i< g <n,b(j) =b(i),e(j) =z}

Notice that the only difference in the definitions of o and . is the following:
if b(i) = b(y) (resp. B(i) = B(j)) and i < j, then o(i) > o(j) (resp.
¥ (i) < X(7)). Obviously, (X, 0,¢) is a compatible signed bipermutation.

For instance, to the above signed biword w = (B, b, €) there corresponds
the compatible signed permutation displayed in (22.19). Let us materialize
the correspondence with the following matrix.

123456789
B= [471046335
b= 954006910
e= |xzzyyyyxrzrx
= |753421896
o= \672431589

(22.25)

Once the signed bipermutation (X, 0,¢) has been obtained, we deter-
mine the words S;,Z,,... and the statistics ides,, ides,, ... , as they
were introduced in the previous subsection; also, we let
K' =K —ides,; X; M':= M —ides, %;

(22.26) , .. / .
k' :=k —irise, 0; m’ :=m —ides, o
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and define the words:
AN=Blz—-Z,, ©:=Bly—2,, A:=blr—2, 6:=0by—2z
where the difference is defined letter by letter. For instance,
A=A1)---Alle]z)) := (Be(1) = Zz(1)) -+ (Bo(Le]w)) — Ze(L(elz))).

Proposition 22.6. The integers K', M’', k', m’ are nonnegative. Fur-
thermore,

() K> A(L) > > Alela) > 0, M > 6(1) > - > O(((ely)) > 0
() K >A1) > > AUele) >0 m' > 0(1) > - > 6(0ely)) > 0
(iii) tot Blz = imaj X, + tot A; tot Bly = imaj Ey + tot O;

(iv) tot bjlx = imajo, +tot A; totbly = imajo, + tot 6.

Also the rises of w and the descents of (3, 0,¢) coincide. In particular,
(v) risew = ddes(X, o, ¢).
Finally, the mapping

() ) () w050

With our running example, the correspondence between w and (X, o, €)
was shown in (22.25). Also K = 8 M = 6, k = 9, m = 8. The other
parameters are (see the first calculations just before Proposition 22.4):
K'=K-2,1) =8-1=7TM = M-2,1) = 6—-2 = 4,
K =k—2,(1) =9-3=6,m = m—2z,(1) =8 —1 = 7. Finally,
A=Blz—7,=64433,0=4310,A=66300,0=5300.

The proof of Proposition 22.6 follows the pattern derived earlier for the
MacMahon Verfahren.

is bijective.

The final calculation uses all those items, as well as identity (22.3):

Z UKVMuk,Umtrise w(I)(w)

(i)
km )W

= Z U(X,0,¢) Z UK yM  Fym' ZptotAQtotG ot A gtot 0
(S,0.€) ) (29)

— Z Z Z (3,0,¢)ew(U) eg(V) en(u) e (v)

a>0,8>0 L(c|z)=a (Z,0,c)
£(ely)=p

= D> ) eV)ep(u)ef(v)Bag. [

a>0,8>0
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22.4. The last specializations. With X = 0 in the identity of Theo-
rem 22.5 we get:

1—1¢
(22.27) v Mym
%% —t+J5((1-1)Y;Q,q)
— Z 6%(‘/) eqﬁ (U)Y’B Z tddes(E,a)Vides EQimaj E,Uirise qurmaja‘
B=0 (2,0)

The sum on the right-hand side is over all pairs of permutations (X, o).
This can be regarded as the specialization sitting on vertex (-, ¢, Ji) in the
diagram of Fig. 20.1.

When the parameters K, M, k, m are not finite, the identity of Theo-
rem 22.5 is derived as follows: multiply both sides successively by (1 — U)
and let U = 1, multiply by (1 —V) and let V' = 1, multiply by (1 —u) and
let w = 1, multiply by (1 — v) and let v = 1. We obtain the identity:

(1—t)J((1—t)X;P,p)
—t+J(1-t)X;P,p)I(1 - t)Y;Q,q)

1 1 1 1
= xXoyh
@E%aﬂpﬂﬂa@%Qh(ﬁph(%wg

% E : tddes(E,U,s)leaJm EleaJy Eplrman Uqlrmajy o

(22.28)

(2,0,6) (comp.)
U elz)=a, L(ely)=p

The latter underlying generating function is over the compatible signed
bipermutations only, while identity (21.6), that corresponds to vertex
(sgn,q,J), is over all signed bipermutations and even multipermutations.
However identity (22.8) involves two distinct Bessel functions J(-; P, p),
J(;Q, q), instead of only one. When we reduce the number of bases, say,
when (P, p) = (Q, q), we can still regain (21.6), as is now explained.

For each signed bipermutation (not necessarily compatible) (X, 0, ¢) let

inv(ae|yaaa|x) = #{(273) : E(Z) =Y, E(]) =, U(Z) > U(])}a
a quantity equal to zero when the bipermutation is compatible. Also let

imaj(X, ¢) := imaj, (X, ¢) + imaj, (3, ¢) + inv(og|y, 0c)s)

irmaj(o,¢) := irmaj, (o, €) + irmaj, (o,€) + inv(oe)y, 0c)z)-
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Now in (22.8) let (P, p) = (Q, q); the right-hand side can then be rewritten
as:

> @, 3, ol

« Z tddes(E,a,s)Qimaj(E,s)qirmaj(a,s).

(2,0,6) (comp.)
t(e|lz)=a, £(cly)=B

Because of the definition of “imaj” and “irmaj” for a signed permutation
the polynomial B}, (X,Y,t,Q, q) defined by

(2229) B;L(X, Y, t, Q, q)::ZX@(s\x)Y£(5|y)tddes(2,a,5)Qimaj(E,s)qirmaj(a,s)7
(2,0,€)

the sum being over all signed bipermutations of length n, is also equal to
Xay,é’ tddes(E,a,s) imaj ¥ irmaj o
S |o] [o] ey 3 e g,
a+pB=n Q 4 (32,0,e) (comp.)

e|lz)=a, L(ely)=B

Hence, when (P,p) = (Q, ¢q) identity (22.28) takes the form

1-0)JI(1-)X;Q,q)
—t+J((1-1)X;Q,9) I((1 - 1)Y;Q,q)

1
= B (X.Y. .
T;(Q;Q%(q;@n n( ’ 7t7Q,q>

(22.30)

The comparison with (21.6) shows that the right-hand sides of (21.6)
and (22.30) involve different statistics: inv(3,¢),coinv(o,e) for (21.6)
(when reduced to bipermutations) and imaj(X, €),irmaj(o, €) for (22.30).
However, those two formulas imply the identity

(22.31) B.(X,Y,t,Q,q) = B, (X,Y,t,Q,q).

In order to show that Theorem 22.5 that contains the most general
extension sitting on (sgn, ¢, Jx ) implies (21.6) sitting on (sgn, g, J) we prove
identity (22.31) combinatorially by means of a direct bijection.

A bijection for (inv,coinv) and (imaj,irmaj). The main ingredient is
the bijection ® of Theorem 11.2 that is used in the following context.
Let m be a bijection of a finite set I = {i; < ip < --- < g}, of
integers onto a finite set of integers 7([) := {j; < jo < -+ < jix}. The
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permutation 7 is presented as a two-row matrix e W) et d
(1) ... m(ig)

denote the correspondence that sends each bijection onto its inverse and

consider the chain

(i ot = G e tl)
= (ﬁﬁﬁf;ﬁ) - <wfl(§1>ﬁﬁﬁw'2<'§k>> ’

1. b _. i ...
T —im — ®im — 1PiT.

that is rewritten:

As proved in Theorem 11.2, the transformation ® sends the word
771(j1) ... 77 1(jr) onto a rearrangement y; ...yx of that word, which is
the bottom row of the third matrix above. Moreover,

maj(r (1) ... 7 (k) = v (y1 - yr),
which implies

majim =invi®im and rmajim = coinvidir.
Also Ilignein = Iligne ®i 7. Hence,
(22.32). Lignem = Lignei®ir.

Now each signed bipermutation (X,0,¢) is characterized by the two
subsets I.|., I.}, and its restrictions 3, ¥, 04, 0, to those two subsets,
as they were defined in § 22.2. This gives a sense to the notation

I:IE|$7I€‘y7E:E, Zy,O'a;,O'y]

to designate a signed bipermutation (X, o, ¢).
Next form the composition product i®i described above and consider
the mapping A : (X,0,¢) — (X', 07, ¢) defined by

(2707 5) = [Is|:r7[s
(Z/a0/75) = [Is|:c7]€

|y» ZCE? Ey7 Uw70y];
i01Y,,101%,,idi0,,idi0,].

lys

Proposition 22.6. The mapping A is a bijection of the set of signed
bipermutations of length n onto itself, having the following properties:
(i) ddes(X,0,¢e) = ddes(X, o', ¢);
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(ii) imaj(X,e) = inv(¥’, e) and irmaj(o,e) = coinv(c’, €).
Proof. Property (i) follows from (22.32), since Ligne o,, = Lignei®io,
and analogous relations for the other restrictions. Finally,
inv(EE‘y, 25|m) = inv(Z
Then,
imaj(X,e) =maj X

Ly 2eje) and inv(ogpy, 0c)p) = inv(ol,, ol),).

E—k}: + maj z;@ +inv(Ee)y, Sefa)
/

. . / . / / I / .
= inv X[, +inv Xy, +inv(Xy,, X7 ,) = inv(EZ,€);

. . .1 . 1 .
irmaj(o, ) = rmaj O, Trmajo_, + inv(o.y,0r)

/

= coinv o,

+ coinv o, +inv(al,, 07,) = coinv(a, ). []

23. Eulerian Calculus; multi-indexed polynomials

As seen in section 10, the classical Eulerian polynomials A, (t) =

S tdeso (n > 0) have the following exponential generating function
oceG,

u” 1—-1¢
923.1 1 A, ()= = :
(23.1) * ; (*) n!  —t+exp(u(t—1))
so that = u" 1_¢
93.2 1 tA, () =
(23.2) *; O = Tt explai = 1))

provides the exponential generating function for the polynomials %A, (¢) :=

tA,(t) = > tifdeso (n > 1) and Uy(¢) := 1. In the previous three
oceS,
sections we have worked out various extensions of the rational function

occurring in (23.1). In the present one we will rather use the second one,
because the major results dealing with multi-indexed Eulerian polynomials
have been introduced in that way and have become classical. The change,
however, is minor.

23.1. The bi-indexed Fulerian polynomials. In the fraction occurring
in (23.2) replace exp(u(l — t)) by the product e,((1 — t)u)e,((1 — t)v)
where u, v, p, q are independent variables. Then expand the fraction as a
series normalized by products of the form (p;p)y, (¢; ¢)m. We obtain:

B 1—t
"1 te, (1w eg((1— o)

uny™
23.3 ———FAum(t;p,q
(23.3) 7; (D:P)n (€5 Q)m ( )

m>0
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To see that A, »,(t;p,q) is a polynomial with integral coefficients we may
rewrite (23.3) as L = (1 — R)™!. The identity L(1 — R) = 1 yields the
recurrence relation

@4 Antna =Y |}] 7] dsepa g

i!j

where 0 < ¢ < n, 0 < j <m and (i,j) # (n,m). As Aoo(t;p,q) = 1,
relation (23.4) shows by induction that each A,, ,,(¢;p,q) is a polynomial
with integral coefficients. To show that the coefficients are indeed positive
and of sum (n + m)! requires more analysis and will be a consequence of
the theorem below.

Of course, a product of more than two g-exponentials could have been
taken and the results below would have been very similar. The advantage
of keeping only two allows a much easier reading.

The second class of polynomials under study will be denoted by
A, m(t;p). There is no risk of confusion with the previous ones, as they
are in two variables t and p instead of three. No confusion either with the
g-Eulerian polynomials A, (t,q), as the present ones are double indexed.
Those polynomials A,, ,,,(¢;p) are defined by

yu"y™ 1—-1
(23.5) n; WAn,m(t;p) = Tt =00 op((d = Do)
m>0

Let ¢ = 1in (23.4). Then A, »(¢;p,q) is transformed into a polynomial in
two variables ¢ and p. Furthermore, the Gaussian polynomial [Tﬂ . becomes

the ordinary binomial coefficient (T]”) Hence (23.3) itself is transformed
into identity (23.5). Thus

(23.6) Apm(t;p) = Anm(t;p, 1).

Notice that when u = 0 (resp. v = 0) identity (23.5) specializes into the
exponential (resp. basic) generating function for the Eulerian polynomials
%4,,(¢) introduced above (resp. for the polynomials ™A, (¢, q)).

The ligne and inverse ligne of route “Ligne” and “Iligne,” that have been
defined in the previous sections for permutations, are being partitioned
into two parts. Let (n, m) be an ordered pair of nonnegative integers and o
be a permutation of order n + m. Define:

ligne, o:={r:1<r<n—-1,0"r) >0 '(r+1)},
Nigneyo == {r:n+1<r<n+m-1,0"r)>0c (r+1)},
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imaj, o := Z{r :r € lligne, o},

imaj, o := Z{r —n:r € Iligne, o},
invy o :=#{(r,7):1<r<r' <n, o7 r)> o ()},
inve o :=#{(r,7") :n+1<r<r' <n+m,o '(r) > ()}

When m = 0 (resp. n = 0), the statistics imaj; o and invy o (resp. imaj, o
and invy o) are the familiar inverse major index and inversion number of
the permutation o, respectively.

Theorem 23.1. Let n, m be two nonnegative integers. The generating
polynomial for the group &,.,, of the permutations of order n + m by
the three-variable statistic (14 des,imaj;,imaj,) is equal to A, ., (¢;p, q).
In other words, if A, ., (t;p,q) is defined by identity (23.3), then

(237) An,m(t; D, Q) — Z tl—l—des dpimaj1 oqimaj2 o
Ue6n+m
We also have:

(23.8) An’m(t’ ])7 q) — Z t1+deS O'pier]_ O'qinv2 o'.

UeGn-{-m

For the proof of (23.7) we use the Schur function algebra and the
Robinson-Schensted correspondence, as was already done for the proof of
Theorem 19.4. Take up again the previous notations with a pair (n,m) of
integers and o designating a permutation of order n+ m. Let 71 (resp. 72)
be the restriction of o to the set o~ 1([1,n]) (resp. o~ ([n + 1,n + m])).
Using the Robinson-Schensted correspondence (see § Corollary 19.2) each
bijection 7; (j = 1,2) is mapped onto a pair (P;,();) of Young tableaux
of the same shape that we shall denote by A;.

It follows from the properties of the correspondence that the entries of
Py (resp. P») are the elements of the interval [1,n] (resp. [n + 1,n + m])
and the entries of Q; (resp. Q2) are those of the set o= 1([1,n]) (resp.
o~ Y([n+1,n+m])). Let T} := P; and T be the Young tableau obtained
from P, by replacing each entry r by r — n and let U be the product
U = Q1 ® Q2. This means that U is the skew tableau obtained by
placing Q2 to the right of Q1 and just under it. Thus T} (resp. T») is
a Young tableau of shape A; (resp. \2) whose entries are 1,2,...,n (resp.
1,2,...,m); the entries of U are 1,2,...,n and the shape of U is the skew
shape A1 ® As.

We summarize all this by writing :

shape Ty = A; (j =1,2); |\ =n;  [A] =m;

(23.9)
shapeU = A\ ®@ Aa; | M|+ [ A2 =n+m.

133



D. FOATA AND G.-N. HAN
For instance, let (n,m) = (5,4) and

(123456789) 1 (12345‘6789)
864521973 65934112817

(34569) (1278)
T = ,  To = .
45213 8697

Under the Robinson-Schensted correspondence

Then

4 6
25 59
1= (P,Q1)= \13,34/; X\ =(2,2,1);
89 28
7’2'—>(P2,Q2):(67,17); A2 = (2,2);
and
4 6
25 34 59
T'=P=13; Th=P-n=12; U=Q1®Q2=314
28
17

The inverse ligne of route (see section 18) of U is lligne U = {1,2,4,5,7,8},
so that imaj U = 27 and idesU = 6.

It follows from Theorem 19.3 that the mapping
(07n7m) = ()\17)\2;T17T2; U)
is a bijection having properties (23.9) and also

Iligne, o = Iligne T} Iligne, 0 — n = lligne T5;
(23.10) ghne, . gne 11 . ghes gne Lz
Ligne o = Iligne U.

With our working example Iligne; 0 = {1,3} = IligneT}; lligne,o =
{2} = lligne T5; Ligneo = {1,2,4,5,7,8} = Iligne U.
It follows from (23.10) that

(23.11) imaj; o =imajT; (j=1,2); deso = idesU.
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Let t'4,,(;p, q) denote the right-hand side of (23.7). Then by (23.10)
and (23.11)

(2312) t D, q Z Z tldeSU imaj T1q1maJ T2
(A1,A2) (T1,T2,U0)

where the first sum is over the ordered pairs (A1, A2) of partitions satisfying
|A1] = n, |A2] = m, and the second over all triples (71, 7%,U) satisfying
(23.9).

We next use identity (18.7) as well as a specialization of (18.8) obtained
by letting ¢ = 1, i.e.,

1 .
(813) D e = g 2 T
>0 ( N ) T,T of shape v/0

where s,/9(1""") is the skew Schur function obtained by taking an
alphabet of (r + 1) letters all equal to 1. We have :

An(t;p,q)
(L =)™t (p; p)i (45 @)
1 . L L
— tldes UplmaJ T qlmaJ Ts
_ A\n+m-+1(p. .
(1-1) (05 2)n(@ D T )

= Z ZtrsM@,\Q(lTJrl)s,\l(1,p,p2, )8 (Lg%, )

(A,h2) T

Z Ztr (1™ sy, (1, p, 0%, .. )sx, (17 s, (1,4, 6%, .. .),

(A1,A2) 7

as U is of shape A1 ® Ao. In the last step we have used the fondamental
multiplicative property of the Schur functions : s gu(x) = sa(x)s,(z).
Now, the Cauchy identity (16.4) for Schur functions yields

1 1
Zu|>‘1|s>\1(1T+1)S>\1(1,p,p2,...) = H (1_upd_1)r+1 = ] r—‘,—l;
A1

. 1
> velsn, (s (L, ¢% ) = ] (1—vg? 1) +1

T-
Ao d>1 (U§Q)oor+

As || = m, |A2| = n, we may write

2 (1= t)" ™+ (p; p)n(4; Dm Anlt:,4)

n,m
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—Zu%mz D s (T s, (1,p, . )sa, (17 )sx, (1,g, )

(A1,A2) 7
=Zt’“ S alilePelsy (17 sy (1, s (7 )sa (Logs )
4 (A1,A2)

—ZtT(Zup‘l 1’"+1)3,\1(17p,...)>
X (Z v"\2|3,\2(1’"+1)s>\2(1, q,... ))
A2

Y 1 1 B 1
—~ (U D)oo T (03 Q)0 Tt (UD) oo (V3 @)oo

Uiploo  (V:0)s0

Next replace u/(1 —t) by u and v/(1 — t) by v. This yields

u"v™ 1 1—1
—————— Au(t;p,q) =
g;Ox@A;@m 2:9) —t+ (1= )u;p)oo (1 = )03 @)oo

B 1—t
 —t+ Ey((t = Du)E,((t —1)v)’

using the notation of the second g-exponential. Since E,(u)e,(—u) = 1,
we obtain:

u"o™ 1—t
1+ —————Ap(tip,q) =t —t+1
(nz;n)(p§q n q;Q)m ( ) —t+Ep((t— 1)’lL)Eq((t— 1)’0)
#(0,0)

1-—t¢
1= te, (1~ Oujeq((1— 1)’

This proves identity (23.7).

There are two methods for proving identity (23.8): first, the iterative
method that has already been used for the proofs of Theorems 10.1,
20.3 and 21.1. The recurrence relation (23.4) is to be considered and the
summand to be combinatorially interpreted by introducing the notion of
the longest increasing rightmost factor. As one of the previous proofs could
be reproduced almost verbatim, the proof is omitted. The second proof
consists of constructing a bijection o — ¢’ of &, 1, onto itself having the
property that

Ligne o = Ligne o’, imaj; o = inv; o (j=1,2).

Again, the bijection ® of Theorem 11.2 could also be used in the same
way as was done in Proposition 22.6. As the similarity is so strong, the
construction is omitted. []
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23.2. The Désarménien Verfahren. 'This method, based on the algebra
of symmetric functions, is quite effective for deriving congruence properties
of certain polynomials, especially the Eulerian polynomials and also the
bi-indexed Eulerian polynomials introduced in the previous subsection.

Take up again the notations introduced in § 14.3, especially formulas (ii)
and (ix) of Theorem 14.2, that merge into

(23.14) Huz)=[[(1—uz;)) =exp ¥ u" pr(x),
where the “p” has been written in boldface as “p” to avoid confusion with
a further base denoted by “p.” Also recall that a partition of an integer
n is a non-increasing sequence A = (A1, Ag,...) or a word A = 1™12™m2 .
(the multiplicative notation) with the meaning that A has mj parts \;
equal to 1, mo parts \; equal to 2, etc. As usual, to each partition A is

attached the constant

Zy = 17122 omylme! ...
and the power symmetric function
PA(z) = Pa, ()P, () - -+ = pa (@)™ P ()™ -
Finally, |A| = n means that X\ is a partition of n and the notation I(\)

stands for the number of parts of \.
Now for each partition A = 1™12™2 ... of the integer n introduce the
polynomial:

(23.15) Tx(q) == % = (0 pa(lq. 0%, ).

By induction on the number of distinct parts of X it is easily verified
that T)\(q) is a polynomial of degree n(n — 1)/2. In the following lemma
needed for deriving congruences properties for the polynomials T (q) we
denote the k-th cyclotomic polynomial by ®4(q) with the convention that

®1(g) =1-4q.
Lemma 23.2. Let n =Fka+b (0 <b<k—1). Then

(45 @)n

m = k“a! (q; q)p mod Py (q).

Proof. Write(q;q)nz( I1 (qkj+1;Q)k—1) (¢%;6%)a (" F1; q)p. As
0<j<a—1

¢"=1 mod ®4(q), we have (¢"*T*; q)p=(q; ¢)» and (¢" ;@) p—1=(q; @) -1
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When ¢ = ( is a k-th primitive root of unity, ((;)r_1= [[ (1 —¢Y),
1<I<k—1
which is the value in X = 1 of the polynomial (1 — X*)/(1 — X) =
1+ X + -+ X*1 that is, k. Therefore, (¢;q)x—1 = k mod ®(q).
Moreover, (¢*;¢*), is divisible by (1 — ¢*)* and lim M =a! []
q—¢ (1 —q%)

Proposition 23.3. Letn=ka+b,0<b<k—1and A\ =1"12"2_ . be
a partition of n. Then the following congruences hold :

(1) if my # a, then Tx(q) = 0 mod Pk (q).

(ii) if mi = a, let \* = 1™ ... (k — 1)™=1(k + 1)™s+1 ... be the
partition of b derived from A\ by deleting the my = a parts equal to k.
Then

(23.16) Tx\(q) = k%a! T+ (q) mod ®x(q).

Proof. The proposition is an immediate consequence of the previous
lemma and the definition of T)\(g) given in (23.15). []

Let F(u) be a formal power series in one variable u. As the two series
eq(u)e’ — 1 and ey(u)e,(v) — 1 have no constant term, it makes sense to
expand the following two series as

(23.17)  Fle(we’ —1)= Y —— "

(23.18) Fleg(wey(v) —1) = Y — Ko (p, q).

st rso (G Dn (B3 P)m
Theorem 23.4. Let n =ka+0b with0<b <k —1and m > 0. Then

(23.19) Kratb.m(q) = Kpm+a(q) mod @i (q).
Furthermore, if 0 < m < k — 1, then

(2320) Kka+b,m(q7p) = Kb,m—i—k:a(va) mod ‘I)k;(Q) mod (I)k:(p)a
where the double congruence means that the two congruences are to be

taken in succession.

Notice that the subscripts in the polynomials K are different in (23.19)
and (23.20), so that the first congruence is not a specialization of the
second one.
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Proof. Consider the following expansion in the variables u and v

(SurP ) = 3 (V) (Bl

r>1 r>1
n
N\ n (N —=m)!' pi(z)™ pa(x)™?
—Y (M) ¥ g PR
m=0 n>0 mi,ma,...
m+m>N,mi+mag+---=N-—m; L.m; +2.my+---=n.

— NI v P ()
! E ; E .
0<m<N<ntm "V IA|=n 2
I(A)=N—m

Replacing the alphabet z by the successive powers of ¢ yields

pr(1,q,4%...) N u v ()
(23.21) <Zu +v) = ) —— K (@),
r>1 r 0<m<N<n+m (4 ¢)n m!
where
T
(23.22) KM (@) =N Y Ma).
b z>\
[Al=n
I{(AN)=N-m

When my, = a, then [(\) = I(A\*) + a and z) = 2z)- k%a!, so that

T *
EN@=N Y 2—@ mod @j(q).
)\*
A =b

I{(A")=N—m—a
In particular by (23.22)

IAT=b N
I{(\")=N—m—a
Therefore
(23.23) KN, (a) = KN () mod @(q).

Now, by (23.14),

eq(u)e’ = H(l —ug’ H e’ = exp(z urpr(l,q,qz, ) —|—v>>,

. T
j>1 r>1

so that, if F(u) = > c;u’, we get
i>0
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Fleg(u)e’ —=1) =) ci(eq(u)e’ —1)°

>0
_ pr(l,q,6%,..) :
Sl ) )
>0 r>1
Cn PPrlig ) | AN
=Y W (w4
N>0 r>1

[for some coefficients Cy (N > 0);]

Y XY AN EN

|

n m

= Z L%Kn,m(q),

n>0,m>0 (@:9)n

n+m C
where K, ,(q) = Z Fj\(

N=0
order N in the variables u and v. Hence, the congruence property for

K, m(q) is a consequence of the congruence property (23.23) satisfied by
the polynomials KV(LNW)L<Q) themselves.

Kszn%(q), since the formal series (23.21) is of

The proof of (23.20) is quite similar. This time we start with the

™ ™ N
expansion of the series Z(u pr(x) +v pr(y)> , where y stands for a
r
r>1
second alphabet. We have

(Z u"pr(z) ;L qﬂ“pr(y)>N:Z (]X) <;urprﬁx)>A<Z UTPTT(w)B

r>1 A+B=N r>1
- 3 (D(Z a5 prrel)
A+B=N (A=A I(n)=B
P () Pu(y)
= NI g™ .
D N
n>0,m>0 [A|=n, |u|=m
n+m>N IA)+(p)=N

Again, if we replace the alphabet x (resp. y) by the successive powers of ¢
(resp. of p), we obtain

n

(Z urp?«(l,q,---)+v7"pr(1,p,---)>N: 3 w0 KM (g, p)
=1 r wstmso (G Dn Bip)m ™
n+m>N

where
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(23.24) EM(qgp) =N >
N=n lul=m N CH
L)+ (u)=N

In the last summation the sum of the lengths of the two partitions is to
remain constant, equal to N. We then use the bijection (A, u) — (A*, u™),
where pu* is derived from p by adding a parts equal to k. We have

K (g,p) = N! Z Iy (g) T () mod @ (q) mod P (p)

ka+bm
? Z\* Z,+
IA*|=b, [ul=mthka .
IA)+H(pT)=N

N
= Ky ika(0:P):
For the coefficients K, ,,,(q,p) of the series F'(ep,(u)eq(v) — 1) we also find

the expression
n—+m

Cn
Knm(g:0) = ) Sy Kiw(@.p)
N=0 "’

for some coefficients Cy (N > 0). The congruence property for the
Ky.m(q,p) follows from (23.24). []

23.3. Congruences for bi-indexed polynomials. We apply the tech-
niques of the previous subsection to the sequence of the bi-indexed Eule-
rian polynomials (in two variables) A, n,(t,q) defined by identity (23.5).
Notice that it has two specializations

(23-25) An,O(ta Q) - inVAn(ta Q)7 AO,m(t7 Q) - %m<t)a

where VA, (¢, ) is the g-inv-Eulerian polynomial introduced in section 10
and %, (t) = 1 if m = 0 and tA,,(t) (with A,,(t) being the traditional
Eulerian polynomial) if m > 1. In particular, Ay o(¢,q) = Ao1(t,q) = t.
The recurrence relation (23.4) with ¢ = 1 provides the recurrence relation
for the polynomials A,, (¢, ¢) and shows by induction that

(23.26) A1 (t,q) = ™Ag mi1(t, @) = U1 (t)  (m >0).

Theorem 23.5. Let n and k be two positive integers and let n = ka + b,
0 < b < k—1 be the Euclidean division of n by k. Then the following
congruence holds:

(23.27) Akasbm(tq) = (1= 1) F DAy 110 (t, q) mod @i (q).
Furthermore, if 0 < m < k — 1, then
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(2328) Aka—i—b,m(t; Q7p> = Ab,m+ka (t’ qap) mod Py (Q) mod Py (p)7
For k=1, m=1:
(23.29) Aa1(tq) = Agara(t,q) = Aara (1);
fork=2,b=0,1, m=0:

At q) = Aozass = (1= )" Apa(t, ¢) mod (1 + q)
(23.30) = (1—1)*%Uq4p(t) mod (14 q).

Proof. The generating function for the polynomials A,, ,,, (¢, ¢) may be

rewritten as

n m

Anm(t,q) u™ o™ to\i .
> T~ 2 (p) (e 1)

n>0,m>0 i>0

By Proposition 23.4 the coefficients K, .,(q) := Anm(t,q)/(1 — t)"T™
satisfy the congruence (23.19):

Aka+b,m(t7 q> Ab,m+a (t7 Q)

(1 _ t)ka—‘y—b—f—m = (1 _ t)b+M+a mod q)k(q)

In an analogous manner

n m

Anm(t;q,p) u v i i
Y, b -3 (55) et -

— + . .
n>0,m>0 (1 t)n " (Q7q)n (pap)m i>0

and congruence (23.20) applies. []

23.4. The signed Fulerian numbers. Consider the g-inv-Eulerian poly-
nomials ™A, (t,q) = ¥ ca, t'T97¢™ 7 introduced in section 10 and
define the signed Fulerian polynomial to be

n

(23.30) SEUA,, (t) := ™A, (t, —1) := ngnAn,ktk-
k=1

The integers *8"4,, , (1 < k < n) are called the signed Eulerian numbers.
Relation (23.30) shows that

(23.31) U,k = Y sgno,

where the sum ranges over all permutations o € &,, such that 1+deso = k.
Their first values are displayed in Table 23.1. Recall that %4, (¢) is the
generating polynomial for G,, by the statistic “1 + des” (see section 10).
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k=11 2 3 4 5 6 7
n=1]|1

211 -1

311 0 -1

411 -1 -1 1

5(1 2 -6 2 1

61 1 -8 8 —1 -1

71 8 —19 0O 19 -8 -1

Table 23.1

Theorem 23.10. Let *8"A,,(t) be the signed Eulerian polynomial defined
in (23.30). Then

(23.32a) By, (1) = (1 — )" A, (1) ;
(23.32b) S, 1 (1) = (1 — )" U, 11 (8).

Proof. This has already been proved in Theorem 23.5 with relation
(23.30), since %8™4,,(t) = ™A, (¢, q) mod (1 + ¢). Another proof consists in

starting with the recurrence relation (10.11) for the polynomials ™A, (¢, q)
and let ¢ — —1 in that relation. As

. 2m . 2m+1 . 2m+1 m
lim | = lim . = lim . =1 .|,
g——11| 21 qg——1 21 g——-11]2t+1 7
q q q
. 2m
lim ] =0,
qg—-1121+1 a

we are led to the recurrences

(2333) Sg%Zn(t) = t(l — t)2n—1 + Z (n) Sg%%(t) t (1 _ t)Zn—l—% :
1<i<n—1 \'
@30) o) =t - 0+ Y (1) aa(te -0
1<i<n t
+ Z (n) S, (8) ¢ (1 — ¢)2n 2L
0<i<n—1 g

When ¢ — 1 in (10.11) we get the recurrence relation for the polynomials
U, (), ie.,

(23.35) Un(t)=t@-t)" 1+ > (:L) ()t (1 —t)" 1

1<i<n—1
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By comparing (23.33) and (23.35) we see that the polynomials (1 —
t)"%,, (t) satisfy the same recurrence relation as the polynomials 584, (t).
Hence (23.32a) holds. To establish (23.32b) an easy induction on n
suffices. []

Having the classical relations for the (unsigned) Eulerian numbers A, j
at our disposal, as derived in (10.5)—(10.9), it is straightforward from
Theorem 23.10 to prove the following relations:

(23.36a) B Aon ke = B Aon 1k — A2 1 k-1

(23.36D) S ont1,k = kAo + (2n — k 4+ 2)°8g, 1 ;

together with the analogs of the Worpitzky formulas

9 .
Z < " + Z) Ao ki = k" ;
7

1

2n—1+1
Z ( ! i +Z>sgnf42n—1,k_i = k"

and the polynomial relations
8o, (1) = (1 — 1)*8"Ag,,—1(1);
S Aon11(t) = (2n + 1) ¢ 8%y, (¢) + t(1 — ¢)°8"A45,, (¢);

where %8"AL, (t) denotes the derivative of ®8"Ay,, (t).

24. The basic and bibasic trigonometric functions

By analogy with classical analysis start with the traditional Euler
identity

(24.1) er, = cosy, +isiny,,

where e;, is an analog of the traditional complex exponential. When we
choose ef, = eg4(iu) (resp. er, = ep(iu)eq(iv)), we obtain the definitions of
the g-sine, sin,(u), and g-cosine, cos,(u), (resp. of the p, g-sine, sin, 4(u, v),
and p, g-cosine, cosp 4(u,v).) Of course, the other g-exponential E,(u)
could be used, but this does not lead to significantly different results.
The goal of this section is to define the other functions tan; and secy,
to derive the recurrence formulas for the coefficients of their expansions
and, finally, to obtain combinatorial interpretations for the coefficients.

24.1. The basic and bibasic tangent and secant functions. First, re-
call some easy results on the p- or g¢-partial derivative. If A(u,v) =
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Au,v;p,9) = Y, Apm ™0™ /((p;2)n(q;¢)m) is a (p, g)-bibasic series
n>0,m>0

in the variables u and v, define:
A(U, U) B A(pu7 U) 3

(24.2) Op A(u,v) = " :

A(u,v) — A(u, qv).

u

(24.3) g Au,v) ==

The following relations are immediate

(24.4) 8, (A(u,v)B(u,v)) = A(u,v) 8, B(u,v) + A(pu,v) 9, B(u,v);

A(u,v)  B(u,v) 0, A(u,v) — A(u,v) 0, B(u,v)

(24.5) % B(u,v) B(u,v)B(pu,v) ’
B(pu,v) 0, A(u,v) — A(pu,v) 0, B(u,v)
B(u,v)B(pu,v) ’

(24.6) =

and also the analogous relations for the g-partial derivative. If the series
A(u;p) and B(u;p) are p-basic series of the variable u, we speak of p-
derivatives. The above properties are similar and will not be restated.

Definition. The p-sine and p-cosine are defined by the identity
ep(iu) =: cosp(u) + i siny(u);
the p, g-sine and p, g-cosine by the identity

ep,q(iu,iv) 1= ep(iu)eq(iu) =: cosp q(u) + i siny, 4(u).

Proposition 24.1. The following identities hold:

(24.7) ep.q(—iu, —iv) = cosp q(u, v) — i siny 4(u, v);
ep.q(iu, 1) + e, o (—iu, —iv)

24.8 = b —

( ) COSP:q(u7 U) 2 ?
) ep q(iu,iv) — ey o(—iu, —iv)

24.9 = B b

(24.9) siny, 4 (u, v) % ;

(24.10) Op epq(au,v) =ae,q(au,v);

(24.11) Op siny 4(au,v) = a cosp q(au, v);

(24.12) Op cosp q(au,v) = —a sin, 4(u,v);

and analogous relations for the g-partial derivative. The identities for
ep(—iu), sin,(u), cos,(u) are obtained by letting v = 0.

Proof. As ep(iu) = cosp(u) + i siny(u), relation (25.7) is proved
by direct calculation. Next, (24.8) and (24.9) are banal. For deriving
(24.10) remember that e,(au) = [],50(1 — aup™)~t, so that e,(pau) =
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(1 —awu)ep(au). Then 0, ep(au) = aey(au). The last two relations hold
by linearity.

Definition. The p-tangent, p-secant, p, g-tangent and p, g-secant func-
tions are defined by

siny, (u) sin, 4 (u, v)
24.13 t = PV t — p g\t 1Y)
( ) any (u) cos, (@)’ any, (u,v) o5, o0 0)’
1 1
24.14 = ; =
( ) secp(u) cos (@)’ secp,q(u,v) cos, (a0 0)
Also define
1+ sin
(24.15) Eul u;p) :== T(Z(;L) = sec,(u) + tany(u);
p

1+ sing 4(u, v)
cosp q(u, v)

(24.16) Eul(u,v;p,q) := = secp q(u, v) + tany, 4(u,v).

Theorem 24.2. The following derivative relations hold:

(24.17) 0p Eul(u;p) = 1 + tany,(u) Eul(pu; p);
(24.18) 0p Eul(u,v;p,q) =1+ tan, ,(u,v) Eul(pu,v;p,q);
(24.19) 9y Eul(u,v;p,q) =1 + tany ¢(u,v) Eul(u, qu;p, q).

Proof. Relation (25.17) follows from (25.18) or can be proved in a
straightforward manner. As Eul(u,v;p,q) = Eul(v,u;q,p), it suffices to
prove the first of those two relations. By (24.6)

1 +siny 4(u, v)

% cosp, q(u, v)
€08y, q(pu,v) Op(1 +siny 4 (u,v)) — (1 + siny 4(u,v)) 0, cosy 4(u,v)
B cosp,q(u, v) cosy 4(pu, q)
€08y q(pu,v) cosy ¢ (u, v) + sing 4 (u, v) + sin, 4 (u, v) sing, 4 (pu, v)
- cosp,q(u, v) cosp,q(Pu, q)
Thus,

1 +siny o(u,v) " siny, 4(u,v) 1+ sin, 4(pu, v)
cosp. q(u, v) N cosp q(u,v) cosp q(pu,v)

=1+ tany, ¢(pu, v) Eul(pu,v;p,q). []

Ip
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Denote the expansions of Eul(u;p, ¢) and Eul(u,v;p, q) by

n

U
24.20 Eul(u;p) := Eul, (p :
(2420 i) ,;) ( >(p;p)n
un vm
(24.21)  Eul(u,v;p,q) := Z Eul,, 1 (p, q) :
NS00 (P P)n (5 @)m
so that
(24.22) tan (u) = Bul"®(u;p) i= Y Bul,(p)
n>0,n odd <p’p)n
u" o™
(24.23) tany, ¢(u) = Eul®*(u, v;p, ) == Eul,, . (p, ) .
o @%20 (P;P)n (4 @)m
n+m odd

Proposition 24.3. The coefficients Eul,, (p) (n > 0) and accordingly the
function Eul(u; p) are inductively defined by the following two relations:
(i) Eulg(p) = Euly(p) = 1;
(ii) the recurrence formula valid for n > 1

n
(24.24) Eul,41(p) = E [ } p"~ Eul,(p) Eul,—q(p).
a
0<a<n P
a odd

The coefficients Eul,, ,,(p,q) (n > 0, m > 0) and accordingly the function
Eul(u, v;p, q) are inductively defined by the following three relations:

(iii) Euloo(p) = Eulo,1(p,q) = Eulio(p,q) = 1;
(iv) the recurrence formula valid for n > 1

n —a
(24.25)  EBulygpio(pg) = Y Hp” Eula,0(p, q) Euli—a,0(p, 9)-
0<a<n a P
a odd

(v) the recurrence formula valid for n +m > 1
(24.26)

n m _
Bl m1(p,q) = Y M [ ] ¢" " Eula b (p, ¢) Buly—am—5(p, q)-
p q

b
0<a<n,0<b<m

Proof. Go back to identities (24.17) and (24.19), expand both sides
and write that coefficients of the same monomial are equal on both
sides. []
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When (24.18) is taken into account, conditions (iv) and (v) can be
replaced by
(iv') the recurrence formula valid for m > 1

m _
(2425/) EU-lO,m-i-l(pv Q) = Z |: b:| qm b EulO,b(pa Q) EUIO,m—b(pv Q)
q

0<b<n
b odd

(v) the recurrence formula valid for n +m > 1
(24.26")

nl [m] . _a
Bupiale) = |7 5] 9 Bulast. ) Bulaaoslo)
p q

0<a<n,0<b<m

Finally, notice that both (24.25) and (24.25) are the same recurrence
formulas as (24.24).

As Eulyp(p) = Euly (p) = 1, all the coefficients Eul,, (p) can be determined
by means of formula (24.24). The first values are the following:

Euly(p) = Euly (p) = Euly(p) =1, Eulg( ) = p(l +p),

Euly(p) = (1 +p)? +p?, Eu15( ) = (1+p) (1+p?)?,

Eulg(p) = p*(1 + p)*(1 + p* + p*)(1 +p+p +2p®) 4+ p'?,

Euly(p) = p3(14p)2(14p?) (1+p3) (1+p+3p?+2p3+3p?+2p° +3p° +p"+p?).

The first polynomials Eul,, ,,(p,q) can be derived by menas of Propo-
sition 24.3. Because of the symmetry we only list the polynomials
Eul, 1, (p, q) such that n < m.

Eulo,o(p,q) = Eulg1(p, q) = Eulp2(p,q) = Eul11(p,q) = 1;

Eulo3(p,q) = ¢(1 +¢q); Euli2(p,q) =1+ ¢;

Eulo,4(p, q) =q(1+q)*+q% Eulis(p,q) =1+2q+2¢%

Euly2(p,q) =2 +p + q + pg;

Eulo5(p,q) = ¢*(1 4+ ¢)*(1 + ¢*)?;  Eulya(p,q) = 2¢(1 + ¢)*(1 + ¢%);
Euly 3(p,q) = (1 +p)(1+q)%;

Eulos(p, q) = ¢*(1 4+ ¢)*(1 + ¢° +Q)(1+q+q +2Q)+ql2

Euly 5(p,q) = (3q +6¢% + 10¢° + 13¢* + 12¢% + 9q + 6q +2)q;

Euly 4(p,q) = 3¢°+3pg°+7q* +6pq —l—7pq +8¢349¢ +7pq +4pq+5q+p+1
Euls 3(p, q) = 2p* q+2pq +p3¢° +p® +4p* + 8p*¢* + 8p?q +2p° ¢ + 4p +

8pq? + 8pq + 2pq> + 4¢> +4q+2+q3;
Euly7(p,q) = q3(1+Q)2(1+q2)(1+q3)(1+q+3q2+2q3+3q4+2q5+3q6+
q + ¢%);
Euli 6(p,q) = ¢*(1+ ¢)*(1 + ¢*)(1 + ¢*)(3¢* + 3¢* + 5¢° + 3¢ + 3);
Euly5(p, q) = Q(l +p)(1+q)*(1 + ¢*)(3¢* + 4¢* + 3¢ + 4¢ + 3);
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Euls 4(p,q) = (1 +p)(1 +¢)*(1 + ¢?)
x (¢*p? + pa® + ¢* + 5qp + 3qp* + 3¢ + p*> + p+ 1).

24.2. Alternating permutations. We now use formula (24.24) to show
that the polynomials Eul,, (p) are generating polynomials for sets of permu-
tations, called alternating, by the statistic “inv” (and also by “imaj”).

Definition. A rising alternating (resp. falling alternating) permutation
is defined to be a permutation ¢ = o(1)...0(n) having the following
properties:

o(1) <a(2),0(2) > 0a(3), 0(3) < o(4), etc. in an alternating way
(resp. o(1) > 0(2), 0(2) < 0(3), 0(3) > o(4), etc. in an alternating way).

By DR, (resp. D,) is denoted the set of rising alternating (resp. falling
alternating) permutations of order n.

One of the consequences of the following theorem is the fact that the
number of rising alternating (resp. falling alternating) permutations of or-
der n is equal to Eul, (1). Referring to the table of the polynomials Eul, (q)
given above, we see that: Eulg(1) = Eul;(1) = Euly(1) = 1, Eul3(1) = 2,
Euly(1) = 5, Euls(1) = 16, Eulg(1) = 61. The numbers Euls, (1) (resp.
Euls,11(1)) are called tangent numbers (resp. secant numbers) and have
been combinatorially studied for decades. The polynomials Eul,,(q) appear
as g-analogs of those numbers.

The rising alternating permutations for n = 1,2, 3,4 are the following:
1;1,2;1,3,2;2,3,1;1,3,2,4;1,4,2,3;2,3,1,4;2,4,1,3; 3,4,1,2.

Theorem 24.4. For everyn > 0 the polynomial Eul,,(p) is the generating
function for the rising alternating permutations of length n by the number
of inversions. In other words,

Eul, (p) = Z pnve,

c€DR,
When n is odd, we also have

Eul,(p) = Z pinve,

oc€D,,

Proof. The result is banal for n = 0, 1 and 2. For n > 2 consider
the set Sj41,441 of rising alternating permutations o of order n 4 1 such
that » + 1 is in the (a + 1)-st position (i.e., o(a + 1) = n + 1) with a
odd. Such a permutation is characterized by the two rising alternating
subpermutations ¢/ = o(1)...0(a) and 6"’ =o(a+2)...0(n+ 1) that do
not contain n 4 1. The inversions of ¢ fall into four groups:
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(a) the inversions that correspond to the pairs of letters whose first
letter is in ¢’ and the second one in ¢”; if follows from Proposition 4.3

that their generating polynomial is equal to [Z]p;

(b) the n — a inversions between n + 1 and each letter of ¢”;

(c) the inversions inside ¢’; by induction their generating polynomial is
equal to Eul,(p);

(d) the inversions inside ¢”’; their generating polynomial is equal to
Eul,,_,(p).

The generating polynomial for S, 11 4+1 is then equal to

. n —a
Z qmv o _ |:a:| qn EUla (p) Elﬂnfa(p)'

0ESni1,a4+1
Hence,

Bul,(p)= Y m P Buly (p) Euly_o(p),

0<a<n,a odd

that is exactly the induction formula (24.24).
When n is odd, the transformation rc, already introduced (see the end

of section 12), that sends the permutation o onto the permutation rco
defined by

rco(i):=n+1—ocn+1—-1) (1<i<n),

maps DR,, onto D,, in a one-to-one manner. Moreover, under the trans-
formation the number of inversions “inv” remains alike. This proves the
second part of the theorem. []

Saying that a permutation o is rising alternating (resp. falling al-
ternating) is equivalent to saying that Ligneoc = {2,4,6,...} (resp.
Ligneo = {1, 3,5, ... }). Hence, Corollary 11.5 implies the following propo-
sition.

Proposition 24.5. For every n > 1 we have:

Z pinva _ Z pimaja and Z pinva _ Z pimajo.

c€DR, c€DR, oceD, oceD,

24.3. Combinatorics of the bibasic secant and tangent. In section 23
we have studied the class of the bi-indexed Eulerian polynomials defined
by

An m(t p q) — Z t1—|—des Upil’lV1 aqian o
U€6n+m
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As the statistic “inv” (also the statistic “imaj”), when defined on the
subset of alternating permutations, leads to a combinatorial interpretation
of the g-tangent and g-secant numbers, the natural question arises: what
can be said about the polynomials

(2427) nm p’ Z pan1 o invs cr n . p, Zplnvl o invs o

O'GDRn+m O'GDn+m

when the pair (invy,invsy) is restricted to the subset DR, 1, of the rising
(resp. the subset D, 1, of the descending) alternating permutations. No
use keeping the variable ¢ as all the permutations in DR, 4+, (resp. Dytim)
have the same ligne of route, i.e., {2,4,6,...} (resp. {1,3,5,...}).

Again, let (n,m) be an ordered pair of nonnegative integers. By
convention, Dy o(p,q) := 1. Let n +m > 1 and let o be a permutation of
order n 4+ m. The statistics “invy” and “invy” (see Theorem 23.1) can be
redefined as follows:

invio:=#{(,j):1<i<j<n+m,n>0o(i)>o(j) > 1},
invoo :=#{(4,j):1<i<j<n+m,n+m>o(i)>o(j) >n+1}.

To emphasize the fact that inv; and invy are defined by means of the
ordered pair (n,m), we also use the notations:

1nv(n m) = invy; (n,m) =1

As has been defined in §24.1,

Eul(u, v;p, q) = secpq(u, v) + tany q(u, v)

— Z Euln,m(pv Q)

n>0,m>0 (p;p)n (Q7Q)m

uTL

The purpose of this subsection is to prove the following theorem.

Theorem 24.6. For each pair of nonnegative integers (n, m) we have:

(24.28) Dym(ps @) = Eulp 1 (p, )3
when n + m is odd, we further have:
(24.29) Epm(p: @) = Euly i (p, 9);

Before proving the theorem and making some comment about the
symmetry of the polynomials Eul, ,,(p,q) let us establish the following
lemma.
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Lemma 24.7. Let o be a permutation of order n+m > 1 and o’ :=rco.
Then
(n,m) 1 (nam)
5 )

(inV1 ,inv (m,n) . gm,n)) ,

o= (invy 7, inv o

Proof. By definition of r and ¢ we have
dn+m+1—i)=n+m+1-0() (1<i<m+n).

Hence the following statements are equivalent:

i) 1<i<j<n+m & n>0c(i)>o(j)>1;

i) 1<n+m+l—-—j<n+m+l—i<n+m
En+m>n+m+1—0o(j)>n+m+1—0(i) >m+1;

i) 1 <j < <n+m & n+m>d () >o () >m+1 with
Ji=n+m+1—74,7=n+m+1-—1i;

Thus, invgnm)a = invgm’n) o’. Also, invgn’m) o= invgm’n)
muting the roles of n and m. []

o’ by per-

If o is a rising alternating permutation of order n+m, then ¢/ = rco is
rising alternating or descending alternating, depending on whether n +m
is even or odd. By the previous lemma we then have

Dpon(q,p), if n+m is even;

(24.30) D (p0) = { Enn(q,p), ifn+misodd.

Thus, when n +m is even, the symmetry of the polynomials D,, ,,,(p, q) is
obvious combinatorially. When n + m is odd, it is only a consequence of
Theorem 24.6.

In order to prove identity (24.28) of Theorem 24.6 we show that the se-
quence (D, m(p, q)) satisfies the relations (iii), (iv), (v) of Proposition 24.3
that uniquely define the sequence (Eul,, ,,(p, ¢)). This is the content of the
next proposition.

Proposition 24.8. Let D, ,,(p,q) be the generating polynomial for the
set DR, +m of the rising alternating permutations of order n + m by
the two-variable statistic (invy,invy). Then the sequence (Dy . (p,q))
(n > 0,m > 0) is inductively defined by the following three relations:

(iii) the initial conditions Dy o(p,q) = D1,0(p,q) = Do,1(p,q) = 1;

(iv) the recurrence formula valid for n > 1:

n n—a
Dyt10(p,q) = § M P" "D o(p,q) Dr—a,0(p,q);
p

0<a<n,
a odd

(v) and the following formula valid for n +m > 1:
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(24.31) Dpmi1(p,q) = ) | m ) [ﬂ qqm‘bDa,b(p, @) Dn—a,m—b(p; q)-

a
0<a<n,0<b<m

Proof. Relation (iii) is banal, while relation (iv) is the recurrence
formula for the p-tangent or p-secant number derived in the previous
subsection.

Let 0 = 0(1)0(2)...0(n+m+ 1) be a rising alternating permutation
of order (n +m + 1). As the permutation starts with a rise (1) < o(2),
the letter (n+m+1) in the word ¢ occurs in an even position, say, 2k + 2
(k> 0). Let

A={o(l):1<1<2k+1,1<0(l) <n};
B:={c(l):1<1I<2k+1,n+1<0o() <n+m};
C:={o(l):2k+3<1<n+m+1,1<0(l) <n}=[n]\A4;
D:={o(l):2k+3<i<n+m+1,n+1<o() <n+m}

Also, let #A = a, #B := b, #C == c =n —a, #D = d = m — b,
so that a +b = 2k + 1 and ¢ +d = n+ m — (2k + 2). The two words
o' :=0(1)...0(2k+1) and 0" := 0(2k+3) ...0(n+m~+1) are alternating
permutations of the sets A + B and C + D, respectively. The reduction
of ¢’ is defined to be the permutation 7/ = 7/(1)...7'(2k 4+ 1), where the
letter 7/(l) is equal to m if and only if o(l) is the smallest m-th letter
of A+ B. The reduction 7" = 7"(1)...7"(n+m + 1 — 2k — 2) of ¢” is
defined in the same way. Of course, both 7/ and 7" are rising alternating
permutations.

Now o is completely characterized by the four-sequence (A, B, 7/, 7").
The inversions of o of the form n > o(i) > 0(j) > 1 (1 <i<j<n+m)
are of three kinds:

(i) 1 <i<j <2k+1; they are counted by invga’b) 7'
(ii) 2k + 3 <i < j < n+m; they are counted by mV(C’ ) ;

(iii) 1 <i<2k+2<j<n+m+1; using the notations of §4.4 they
are counted by inv(y(A4)y(C)).

Thus,

mVSn’m) = inv(a b7 + inv; (D) 2 L inv(y(A)y(C));
and in the same way

invi™™ = inv{™® 7/ + v 77 4 inv(y(B)v(D)) + d.

The “d” that has been added takes the inversions o(2k +2) = n+m >
ol)>n+1(2k+3<1<n+m+1) into account.
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When the pair (A, B) is fixed, so are the ordered partitions (A, C') and
(B, D) of [n] and [n + 1,n 4+ m], respectively. Hence

. (ab) 1. (cyd) 11 . (a,b) 1. (c,d) _1r
inv T +1inv T _inv T +1inv T
> p™ ! g 2 = Dap(p,q)De,a(p; q)-

’

T/,

Now, when A (resp. B) runs over all subsets of [n] (resp. of [n+1, n+m]) of
cardinality a (resp. b), the pairs (A, C) and (B, D) range over all ordered
partitions of [n] and of [n + 1,n + m], respectively, into two blocks such
that #A4 = a, #C = ¢, and #B = b, #D = d. By Proposition 4.3

. . n m
T AN g (BrD) r { } {b} .
(A,B) alyp q

The final summation with respect to a, b yields (24.31). []

For proving (24.29) consider (24.31) when n + m is odd. Using (24.30)
we can rewrite (24.31) as

m n _
Eniim(pa) =) lb] [ } 4" " E.a(¢,0)Em—bm—a(q;p)-
q p

a
0<b<m,0<a<n
b+a odd

This is exactly the recurrence formula (24.16") written for Eul,, 11 (g, p).
As the analogous relations (iii) and (iv’) hold for E,,,(0,p), identity
(24.29) is proved. []

25. MacMahon’s Master Theorem revisited

This theorem has been regarded as a keystone in Combinatorial Anal-
ysis. It was proved by MacMahon himself [Mal5, vol. 1, p. 93-98], who
also gave numerous applications. Several other proofs are due to Good
[Go62], Cartier [Ca72]. As the “Master Theorem” is a special case of the
multivariable Lagrange Inversion Formula [Ge87], as was shown by Good
[Go60] (see also Hofbauer [Ho82]), each proof of the latter formula yields
a proof of this theorem. Its first noncommutative version can be found
in [Fo65], which was later implemented into an appropriate algebraic set-
up [CF69]. More recently Garoufalidis, Lé and Zeilberger derived another
noncommutative version [GLZ06] (called “quantum Master Theorem”) by
using difference operator techniques developed by Zeilberger [Z80].

Instead of reproducing a short version of the “Master Theorem,” in the
commutative case only, we have preferred to put up an algebraic structure
that can shelter the three versions of the theorem, the commutative one a
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la MacMahon, the partially commutative one a la Cartier-Foata and the
quantum one a la Garoufalidis-Lé-Zeilberger. After displaying the identity
to be proved, and discussing properties of so-called circuits, the “Master
Theorem” is established in the commutative case through several steps.
The proof for the two non-commutative algebras will consist of verifying
that each step is still valid in these two further environments.

25.1. The “Master Theorem” identity. Let r be a nonnegative integer;
the set A = {0,1,...,r} is referred to as being the underlying alphabet.
Form the free monoid A* generated by A, that is, the set of all finite words
w = T1xs--- Ty, whose letters x1, xo, ... , x, belong to A. A biword on
A is defined to be a 2 X n matrix o = (7“1”0/) (n > 0), where w’ (the top
word) and w (the bottom word) are two words with the same length n.
The number n is also the length of «; we write /() = n. Let B be the set
of all biwords on A. Each biword can also be viewed as a word of biletters
(‘2) written vertically. The product of two biwords is just the concatenation
of them viewed as two words of biletters.

Let Z be the ring of all integers. The set A = Z{(B3)) of the formal sums
Yo cla)a, where o € B and c(a) € Z for all o € B, together with the
above multiplication, the free addition and the free scalar product is an
algebra over Z, called the free biword large Z-algebra.

For each word w let w be its non-decreasing rearrangement, that is, the
word derived from w by rearranging its letters in non-decreasing order.
Using the terminology made popular in [GLZ05] define the bosonic sum
as the infinite sum

(25.1) Bos := ; (Z) ,

where the sum is over all finite words w with letters from A, i.e., over the
free monoid A* generated by A.
The fermionic sum is defined to be

(25.2) Ferm := S (<)l 7 (Cpyimve (B B2 )
% U;J (0(21) o(ig) - .g(zl)>

where J = {i; < is < --- < 14;} and Sy is the permutation group acting
on the set J.
The purpose of this chapter is to show that the identity

(25.3) Ferm x Bos = 1

holds in three associative algebras, quotients of A by ideals generated by
commutation rules defined as follows:
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(1) the commutative algebra, denoted by AMM | for which all biletters
commute:

(25.4) (2) (?;) = (7;)’) (z) for all a,b, xz,y from A.
This is the classical version that goes back MacMahon’s “Master Theo-
rem,” although it was not stated as an identity of any sort of algebra,
but as the fact that two multivariable series had identical coefficients; see
Exercice 34.

(2) the partially commutative algebra a la Cartier-Foata, denoted by
ACF | defined by the commutation rules:

(25.5) () = (4%) for all letters a, b, z, y from A and z # y.

See [CF69] and [Lo02, chap. 10] for more details.

(3) the right quantum algebra A%FZ 4 la Garoufalidis-Lé-Zeilberger
defined by the commutation rules

(R1)  (%¥) = (¥2) for all letters a, z, y from A and z # y

R2) () + Ga) = Go) + (o)

for all letters a, b, x, y from A and = # y, a # b.

(25.6)

See [FHO7] for more details about the construction of the algebra and how
can be shown that the algebra is associative.

In the commutative case the right-hand side of (25.2) can also be
expressed as the determinant det(I — C).) of the (r + 1) x (r + 1) matrix
(I — C,), where [ is the identity matrix and

o @ 6 (2 6
o @ G (L) 6

(25.7) e | © O @ ()0

(5D () (29 G2 ()
o ¢ G () G
The formula det( —C,) is also valid when dealing with the above two non-

commutative algebras, as will be further explained, so that the “Master
Theorem” identity rewritten as

(25.8) det(I — C,) x Bos =1
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is to be established in each algebra AMM ACF AGLZ

25.2. Circuit Calculus. A circuit is a biword whose top word is a
rearrangement of its bottom word. Each formal sum £ =) c(o)a € A
is said to be imaginary (resp. real), if ¢(a) = 0 for all circuits « (resp. non-
circuits «). The following properties, although easy to verify, are essential
for the proof of the theorem.

(P1) Each formal sum E can be decomposed in a unique way as a sum
of a real expression R(F) and an imaginary expression (E):

E=RE)+3E).

(P2) The real part operator ® and the imaginary part operator & are
linear. This means that for any two formal sums E, E’ and scalars ¢, ¢/
we have

R(cE + E') = R(F) + IR(E'),
S(cE + E') = cS(E) + IS(E).

(P3) The real part operator ® and the imaginary part operator & are

idempotent and orthogonal to each other. This means that for every formal
sum E we have

R(R(E)) = R(E), I(I(E)) = I(E) and R(I(E)) = S(R(E) = 0.

(P4) If E, E’ are two nonzero expressions from R and if E is real, then
E x E' is real (resp. imaginary) if and only if E’ is real (resp. imaginary).

(P5) If E, E' are two nonzero formal sums and if E is real, then
R(E x E') =FE x R(E').

Now, define the universe “Univ” to be the sum of all biwords whose
top words are nondecreasing, that is,

(25.9) Univ := UZ; (Z)

where u (resp. w) runs over the set of all nondecreasing words (resp. all
words) and where u and w are of the same length: ¢(u) = ¢(w)|. Both
Boson and Fermion are sums of circuits. Moreover, $t(Univ) = Bos. Hence,
by (P5) identity (25.3) is equivalent to the following identity

(25.10) R(Ferm x Univ) = 1.
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25.3. “Master Theorem” within the algebra AMM . For i = 0,1,...,r
define:

s ()

mn._ L (r)\n
(25.12) K" = i > s
i n>0

Step 1. As the product of the top words in the product KST)KY) . -K,gr)
reads 00...011... 1... rr...r, we have:

(25.13) Univ = K"K - K0,

Step 2. Display det(I—C,.) with C, defined in (25.7) and add its leftmost r
columns to its rightmost column, to obtain

=) =) ~1=s5g”
1 1 (r)
(25.14) det(I — C,) = det _€°) 1 - 3)...1- 5!

.T .r . . )
—() —() - 1-5
Step 3. Multiply each entry of the rightmost column in the resulting
determinant by Univ = K(()T)KY) e Kﬁr) to get

(25.15) det(I — C,) x Univ

- -©O ... KV
() 1= ... KK KD

-0 . KPKED KD,

Step 4. Denote the minor of I — C,. at position (7,j) by M;; and derive
the Laplace cofactor expansion of the determinant with respect to the
rightmost column. This yields:

(25.16) det(I — C,) x Univ
= Y~ det(M K - KO K®, KD,

0<j<r

Let 0 < j < r — 1. All the biwords occurring in the expansion of the
minor Mj, have no letters equal to j in their top words, as no biletter (Z )
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(0 < i < r) occurs in the minor. Furthermore, the sum KJ(.T) being

missing in the product K(()T) K ](-T_)lK 3(T+)1 = 'K,(f), the same conclusion
holds for its expansion. Consequently, for each biword occurring in F; :=
det(MjT)KéT) - 'Kj@lK](-:_)l .- K" there is a letter j in the bottom, but
none in the top. This means that F; (j # r) does not contain any circuit.
By applying the operator # to both members of (25.16) we get RF; = 0

for every j = 0,1,...,7 — 1 and then
(25.17)  det(I — C,) x R(Univ) = det(M,,) x RIE K - k).

using Property (P5):
Step 5. When expanding the product KéT)Kfr) . --Kﬁr_)l, the biwords

containing biletters (i) with 0 < ¢ < r — 1 vanish under the application
of R. After removing such biwords there only remain the biwords from

the product KST_I)KY_” ~--K£:1). As M,, = I — C,_1, we have by
induction:

det(I — C,) x R(Univ)
= det(I — C,) x RIEVED . KD)
= det(I — Cp_1) x R(KSVEI . gD)

= det(I — Cp_o) x R(KSVK . k)

— det(I — Co) x R(KS”) = (1= (2)) x —Lgw = 1.

In view of (25.15) this proves identity (25.8) in AMM.

25.4. Further matricidal properties of the algebras AT and A%, Let
A = (aij)i<ij<r be a square matrix whose entries are elements from
A (resp. A9LZ). Although these algebras are noncommutative, the
determinant of A can be defined to be

(2518) det(A) = Z(_l)invaago’oaghl C Qg

(e

where o runs over the permutation group Sy of the set A, as long as the
ordering of the factors ay, .0, @5,.1, - - -, @0, r is taken into account. Several
classical properties of the determinant still hold.
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(P6) Linearity. When writing matrices as sequences of their (r + 1)
columns (cg, ¢, ...,¢.), we have

det(co, .-, Ciy- . ycr) +det(co,...,bch, ... cp)
=det(co,...,c; +bci, ... cp).

(P7) Cofactor expansion. Let A = (a;;)o<ij<r be a matrix with
entries from A (resp. A9LZ) and A;; be the matrix obtained from A
by deleting the ¢-th row and j-th column. Then,

det(A) = Z(_1>r+1+i det(AZ-r)az-r.
1=0

This is simply the usual cofactor expansion of det(A) with respect of its
rightmost column.

Let a;, b;, ¢; (i = 0,1,...,r) and =z, y be scalars and form the
(r+1) x (r + 1)-matrix

ao + bg (g) co + bo (2)
a; + by (916) c1+ b (11/)

a0, (0) et b))

where besides the two consecutive columns explicitly displayed the other
columns are arbitrary. Let B denote the matrix derived from A by
transposing those two consecutive columns.

(P8) Interchanging two columns. Let A and B be the two matrices
just defined. Then det A = — det B.

Property (P8) can be proved as follows. In the expansion of det A the
sum of the two terms

Sy i= ke (o b (D) ey + by () F o (g by (D) + Bi(}))
may be put in a one-to-one correspondence with the sum

Tij o= £ (ci+bi())a; +b;(0) -+ F (g +b;())) (@i +bi(3)) -
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in the expansion of det B. But
Sij ==+ (az‘cj +aiby () + e5bi () + bibs (57)
= ajei — a;bi(y) — eib;(7) — bib (i;)) a
Tij==-- (Ciaj +eiby (1) + biay ;) + bib (,7)
— eyai = ejbi(1) — byai ()~ bibs (31)) -

Within the algebra A“F we have (”) = (;;), so that S;; = —T;;. Within

ry

the algebra A“LZ the identity (;J) — (“) = —((ij) — (“)) holds. As the
. . Y Ly Yz YL/ .

commutation relations can be made at any position within each biword

(using the associativity property of the right quantum algebra) we also

conclude that S;; = —=Tj;. []

It is worth noticing that Property (P8) is only stated for very special
matrices. In general, the column interchanging property does not hold for
arbitrary matrices with entries from those two algebras.

As a consequence of Property (P8), we can state the following property.

(P9) Two identical columns. If the matrix A has the further property
that two of its columns are identical, that is, if a; = a; and b; = b; for
0<i<j<r, then det A =0.

For the proof, it suffices to write: permute columns 7 and 7 + 1, then
columns 7 + 1 and ¢ + 2, -- -, finally columns » — 2 and » — 1, We obtain
a matrix A" whose rightmost two columns are identical. Property (P8)
implies that det(A’) = 0 and also det(A’) = & det(A4) =0. []

25.5. The “Master Theorem” for the algebras AT and A4 . Starting
with the definition of the determinant given in (26.18) and using Prop-
erty 6 (linearity) the fermion matrix defined in (26.2) can also be expressed
as

~(
) - 1)

Now examine how each Step 1, ... , Step 5 can be validated for A“F
and A®7Z . First, Step 1 holds in both algebras. For Step 2 designate the

=0 =) -0)
) -

Ferm = det(I — C).) = det
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(r 4+ 1) columns of the matrix (I — C,.) by ¢, ¢1, ... , ¢,. By Propertiy 4

(Linearity) and (P9) (Two identical columns) we have:

det(co,...,Ccro1,¢r + cr—1) =det(co,...,cr—1,cr—1)+det(co,...,cr_1,¢p)
= det(cg, ..., Cr—1,Cr),

By iteration,
det(coy...,Cro1,Cp + Crog + -+ o) = det(co, ... Cro1,¢r)

= det(I — C,),

so that Step 2 is correct.

In Step 3 the multiplication (on the right) of the entry in the j-th
row (0 < j < r) and r-th column by Univ = Kér) . --KJ(-T) K yields
(1/K K - K- K which is equal to K- KD K )
when the K Z-(T) ’s commute with each other. It is obviously the case in £LEF,
because of the commutation rule (25.5) : (¥7) = (V%) if # # y. However,
it requires a proof in the algebra A“LZ.

Lemma. In A°L? we have: SiS; =95 and K; K; = K K;.

Proof. 1t suffices to prove that the S;’s commute with each other.
Grouping the biwords by pairs if necessary we have:

5iS; = ;b((sz) + (;,2)) i Z (;]a)
A RICAIES 36
= S,8;,

by using the commutation rules (25.6). []

Finally, Step 4 and Step 5 only require the validity of the cofactor
expansion and manipulations with circuits, which are allowed in the the
two algebras £ and A%L4. This completes the proof of the “Master
Theorem.”

26. The decrease value theorem

The decrease value theorem, further stated, makes the calculation of
a certain multivariable statistical distribution on words possible. The
multivariable statistic in question involves the basic notions of decrease,
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increase and record, whose definitions are now introduced, together with
the classical descent and rise.

Let [0,7]* be the set of all words, whose letters belong to the finite
alphabet [0,7] = {0,1,...,7} and let v = y1y2-- -y, be such a word.
An integer i € [1,n] is said to be a descent (or descent place) of v if
1<i<n-—1andy; > y;r1. The letter y; (resp. y;11) is called a descent
value. (See Fig. 26.1, where part of the graph of the mapping i — y; has
been partially drawn.)

y; e 1y; descent value Yy e—e- . Yj y; decrease value
Yi+1 Yj+1
Fig. 26.1 : Graph of a descent Fig. 26.2 : Graph of a decrease
The integer i is called a decrease of v if y; = yir1 = -+ = y; > Yj1

for some j such that ¢ < j < n — 1. The letter y; (resp. y;41) is said
to be a decrease value of v. The set of all decreases (resp. descents) is
denoted by DEC(v) (resp. DES(v)). Each descent is a decrease, so that
DES(v) C DEC(v).

In parallel with the notion of decrease, an integer i € [1,n] is said to
be an increase (resp. a rise) of v if y; = yip1 = -+ = y; < y;41 for some j
such that i < j < n (resp. if y; < y;+1). By convention, y,+; = +00. The
letter y; is said to be an increase value (resp. a rise value) of v. Thus, the
rightmost letter ¥, is always a rise and also an increase value. The set of
all increases (resp. rises) of v is denoted by INC(v) (resp. RISE(v)). Each
rise is an increase, so that RISE(v) C INC(v). (See Fig. 26.3 and 26.4.)

/ Yit+1 AYj+1
Yi y; rise value y; e—e.. Yj y; increase value

Fig. 26.3 : Graph of a rise Fig. 26.4 : Graph of an increase

As, by convention, the rightmost letter of each word is always an
increase value, we have DEC(v) = () and INC(v) = {1} for each single letter
word v. Let v = y1y2-- -y, be a word of length n > 2 and consider its
right factor y;41Yiv2 -y, with 1 <7 < n — 1. If the right factor contains
no rise value besides y,, and no descent value, then y; = y;41 = - = yn
and y; is an increase value. Otherwise, consider the smallest integer k
such that i +1 < k < n — 1 and yy is a rise (resp. descent) value, then
Yi = Yir1 = - = yr and yr < yr4+1 (resp. yx > ygt1). Therefore, y; is
a rise (resp. descent) value. Thus, DEC(v) and INC(v) are disjoint and for
each word v we have:

(26.5) DEC(v) + INC(v) = [1,n].
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Finally, a position ¢ (1 <14 < n) is said to be a record if y; < y; for all j
such that 1 < 5 <17 — 1. The letter y; is said to be a record value. The set
of all records of v is denoted by REC(v).

Taking the two inclusions DES(v) C DEC(v), RISE(v) C INC(v) into
account, the Venn diagram of the properties “DEC,” “INC,” “RISE,” “INC”
attached to each word involves eight subsets, as shown in Fig. 26.6.

Z | XY | T

REC DEC DES RISE INC
Fig. 26.6 : The Venn diagram of “DEC,” “INC,” “RISE,” “INC”

To each of the six components X UX’, Y, Y’, ZUZ', T, TV, mutually
disjoint, will be attached a family of commuting variables, as shown next:

X UX’' =DES «+— (X;),

Y = RISE\ REC «— (Y;), Y’ =RISENREC «— (Y/),

Z UZ' = (DEC\ DES) «— (Z;),

T = (INC\ RISE) \ REC <— (T};), T’ = (INC\RISE) N REC «— (T}),
where i =1,2,...

The weight 1 (v) of each word v = y1ys - - - y,, Will be defined by;

(26.6) ¥(v) = H Xy, H Yy, H Zy,

iEDES i€RISE\REC i€DEC\DES

x H Ly, H Yz;z‘ H T?;z"
t€(INC\RISE)\REC 1ERISENREC 1€ (INC\RISE)NREC
where the argument “(v)” has not been written for typographic reasons.
For example, i € RISE \ REC stands for i € RISE(v) \ REC(v).
For instance, for the word v = 3255886630014038 the sets DES,
DEC, INC, RISE, REC of v are indicated by bullets.

v =3 255 8 8 6 6 3 0014038

DES = e e o o o °
DEC = e e o o o o °
RISE = ° ° e o o
INC = e o o e o o e o o
REC = e e o o o °

Y(v) = X3 Yo T3 Y5 Zg X§ Zs Xo X3 To Yo Y1 Xu Yo Y3 Y5
The goal of this chapter is to prove the following theorem.
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Theorem 26.1 (The Decrease Value Theorem). With C' being the
(r+1) x (r + 1) matrix

O X1 X2 Xr_l XT‘
1-727 1-25 1-Z,.1 1—-2,
Yy 0 Xo Xr_1 X,
1—-1TH 1— 25 1-Z,.1 1—2,
YO )/1 0 Xr—l XT‘
O — 1-15 1-1T; 1-Z,.1 1—-2,
Yo Y Yo 0 X,
1-1Tp 1-T7 1-1T% 1—-Z7,
Yo Y Y Y, 0
1-Tp 1-T7 1-1T5 1-T,_4

the generating function for the set [0, r|* by the weight v is given by

/

O<E[<T<1 1 —jij>
o7 5 v -t

ve[0,r]*

Of course, the expression 1/ det(I —C) is too redolent of the MacMahon
Master Theorem [Macl3, p. 97-98] for not having it play a crucial role in
the proof of Theorem 26.1. It does indeed. However, further tools are
needed to complete the proof, in particular, the properties of the so-
called first fundamental transformation for arbitrary words, as developed
in Cartier-Foata [CaFo69] and also in Lothaire [Lo02, chap. 10].

26.1. The first fundamental transformation for arbitrary words revisited.
This transformation denoted by F; may be described as follows. Start with
the word w = zyx9- -z, from [0,r]* and let x;, < x;, < -+ < x5,
(1 =4 < iy < -+ < iy < n) be the non-decreasing sequence of
its record values, from left to right. Next, cut the word w before each
of these record values, to get the following factorization of the word w:

X, Wy | X, wa | -+ | Xi, Wy, Then, form the cyclic shifts wix;,, woXy,,
w1X; Wa2X; WmX;
., WyX;, , the cycles ‘), S R m7mo) - and set up
X, W1 Xi, W2 Xim Wm

o W1X4, WaXiy * - Wiy X :
the factorization product F}(w) := “ ‘2 m7mo) - Finally,
Xi, W1 X W2 -+ Xy, W

rearrange the vertical biletters of that two-row matrix in such a way
that the entries on the top row are in mon-decreasing order, assuming

that two biletters (5,), (lf,) can commute only when a # b. We then
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obtain the two-row matrix F;(w) := (z) = (;1 ;2 o ;”) The reverse
1Y2°Yn

transformation F; ' is fully described in [Lo02, chap. 10], where it is also
shown that to each integer 7 such that 1 < ¢ < n —1 and x; > x;41
there corresponds a unique j such that z; = x;11 < x; = y; in a bijective
manner. As a consequence, this latter property implies that descent and
so-called exceedance numbers are equidistributed on every rearrangement
class of words. A stronger property will be proved later when dealing with
so-called horizontal and vertical rearrangements.

Example. Start with the word w =536533246612431 and cut it
before each record value to get w =53 | 653324 |6 | 612431. Form
the cyclic shifts 35, 533246, 6, 124316 and then the two-row matrix

Fi(w) = 355332466124316 . Finally, rearrange the vertical bilet-

ters as mentigfeigaiz\%e(it?) 1g(23t43 1(w) — (" 1122333445 5666)
1 «— pu— .
63315542236461

26.2. Horizontal derangements. Call h-derangement (horizontal de-
rangement) each word from [0, r]* that has no equal letters in succession.
;Uj );U“ be one of its cycles attached to it (using

Zj J
the notation of the previous section). To avoid cumbersome sub-subscripts

> . If this cycle is of length ¢ > 2, then

If w is such a word, let

. . ay ag - Qp—2ap_1 X;.
write it as ( b

Xi; a1 Q2 -+ Ap—20g—1
. . . a1 a2 Xiq .
all its vertical biletters , ey have different top and
Xiq a1 ay—1
bottom letters: ay # X;;, az # a, ... , Xi; # ar_1.

On the contrary, if the cycle is of length ¢ = 1, so that it is reduced to
X; .
a single biletter [~ |, whose top and bottom letters are equal, then X,
Xij
is both a rise and record value [in short, a riserecord| of the word w.
The equality x; = x;4+1 occurs in the word w = x122 - - -z, if and only
if x; is either a decrease, but not a descent value, or an increase, but not
a rise. Accordingly, if w is an h-derangement, then (DEC\ DES)(w) = (),
(INC\ RISE \ REC)(w) = @, (INC \ RISENREC)(w) = (. If, furthermore, the
h-derangement w has no riserecord, then (RISENREC)(w) = (), so that

(26.8) pw)= J[ Xax 1T Y,

acDES(w) be(RISE \ REC)(w)

For each pair of distinct integers (a,b) from [0, r] define

a\ | Xy, ifb>a;
(26.9) o(3) = {5 Hhie
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where X, and Y} refer to the commuting variables introduced in (26.6),
indicating that the letter a (resp. b) is a descent (resp. a rise, but not a
record) value. Furthermore, extend ® to an homomorphism defined on the
free monoid [0, r]*.

Proposition 26.2. Let w = x1x9---x, be an h-derangement having no
riserecords. Then, (26.8) holds and also

(26.10) B(F1 (w)) = ¥(w).

Proof. Consider the factorisation product

WX, WaXiy * * Wiy X : : :
Fi(w) = “ ‘2 m>m ) introduced in the construction of
Xi, W1 X W2 -+ Xy, W
cl C2 DY Cn
:L‘l l‘2--.xn

Wi X; a1 ag - Ap_o Gp_1 X;, .
cles I = 172 6=206-1 ;) Next, set up the mapping
Xi; Wj Xj; a1 G2 - Ag—20¢—1

Fi(w), also written as Fj(w) = ( ) and one of its cy-

Ci . .
(wz — x;x41 for ¢ = 1,2,...,n, where x,.1 = +00 by convertion.
?

F X a
Its action on the biletters of the cycle (wj X”) reads: ( 1) X, 01,
Xi;

i; Wi

as ay—1 X
= ajas, ... , = Ay_104_2, 7| = ag-1x4,,,, where
a1 ag—2 ag—1

X;,,, is the record value following a,—; in the word w, or +00 when dealing
with the rightmost cycle. In any case, both inequalities a1 < x;; and
ap—1 < X;,,, hold, as ay_1 < x;; <x;,,, since both x;, and x;,,, are two
successive records.

Consequently, ¢; # x; for all i = 1,2,...,n, as w has no equal letters
in succession. Furthermore, for 1 < j < n — 1 we have: ¢; < x; (resp.
¢; > x;) if and only if z; > x;41 (resp. x; < zj41), that is, if and
only if z; is a descent (resp. a rise) value of the word w = z1z2- - z.
As Fi(w) = (21 ZzZ”) is obtained from F|(w) by a well-defined

YiYy2:--Yn
permutation of its biletters, there corresponds to each descent value
x; > x;+1 and variable X; (resp. rise value x; < z;4; and variable Y;)
Zj

of w a unique biletter such that z; > y; (resp. z; < y;). This

establishes (26.10). []

Yj

Example. The word w =5365324612431 is a horizontal derange-
ment. By cutting it before each record value one gets w = 53| 65324 |
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612431 =:w;y | wa | ws, so that w has no riserecord. Next,

3 5 5 3 2 4 6 1 2 4 3 1 6
Fiw)=|A V A A AV V AV V A AV
5>3<6>5>3>2<4<6>1<2<4>3>1
a
Note that each right angle with three entries is of the form | A or
a 5 6 b>a
Vv ; except the second one |V and | V (by conven-
b<a 3<6 1 <+o0

tion), but in each case the entry in the corner of the right angle is either
greater, or smaller than both its ends.

By rearranging the vertical biletters of F/(w) in such a way that the
entries on the top row are in nondecreasing order, assuming that two
biletters (5/)7 (é’,) can commute only when a # b, we obtain the two-
1122333445566
6331554223641
commute with each other, we have:

row matrix F;(w) =

). As the variables X; and Y}

P(w) = X5Y3 X6 X5 X3Y2Ys XeY1Yo Xy X3Y7;
= X6 X3 X3Y1 X5 X5 X4 Yo Yo Y3 XY, Y1

)0 CC)

= &(F; (w)).

26.3. Vertical derangements. Call v-derangement (vertical derange-
ment) the image under the first fundamental transformation F; of each
h-derangement having no riserecords, so that the following definition can
be stated.

Definition. A word w = xi2z9-- -z, from [0,7r]* Is said to be a v-
derangement (vertical derangement), if the biword (w) = (1‘1 T2 xn) ,

w L1+ Ty
where W = 7175 - - - T, is obtained from w by rearranging its letters in non-
decreasing order, has no (vertical) biletter (?) such that z; = z;.

The set of all h-derangements (resp. all v-derangements) is denoted
by [0,7]; (resp. by [0,7]5). As proved in the previous Proposition, the
transformation F; provides a bijection of the set of all h-derangements
having no riserecords onto [0, r|%. The next step is to construct a bijection
of all of [0,7]; onto the Cartesian product StrictInc(r) x [0,7]}, where
StrictInc(r) is the set of all the 2" strictly increasing words xixs - - -y
suchthat 0 </ <rand 0<z; <z < <2; <r
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Consider an h-derangement w = xixs - - - z,. Each riserecord of w has
two characteristics: (i) there are no riserecord values to its left in w
equal to it; (ii) the letter to its immediate right is necessarily a record
value (rise or descent). Consequently, the subword wg := zp, xp, - - - Tp,
(1< hy <hg <--<hs <n) of w, made of all the letters of w, which are
riserecords, is strictly increasing.

Let vy be the word derived from w after removal of wy. Properties (i)
and (ii) imply that to reconstruct the word w from the pair (wg,vo) it
suffices to insert zy,, just before the leftmost record of vy greater than xj,_,
assuming that x,41 = +o00 is a record by convention. Let v ;1 be the word
just obtained. Next, insert x,, , into vg ; just before the leftmost record
of w1 greater than x5, ,, and so on. Continue in the same way until
the smallest riserecord xj, is inserted into the word vg 51 derived by the
procedure. Accordingly, the following propositions holds.

Proposition 26.3. Let w = x1x2---x, be an h-derangement and wy =
Th,Th, -+ - Th, be the subword of w made of all the riserecord values of w.
Let vy be the word derived from w after deleting the letters of wg and let

F1(vo) := <Z> Then,

(i) the subword wy is strictly increasing: xp, < Tp, < - - < Tp_;
(ii) the mapping w +— (wo,u) provides a bijection of [0,r]} onto the
Cartesian product StrictInc(r) x [0, 7]} having the property:

(26.11) (w) = b (wo)t(vo),
also equal to
(26.12) = P(wo)®P (Z)

by (26.10).

Ezample. Consider the following h-derangement w, where the risere-
cords have been reproduced in bold-face:
w=2|53]5[65324]612431 6.
The pair (vg, wp) reads:
vo =256, wy=5365324612431.
For the reinsertion of wg into vy insert 6 to the right of vy, next 5 just
before the leftmost letter equal to 6; finally, 2 to the extreme left. The

u

biword Fi(vg) = <u> has been derived in the previous two examples.
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It follows from Proposition 26.3 (i) that all the letters of wg are
riserecords, so that 1)(wp) only involves variables Y. Thus,

(26.13) > Y= J[ a+Y)).

wo €StrictInc(r) 0<5<r

Furthermore, Proposition 26.3 (ii) implies

> ovw= X ) Y o)

wel0,r]; wo €StrictIne(r) u€l0,r]
_ / u
(26.14) = 11 (1+Yj)c1>< 3 <u>>
O<j=r u€el0,r]}

The calculation of the generating function ) (3) for the vertical
wel0,r]
v-derangements was derived in Exercice 35 in the form

u 1
(26.15) ue%’:m (u) ~ de(I=C1)
where C/ is the ((r + 1) x (r + 1) matrix
N ) I N
@ 0 G ()6
) U ) A

(S I G B (S IR A ()
G ¢ @ () o

26.4. End of the proof of Theorem 26.1. By definition of ® (given in
(26.9)) and (26.15) we conclude::

> ww= ILasve( ¥ (1))

wel0,r]: 0<j<r uel0,r];
= ] @+Y)) @1/ det(I —C}))
0<j<r
= ] @+Y)) (1/det(I - C")),
0<j<r
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where
0 Xl X2 T Xr—l XT
YO 0 X2 T Xr—l XT’
YO Y1 0 e Xr—l XT
o’ =1 . . )
Yo 1 Yo -+ 0 X,
Yo i Y2 - Y1 O

Let w = z1x9- -2z, be a word from [0,7]*. The key of w is defined to
be the h-derangement v derived from w by erasing all letters x; such
that x; = z;41. For instance, the key of w = 324455531114135 is the
h-derangement v = 3245314135.

Let 8 be the substitution of variables defined by

(26.16) B :={X; + Xi/(1 - Z), Vi < Yi/(1 =T), Y] < Y] /(1 = T})}.

Then, the generating function for the set of all w whose key is v by the
weight 1 is given by

> (w) = B(v).

w, key(w)=v
Hence,
(2617) Y ww)= Y D> vw) = Y BY(v)
we[0,r]* ve[0,r]} key(w)=v vel0,r]}

J1 ()
=8( X vW) = 85—

ve[0,r];
y!
1+38Y! 1+ —2
_ 0<1;[<r< /) _ 0<1;[<,,,< 1_Ta{> i
~ det( —pC") det(I — C)

27. The Decrease Value Theorem; from words to permutations

The goal of this chapter is to make use of the various applications of
the Decrease Value Theorem for calculating the distributions of several
multivariable statistics, no longer on arbitrary words, but on classical
groups, essentially, the symmetric group and possibly the hyperoctahedral
group. The basic tool to transfer the calculation from words to groups is to
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explore the properties of the Gessel-Reutenauer standardization [GeRe93],
which is based on the theory of Lyndon words. An excellent review of this
latter theory can be found in Lothaire’s book [Lo83, pp. 64-68].

27.1. Lyndon words. Let | = x1x5---x, be a nonempty word from
[0,7]*; it is said to be a Lyndon word, if either n = 1, or if n > 2
and, with respect to the lexicographic order, the inequality 122 -2, >
TiTit1 - Tpx1---T;—1 holds for every ¢ such that 2 < i < n. Classically,
each Lyndon word is defined to be the minimum within its class of cyclic
rearrangements. The modification in here is made for convenience.

Let w, w’ be two nonempty primitive words (none of them can be
expressed as v®, where v is a word and b an integer greater than or equal
to 2). We write w < w’ if and only if w® < w', with respect to the
lexicographic order, when b is large enough. The main result on Lyndon
words is the following (see [Lo83, Theorem 5.1.5]):

Theorem 27.1. FEach nonnempty word w, whose letters are nonnegative
integers, can be written uniquely as a product lils - - -1, where each l; is
a Lyndon word and l{ <l < -+ <.

For instance, the factorization of the following word as a nondecreasing
product of Lyndon words with respect to “<” [in short, Lyndon word
factorization] is indicated by vertical bars:

w=]2[3211]32|32|3[5|641|6631662]6 |
For instance, 6631662 =< 6 holds, since 6631662 <6666 ---

27.2. The Gessel-Reutenauer standardization. Recall that the number
of descents of each permutation o € &,, is denoted by “desc.” By &,, <,
is meant the set of all 0 € &,, such that deso < r. Moreover, the set of
all words from [0, r]* of length n is designated by [0,7]™ and the subset of
all its non increasing words w = x1x9 -+ x, (r > 21 > 29 > -+ > 1, > 0)
by NIW,, (7). The Gessel-Reutenauer standardization is a bijection

w — (0,¢)
(27.1) 0,7]" — {(0,¢):0€ Sy <r, ¢ € NIW,(r —deso)}.

Ezample. For r = 1 and n = 3 the number of words from [0,r]|" is
equal to 23 = 8 and S, < consists of the permutations 123, 213, 312, 132,
231. There are 8 pairs (o, ¢) corresponding to words from [0,1]® in (27.1),
namely, (123,000), (123,100), (123,110), 123,111), (213,000), (312,000),
(132,000, (231, 000).
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It is convenient to denote each non increasing word from NIW,,(r), either

as M = C1Ca - - - Cp, OF as my*my? ---m2* under the conditions:

(27.2) r>my>mg > >mg >0 (ng+ne+-+ng=n),
n>1, ng>1, ..., ng>1.

Let R(m) be the set of all the n!/(ni!nsy! ... ng!) rearrangements of m.
If w belongs to R(m), we shall write: ¢(w) = m. Note that [0,7]™ is the
disjoint union of all the R(m) with m satisfying conditions (27.2).

The main idea behind was to imagine that the Lyndon word factoriza-
tion of a word w from each R(m) could serve to build up a permutation o,
whose cycles would have the same lengths as the lengths of the Lyndon
factors of w, and provide a total ordering of all the letters of w. To ac-
complish this goal it suffices to start with the Lyndon word factorization
(l1,la, ..., 1) of w.If x is a letter of the factor [; = y1 -+ yj—12Yj41 - Yn,
form the cyclic rearrangement cyc(x) := xyj4+1 - YY1 - - - yj—1. When the
Lyndon factor is the one-letter | = =z, it is convenient to let the cyclic
rearrangement be a word x x --- z with an arbitrary number of x’s (see,
for instance, the example at the end of the previous subsection). If z, y are
two letters of w, say that x precedes y, if cyc x succcycy, or if cycx = cycy
and the letter x is to the right of the letter y in the word w.

This defines a total ordering, as two letters from the same Lyndon
factor [; precede one another, because [; is primitive, as well as two letters
from different factors, because the Lyndon factors are themselves totally
ordered. Accordingly, to each integer i (1 < i < n) there corresponds
a unique integer (i), which is the number of letters in the word w =
T1xo -+ - Ty, preceding x; plus one.

When replacing each letter x; in the Lyndon word factorization of w
by (i), we obtain a word & := &(1)5(2) - - - d(n) which is a permutation of
12 ... n. Accordingly, for i # j, the letter x5-1(;) precedes ws-1(;) if and
only if, either cyc(z;-1(;)) succcyc(zs-1(;), or cyc(zs-13;)) = cyc(zz-1(;))
and ¢ > j. Moreover, the mapping w — & is an injection of R(m) into &,,,
and the word xs-1(1)Ts-1(2)**Ts-1(n) is nothing but the monotonic

nonincreasing rearrangement ¢(w) = m = mj*my? ---m2= of w.

Now, the word & can be split as a product vy | vo | -+- | vg, where
each v; has the same length as the Lyndon factor [; (1 <i < k). As the
Lyndon word factorization of w is a non decreasing product of factors, the
splitting of the word & defines a decreasing product vy > vy > --- > v
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with respect to the lexicographic order and each factor v; starts with its
minimum letter.

d=1 2 --- n
w= 1 Tg - Ty =l | o |---] Ik
=6(1)5(2)---6(n)= v1 | va [---] v
oY =(v1) (v2) -+ (k)

Fig. 27.1 : The construction of the permutation o.

The vertical bars can be further reinterpreted as defining the cycle
decomposition of a new permutation, expressed as a product of disjoint
cycles, as shown in Fig. 27.1, where the notation o“Y¢ has been adopted,

. .. 1 2 -+ n
while the usual two-row matrix is denoted by o = (‘7(1> o(2) - a(n))’
If (v;) reads (i1 iy - - - im) as a cycle, then o(iy) = i9, o(ia) = is,

y, 0(im-1) = im, 0(im) = o(i1). When going through the cycles
of o from left to right, the cycles start with their minima and they
are in decreasing order. See Example 27.2 further displayed. Also, the
mapping ¢ = o(1)o(2)---0(n) — ¢ = &(1)5(2)---d(n) is nothing but
the classical bijection, known as the First Fundamental Transformation,
fully described in Lothaire’s book [Lo83, § 16.2]. Hence, the composition
product w — & — 0% — o is an injection of R(m) into &,, we shall
denote by ¢ : w — 0 = p(w).

Property 27.2. Let ¢(w) = m = ¢;C2--- ¢, as defined in (27.2) and
o = ¢(w). Then, o(i) > o(i + 1) = ¢ > Ciy1.

Proof. Suppose that ¢; = ¢;y1, that is, x5-1(;) = T5-1(;41), so that we
have

w=- xo_ 1(2) a”.é‘fl(i—l—]).“ or w:“'a’:é'fl(i—kl)"'xéfl(i).”
O'— . Z “ e (Z+1) “ e 6‘:... ('L+1) Z e

The cycles cyc(zs-1(;)) and cyc(zs-1(;41)) that serve to define the pre-
ceding order have both their first letters equal to ¢;. Also, by defini-
tion of o, the cycles cyc(zs-13;)) and cyc(rs-1(;41)) may be written:
Ts—1(i) I&—l(g(i))) u and Ts—1(i+1) I&—l(g(i+1))) v, respectively, where v and
v are two words, possibly empty. In case where z5-1(;) (j =4 or (i+1)) is
a one-letter Lyndon factor, we simply have: cyc(zs-1(;) = T5-1(¢j) Ts-1(j,
as o(j) = j.

By deleting these first letters and adding zs-1(;) and z5-1(;41) to the
right of the cycles, respectively, we get :

Cyc(ilfrl(a(i)) = Ts-1(o(4)) UTs—1(i);

Cyc(x&—l(o(i+1))) = Ts—1(a(i+1)) VL5-1(i+1)}
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As w5-1(i) precedes xz5-1(;41) by definition of &, the letter zs-1(,(;
precedes Zs-1(o(i+1)- If cyc(Zs-1(0(:)) succeyc(zs-1(o(i41)), then o(i) <
o(i+1). Otherwise, cyc(Zs-1(0(:)) = CYC(Ts-1(s(i+1)) aNd Ts-1((;) s to
the right of x5-1(5(;41) in w. As each Lyndon factor is primitive, the latter
two letters cannot belong to the same Lyndon factor and the former is to
the right of the latter one. Accordingly, o(i) < o(i + 1):

W o= | Tami(orny) | Tei(ey o |
T PO T¢I | N A (O
oY=-i(o o(i+1) ) (e o(i) ) []
Now, let &(n;n1,ns,...,ns) be the subset of &,, of all permutations 7,
whose descent sets “DES 7”7 are contained in the set {ny,n1 +na,...,ny +

ng+- - -+ns—1}. This is equivalent to saying that the word 7(1)7(2) - - - 7(n)
is the juxtaposition product of s increasing factors 7(1)7(2)---7(nq1),
T(mi+1)71(n1+2)---7(n1+n2), ... ,7(n—ns+)17(n—ns+2)---7(n);
in particular, des7 < s — 1 < r. But the number of such permutations is
also equal to n!/(ni!ny! ...n4!). On the other hand, Property 27.2 says
that if ¢(w) = m and ¢(w) = o, then each inequality o(i) < o(i + 1)
implies ¢; = ¢;11, so that o belongs to &(n;ny,na,...,ns). Thus, R(m)
is mapped under the injection ¢ onto a set of equal cardinality. It is
then a bijection of R(m) onto &(n;ny,ne,...,ns). Moreover, if o belongs
to &(n;ny,ne,...,ns), then desoc < s — 1 < r. Thus, the union of all
sets &(n;ny,na,...,ns) where ny, na, ... , ng are positive of sum n and
s < r+1issimply the set &,, <,. Note that the sets S(n;nq,na,...,ns) are
not disjoint from each other, as the identity permutation 12 ---n belongs
to all of them.

Definition. Let m be a non increasing word satisfying conditions
(27.2) and 0 € &,. Say that o is compatible with m [in short, “o
comp.” m], if o belongs to &(n;nq,na,...,ns), or, equivalently, if DESo C
{ni,n1 +ng,...,n1+ng+---+ng_1}.

Altogether, the mapping

woo= (¢(w), e(w))

(27.3)  [0,7]" — {(o,m):0 € &,, <,, m € NIW,,(r), 0 comp. m}

Is bijective. The latter condition on the pair (o, m) will be reinterpreted
by using the descent coding z(o) introduced in Chapter 7, formula (5.2).
For each permutation o € &,, let z(0) = 2122 - - 2, be the word defined
fori=1,2,...,n by

(27.4) zi=#{j:i<j<n—-1,0()>0(G+1)}
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Each component z; is the number of descents of o, i.e., the number of j
such that ¢ < j < n —1 and o(j) > o(j + 1) within the right factor
o(i)o(i+1)---o(n). In particular, z; = deso.

Ezample. The bijection defined in (27.3) is next illustrated with the
case r = 1, n = 3. As further explained, ¢ := m — z componentwise.

w g g m z C
10]0|0| [3]2]1] 123 000 000 000
100 |132] 312 100 100 000
l0[10] [3]12] 213 100 100 000
j0]O[1] |3[2[1] 123 100 000 100
/110 123 231 110 110 000
101 [23]1] 132 110 110 000

lo[1]1| |3|2]1] 123 110 000 110
l11]1| |3|2]1] 123 111 000 111

Fig. 27.2 : The bijections w — (o, m) — (o,c) for r =1, n = 3.

Property 27.3. Let m = ¢1¢y - - - G, = my*my? - - - m2* satisfy conditions
(27.2) and o be compatible with m. In particular, deso < r. Define

(275) C; 1= Ez_zz ('l = 1,2,...,’)1) and c¢:= C1C2 -+ Cp.

Then, the word ¢ belongs to NIW(r — des o).

Conversely, if z(o) = 2122+ 2z, is the word defined by (27.4), corre-
sponding to a permutation o such that desoc < r and if ¢ belongs to
NIW(r — des o), then ¢ = ¢,¢q - - - ¢, defined by ¢ = z + ¢ componentwise,
belongs to NIW,,(r). Moreover, if ¢ = m™m™ ---m7, when expressed
with notations (27.2), then o belongs to &(n;ni,na, ..., ng).

Proof. 1In the interval {i.i+1,...,n} there are exactly z; integers j for
which o(j) > o(j+1), and then z; integers such that ¢; > ¢;41+1. Hence,
Ci > Cp+2; > 2;. If i is a descent, then ¢; > ¢;4+1 +1 and z; = 2,41 + 1, so
that ¢; =¢; + 2; > €41 — 2441 = ci41; otherwise, ¢; > ¢;41 and z; = z;41,
and the same consequence prevails. In particular, ¢; =¢; —2; < r—deso.
Finally, ¢, = ¢, — 2z, = ¢, > 0.

For proving the converse note that ¢ = z+c is obviously non increasing,
as sum of two such words. Next, if o(i) > o(i + 1) and so z; = z;41 + 1.
This implies that éi =z +c¢ = Zi+1 + 1+ Ci+1 > Zi+1 + Ci+1 = é[_|_1,
which implies that o belongs to &(n;ni,na,...,ns). |[]

Property 27.4. The mapping

(27.6) (o,m) — (0,c)
{(c,m) :0€ &, </, R {(0,¢):0 €6, <,
m € NIW,,(r), ¢ comp. m} ¢ € NIW,(r —deso)}

is bijective.
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Proof. Let (o,c¢), (0,c) be the images of the pairs (¢, m), (o, m’) and
let m = ¢¢---¢, # m’ = ¢ ¢---¢,, so that we may assume that
CiCy- -+ Cj = CCy---Cj, but €41 > ¢y for some j (1 < j < n—1),
By (27.5) this implies cj41 > ¢;,; and then ¢ # ¢. The mapping is
truly injective. Furthermore, the converse of Proposition 27.4 says that
the mapping is also surjective. []

With the composition product w — (o, m) — (o, ¢) of the two bijections
displayed in (27.3) and (27.6) the Gessel-Reutenauer standardization has
been fully described, as announced in (27.1).

27.3. The construction of the bijection w — (c,0). It is illustrated in
the next example: start with a word w from [0,7]* and make up all the
steps previously defined, that is,

(27.7)  ww (1,1, ..., k) = (6,m) — (69, m) — (o,m) — (o, c),
w = 2|3 21 1|3 2|3 2|3|5|64 1|663166 2|6

& = 1712182221 |11 16]10 15/ 9|7 |4 8 20|2 513193 6 14| 1

oove = (17) (12182221) (1116) (1015) (9) (7) (4 8 20) (2 5 1319 3 6 14) (1)
1 2345 6 7 8 9 1011121314 151617181920 21 22
7 _< 1 5 6 813 14 7 20 9 15 16 1819 2 10111722 3 4 12 21)

m = 6 6 66 6 6 5 4 3 3 3 33 2 22221111

z = 4 4 44 4 4 3 3 2 2 22211111000 O

c = 2 2222 2 2 11 1111111111111

Example 27.2 : The bijection w +— (¢, o)

In the example n = 22. The first row contains the starting word w,
whose Lyndon factorization has been indicated by vertical bars. In the
second row each letter x of w is replaced by its rank with respect to the
“<” order. For instance, the rightmost letter 6, whose cyclic rearrangement
666... is the greatest one, gets rank 1. The word w has two Lyndon
factors equal to (32); the letters in the left factor get ranks greater than
the letters in the right one. The third row has the same block splitting
as the second row, but the blocks, now between parentheses, serve to
define a permutation c“Y¢ as a product of cycles. The next row shows the
same permutation, expressed as a two-row matrix. Next, comes the non
increasing rearrangement ¢(w) = m of w, then the word z defined in (27.4)
and finally the word c:=7¢ — z.

The reverse bijection (0,¢) — w consists of starting with a permu-
tation o from &,, <, and a word ¢ = cica--- ¢, from NIW, (r — deso).
Next, display the word z = 2125 - 2, defined by (27.4) and add it to ¢
componentwise. This yields a non increasing word m = ¢;¢s - --¢, from
NIW,, (). Moreover, since z; > z;11 if and only if i is a descent of o,
we have: ¢; = ¢;11 = o(i) < o(i + 1), that is, o comp. m. Next, the
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bijection o +— ¢“¢ maps the two-matrix o onto the product o¥¢ of its
disjoint cycles, with the convention that each cycle starts with its min-
imum element, and these minima are in decreasing order when reading
the whole product from left to right. This is the essential step in the
construction. Removing the parentheses of the cycles leads to the word
=a(1)5(2)---5(n). As deso < r,. There corresponds a unique word w
from [0, 7]* to o under the the inverse of the bijection displayed in (27.3),
given by w = 2122 - - Ty, = C5(1)Cs(2) " * * Co(n)-

27.4. A further property of the bijection w — (c,0). As defined in
Chapter 26, the integer ¢ (1 < i < n — 1) is said to be a decrease (resp.
increase) of the word w = x129---ap, if ; = i1 = -+ = x5 > 254 for
some j such that i < j <mn —1 (resp. if x; = 241 = -+ =x; < x4 for
some j such that i < j < n). By convention, =, 11 = +0o. The letter z;
is then said to be a decrease value (resp. increase value). Note that the
rightmost letter x,, is always an increase value. The number of decrease
(resp. of increase) values in w is denoted by decw (resp. by incw), while
the set of all its decrease (resp. increase) values by RECw (resp. INCw).
Also, z; (1 < i < n) is said to be a record value of w if x; < z; for all j
such that 1 < 57 < i — 1. Finally, the number of letters of w, which are
both increase and record values is denoted by inrec w.

Beside the number of descents “des¢” of each permutation o from &,
already introduced, mention the number or rises “rise o,” simply equal to
n—1—deso (n > 2), and recall that the number of excedances, “exco,”
is defined to be the number of i’s such that 1 <i <mn —1 and i < o(i).
Finally, the number of fized points of o (number of i’s such that o (i) = i)
is denoted by fixo.

Property 27.5. Along the chain of bijections w +— (&, m) — (o,c) hold
the following properties:

(i) DECw ={i:d(i) < o(d(i))}; (ii) decw = rise 5 = exco;

(iii) INCw = {i : (i) > 0(5())}; (iv) inrecw = fixo.

Proof. The letter x; is a decrease value of w = x1x5 - - - x,, if and only
it v; = x40 = -+ = x; > xj41 for some j such that ¢ < j < n — 1.
This is equivalent to saying that x;succx;4qsucc---succx; > x;41 and
then 5(i) < (i +1) < --- < d(zj) < (j + 1) by definition of &. Next,
5(i) < a(i+ 1) if and only if 5(i) < o(&(7)), as necessarily both letters
g(i) and (i + 1) belong to the same factor, say, v;, which determines
the cycle (v;) of o (see Fig. 27.1). Consequently, both (i) and (ii) hold.
Note that the second identity in (ii) reproduces a classical property of
the First Fundamental Transformation (op. cit.). Formula (iii) is a simple
consequence of (i).
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Next, x; is an increase and record value of w if and only if x;, = xk+1
- =21 = T < Tiyq1 for 1 < k < ¢ and xj, greater than all x;’s such
that 1 < j <k —1. This means that the Lyndon factorization of w reads:
w=--| x| Tpy1 |- | xiz1 | i | Tix1 - and & is the product of factors
g=---|ak)|ok+1)]---(6(i—1)] 6(2’) | (i +1) | -+ In particular,
5 (i )) is a fixed point of o: o(5(i)) = (7). []

27.5. Generating functions for permutations. As an application of the
Decrease Value Theorem, developed in Exercices 40 and 41, the generating
function for the set of words [0,r]* by a certain weight ©r has been
calculated and led to a closed expression. The next step is then to see
whether there is also a parallel identity in the permutation environment.

For each word w = xjxs---x, from [0,r]* the weight ¥r has been
introduced as:

(27.8) wR(w) :RinrecwsdecwH Ywi—l H Y:ri

1€EDEC 1€EINC
and the following identity derived

— 8)H,41(RY)
(27.9) > ur(w (SY) —ZHT(Y)’

H(Y):= ][] a-v)"' (=>0.

0<i<r—1

wel0,r]*
where

Let (0,c¢) be the pair associated with the word w under the Gessel-
Reutenauer standardization. As w = x172 -+ Ty = C5(1)Cs(2) * * * Co(n), W
may write using Property 27.8:

wR(w> _ Rﬁanexco H Yan.@fl H 1%5—(1')
5(i)<a(5()) 5(i)=0(5(i))

:Rﬁxasexca H Y-Ej_l H Yij-
i<e(5) izo(5)
Therefore, in view of (27.5)
(27.10)  r(w) = R™7s™ ] Yoqz-1 [ Yeyss

J<o(j) izo(j)

The last two monomials depend only on the pair(o, ¢). Let NIW,, denote
the collection of all non increasing words of length n, whose letters are
integers. With each pair (o,c) € &,, X NIW,, associate the monomial

Yr(a,c) = H YCj+Zj—1X H qu—l—@-

i<o(4) jzo(f)
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By summing (27.7) over all words from [0, 7]* we get

(27.11) D grw) =) Y RTIsT N Y.

wel0,r]* n>0 o€, CENIW,, (r—des o)
deso<r

The following theorem is a banal consequence of (27.9) and (27.11).
Theorem 27.6. We have:

(1 —-s)H+1(RY
(2712) Z Z RﬁXO’ exco Z }/(O—C — ) +1( ) .

n>0 ce6, CENIW,, (r—des o) r( >_8HT(Y)
desagr

There is a graded form of the latter identity, as stated next, which also
takes the number of descents “des” into account. Let

(27.13) Y(ost):=> t" Y Vo
k>0 ceNTW, (k)
Theorem 27.7. The graded form of (27.12) reads:

- r (RY)
(2714) Rﬁxa exc Utdes O’Y tr +1
22 ) )

Proof. Multiply both sides of (27.12) by t" and sum over r > 0. We
obtain:

. (1= $)H, 11 (RY)
2 H V)~ sH )

:Ztrz Z Rﬁxasexca Z Y'(J’C)

r>0

r>0 n>0 o€, CENIW,, (r—des o)
deso<r
:E § " E : § : Rﬁxasexca E :5/'(070)
n>0r>0 0<j<r o0€e6, CENIW,, ()

deso=r—j

_ Z th Ztrfj Z Riixo gexco Z Yv(a,c)

n>035>0 r>j ceS, CENIW,, (5)
deso=r—j

_ Z th Ztk Z Rﬁxasexccr Z Yv(a,c)

n>035>0 k>0 ceS, CENIW,, ()
des o=k

_ Z Z Rﬁxasexcatdesa th Z Yv(a,c)

n>00€6, J>0 ceNIW, ()

:Z Z Rﬁxasexcatdesay(a;t)' |:|

n>00€e6,
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27.6. A quadruple g-series for permutations. Recall the traditional
notation of the g-ascending factorial

1, ifn=20
(a;q)n = {(1 —a)(1—aq)---(1 —aqn_l), ifn>1.

The next theorem will appear as is a simple consequence of Theorem 27.7
by applying the homomorphism ¢ generated by ¢(Y;) = ug’ (j >
0) and ¢(s) := sq to both sides of (27.11). Recall that the statistic.
“maj”, the major index, is defined as the sum of all descent values of
a permutation ¢ € &, that is, the sum of all integers ¢ such that
1<i<n-—1ando(i) > o(i+1). It is also the sum “tot z” of all the z;’s
introduced in (27.3). Note that in the next proof “tot ¢” is a shorthand for
CiCy+ -+ Cp.

Theorem 27.8. The factorial generating function for the distribution of
the vector (fix, exc, des, maj) over the symmetric groups &,, is given by

(27.15) Z# Z Riixog eXCO’tdeSO'qman'

n>0 "t ses,

Ny (1 — sq) (u; @)r (usq; q)r
Z;t uR<1H4 ((w; q)r — sq(usq;q)r)

Proof. First, oH,.(Y)= ] (1 —u¢’)~t =1/(u;q), and

0<j<r—1
(1—=s)H, 1 (RY)  (1—-5q)/(uR;q)rq1
H.(sY) = sH,(Y)  1/(usq; q)r — sq/(w; q)r

_ (1 = 5q)(u; @) (usg; @)r ‘
(uR; @)rg1 (((us; q)r — sq(usq; q)r)

¢

Then, for (o,c) € &,, X NIW,,

¢Y'( n tot c+tot z—exco majo—exco, n totc
o,C

y =u"q =q u" gt

¢Y(U;t) majcr exco nth Z qtotc _ maja—exca u .
that J>0 ceENIW, (5) (& @nta
SO a

un

¢(R fix? gox¢ Utdes UY(O’; t)) — Rﬁxa(8q>exc Utdes quaj o—exco : )
(ta q)n—i—l

Hence, the image of identity (27.14) under ¢ gives back (27.15). []
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Multiplying Identity (27.15) by (1 — ¢) and letting ¢ = 1 yields to

>

= (q Dn

ﬁxa gexco maja — 1 (1 B SQ) (U; Q)OO(USQ; Q)oo
Z (uRs @)oo (45 @)oo — 5¢(usq; @)oc)

which is an identity derived by Shareshian and Wachs [SW07] by means
of a symmetric function argument. For s = 1 Identity (27.15) reads

u x oydes o maa_ r o uqr+1
> g o R egmir =3 (1- Z) B s

n>0 1 9)n+1 €S, >0

an identity derived by Gessel and Reutenauer [GeRe93].
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Exercises and examples

1. Rogers-Szegé Polynomials. The product exp(zu) exp(u) is the ex-
ponential generating function for polynomials H,, (x), whose expression is
easy to derive.

In the same manner, the product of the two g-exponentials e, (zu) eq(u)
is the factorial generating function > H,(z,q)u"/(q;q), for polynomials
H,(z,q), called the Rogers-Szegd polynomials. They can be expressed by
means of the ¢g-binomial coefficients.

We have Hopy1(—1,q) = 0, Hop(—1;q) = (¢;¢%)n, then H,(¢'/2,q) =
(—q'/?;¢"/?),, and finally the induction formula

Hyi1(x,q) = 14+ 2)Hp(z,q9) — (1 — ¢™)ax Hy—1(x, q).

2. The Ramanujan sum. The sum in question is:

a; q)nun (a5 9)0o (™ w5 @)oo (45 @)oo (ba™ 15 @) o

O;)n (U3q)oo (ba ™15 9) o0 (b5 @)oo (g0 5 @)oo

+oo(

2.

n=—oo

On the left-hand side each term is a series in the variable ¢ and is defined
for each integer, positive and negative. In the proof of the identity there
will be no ambiguity in the definition of the sum.

Start with the sum

400 +oo
_ (04" @)oo, n _ (B:@)ox (@ Dn n

and use the trivial relation (bg™;q)oe = (1 — bg™)(bg"™; q)os. We obtain
the g-recurrence

h(b) = (1 — ba~*) h(bq) + batu~" h(b),
and by itération
(ba™ !5 q)n

h(b) = h(bqn)m
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for every n > 0. As soon as n > j + 1 the latter identity implies that the
coefficients of u"¢’

(ba™t;¢) oo
(ba=tu=1;q)o

(ba™t; )y
(ba=tu=1tiq)p

in  h(bg") and in  R(0)
are identical. Hence, h(b) = h(0)(ba™1;q)o/(ba ™ u"1;q)s and also
h(q) = h(0)(qa™1;q)s/(qga " u™1; q)so. Going back to the original defi-
nition of h(b) and using the g-binomial theorem we obtain

 (439) o0 (a5 @) o
"D = G e (W D)oo

By combining the last three formulas in an evident manner we obtain the
Ramanujan sum.

3. A maj-inv bijection for permutations. Let x = (x1,x2,...,%,) be
the inv-coding of a permutation o € &,,. With x,,41 := o(n+1) = 0 define
a sequence ¥ = (y1,Y2,--.,Yn) bY ¥i = x; — 41 + i x(0(i) > o(i + 1))
for each 2 = 1,2,...,n. Then the sequence y is subexcedent, the mapping
x — y is bijective and toty = y1 +y2 + - -+ + y,, is equal to majo. Let o’
be the permutation whose inv-coding is y. Then o — ¢’ is a bijection of
S, onto itself having the property: majo = invo’.

4. A numerical example. Calculate the inv-coding and the maj-coding
of o = 259478361 and the number of inversions and the Major Index of o.

Find the permutations having for inv-coding and maj-coding the
subexcedent sequence x = 001304645, respectively.

5. Another maj-coding. Let o = o(1)o(2)---o(n) be a permutation.
With o(n + 1) := 400 define a sequence z = 2122 - - - 2, by

zi={1<j<i|o(j) €lo@),o(i+ I},

using the notation ] ...] for a cyclic interval (see section 2).

(a) The sequence z is subexcedent.

(b) Determine the sequence z that corresponds to o = 259478361.

(c) The transformation ¢ — z is invertible. Find the inverse of z =
001304645.

(d) Let £ = xy1x9---x, be the inv-coding of ¢ and z,11 = 0. The
following identity holds:

Zi = X — Tig1 + ZX(O'Z > Ui—l—l)-

(e) We have: z; + 23+ - -+ 2, = majo. Thus, the transformation o — y
defines another maj-coding.
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6. A counter-example. For each permutation o = o(1)o(2)---o(n)
define a sequence y = y1ya -+ yn by y; := (i — 1)x(o(i — 1) > o(i)). The
transformation o — ¥ is not a maj-coding although tot y = majo.

7. Number of vector subspaces. Let g be the power of a prime number
and let F, denote the field having ¢ elements. The number of vector
subspaces of dimension n of the vector space F,V " is equal to [N :"}

First, the number of sets {vy,vs, ..., v,} of n vectors vy, ve, ... , v, of
FqN T that are linearly independent, is equal to

q(N+n)(N+n—1)/2( N+4+n _ 1)(qN+n—1 _ 1) .

q NHL—1);

Y

..(q

then, the number of such sets that generate a given vector subspace of
dimension n in F,N+" is equal to ¢"("~1/2(¢g" — 1)(¢""' —1)--- (¢ — 1).

8. The use of the q-Pascal Triangle. Derive the expansions of 1/(u;q)n
and of (—u;q), (formulas (3.9) and (3.10)) by means of the ¢-Pascal
Triangle formulas (3.5) and (3.6).

9. Nondecreasing sequences of integers. Calculate the generating func-
tion for nondecreasing sequences of N integers at most equal to n by “tot”
(formula (4.5)) by using the ¢g-Pascal Triangle formulas (3.5) and (3.6)

10. Binary words. Calculate the generating function for binary words
of length (N 4 n) having N letters equal to 1 and n letters equal to 0 by
their number of inversions (formula (4.17)) by using the ¢-Pascal Triangle
formulas (3.5) and (3.6)

11. Partitions of integers and q-binomial coefficients. The interpreta-
tion of the g-binomial coefficients in terms of partitions of integers (see
§4.1) makes it easy to prove the following identities.

(a) By classifying the partitions in at most n parts, all being at most
equal to N, according the size of the smallest n-th part (possibly 0) we

get:
i N—-—j+n-1| ;. [N+n
A N—j |T 7| N |
7=0
(b) Also
i[nJerm—lJrN—j]qjm_{m+n+N]
2] N—j N

= (—1)NgNntm)+N(N+1)/2 [_m ;V" B 1} .
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12. The Eulerian numbers. They are denoted by A, ;, and are defined
by the recurrence relation (see (10.8))

(E12.1) Appx=(k+ DA+ n—k)A,_1-1 1<k<n-1);
Apo=1 (n>0); A =0 (k>n).

Their first values are shown in Table E12.1.

k= 0 1 2 3 4 5 6
n=1 1

2 1 1

3 1 4 1

4 1 11 11 1

5 1 26 66 26 1

6 1 57 302 302 57 1

7 1 120 1191 2416 1191 120 1

Table E12.1

(a) For each n > 0 we have > A, =nland A, = Ap n_1-k.
k>0
(b) The number of descents, deso, of a permutation o = o(1)...0(n)
is defined to be the number of integers j such that 1 < j < n — 1 and
o(j) > o(j + 1). For every k > 0 and every n > 0 the number A, j is
equal to the number of permutations o € &,, having k£ descents.

(c) The Eulerian polynomial A, (t) is defined by A, (t) := Y. A, it
0<k<n—1
As said in Definition 10.2, relations (10.7) and (10.8) are equivalent.

13. The Eulerian Polynomials. Consider the sequence (A, (t)) (n > 0)
of formal series in the variable ¢ (they will appear to be polynomials and
more precisely the Eulerian Polynomials defined in Exercice 12) defined

by

An(t o
(E13.1) (1_% ;:;Ota (G+1)"

(a) If D designates the derivative-operator for the formal series, we
have: A, (t) =1+ (n—1t)A,—1(t) +t(1 —t).DA,_1(t) (n>1).

(b) For n > 0 let A,(t) := Y A, xt*. Then the relations listed in
(E12.1) hold. k20

187



D. FOATA AND G.-N. HAN

(c) It follows from the definition A, (t) = Y A, xt* and (E13.1) that
k>0

Aup= Y (1) (h—i+ 1) (” * 1).

, i
0<i<k
(d) The “inverse” of the previous formula is the Worpitzky formula:
x+k
" = Ap k-
S (7))
0<k<n-—1

[Start with the expansion of A, (t)(1 — )=+ then use Exercise 12 (a)
and (d) to recover (E12.1).]
(e) The exponential generating function

un 1t
;}A”(t)ﬁ T —t+exp(u(t — 1))

is a consequence of (E13.1). Thus, the five definitions (10.5)—(10.9) are
shown to be equivalent.

14. A less unwieldy definition for the Denert statistic. The Denert
statistic “den” has been defined in section 2 by means of the cyclic
intervals. There is an alternative definition that is the following. Let
o = o(1)o(2)...0(n) be a permutation of order n. If 1 < i < n—1
and o(i) > i, say that i is an excedence-place for o, and o(i) is an
ezxcedence-letter for o. Let 17 < i9 < --- < i} be the increasing sequence
of the excedence places and j; < jo < -+ < jp—k the increasing
sequence of non-excedence places. The subwords Exco = o(i1)...o (i)
and Nexco = 0 (j1)...0(jn—k) are referred to as the excedence-letter and
non-excedence-letter subwords.

Let 0 = o(1)o(2)...0(n) be a permutation. Let i1, ..., ix be its
excedence-place sequence. Then the Denert statistic of o is also given by

deno =141 + iy + -+ 1 + inv Exco + inv Nexc 0.

123456789 .
715492638) shown in § 2.3
we have 11 = 1, is = 3, i3 = 5, Exco = 7,5,9, Nexco = 1,4,2,6,3,8,
invExco =1, invNexco = 3, and then denoc =14+3+5+1+3 =13.

For instance, for the permutation o = <

15. Euler-Mahonian Statistics. In Definition 10.1 the ¢g-maj-Eulerian

majA(t,q) = Y. tF™maJA,, 1.(q) have been introduced in four different ways.
k>0
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To simplify the notations the superscript “maj” will be deleted in this
Exercise. For an easy reference rewrite the recurrence for the coefficents

An,k(Q) = majAn,k(Q):
(E15.1) Ani(q) = [k + 1y An1x(q) + ¢" [0 — Klg An1x-1(g),

for 1 < k < n — 1 with the initial conditions A, ¢(¢) = 1 for n > 0 and
A, x(q) =0 for k > n.

Let E = (E,) (n > 0) be a family of finite sets such that card F,, = n!
for all n > 0. A family (f,g9) = (fn,9n) (n > 0) is said to be Euler-
Mahonian on E | if fo = go =0, f1 = g1 = 0 and if for every n > 2 both f,
and g, are integral-valued mappings defined on E,, and if there exists a
bijection 1, : (w',j) — w of E,_1 x[0,n—1] onto E,, having the following
properties:

gn(w) = gn—l(w/) + J;

(E15.2) | faa (W), if 0<j < fao1(w');
PO = ) +1, i @) 1S 01

Every such a pair (f,,g,) is called a Euler-Mahonian statistic on E,,.

(a) Let (f,g9) be a Euler-Mahonian family on E and for each triple
(n,k,l) let A, x; be the number of elements w € E,, such that f,(w) =k
and gn(w) = 1 and let A, (q) :== > ; An ki q'. Then (A, x(q)) satisfies
recurrence (E15.1).

(b) On the set SE,, of the subexcedent sequences of length n (see
Proposition 2.1) we know that “tot” is Mahonian. Further, define the
Eulerian value “eul x” of a sequence = = (x1,...,x,) € SE, by eulz =0
if z is of length 1 and for n > 2

oul z = eul(z1,...,Tn-1), if z, <eul(zy,...,2p-1);
T eul(xy, ..y mpo1) + 1, i x, >eul(zy, .., 2n—1) + 1.

Then the pair (eul, tot) is a Euler-Mahonian statistic on the family (SE,,)
(n>0).

(c) The pair (des, maj) is a Euler-Mahonian statistic on the family (S,,)
(n>0).

(d) Let n > 2 and ¢/ = z1...2,_1 be a permutation having k
excedences, that is, there are k integers ¢ such that 1 < ¢ < n —1 and
i < z;. In short, exco’ = k. Let (x;, > --- > x;,) be the decreasing
sequence of the excedence values z; > i and let (x;,,, < --- < z;,_,) be
the increasing sequence of the non-excedence values z; < 7. By convention,
Z

0 =M.
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Define ¢,,(¢’,0) :== x122 ... xp_1n. If 1 < j <n—1,let y; := min{z;, :
z;,, > x4, }. Replace each letter z;,, (1 < m < j) in o’ such that z;,, > z;,
by x;, _,, leave the other letters alike and insert y; into the x; -th position
in o’. Let 0 = 1,,(0”, j) denote the permutation derived by that procedure.

For example, 0’ = 32541 has k = 2 excedences x3 =5 >3, 21 =3 > 1
(in decreasing order) and three non-excedences x5 = 1 < 5, 29 = 2 < 2
x4 = 4 < 4 (in increasing order), so that (i1,1i2,13,14,15) = (3,1,5,2,4).
With j = 1 we have i; = 3 and z3 = 5. For getting 1s(0’, 1) replace
xi, = O by x;, = 6, leave the other letters alike and insert x;, = 5 into the
x;,-th = 5-th position. Thus, ¥s(c’,1) =326451.

For j = 3 we have i; = 5 and o5 = 1. As j = 3 > k = 2, replace
xi, = T3 by z;, = 6, then x;, = z; = 3 by z;, = 5, leave the other letters
alike and insert z;, = z;, = 1 = 3 into the z;,-th = 1-st position to
obtain 1g(c’,3) = 35264 1.

With (f, g) = (exc,den) (see section 2) properties (E15.2) hold for 1,
so that (exc,den) is a Euler-Mahonian statistic on the family (S&,,) (n > 0).

Let us illustrate the latter property with the running example. The
statistic “den” is calculated by using the definition of Exercice 14. We have:

I = <;;§j?>, so that exco’ =2 and deno’ = (1 + 3)+0+2 = 6. Next

Ye(o’,1) = (;;232?), so that excig(o’,1) = 2 and dentpg(o’,1) =
L, . o (123456

(14+3)+0+3=7=denc’+ 1. Finally, ¥4(c’,3) = (352641),80tha‘c

exctg(o’,3) =3 and deng(0’,3) =(14+2+4)+0+2=9=deno’ + 3.
(e) Let (f,g) be a Euler-Mahonian family on £ = (E,). For each
w € E, (n > 2) let ¥, (w) = (w',jn), @/};il(’w/) = (W, jn-1),
Yy Hw™)) = (w™ Y jy) and j; := 0; the sequence ¥(w) :=
(1,725 -+ Jn—1,Jn) is subexcedent and V¥ is a bijection if E, onto SE,
such that f(w) = tot ¥(w) and g(w) = eul ¥(w). The bijection ¥ is said
to be an (f, g)-coding E,,.

Let V(desmaj) (reSP. W(exc,den)) be the (des,maj)-coding (see ques-
tion (c))) (resp. the (exc,den)-coding (see question (d)) of &,. Then
© = Ul 0Wieden is a bijection of &, onto itself having the

(des,maj) (exc,den)
property: (exc,den) w = (des, maj) O(w).

16. Binary words. Let BW(N,n) be the set of binary words of length
(N +n) containing N times 1 and n times 0. If z = z122 ...z N4, is such
a word, define

rise x := E X(z; < zi4+1) and rmajx:= E ix(x < xiy1).
1<i<N4n—1 1<i<N+n—1
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Next, let DESx := desz + risex and MAJz := majz + rmaj x.
(a) For each of the words in BW (2, 3) write the values of the six statistics
“deS” , “maj” , “I’ise” , “rmaj 7 , “DES” , “MAJ” .

) Y gmeir = {N:”}

z€BW(N,n)
(C) Z 2frise mqrmaj T _ Z tdes wqmaj T
x€BW(N,n) z€BW(N,n)

(d) For x € BW(N,n) let ' := z129 - N4pn—1. Then

majr =risex + N =rmaja’ + N, if zyi, =1;
rmajr =majx +n=rmajz’ +n, ifxyi, =0.

N+n ¥ +q"
@ > e [N AT
2€BW(N,n) no g 1+d

17. The Z-statistic is a Mahonian statistic. 'Two transformations are
described, the global cycling “gcyc” for manipulating the Major Index and
the local cycling “lcyc” for dealing with the Z-statistic itself.

(a) Let m = (mqy,ma,...,m,) be a multiplicity, that is, a sequence
of positive integers and R(m) be the class of all the rearrangements of
the word 1™12™2 ... r™r. Let n be a rearrangement of m. Construct a
bijection O n, defined on R(m), with values in R(n), preserving “maj.”
It suffices to give the construction when m and n differ by two consecutive
letters x and y = x + 1; in other words, construct a bijection 6 of
R(my,...,mgz,my,...,m;)onto R(mq,...,my,My,...,my).]

(b) The Z-statistic is defined, for each word w = z1x3 ... 2, by

Z(w) = Z maj w;j,

i<j

where w;; stands for the subword of w made of all the letters 7 and j. For
example, for the word w = 2412131242, the subwords wys = 2121122,
wyz = 1131, ... , are to be considered, the Major Indices are to be
calculated and their sum to be added up. Calculate Z(2412131242).

(c) For each word w = xjx9---x,, in R(m) and each letter x =
1,2...,7 the global cycling gcyc,(w) = y1ys -+ - ym and the local cycling
leye, (w) = z129 - - - 2, are defined by

. z;, — 1, siz; > x;
x; —x +r, sinon. ' ’ ! '

. T, six; <
. xTi—Z, Sl x; > X, .
r, six; = x.
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Let m” denote the multiplicity of geyc,(w) and m, the multiplicity of
leyc, (w). Characterize those two multiplicities, that is to say, express m”®
and m, as rearrangements of the sequence m = (my, ma,...,m;).

(d) For the word w = 2412131242 calculate the differences majw —
maj geycy(w) et Z(w) — Z(leycy(w)).

(e) If = x,, is the last letter of w, show that

majw — maj(geyc, (w)) = mgy1 + Myro + -+ my.
(f) If x = x,, is the last letter of w, show that
Z(w) — Z(leye,(w)) = myy1 + Mgyo + -+ my.
(g) Construct a bijection of R(m) onto itself having the property
majw = Z(®(w)),

thus proving that the Z-statistic is Mahonian on each class of rearrange-
ments.

18. The t =1 Lemma. Let (b.) (r > 0) be a sequence of formal series
belonging to an algebra 2 of formal series in one or several variables. Let ¢
be a new variable; we can form the series b(t) := ), -, b,t", that belongs to
the algebra 2([[t]]. ‘Let ¢t = 1” in b(¢) does not always make sense. However,
if the series ) b, converges for the topology of the formal series in 2,
that is, if there exists a € 2 such that the order o((bg + b1 + -+ +b,.) —a)
tends to +o0o with r, we can define “let t = 1 in b(t)” and then b(1) by:
b(1) :==a =3} 54br.

(a) Let (a,) (r > 0) be a sequence of formal series in 2 such that
lim,. a,, = a, that is, such that o(a —a,) tends to infinity with r. We define:
b(t):=(1—1t)-> , ~part". Then b(1) = a.

(b) Deduce (6.13) from (7.8).

(c) Deduce (12.3) from (13.7).

19. The dihedral group. On the group &,, of the permutations on

order n three transformations i, r and c can be defined in the following way.

First, i is the bijection that maps each permutation o onto its inverse o~ !.

Write ¢ as a linear word 0 = o(1)...0(n). Then, define

co=n+1-0c)(n+1-0(2)...(n+1—0(n);
ro:=o(n)...o(2)o(l).

We say that c is the complement to (n + 1) and r the reverse image.
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(a) r=ici.

(b) The group acting on &,, generated by {i,c} is isomorphic to the
dihedral group D, of order 8 of the rotations of the square.

(c)rc=cr,ir=cietirc=rci.

(d) For each o € G,, the following relations hold: Ligneco = [n — 1] \
Ligneo and Lignerco =n — Ligneo = {n — i :i € Ligneo}.

20. Action of the dihedral group. By means of an example the action
of the dihedral group on several set-valued statistics, such as “Ligne,”
“Iligne,” the various extremum letter or place subsets (see §11.4) is
examined.

In Fig. E20 the dihedral group of order 8 is acting on the permuta-
tion 0 = 2,6,8,1,7,4,3,5, whose graph appears on the first square enti-
tled “Id”. The ligne of route, Ligne o, of o (the set of the “places” where
a descent occurs) is denoted by A. Here A = {3,5,6}. The inverse ligne of
route, Iligne o, of o (the set of the “letters” i occurring to the right of the
letters (i 4+ 1)) is denoted by B; here B = {1,3,5,7}.

The Right to left Maximum letter set, Rmalso, of o (the set of the
letters greater than all the letters to their right) is denoted by C. The
elements of Rmals o are the ordinates of the bullets “o”. Here C' = {5, 7, 8}.

The Right to left minimum letter set, Rmil o, of o (the set of the letters
less than all the letters to their right) is denoted by D. The elements of
Rmals o are the ordinates of the crosses “x”. Here D = {1,3,5}.

Each graph corresponds to the action of an element Id, r, ¢, rc, i, ir,
ic, irc of the dihedral group on the permutation o. Notice that n — A
is to be understood as the set {n — z : z € A}. Under each graph the
ligne of route and the inverse ligne of route have been determined. Under
graph rc, for instance, Ligne = n — A and Iligne = n — B are to be read
Lignerco = n — A and and llignerco =n — B.

Id r
[ ] [ ]
@) O
| |
@) @)
X X

Ligne = A Ligne = [n — 1]\ (n — A)

Iligne = B lligne = [n — 1]\ B

Rmals = C Lmals = C

Rmil = D Fig. E20 Lmil =D
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Ligne=[n—1]\ A

lligne = [n — 1] \ (n — B)

Rmil=n+1-C
Rmals=n+1-D

Ligne=n— A
lligne =n — B
Lmil=n+1-C
Lmals=n+1-D

i ir=ci
* *
X X
o @)
[ ] [ ]
O O
Ligne = B Ligne = [n — 1]\ (n — B)
Higne = A Iligne = [n — 1]\ A
Rmap =C Lmap=n+1-C
Lmap =D Rmap=n+1—-D
ic=ri irc=rci
o o
[ ] [ ]
o @)
X X
* *
Ligne =[n — 1]\ B Ligne=n — B
lligne = [n — 1]\ (n — A) Iligne=n—A

Rmip =C
Lmip = D
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Notice that whenever the transformation “i” is applied the “I” for
“letter” is replaced by the “p” for “place”. Under graph i, for instance,
Rmap = C means that the nght to-left Maximum place of ico is equal
to C, i.e., Rmapioc = C.

21. Variations on the cycle number polynomial. Let cyco denote the
number of cycles of a permutation o and let Cp,(x) := ) _2%°7 (0 € &,,).

(a) Then, Cp(z) =2z(z+1)---(z+n—1) (n > 1).

(b) As in Exercice 20 let Rmals o (resp. Rmil o) be the set of the letters
greater than (resp. smaller than) all the letters located on their right in o =
o(1)---o(n). Let Rmapo (resp. Rmip o) be the set of the places of those
letters, respectively. Recall that # Rmals o (resp. # Rmil o) designates the
number of those letters. For instance, with o = Z1’> ? g é 2 Z) we have
Rmalso = {6,4}, Rmapo = {4,6}. Rmilo = {1,2,4}, Rmipo = {2, 5,6},
so that # Rmalso = # Rmap o = 2, # Rmilo = # Rmipo = 3. For each
n Z 1 we have: Cn(l') — ZG x#Rmalsa — ZU :L,#Rmapa — ZU :L,#Rmila —
E:U #JhMpU &TE‘S )

(c) Let Cy(z,y,q) =, o Rmapoy# Rmipoginve (5 ¢ & ). Then,
Cn(z,9,0) = 2y(y +q)(y+q+¢x) - (Y +q+ ¢+ +¢" > +¢" ')

(d) Let w = x1x2...x, be the maj-coding of ¢ = o(1)0(2)...0(n).
Then, Rmilo = {i: 1 <i <n,z; =0}.

(e) Let Dy (y,q) ==Y, y#* Rmilogmaie (5 € &,,). Then,

Du(y,a) =yly+a)y+a+¢) - (y+a+a+ - +q")
(f) Starting with the expression obtained in (c) for C),(x,y,q) derive

, )
> Culg,z,y) =1- Y 4 =

+ m
— — q
= qq) r+y—1 xz+y 1<uy+1Tq’q>

22. A lower-record extension of the g-maj-Eulerian polynomial. For

coch n 20l An(,9) 1= 3 G2 3

wes,
(a) The following induction formula holds

App=Wrag+@F+ -+ + @+ " DAk,

that implies

(1 - Q)An(ta q, 1; y)
=yl —q)+q—tq")An-1(t,q,1,y) — q(1 — t)Ap_1(tq, ¢, 1,y),
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for n > 1 and Ay(t,q,1,y) = 0.
(b) Next, derive

uq _
u” <1—q+uq3+1’q>s+1
ZAn(t7q7y)— = Zts
= (Dt 53 (u yl-a)+a )
1—q+ugst? +1

that specializes into the generating function (10.2a) for the g-maj-Eulerian
polynomials ™4, (¢,q) when y = 1.

23. The tableau emptying-filling involution. Consider a standard Young
tableau P of order n whose entries are the integers 1, 2, ... , n, for example
the following one with n = 5 and consider the tableaux successively derived
from P:

34
P ]_
34
L 925 2 5 ._>‘245 — 5 (new entry: 5)
395 5 45
145 (345 4345 (new entry: 4)
45 45 45 45
~y|®45 |45 45  ,]453 (new entry: 3)
45 45 45
|53 [5e3 ,|523 (new entry: 2)
45 45
—~(*23 (123 _. pJ (new entry: 1)

The entries are taken from the following set {1,2,3,4,5,1,2,3,4,5,e}.
When a tableau contains a bullet “e,” adopt the convention that the
neighbors of the bullet are the roman typed entries just above or on the
right of it. There are zero, one or two such neighbors. The passage “—”
to the next tableau is defined as follows:

(i) if the tableau has no bullet, either the tableau has no roman typed
entries and the final tableau P7 is reached, or there is such an entry, in
particular on the leftmost bottom corner; call it x, then replace x by the
bullet “e”;

(ii) if the tableau contains a bullet, consider the neighbors of the bullet;
if there is no neighbor and the number of boldface typed entries is i, replace
the bullet by the boldface typed (n — i); if there is one neighbor, say, z,
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[P SN

permute the two entries “o” and “z”; if there are two neighbors, let x be the

(192

smallest entry of the two and again permute the two entries “o” and “z.”

It is obvious that P’ is a standard Young tableau having the same shape
as P. Let P — PT be the transposition operation acting on tableaux.
Further properties are the following:

(i) the map P + P’ is an involution (called the tableau emptying-
filling involution) having the property: lligne P’ = n — Iligne P;
(ii) J and T commute;

(iii) if 0 — PQ under the Robinson-Schensted correspondence, then
ro— PTQ'T.

(The operations r, as well as ¢ and i, are defined in Exercice 19.)

Properties (i) and (iii) are not straightforward, the J-algorithm being
not easy to handle (see [Sch63, 77| for a proof or use the jeu de taquin
approach as developed, for instance, in [Lo02, chap. 5]).

(a) Using the above notations, if o — PQ (and ro — PTQ’7 by (iii)),
then co — P/TQT.

(b) Define the involutions t and j of &,, by o — PQ — PTQT — to,
and 0 — PQ — PQ’ +— jo, where, in each case, the last arrow “—”
refers to the inverse of the Robinson-Schensted correspondence. Then
2= =t2=(ij)t=1,it=ti, jt=tj. Alsor=tj=jt,c=ijti, so
that the group generated by {i, t,j,r,c} is of order 16, in fact, the direct
product of the dihedral group D4 generated by {i,j} by the group of two
elements {1,t}.

34 124

(c) Let PQ = \ﬁ 1 35 he the pair of standard Young tableaux as-
sociated with the permutation o = 31425 under the Robinson-Schensted
correspondence. Determine P/, Q7, PT, QT, P'T, Q7T and the sixteen
pairs of standard Young tableaux associated with the sixteen permutations
in the orbit of o with respect to the group defined in (b).

(d) As already described in section 19 the following two properties hold:
Lignejo = n — Ligne o and Iligne jo = Iligne o.

24. A classical tool for symmetry proving. Let o be a permutation of
1,...,7 and m = (my,...,m,) be a sequence of nonnegative integers. Let
R(m) (resp. R(ocm)) denote the class of the rearrangements of 17t ... r™r
(resp. the rearrangements of 1™« ... ). As noticed in Remark 8.2,
Am(t,q) = Asm(t, q). A combinatorial proof of that property can be made
as follows.

It suffices to prove the property when o is a transposition (i,7 + 1) of
two adjacents integers (1 < i < r — 1). Consider a word w in R(m)
and write all its factors of the form (i 4+ 1)i in bold-face; then replace
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all the maximal factors of the form ?(i 4+ 1)? that do not involve any
boldface letters by ¢2(i + 1)?. Finally, rewrite all the boldface letters in
roman type. Clearly, the transformation is a bijection that maps each
word w in R(m) onto a word w’ in R((¢,7 + 1)m) with the property that
(des,maj) w = (des, maj) w'.

If we take the statement of Theorem 17.1 as the definition of the Schur
function sy(z), the symmetric nature of sy(x) does not appear. To still
prove that the Schur function is symmetric, we can use a similar argument.

25. Line of route-indexed Fulerian polynomials. Let L = {{; < --- <
(1} be a subset of {1,2,...,n — 1} with the conventions ¢, := 0 and
li+1 :=n. The L-indexed Eulerian polynomial Ay (t,q) is defined to be

Ap(t,q) = Ztides"qimaj" (0 € &, Ligneo = L).

(e

Form the (k + 1) x (k+ 1) matrix N,.(L,n):

[51 —Lo+r Lo —Lo+Tr o L —Lo+T Lry1—Lo+r
I [52—214-7‘} ek—zl-H” Zk+11€1+7‘
. T tee—tetr] [lesrmtatr
—£a k+1—¥2
N’)"(L7 TL) = 0 1 T [ * T } |: " r }
. . . . e _.Z +
0 T T e

In particular, N,.(0,n) = [ntq. The purpose of this exercise is to prove

the formula:

Arlta) _ St det N, (L, n).

(E22.1) :
(ta Q)nJrl >0

(a) Let W,(L,n) denote the set of the words w = wjws...w,, of
length n, whose letters are nonnegative integers satisfying the identities

() T=>wr > >we 205 T > w1 > > we, > 0;
> Whg1 = 2> Wy > 0;

Wey < W41, Wy < Wiyl 50y Wey < Whp41-

Then Z q"**" = det N,.(L,n). [By induction on k.]
weW,(L,n)
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(b) Let S,.(L,n) be the set of all pairs (o, s), where o is a permutation of
1,2,...,n, of ligne of route L, and where s = s1s5...Ss, is a nonincreasing
word having the properties:

(E22.2) r>8] > 8 > > 8, >0;
Ligneo = L; i€ lligneo = s; > s;41.

Each word w = wywsy ... w, € W,.(L,n) is mapped onto a pair (o,s) €
Sy(L,n) in the following way: suppose that the nondecreasing rearrange-
ment of w is of the form #{*...i%m, with i; <--- <ipanda; > 1, ...,
a.,n, > 1. Read w from left to right and give the labels 1, 2, ... | a,, to the
anm letters equal to ,,; continue, again from left to right, giving the labels
am—+1, ..., @m+an,_1 tothe a,,_1 letters equal to i,, 1 and so on. Reading
those labels from left to right yields a permutation o = o(1)0(2)...0(n).
The word s is the nonincreasing rearrangement of w.

Ezample. Let n =9, r =8, L = {2,5,7}. The word w € Ng(L,9) and
the associated pair (o, s) € Sg(L,9) are shown in the following table:

L= 2 5 7
w = 557413044
o= 231487956
Iligne = 1 67
5= 755444310

The map w + (o, s) is a bijection of W,.(L,n) onto S,(L,n).
(c) The following identity holds

§ : tldes o qlmaJ o
o, Ligneoc=L r tot w
=20 > d

(t; Q)n-l-l r>0 weW,.(L,n)

so identity (£22.1) also holds by (a) and (c).

(d) Let Ar(q) == >, @™ (Ligneoc = L). Then Ar(q)/(q;q)n =
det N, where N = (N, ;) (1 <i,j <k+1) is the (k+ 1) x (k4 1)-matrix

V(g @)e;—e; s i1 <5
, ifi=7+1;
0, else.

Ni,j =

—

(e) We also have Ar(q) :=>__¢™° (Ligneo = L).

o
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26. Partitions, permutations and descents. The statistic “ligne of
route” (“Ligne”) is defined in §11.4. The notations used in (b) refer to
§14.1.

(a) Let (a1,as9,...,ax) be a composition of the integer n, that is, an
ordered sequence of integers such that a; > 1, a5 > 1, ... , ary > 1 and
a1 +as+- - = ar = n. The number of permutations o = (1) (2) - - - o(n),
of order n, such that Ligneo C {a1,a1 + aa,...,a1 +az+ -+ +ap_1} is
equal to (aha;“’ak) =n!/(arlas! ... ax!).

(b) For each permutation o = o(1)o(2)---0(n) and each integer
i=1,2,...,n let d;(c) denote the number of descents (o(j) > o(j + 1))
occurring in the right factor o(i)o(i+1)...0(n) and let

d d
qi(@) .= g gd2(0) . gdn (o)
where q1,q2,...,q, is a finite sequence of variables. Notice that d; (o) is
the usual number of descents of o. Furthermore, if A = (A > Ao > -+ >
An > 0) is a partition, whose number () of positive parts is at most equal
to n, let m;(\) designate its number of parts equal to i, for i = 0,1,...,n.

Then, define

n — n PP VD PR
<m()\)) . (mo()\)7 ml()\)7 M mn()\)) ’ q ql QQ qn
The following identity holds:

> qd@)
n A cEG,,
Z (m()\)>q N I-q)A—=qq2) - (I —qugz---qn)

I(N)<n

[Expand the right-side of the previous identity and use (a).]

27. A further extension of the MacMahon Verfahren. Let U :=
(S<,S<, L, L<) be a partition of the alphabet X = {1,...,7} such that
S.US< = {1,...,h} (the small letters) and Lo UL< = {h+1,...,7}
(the large letters) for a certain h (0 < h < r). Let w = z122...2,, be
a word in the alphabet and let x,,y1 = h + % An integer 7 such that
1 < i <mis said to be a U-descent in w, if either z; > x;41, or x; = x;41
and x; € S< U L<. Because of the convention z,,41 := h + % there is a
U-descent in position m iff z,, € Lo U L<, so that the four blocks of the
partition determine different kinds of descents.

Let desy w (resp. maj; w) denote the number (resp. the sum) of the
U-descents in w. For each sequence m = (mgy,...,m,) consider the
generating polynomial for the class R(m) by the pair (desy, majy), i.e.,
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AU(t,q) = Y, ti®vwgmaivw (w € R(m)) (see section 6). Then the
extensions of identities (7.7), (7.8) and (6.13) read:

(B27.1) (t; Y e ] [WTS] 7 «%) {s;zl]

S D)1+ |m]| =0 ieh.

Z€S<
o H qmz{mz_*—s_l} H qm2+1 { };
i€l ’L€L< mi
H (—uisa),, ‘GI_L[ (—quisq),
(F27.2) » AY (t,q) = el :
; ™ tQH—HmH ; gy IT (wia), ZGI_L[ (quisq),
< <
IT (—uisq) (—qus;q)
m . oo (e @]
E27 3 AU u _ 1€S< i€l <
Z (¢:) || 161_5[ (uisq) Al (quisq)
< <

where |m| =mi + -+ m,.

28. A maj-inv transformation for signed words. The purpose is to
extend the transformation, introduced in section 11, to signed words. A
first extension has already been given in §20.5 for signed permutations.
Keep the notations of Exercise 27, in particular the definitions of desy
and of maj;;, and for each word w = z123 . .. x,, with letters in S US< U
L. U L< define

invyw —Z< x; > xj)+x(z; =x; € S< UL<)> +#{i:z; € Lo UL<}.
1<J

There are then four kinds of U-inversions. Let 'WVAU (¢) := > ¢mvow,
wER(m)
(a) The following identity holds

in m i
i€S< 1€EL < i€L<

It then follows that the generating function Y. ™AL (¢) u™/(¢; q)|m| is

equal to the right-hand side of (E27.3). Thus, "™AU (¢q) = AY(1,q), the
generating polynomial for R(m) by maj;.

(b) By using the transformation ® of Theorem 11.3 build a bijection ¥
of R(m) onto itself having the property: maj;; w = invy ¥ (w).
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(c) Let S« ={1,3}, S< ={2,4}, L. = {5,7}, L< = {6, 8} and consider
the word w = 6,2,2,3,1,7,7,4,8,6 whose U-descents occur at positions
1,2,4,7,9 and 10, so that maj;,;w =14+2+4+4+ 7+ 9+ 10 = 33. Notice
that the factor 2,2 involves a descent because 2 € S<, but not the factor
7,7 because 7 € L. There is a descent at the right end because 6 € L<.
Determine ¥(w) and verify that invy ¥ (w) = 33.

29. The Brenti homomorphism. The homomorphism materializes the
similarity between the classical identities for the symmetric functions and
the identities found for the Eulerian polynomials and their extensions. Re-
call that the generating functions for the elementary symmetric functions,
on the one hand, and for homogeneous symmetric functions, on the other
hand, read (see (14.1) and (14.2))

(E24.1) BE(u)=> e =[]+ zu);

>0 i>1

(E24.2) H(u) =Y ho" =[]Q-2m)™
r>0 i>1

so that

(E24.3) E(—u)H (u) = 1.

On the other hand, the exponential generating for the Eulerian polynomi-
als A, (t) (see Exercise 13) can be put into the form:

(E24.4) (1 +y 1_k—’il€_1(—u)k> ( A’;gt)u’f) ~1.
k>0

k>1

The comparison of (E24.3) and (E24.4) shows that the following two
statements are equivalent:

1— ¢kt
f(ek) = T (k > 1)5 5(60) =1
Ag(t
) = M (k> 0)
The mapping & is called the Brenti homomorphism.

(a) For each sequence A = (A1,..., ;) of positive integers such that
A+ -+ A = n (in particular, for each partition of n) and each
permutation o = o(1)...0(n) define desy o to be the number of descents
o(i) > o(i+ 1) with ¢ different from Ay, Ay + A2, ... , A1 +---+ A;. Then

form Ay(t) := Y 1427 (o0 € G,,). Then £(hy) = Ax(t)/n!
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(b) The factorial generating function for the polynomials ™A, (¢, q) (see
(10.10)) may be rewritten as:

> (1— t-1)g(5) ) (2 Mm .

= @k = @Dk

so that the following two statements are equivalent:

(1 1

§qler) = @ O (k>1), &leo) =1,
o Ak(t7Q)
Salhe) = (¢;9)x (k2 0)

Determine &,(hy).
(C) Let Bn(t,Q,Q) _ Z tddes(E,a)QinvKcoinva ((Z,O’) €S, x Gn)
3,0
be the generating polynomial for the pairs of permutations by the three-
variable statistic (ddes, inv, coinv). By specializing Theorem 21.1 we have

1—t B Bu(t,@:9)  n
—t+J(1-u;Q,q) 7;) (Q:Dn(G:0)n

The following two statements are also equivalent:

(- 1QG) .
SQ.(ex) = (Q: Q) k(q; 9)n (k=1), €aale) = 1;
o Bk(t7Q>Q)
S@.qlhi) = (Q:9).(¢: Dk k20).

(d) Let P(u) = Y_,~,p-u""! be the generating series for the power
symmetric functions. Using identity E’(u)/FE(u) = P(—u) derived in
Theorem 14.2 (vi), determine &(px+1) (kK > 0).

(e) Using the relation P(u) = E’(u)H (u) determine &, (py,) and g 4(pn)
(n>1).

(f) By Theorem 20.1 the exponential generating function for the gen-
erating polynomials B, (X,Y,t) for signed permutations by number of de-

scents is
(1—1t)exp((t—1)X) :ZiB (X.Y,1)
—t+exp((t—1)(X +Y)) < n! A
a relation that may be written as
(1 — t)nil n n 1
(1 +Y (X () )) Y S BuX Y = 1.
n>1 ) n>0
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Make the changes X < XY, Y < Y. Then —tX"™ 4 (=Y)" is changed
into (=Y)"((=1)""1¢tX" +1), and B, (X,Y,t) into Y"B, (X, 1,t), so that
the following two statements are equivalent:

1)1
nlen) = (X ) (2 1), leo) = 1

B, (X,1,t

Ep(hn) = Bu(X,1,1) : ) (n>0).

n!
With the changes X < — X, Y « XY the two statements are equivalent:
1—t)" !
len) = T (02 1), &) =1

B,(-1,Y,t

&5(hn) = % (n>0).

30. The des-length distribution for signed permutations. The length lcox
of a signed permutation (o, ) is defined by

lcox(o,e) i=#{i < j:e(i) =¢€(j),o(i) >a(j)}
+#{i<jre(i) =ze(f)=yt+ Y o)
e(i)=x

Let B!/ be the generating function for the group of the signed permutations
of order n by the pair (des, lcox) expressed in the form

BZ _ Z X@(a\x)tdes(a,e)qlcox(cr,a).
(0,¢)
Then

11 (u(l _t))n . Uu "
O i) 2 | =2 By

n20 ~X450)n (¢:0)n n>0 —Xq;0)n (¢:9)n

The first values of B]/ are the following:
Bl =1+1tX; BY=(t+q)+tq(l+q)*X +tg*(t + q¢) X?;
BY = (#*¢® +2t> + 2tq+ 1) +t(1 + g+ ¢*) (1 + ¢ + 2¢®> + tq + t¢*) X
+2(1+q+¢*) (1 + ¢* + 2tq + tg* + tq®) X?
+tqS(t2q3 + 2tq® + 2tq + 1) X3.
Introduce the polynomials

A’fL (t,q) := Z tdesk o ginvo (0 <k <n),

oceS,
where
deso { des o, if o(n) <n—k;
k l+deso, ifo(n)>n—k+1.
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With the notations of section 23
An(t,q) = inVAn(t, q).
An easy derivation yields

Bl = Y xh(F) m A (tq).

0<k<n
By Theorem 10.1 the left-hand side of (x) can be rewitten as

(ul1 = 0)"
2w M0 2 g

= (G a) = m (G @)m
that is denoted by

B®).
Z; (—Xq; Q) (¢ @)n

Proving (*) amounts to proving the identity B, = BY.

31. The Wachs Involution. Let A, (t) := Y, 11957 and 58™4,,,(t) :=
> sgnot'tds7 (5 € G,,) be the two polynomials introduced in The-
orem 23.7, where the two identities 58™,,(t) = (1 — t)" %, (¢) and
85, 11(t) = (1 — )" %U,,11(t) were proved analytically. A combinato-
rial proof can be derived by imagining an involution on &s, preserv-
ing the ligne of route of each permutation and changing the signature
of some of them in such a way that the generating polynomial for the re-
maining permutations is precisely (1 — ¢)™%,,(¢#). This is accomplished
by the Wachs involution ¢ defined as follows: consider a permutation
o=o0(1)o(2)---0(2n) and let j be the smallest integer such that 1 < j <n
and the letters 25 — 1 and 25 are not adjacent in the word o. Then define

() = { (25 —1,27) 0, if such an integer j exists;

’ o, otherwise.
The involution preserves the ligne of route and changes the signature, so
that if Fo, designates the set of its fixed points, we have: 8"A,, (t) =
Yoo sgnotitdeso (5 ¢ Fo). Now, if o is in Fo,, there is a unique
permutation 7 = 7(1)7(2)...7(n) of order n such that for each ¢ =
1,2,...,n the unordered pairs {c(2i — 1),0(2i)} and {27(i),27(i) — 1}
are identical. Let E(o) be the set of all integers ¢ such that the two-letter
factor 27(7), (27(¢) — 1) occurs in o (and not the factor (27(i) — 1), 27(7)).
Then o +— (7,E(0)) is a bijection of Fo, onto the Cartesian product
S, x PB({L,2,...,n}), where B({1,2,...,n}) denotes the power set of
{1,2,...,n}, such that

inve = 4invt + #E(0),

Ligneo = {2i:4 € Lignet} U{2i —1:i € E(0)}.
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Accordingly,

Sg%Zn 2 : Sgno_tl—l—desa —

Z (_1)#Etdes TH+H#HE
UESQn

T€ES,,EC{l,...,n}

(—t)#E Z pltdesT (1 _ t)n OAn(t)
EC{1,...,n} TEG,
Let ™34, (t,q) be the g-maj-Eulerian polynomial (see section 10) and
U4, (t,q) == Y. sgnotitdsogmaio (5 ¢ &,) be the signed g-Fulerian
polynomial. Using the above procedure it is shown that

%9, (t,q) = (tq; ¢*)n t ™A, (t,

t,q%).
32. The divisibility of the q-tangent coefficients

. As introduced in
section 24 the coefficients of the g-tangent functions are denoted by
Doy 1(q) (n > 0). Each integer n > 1 can be written as n = m2!, where

m is odd and [ > 0. Define Ev,(q) := [] (1+ ¢™?’) and also

0<5<l
[ Ewvi(q), if n is odd;
F ( ): 1<i<n
n\q) - (1+4¢*) JI Ewvi(q), ifniseven.
1<i<n

In an equivalent manner, let Fvo(q)
FQ( ) R

- FO(q) = 17 Fl(Q)
= (1 + ¢)%(1 + ¢*)? and F,(q) := F,_»(q ) Evn—1(q) Evy(q) for
n = 3. Define the exponents a(n,) by Fn(q) := [] (1+ gt)e 1)

1<i<n .
(a) Give the table of the coefficients a(n,i) (1 <i<mn)for1 <n <8
(
(

b) For i > 1 let ®;(qg) be the i-th cyclot_omi_c polynon:ial with
¢1(q) = 1 — g, so that 1 — ¢’ = [] da(q). For n = m2" (m odd, I > 0)
and j = O 1 let dli

Aj = {d od | m

201 a4 m27Y, B :={d:d|m2""!
Then 1+¢™ = T[ ¢a(g) (0<j<1).
dGAj
(c) Also Ev,(q) = [[#alq) (d]|2n, d even).
d

(d) For each n > 1 let Od,(q) = [[¢a(q) (d|2n,d odd), so that
d

(q)Evy,(q). Using that factorization we see that the product
[ 2n } Evo( )Evi(q) ... Evk(q)
2k + 1| BEv,— k( )Evn_k+1< )

is a polynomial in q.
q) ... Ev,(q)
(e) Finally, F},(q) divides Day,+1(q)

, d even}.

1-—
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33. Congruences for the q-secant coefficients. The purpose is to prove
the congruence
D5, (q) = ™" mod (q+ 1)

by using a combinatorial argument.

(a) Let 1 < ¢ < 2n — 1. A rising alternating permutation o =
o(1)o(2)...0(n) is said to be i-balanced if the word o contains the factor
i (i 4 1), or if the letter (i + 1) lies on the left of 7 in o and not adjacent
to i. For example, the permutation ¢ = 263415 is i-balanced only for
i=1,3,5. If o is i-balanced for every i = 1,2,...,(2n — 1), it is said to be
balanced.

The permutation (2n — 1)2n (2n — 3) (2n — 2) ... 3412 is the unique
balanced rising alternating permutation of order 2n.

(b) Let o be a nonbalanced rising alternating permutation. The greatest
integer 7 such that o is not i-balanced is denoted by 7’. Then o is necessarily
of the form o = wi' w' (i’ + 1)w”, where w’ is a nonempty factor. The
permutation ®(o) = w (i’ + 1)w’' ¢’ w” is still rising alternating and
inv® (o) = inve + 1.

(c) The polynomial Dy, (q) is monic of degree 2n(n — 1).

(d) For n > 2 let As, (resp. Ba,) be the set of all rising alternating
permutations of length 2n beginning with the factor (2n — 1)2n (resp.
ending with 12). By induction on n,

Z qinva = q2n(n—1) mod (q + 1)2
oc€As,UBsg,

(e) Let Es, be the complement of Ay, U Bsy,. Then

Z ¢"™° = 0mod (¢ + 1)%

oc€Fs,

34. The “Master Theorem” traditional statement. Mutatis mutandsis,
as stated in [Malb, p.97-98], this theorem says:

Let X; = > a;x; (0 < i <7r) and let ng,, n1, ... , n, be non-
0<j<r

negayive integers. Then, the coefficient of xy°x}* ---x'" in the expansion

of the product X[°X{™" --- X' is equal to the coefficient of xy°xy* - - xl'r

T
in the expansion of the inverse of the determinant det (5i,j—ai,jmj)0<i <)
Accordingly, if C'(ng, n1,...,n,) designates the coefficient in the expan-

sion of the product previously defined, the following identity holds

10 1101 Nr I S
E C(ng,ni,...,ny)zgzyt -zl =1/ det(;,; a”J’rJ)Ogi,jgr)'
nOZO’TLlZOa"wnTZO
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Rewrite formula (25.8) as Bos = 1/det(I — C;) and apply the homomor-
phlsm (I)((;)) = 5%y

35. The generating function for wvertical derangements. By wvertical
derangement it is meant a word w = x122---x, from [0,r]* having the

property that the biword (g) _ (901 To -+ Ty

X1 Iy
the non-decreasing rearrangement of w, has no (vertical) biletter (im) such
that ; = x;. The set of all vertical derangements is denoted by [0, 7]

Let C| be the matrix ((1 — 5i,j)(;))(0§i7j9),
the matrix C. by the diagonal entries which are all null. Then,

> ()= wae

we0,r]%

), where W = T1%2 - - - Ty, 1S

*
v

which only differs from

an identity which will be used in Chapter 26.

36. The generating function for words by exceedance number. For each
word w = x1x3 - - - X, from [0,7]* let W = 1 T2 - - - Ty, be its non-decreasing

rearrangement and let excw := Y. x(x; > T;) denote its number
1<i<n—1
of exceedances. If w = 0™ 1™ -..r™ and if wg, uy, ... , u, are (r + 1)

commuting variables, let u(w) := ug°uj* - - - ul. Also, let

l—wuy —u1 ... —Up_1 —Up

—t’u,o 1-— U ... —Upr_1 — Uy
D := det :

—tug —tuy ...1—up_1 —u,

—tug —tuy ... —tup—1 1 —u,

(a) The generating function for all words from [0, r]* by “exc” is given by

> t™vu(w) =1/D,

welo,r]*

(b) We also have: D = 1—ej(u)+ (1 —t)ea(u) —- -+ (=1)"(1—t)""te,(u),
where the e;(u)’s are the elementary symmetric function in the u;’s, and
the further formulas:

excw (1) = 11
21 ) = S A T A ) w8 —F

wel0,r]*
and by the change of variables u; < u;(1 —t) (¢ =0,1,...7)

208



EXERCISES AND EXAMPLES

(w) £
texcw _ :
wézo:r t)1+lwl 822;) (1 —up)stH (1 —ug)stt. .. (1 — u,)stt
(c) Identity (7.8), the last formula in Chapter 7, provides the generating
function for [0,r]* by the pair (des,maj) (descent number and major
index):

sw majw W B t°
the q @L_Z( . }

welo,r]* aQ)1+|w| 5>0 w03 @)s+1 (U5 Qs (Ur; @)sg1

By letting ¢ = 1 in this latter identity we get

exc w des w uw)
Dt 1+|w| 21 Ty

wel0,r]* welo,r]*

For each non-decreasing word n = 0™ 1" - .. " let R(n) be the set of all
rearrangements of n. It follows from the last identity that “exc” and “des”
are equidistributed on R(n). This is essentially the spirit of the analytical
proof originally obtained by MacMahon. The construction of a bijection
of each R(n) onto itself, which shows the equidistribution property can be
found in [Lo02, chap. 10].

37. Minimality of the quantum algebra commutation rules. Rules (R1)
and (R2), valid for the algebra A%4 also hold in the two algebras AMM
and A . It would have been sufficient to establish the “Master Theorem”
identity only for the latter algebra. This arises the problem to see whether
an associative algebra A , which is a quotient of the free biword large
algebra A by a set of commutation rules and in which the “Master
Theorem” identity holds, also admits the commutation rules (R1) and
(R2). And it does.

To prove it take the original alphabet {1,2} and expand the product
Ferm x Bos® in A, where Bos® is the formal sum of all the biwords in
Bos of length 0, 1, 2, 3. There are 15 terms in Bos® and 17 in the product
Ferm x Bos®) after cancellation. See that Rules (R1) and (R2) necessarily
hold if the latter product equals 1, as wanted.

38. Generating function for the horizontal derangements. As men-
tioned in Chap. 26.2, each word w is a horizontal derangement, if it
has no equal letters in succession; accordingly, if (DEC\DES)(w) = 0,
(INC \ RISE \ REC)(w) = ), (INC\ RISENREC)(w) = (). Tts weight ¢ (w) is
then equal to

P(w) = H Xa X H Y, X H Y/,

acDES(w) be(RISE \ REC)(w) ce(RISENREC)(w)
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and the generating function for the set [0, 7]} of all horizontal derange-
ments is derived from (26.7) by letting all the Z;’s, T;’s and T)’s be equal

to 0. Thus,
[I 1+Y))
_0<j<r
we[0,r]*
where
1 =X —Xo - =Xe1 =Xy
Yo 1 X - =X, X5
Yo —Y 1 e =X =X
D = . .
Yy -7 -Yp - 1 ~X,
Yy -1 Yy .- Y. 1
This generating function can also be expressed as:
H 1+Y]
> ) - oz
1+Y, X,
0,r] 1— J
'UJE[ T']h Z H l_I_X]l_I_Xl

0<I<r 0<5<i-1

39. Non-determinantal expressions for the Decrease Value Theorem

Identity. We also have:
1 —T’
H 1-Z;+ X, —|—X / H 1—T’+Y’

0<j5<r <j<r
> = 1-7;
welor]* II +— Zj + X;

0<5<i-1 X
1—
Z 1-1T; 1-7;+ X;

== 1 vy
0<5<i-1

Another non-determinantal expression can be obtained by replacing the

summation » by > .
0<i<r 1<I<r

40. A specialization of the Decrease Value Theorem. Let v be the
homomorphism defined by the following substitutions of variables:

Y= {Xj%st_l, Zj%SYj_l, Tj(—}/j, T;(—TYJ/}

For each word w = z125 - - - x,, € [0,7]* we have:

(*) 7¢(w) - H Yagl X H §Yp,—1 X% H Yo,

x; EINCNREC x; EDEC z,EINC\REC

Using the identity of Exercice 39, second form, we get

210



EXERCISES AND EXAMPLES

[T a-sv-)/ T 0-Y))

** Z 1<5<r 0<5<r
v (w :
wGOr]* 1_ Z sYi—1 H (1_83/3'*1) / H (1_Y3)
1<I<r 1<j<i—1 0<;<l—1
and finally
(1=s) I (=Y I (1-sY))

Z’Y@b 0<j<r—1 0<j<r—1 '

LS 1 G- - T (-a%)
0<j<r 0<j<r—1 0<j<r—1

41. A further specialization of the Decrease Value Theorem. For each
word w = x1x9 - - - T, let inrec w denote the number of letters of w, which
are increase and record values. Make the substitution Y} <— RYj, where R
is a new variable and let ¥r = v |yj/<_Ryj, so that formula (*) in

Exercice 40 becomes:

wR(w) :Rinrecwsdecw H Y:ci—l % H Y:cl

Also, let x;EDEC x; EINC

H(Y):= H(l—yi)—l; H.(Y):= H (1_Yi’)_1 (r > 0).

i>0 0<i<r—1
Using Exercice 40 we obtain:
1 — )Hr+1(RY)
oKk
o 2 vr) = e vy
we[0,r]

42. Two ultimate specialisations of the Decrease Value Theorem. In
the last formula of Exercice 40 replace Y;, Y/ (j > 0) by u. Then,

Z decw, |w| _ l—s
—_\rt+1(1 — —r _ _ ’
weD (1 —w)™ (1 — us) s(1 —u)

where |w| denotes the length of w.

Next, replace X; (j > 0) by us and the other variables by u in the
identity displayed in Exercice 39. We recover the classical generating
function for words by number of descents:

Z Sdeswukw _ 1—s .
(1 —u+us)r+tt —s
we[0,r]*

43. A Krattenthaler telescoping technique. For each word w let inrec w
denote the number of its letters, which are increase and record values, let
decw be the number its decreases, and |w| (resp. tot w) the number (resp.
the sum) of its letters. In the identity displayed in Exercice 39 make the
substitutions X; + usq’, Y; < ug’, Z; + usq’, T; + ug’, Y] + uRq’,
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T} < uRq’. The weight )(w) becomes gdecw pinrecwy Awgtot w Thig vields
the identity

Z sdec wRinrec wu)\wqtotw _ (u;;.(ﬁr-l-l / (1 o .
(uR; q)r11 052 (w; )i

=
=
Q
~—
I
»
)QN
N—

we[0,r]*

By using the following g¢-telescoping argument

(US;Q)lusqz _ % ((US;Q)IH ~ (usiq) ) (1<i<r),
(us g L=sq\ (wiq) ()i
one gets:
Z Sdec wRinrec wu|w|qtotw — 1 (1 - SQ) (u; q)r (U’Sq; Q)'r’ ‘
welon* (uRs q)rt1 (w5 q)r — sq(usq; q)r)
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Clearly, exp(zu) exp(u) = exp((1 4+ z)u) is the exponential generat-

ing function for the polynomials H,(z) = (1+z)" = Y. (?) 2l
0<n<n
In the case of ¢-series the calculation is to be made explicitly:

—J u™ n| .

eq(zu) eq(u Z Z :Z-_ Z {LE]
n>0 0<]<n )"_j (q, Q) 0<j<n -/

(x,q). With x = —1 we get Z @d H,(-1,q) =

n>0 n>0 ; n

L 1 ”i ence
(@)oo (W Q)oe  (—%3¢?) o0 _7;)(_1) @
H2n+1( 1 Q) = 0 and H2n( 1 Q) ( )Zn/(q q )n_(({v ) . With

z = ¢/? it turns into Z ) H, (ql/2

n>0
n

1 U
(1,4 7%) 00 2 (¢'/%;,¢4"/2),, hence

n>0
Hy( /g = @D (@0 (= ‘%4 ) _
n ’ (725 q1/2),, (q1/2;q1/2)n( 472, ¢172),,
u™

9) = (g2 @)oo (Ui @)oo

~1/2. .1/2 : _
(q 1q % )p. Start with f(z,u) ;) @ q)nH n(z,q). Then
flz,u) — f(x,qu) = :IJZ H,t1(z,q). On the other hand,
n>0
Flavu) — fle,qu) = L 1- (- w - ) =

(U3 @)oo (TU; q)oo

f(z,u)u(l + = — zu). Therefore Z u—HnH(x,q) = (1+ z)
=5 (@0)n
un+1 -
X Z x,q) — Z ——xH,(x,q). Hence the recurrence

for n 2 0 Wlth H_i(x,q) Z 0.
No further comment.

By definition of y we have y; =i— > x(o(i) > 0(j) > o(i+1)) or
1<5<e

> x(o(i+1) > o(j) > o(i)), depending on whether (i) > o(i+
1<5<t—1

1)or o(i) < o(i+1). The sequence y is then subexcedent. Now, given
a subexcedent sequence y we can reconstruct the permutation o in a

unique way, starting with o(n) from y,, =n — Z x(a(n) > o(y)).
1<j<n
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The mapping y — o — x is then bijective. Finally,

toty = 1<Z< (i — wiq1) +ix(o(i) > o(i +1)) = 1<Z< ix(o(i) >

o(i+1)) = majo, since g = x,,41 = 0.

We have inv-coding(c) = (0,0,0,2,1,1,5,3,8) and inve = 20;
furthermore, maj-coding(c) = (0,1,1,3,4,1,2,2,3), majo = 17.
Finally, inv-coding(687293154) = x and maj-coding(938164275) = x.

zi <#{1 <j<i}=1i; (b) z=001102238; (c) o = 756312984.
Distinguish two cases. If o(i) > o(i+ 1), the components of this new
maj-coding satisfy the relations:

x; — xip1 +ix(o(i) > o(i + 1))
={i<ilo@)>a@)}—{j<i+1[o(j)>o(i+1)}+i
={i<ilo@G)>o@}+{j<i+1]o(j) <o(i+1)}
={i<ilo@G)>a@}+{j<ilo() <oli+1)}
—4{1<j<ilo() € ol oli+ ]} = 2

If o(i) < o(i + 1), then

T — i1 +ix(o(i) > o(i+1))

={i<ilo()>a(@)}—{i<i+1]o(j)>o(i+1)}
={i<ilo(j)>o(i); —{j<ilo(j) >a(i+1)}
=#{1<j<i|o(y) €lo@@),oli+ 1]} = 2.

The subsequence y is subexcedent and y; + y2 + ...y, = majo.
However the transformation ¢ — y is not bijective; for instance, the
two permutations 213 and 312 have the same image 010.

The vectors of a set {vy,vs,...,v,} are linearly independent, first
if v; is not zero (there are (¢™*™ — 1) possible choices), then
if vy is not proportional to vy (there are (¢¥*" — q) possible
choices), more generally, if for ¢ = 2,...,n the vector v; does not
belong to the subspace of dimension (i — 1) generated by vy, ve,

., v;_1 (there are (¢N*™ — ¢~ 1) possible choices). The number
of such sets {v1,vs,...,v,} is then equal to (¢V*" — 1)(¢V " —
q) - (¢NT" — ¢ 1). The second enumeration is derived by the same
reasoning. Finally, the number of sets {vi,vs,...,v,} having only
linearly independent vectors is equal to the number of subspaces of
dimension n, multiplied by the number of such sets that span a given
space of dimension n.

214



10.

ANSWERS TO THE EXERCISES

The two formulas are banal for N = 1. For proving (3.9) use
(3. ) with the substitutions n < N + n, i < n, so that (1 —
™) 5 1% = S - T = 37

(u,q)& (by induction on N). Hence Z [N:n}un = (u; q)]_v1(1 _

ugN)~1 = (u,q)N+1. For (3.10) make use of (3.5) with the substitu-
tions n < N + 1, i + n, so that

(—uig)n41=( X D2 un) (14 ugV) =
0<n<N

1—|I<Z<N( [Zr\[] qn(n—l)/2_|_ [nZXJ q(n—l)(n—2)/2—|—N)un+q(N+1)N/2uN+1:

1+ 3 ([]X] _|_q(I\H—l)—n[nljl])qn(n—l)/2un 4 (NFDN/2y N+

1<n<N
Z [N:l] qn(n—l)/Zun‘
0<n<N+1
By induction on N + n. Let ND(N,n;q) := S g%t Then
bEND(N,n)
ND(N,n;q) = > ¢t + S ¢ Let a;:=b; —1 (i=1,...,N)

b1 =0 by >1
in the second sum. With the convention that ND(N,n;¢) = 1 when
N =0 we get:
ND(N, n;q) = Z gl + Z g+l
0<bo<--<bn<n 0<a:1<-<an<n-—1
= ND(N —1,n;q) + ¢ ND(N,n — 1;q)
[N%—n—l} N[N%—n—l} {N%—n}

n n—1

Proceed by induction on N +n. Let BW(N,n;q) := S gwve,
. ‘ z€BW(N,n)
Then BW(N,n;q) = > ¢™* + > ¢™". Let y; := x;41 (i =
z1=0 r1=1

1,...,N +n — 1) in each of the sums and let y be the word
Y1Y2 - - - YN+n—1- In the first (resp. the second) sum we have inve =
invy and y € BW(N,n — 1) (resp. inve = n + invy and y €
BW(N — 1,n)). With the convention that BW(N,n;q) = 1 when
N =0,
BW(N, n; q) — Z qinvy + Z qn+invy
yEBW(N,n—1) yEBW(N—1,n)
=BW(N,n—1;q9) + ¢" BW(N — 1,n;q)
N+n-1 nlN+n—1 N +n
o S R A

n n

215



(b)

D. FOATA AND G.-N. HAN

As shown in Fig. A1, for each partition 7 in at most n parts, all at
most equal to N denote the size of the n-th part of w (the smallest
one being possibly 0) by j. Withdraw j from all the parts of
there remains a partition in at most (n — 1) parts, all at most equal
to (N — 7). The latter partitions have a generating function equal to

[N—j—i-n—l}
N—j 1
1

n

n—11

m—1

J N—j J N—j
Fig. A1 Fig. A2

Report to Fig. A2. For each partition 7 in at most (n+m) parts, all
at most equal to IV, denote the size of the smallest (n + 1)-st part
by j. To such a partition 7 associate the partition 7’ in at most n
parts, all at most equal to j and a partition 7" in at most (m — 1)
parts, all at most equal to (N — j).

The two g-binomial coefficients occurring on the left-hand side of the
identity are precisely the generating functions for the partitions 7’
and 7", respectively. The identity is then a consequence of the fact
that the weight of 7 is equal to the sum of the weights of 7/ and
of 7", plus the size of the rectangle of dimension j x m.

By induction.
If n is inserted onto the left of a permutation ¢/ = ¢/(1)...0'(n—1)
or between two letters o (i), o(i + 1) such that o(i) < o(i + 1), the
number of descents increases by one. In the other case the number
of descents remains alike. To obtain the set S, ; of all permutations
of order n having k descents it suffices

either to take each permutation belonging to S;,—; x—1 and insert n
into the (n — 1) — (k — 1) positions that create a new descent; we
then obtain (n — k)A,, r—1 permutations of order n;
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or to take each permutation belonging to S,,_1; and insert n
into the (k + 1) positions that create no descent; (k + 1)A,—1%
permutations of order n having k descents are derived in that way.

13. (a) The right-hand side of the identity to be proved is equal to:

14.

(1—t)» gotj(j—i—l)”_l(1+(n—1)t—nt—|—(1—t)j) = (1—t)" Z;Otj(j—i—

D1 =)(@+1) =1 -0 2 UG+ 1" = A ().
n>0
(b) First Ao(t) = (1 —1¢)/(1 —t) =1 and the constant coefficient of each
series A, (t) is Ano = 1. Consider the coefficient of t* (k > 1) on
each of sides of (E13.1). Then A, = A1+ (n—1)Ap_1 -1 +
kAn_1— (k—1)A,_1 k—1, which is the desired recurrence relation.
Finally, the recurrence implies that A, , =0 for K > n > 1.

(c) It suffices to calculate the coefficient of t* in (1—#)"+! 3= " (j+1)".

n>0
(d) An(t)(l - t)_(n+1) = Z (n:;k)tk Z An,ltl =
k>0 0<i<n—1
Z i Z Anl(n+j—l) _ Z i Z A, n_l_l((j+1)+(n—l—1)) _
j>0 0<I<min(j,n—1) >0 0<i<n—1 "
t7(j+1)", using ("7 = 0when j <n—2andl = j+1,...,n—1
J g n J J

j=0
and the Worpitzky for the last step.

() From (E13.1) ¥ An(t)(1 — )~ Dur/nl = 3w/l 3 69(j +

n>0 n>0 Jj=0
" = ;0 tI go(u(j +1))"/n! = e go(te“)j =e“/(1 — te*). With
wi=v(l —t) we get 3 An(t)v"/n! = (1 — t)exp(v(l —t))/(1 —

n>0
texp(v(l —t))) and the desired generating function.

Let 0 = o(1)...0(n) be a permutation. If o(i) < i, say that ¢ is
an accedence-letter of o. Let A(o) (resp. E(o)) denote the set of all
accedence-letters (resp. excedence-letters) of o. First, verify that for
each j=1,....,n

#{i € A(o) : j €lo(i),i]} = #{i € E(0) : j €]i,o(i)]}.
Next, verify that
#{(l,k): k€ E(0),k € [l,o(l)[}
=#{(l,k): I,k € E(0),0(k) €|l,o(l)]};
so that
#{(l,k):l € A(o),k € E(0),0(k) €]o(l),1]}
=#{(l,k): I,k € E(0),k €]l,0(])]};
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This is sufficient to show that

#{ (k) I<k,ok) <o(l) <k}+#{(lk): I <k,o(l) <k <o(k)}
=#{(Lk): I <k,o(k) <o) <Ty+#{(Lk): 1 <k, k< o(k)}.
Merge the third term into the first and the fourth into the second:
#{(l,k):l<o(l),o(k) <k,o(k) <o(l) <k}
=#{(lLk):l<ok),k<o(ll),l <k<o(l)}.

(a) and (b) are easy; (c) is a rewriting of the maj-coding discussed
in §2.2. The difficult part is (d) and requires a deeper study. A
numerical example is discussed in details inviting the reader to
reconstruct the proof himself. For a complete formal proof see
[Ha90b]. Finally, (e) is merely making the appropriate composition
products.

The table of the six statistics for BW(2, 3):

des | maj | rise | rmaj | DES | MAJ
110001 1 | 2 | O 0 1 2
10100 2 | 4 1 2 3 6
10010 2 | 5 1 3 3 8
01100 1 | 3 1 1 2 4
01010 2 | 6 | 2 4 4 | 10
00110 1 | 4 1 2 2 6
10001 | 1 1 1 4 2 5
01001} 1 | 2 | 2 5 3 7
00101 1 | 3 | 2 6 3 9
00011 O | O 1 3 1 3

The bijection x — y of BW(NN,n) onto BW(n, N) is defined as
follows. For 1 <7 < N +mnlet y; =1 —x;. Then rmajx = majy and

. : N +n
qrmaj T _ qmajy — |: :| )
mEBWZ(N,n) yGBWZ(n,N) n
A bijection z — z of BW(N,n) onto itself is constructed as follows.
First, for each * € BW(N,n) apply the bijection of (b) to get
y € BW(n, N). Then factorize y in a unique manner under the form
y = v110v210 - - - v _110vg, where v; is a nondecreasing binary word
of the form 0%1°; moreover, the length I(v;) of v; satisfies I(v;) > 1
for 2 < i< k—1andl(v;) >0, l(vg) > 0. To each nondecreasing
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word v; = 0%1° associate the nondecreasing word u; = 0°1®. Then,
let z := ©110u10 - - - up_110uy.

For example with z = 10110001011 € BW(6,5) we get y =
01001110100 € BW(5, 6). The factorization of y = 0(10)011(10)(10)0
yields z = 1(10)001(10)(10)1 = 11000110101 € BW(6,5). We verify
that rmajx = majy = maj 2z and risex = desy = des z.

Look for the difference between rmaj and maj.

Z qMAJ:c _ Z qMAJaz + Z qMAJx

z€BW(n,N) z€BW(n,N),z,4+nv=0 z€BW(n,N),xntn=1

17. (a)

_ Z q2maj'm+N+ Z quajx+n

z€BW(n—1,N) zEBW(n,N—1)

B n_17N q2 n’N—l qz

_ N[n+tN 1—¢*" nin+ N 1—q¢*N
_(] [ n’N ]qzl_q2N+2n |: n’N :|q21_q2N+2n
_m+N7 VA -¢"")+q¢"(1-¢*N)

N [ n, N ]qz 1 — g2N+2N

B [n+N] q" + gV

S Ln,N Jg 14 gntNT

Let w be a word of R(m) and let 1 <z <y =x+ 1 < r. Replace
all the factors yx of w by a special letter “~”. In the new word the
mazximal factors containing the two letters = and y are of the form
2% (a > 0, b > 0). Change all those factors into 2°y® and replace
every “~” by yx to obtain a word w’ of the second set. For instance,
with w = 122322233243213 € R(2,7,5,1), = 2 and y = 3 we
successively get:

w = 122322233243213 > 122~223~4~13
> 133~233~4~12 > 133322333243212 = w' € R(2,5,7,1).

That transformation is bijective and majw = majw’ holds.

Z(w) = maj(2121122) + maj(1131) + maj(41114) + maj(22322) +
maj(242242) + maj(434) =4+3+14+3+7+1 = 19.

The multiplicities of gcyc, (w) and lcyc, (w) are respectively:

m”® = (Myp1, Myt2, My, M1, Ma, -+, My_1,M,) and

my = (M1, M2, My—1, M1, Mat2, My, M)

The global and local cycling are equal to geyc, (w) = 4234313424 and
leye, (w) = 4214121434, But maj geyc,(w) = 18 and Z(leycy(w)) =
16. As majw = 21 and Z(w) = 19, the two differences are equal to 3.
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Consider the unique factorization w = pgq1p1q2p2 - - - ¢sps of w, where
the p;’s are words all letters of which are at most equal to x and
where the ¢;’s are words whose letters are all greater than x with
lpil > 1, |gi| > 1 for all @ > 1 and |pg|] > 0. The last letter
of each factor p; (resp. ¢;) is less (resp. greater) than the first
letter of the following factor g¢;y1 (resp. p;). Say that there is a
rise at the end of the factor p; and a descent at the end of the
factor ¢;. In the word gcyc,(w) those rises become descents and
the descents become rises, the other rises or descents remaining
invariant. Therefore majw—maj(gcyc, (w)) = [q1|+|ga|+- - +]qs| =
My41 +mm+2 + M.

Leta =1,2...,r be aletter occurring in w and denote the image of a
under the local cycling u := lcyc,(w) by o’. If i < j and i # z, the
subwords w;; and u; j» are identical up to the reduction. On the other
hand, for x < j, item (e) implies maj w,; —maj(gcyc, (w)), ;7 = m;.
As the two cyclings are identical up to the reduction for the words
with two letters, it follows that Z(w) — Z(u) = Y (maj(wy;) —
maj(um’j’)) = Mg41 + Mgq2 + -0+ My v<d

The desired bijection ® is defined, for each word w € R(m) and each
letter x, by the composition product:

O(wx) := (lcyc;1 o® 0 O m, © geye, (w))x .

It is readily verified that ®(wz) is a rearrangement of wz; further-
more, majw = Z(P(w)) holds.

Let b:= > b.t". Then by = ag and b, = a, — a,_1 for r > 1. But
r>0

a—(bo+b1+---+b.) =a—(ap+a1—ao+---+a,—a,—1) = a—a, and
by assumption the order of that difference tends to infinity with r.

The right-hand side of (7.8) is of the form ) bst°, where by =
1/(a;q)s41- But limg by = 1/(u;¢)oc. Then let b(t) := (1—t)->_ by t°.
It follows that b(1) = 1/(u; ¢)so. Multiply the left-hand side of (7.9)
by (1 —t) and put ¢t = 1 afterwards. It is found that > Am(t =
1,q)u™/(q; q)m. This yields (6.13).

This time (a) is to be applied twice in succession. The coefficient
of t7, that is, > t5/(u;q1,92)r+1,5+1, tends to > t5/(u; g1, ¢2)00,s+1
(obvious definition) when r tends to infinity. Multiply the left-hand
side of (13.7) by (1 — ¢1) and put t; = 1; we get the expression
Zsti/(% q1, Q2)oo,s+1- As 1/(u; QI7Q2)OO,S+1 tends to 1/(u; q1, Q2)oo,oo,
when s tends to infinity when the previous sum is multiplied by
(1 —t2) and when t5 is replaced by 1, we get: 1/(u;q1,42)00,00- BY
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multiplying the right-hand side by (1 — 1) and (1 — ¢2) successively
and by making the substitutions ¢t; = 1, then to = 1, we obtain:
2on An(ar, a2) w™ /(g1 41)n (25 G2)n)-

If 0(i) = j, then io(j) = i and cio(j) = (n + 1 — 7). Hence
icicln+1—i)=jandro(n+1—1i) =o0(i) =j.

Write the n points (1,0(1)), (2,0(2)), ... , (n,0(n)) onto the
square {1,...,n} x {1,...,n}. The reflection of the square about
the horizontal (resp. vertical, resp. major diagonal) axis transforms
the graph of o onto the graph of the permutation co (resp. ro,
resp. i0). But those reflections generate the dihedral group D4 and
there is a one-to-one correspondence between those reflections and
the operations i, ¢c and r.

) The relations can be verified either by computation, or geometrically.

Lets co := ¢’ and rco := ¢”. Then j € Ligneo if and only if
j € [n—1] and o(j) > o(j + 1); hence o'(j) < o’(j + 1) and also
o’ (") < o”"(3") with 7 =n+1 — j — 1. Consequently, j € Ligne o
if and only if j € [n — 1] and, in an equivalent manner, j ¢ Ligner o
or n — j € Lignerco.

The verification of all those properties is easy.

First C1(x) = x; by induction zC,, _1 () is the generating polynomial
for the permutations having m as a unit cycle; moreover, (n —
1)C),—1(x) is the generating polynomial for the other permutations,
as the element n can be inserted in (n — 1) manners into each
permutation of order (n — 1) to create a permutation of order n,
where n is not a unit cycle.

Several proofs can be made. If we use # Rmals, then zC,_1(x)
is the generating polynomial for the permutations ending by 1.
Moreover, (n—1)C),—1(z) is the generating polynomial for the other
permutations, because the insertion of 1 into each one of the (n —1)
possible slots (excluding the rightmost one) of a permutation of
2,3,...,n, does not modify the right-to-left maximum letter set.
Consider the following modification of the Lehmer-coding: if 0 =
o(1)...0(n),is a permutation, let w := z125 ... x, be the (modified)
Lehmer coding defined by z; := #{j :i+1 < j <mn,o(i) > o(i+1)}.
Then, inve = totw, Rmipoc = {i : 1 < i < nzx; = 0} and
Rmapo = {i : 1 < i < nz; = n — i}. First, Ci(x,y,q) = zy;
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then, by induction,

Cn(.%y’q) — Z legignx(wizn—i)yzlgignx(wiZO)qzlgignxi
weSE,
n—1
= Z xx(m:n—l)yx(m:O)qa:l
$1:0

> Z xzzgignx(wi:n—i)yzzgignx(wizo)qzzgignwi
U)’ESETL,:[
=(W+g++ -+ "¢ ) O (2, y, ).
(d) In the maj-coding x5 ...z, of a permutation o we have z; = 0 if
and only if 7 is on the right of the subpermutation of ¢ reduced to

the letters 1,2,...,(i — 1), i.e., if and only if ¢ € Rmalso.
(e) First, D1(y,q) = y and for n > 2

Dn(?J;Q): Z yzlﬁiSnX(liZO)qtotw

wEeSE,
n—1
_ § : yzlgign_lx(:ﬁizo)qtot w’ § yx(xn:())qxn
’U}IGSEn_l ZEnZO

=Dp () y+a+@+-+¢" 2+
(f) First, notice that, for k > 1,

y(l—q)+Q<1_ kl—w(l—Q))

+q+@+ =
yraTa K l1—gq y(1—q)+4q

1— 1—2(1—
and y( q) +4q <1 _ 2( q)) = x +y — 1. Therefore,
1—gq (y(l)—q)+Q( )
1—2(1—g¢q y(l—q)+qg\» xy
Cn(g, 2,y) = (—? ) < ) 50 that
e =a—grd U 1oy rty-1
u’l’L
ZCn(q,x,y)(, )
n>0 q7qn
_ 2y Z(l—x(l—q) > <y(1—Q)+q>"
$_|_y—1n21 y(l—q)+q "/n 1—¢q
— —ux;
1 Ty (1—q q>oo 1
r+y—1 o ’
q

by using the g-binomial theorem (Theorem 1.1).
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22. (a) The polynomial A,, j, is the generating function for the permutations
of order n having k descents by (maj, # Rmil). When the letter n is
inserted into a permutation of order (n — 1), the number of descents
remains alike, if n is inserted into a descent and is increased by one
otherwise; moreover, the statistic “# Rmil” is increased by one, if n
is placed at the end of the permutation.

(b) Form the two factorial generating functions:

At q,y;u) =Y Anlt, .y

n>0 7q)n
B(t,q,y;u) := Y An(t,q,y) " )
n>0 b @)nt1

From (a) we deduce:
ug uq
A(t,q,y;u)=1+yuB(t,q,y;U)Jrl—_qA(t,q,y;U)—l—_qA(tqu,y;U)-

As A(t,q,y;u) = B(t, q,y;u) — tB(t,q,y; qu), we get

Uuq utq

) B + () B gy

< . W (t. g, y3u) + A (g, y; qu)
2

utq
_qB(tq,q,y;QU) =1

1

ug
—— B(t . _
1, (tg, ¢, y30) = 7

Let B(t,q,y;u) = Y t° Gs(q,y;u) and work out a recurrence for the
s>0

coefficients G(q, y;u):

(1—q—ug—yu+yqu) Y t° Gs(q,y;u)
s>0

+(=1+q+qu) Y t* Go1(q, y; qu)
s>1

+uq Y t°¢° Go(gy;u) —u Y t°¢* T Goa(qy3qu) =1 —q.

s>0 s>1
By taking the coefficients of ¢* on both sides we obtain:
1
1-— yu

L-u(g+¢’+---+¢)
L—u(y+q+q>+-+g°) °

Go(q,y;u) =

Gs(q,y;u) = (g, y5qu) (s >1),
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L= g+t )

. As
1—u(yg® + "+ + -+ ¢%)

so that G4(q,y;u)= H
0<k<s

1— g+ ugst?
1—U(qu+q’“+1+~--+qs)=#(1—(1’“

uy(l—q)+q),
1—g¢q

1 —q+ugst!

for k=0,1,...,s, we get

1— ¢*u q ( uq 'q)
Galayi)= ]~ e =gt ug ™ e
e ko Y1 —q)+q y(1—q)+g '

1—qg+ug 1—qg+ugq s+1

As ¢ =iri, properties (i)—(iii) and relation (19.4) imply that if

o — PQ, then ic — QP, ric — QTP'T and co = irioc —
PITQT.

All the relations are proved by direct calculation.

5 5
45 35 24 34
PJ:L??’, QJ:L“, PT=l13, Qr=112,

3 4
25 25
pP/T =14 @’/T =13  Notice that i, c, r correspond to geometric

transformations on permutations, but neither t, nor j.

Tableaux | Permutations | Tableaux | Permutations
PQ oc=31425| PTQT |to=25143
PQ’7 | jo=34152| PTQ'T |ro=52413
P7Q 41523 P/TQT |co=35241
P7Q7 14253 P/TQ'T 32514
QP ic =24135| QTPT 31542
QP 35124 Q/TPT 42531
QP 24513 QTP/T 53142
Q7 P’ 13524 | Q/TP/T 42153

my 1’s, mo 2s, ...
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For each Ferrers diagram A with m boxes and each vector m
...,m,) of positive integers such that m; + mg + -+ +
m, = m let K(\,m) denote the set of Young tableaux containing
, my 1’s. Let o be a permutation of 1,2,... 7.
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We construct a one-to-one correspondence between IC(A\, m) and
KC(A,o0m) as follows. Let m = (my,...,m;,m;+1,...,m,) and m’ =
(my,...,mir1,my,...,m,) differ only by a transposition of two
adjacent terms and consider a tableau 7" in K(A,m) in its planar
representation. Write all the pairs 7,7+ 1 in boldface whenever those
two integers occur in the same column with (i + 1) just above i.
The remaining i’s and (i + 1)’s in T occur as horizontal blocks i 5
(a > 0,b > 0). We define a bijection T" — T’ of (A, m) onto
IC(A,m’) by replacing each block i®j* in T by i®j% and rewriting
the vertical pairs 7,7 + 1 in roman type.

The identity is true for £ = 1. For k > 2 expand the determinant of
N, (L,n) by the cofactors of the last row. By induction

by — 4

det N,(L,n) = det N, ({€1, ..., ly_1},03) { Rt~ bk T}

,

— det Nr({fl, ce 7£k—1}a n)

The first (resp. second) term on the right-hand side is the generating
polynomial for the words w = wyws ... w, satisfying the conditions
(*)(L,n), With the possible (resp. sole) exception of the subcondition
We,, < Wep41-

The construction of the bijections may be regarded as another
version of the MacMahon Verfahren.

Similar to the proof of Theorem 18.2. Start with a pair (o, s) having
the properties (£22.2) and let d = dyds...d, be the word whose
letters d; are defined by

4 e s; — siy1 — x(i € lligneo), if1<i<n-—1;
T s, if i =n.

Then dy + --- + d,, + ideso = s1, so that it makes sense to put
dgo == r—s >0and dy +dy + -+ d, + idesoc = r. On the
other hand, 1-dy +2-dys+---+n-d, +imajo = tot s. The mapping
(0,s) — (0, (do,d1,...,dy,)) is a bijection of the pairs (o, s) satisfying
(E22.2) onto the pairs (o, (dg,ds,...,d,)) such that Ligneoc = L
and where the integers dgy, dy, ... , d, are nonnegative and of sum
do+dy+---+d, =r—idesc. Hence,

> " det N (L,n)

r>0 _ Z r Z qtotw _ Ztr Z qtots

r>0  weW,(L,n) r>0  (o0,s)
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— E 2 /‘ E td0+ -+d, +ides Uql .di+---+n.d,+imajo

7‘>0 e do,

_Ztldesa imajo Z Z tdo(tq) 1 '_.(tqn) n

r>ideso do+---+dn

=r—ideso
_ Ztldesa imajo -~ 1
(t CJ)n—l—l

This is the specialization for ¢ = 1.
A direct proof can be found (see [St86, p. 70]); it is also a consequence
of Corollary 11.5.

Distribute the n integers 1,2, ..., n into k classes of sizes a1, as, ... ,
ar. Write the elements in each class in increasing order and justapose
those class increasing sequences in the following order: first class 1,
then class 2, ... , class k. This yields a permutation ¢ having the
following property: Ligneo C {a1,a; +ag,...,a1 +as+---+ap_1}.
Furthermore, there are n!/(ai!as! --- ag!) ways of making up such
permutations.

The expansion of the right-hand side reads > qbl(g b2(0) . ghnl0)

o,b
where the summation is over all permutations ¢ and the sequences
of integers b = (b1(0) > ba(o) > -+ > by(o) > 0) such that
the following property holds: k& € Ligneoc = bg(o) > brt1(o).

But the sequence b may be written as 745> ...4.*, where i; >
22>--->Zk>0anda1 > 1, ay > 1, ... , ap > 1,

b1(0) ba(@) . obn(o)

so that the monomial ¢ is still equal to (x)

ql ’ qéllqal—s-l qa1+a2 : qa1+---+ak_1+1 T q2ﬁ+...+ak- But the se-
quence i7"i5* ... 13" is nothing but a partition A = (A > Ag > )
having at most n positive parts, and a; parts equal to i1, as parts
equal to ig, ... , ai parts equal to iy, so that the monomial (x) is
also equal to q*. Hence,

qul(g) ba(o) cgbn n(0)

= Zq #{o : Ligneo C {a1,a1+az,...,a1+ - -+ag_1}}
A

- > s Y @ ()

AN <n ToAI(M)<n

The left-hand side of (E27.1) is equal to the sum of the series
St Fdesu wllall+maiy w o gyer all triples (s’,a,w). By using Propo-
sition 3.1 the right-hand side is equal to the sum of the series
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Sts g2 I+ +1a"l where each a(® = (@i1y.-.,0a;c;) is a sequence
of integers satisfying s > a;1 > -+ > a;., > 0, if i € S¢
§ 2> aj1 > > aie 20,1t € Sy 8> a1 > > a2 1,
iti e Ly s > a1 > -+ > aje, > 1,1 1 € L<. The bijec-
tion (s',a,w) — (s,aM,...,al") such that s = s’ + desy w and
lal| + maj; w = [|a|| +--- 4 [|al™|| can be constructed by rewrit-
ing the MacMahon Verfahren developed in sections 6 and 7 almost
verbatim. To obtain (£27.2) use the manipulation on g-series as at
the end of section 7 for going from identity (7.7) to (7.8).To derive
(E27.3) multiply (F27.2) by (1 —t) and make ¢t = 1.

The identity follows from Theorem 5.1. The letters belonging to S~
bring no further U-inversions; those belonging to S< U L< bring
[Lic S-UL- q(w’;l) extra U-inversions when they are compared between
themselves; finally, the U-inversion number must be increased by the
number of letters belonging to L. U L<, that is, ZieL<UL§ m;. To
show that ™AY (¢) = AU (1,q) is equal to the right-hand side of
(E27.3) it suffices to expand the g-multinomial coefficient and to
make use of (3.7) and (3.8).

Let w = z129...2y, be a word in R(m). For each i € S< U L<
replace the m; occurrences of the letter ¢ in w by the letters (i,m;),
(i,m; — 1), ..., (i, 1), when reading the word from left to right. For
each i € S U L. replace all the m; occurrences of ¢ by the same
letter (i,1). Finally, let = := (h+ 1,1). By convention, (i,k) < (j,1)
if either ¢ < j, or ¢ = j and k < [, so that the new word, say, w, has
its letters in a totally ordered alphabet.

Apply the transformation ® to w+ to obtain a word of the form
®(wx) = w' . In W replace each letter (i,k) by the letter i, to
obtain a word w’ in the class R(m). Define ¥(w) = w’.

Apply the algorithm described in (b). In the first operation write
iy instead of (i, k) and obtain w = 61, 29,21, 31, 11,71, 71,41, 81, 51.
Here x = 4 + %; apply ® to w x, then derive ¥(w):

W = 61,29,21,31, 11,71, 71, 41,81, 51, %
| 61
61 | 22
61,22 | 21
61,22 | 21 | 31
25,61,21,31 | 11
22,61,21,31,11 | T
29,61,21,31,11,71 | Ty
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25,61 121,31,11,71 |71 | 4
61,22,71,21,31,11,71,41 | 8
61 ] 22,71 |21,31,11,71 [ 41,81 | 51
61| 71]22,71 | 21,31,11,81 | 41,51 | *
&(w*) = 61,71,71,22,81,21,31, 11,51, 41, %
U(w) =6,7,7,2,8,2,3,1,5,4

The number of U-inversions is 0+0+04+34+0+5+44+7+4+5 =
28, plus the number of elements in L. U L<, which is 5. Thus,
invy ¥ (w) = 33.

By induction on the number [ of parts of A.

Again by induction on I we get &,(hy) = ™Ax(t,q)/(q; q)n, Where
in%)\ — ZU tdes>\ aqinvo (O' c Gn)

Same derivation as in (a).

Let £(u) := (=t +exp(u(t —1))/(1 —t) = 1+ > (1 — t)*tu*/k!
k>1

Then E(u)(1+ Y t Ap(t)(—u)*/k!) = €' (u) (the derivative of £(u)).
k>1

) = —— q@[ﬂk(t—l)’ﬂ—“n%n_ut,q);

(5 9)n 1<k<n

aur) = g o HQ[Z}W—W1Bn_k<t,c27q>.

"1<k<n q
No more hints.

(3)

The generating function for the By’ is equivalent to the recurrence

formula

B(S): k (k;rl) n—m n—m| mk — )™,

B=> Xx*q > A(Q)kQ(lt)
0<k<n 0<m<n—k

Hence, to show that B!/ = BT([?'), it suffices for 0 < k < n to prove
the recurrence formula

A= Y [""“LA” m(tq) g™ (1— )"

m
0<m<n—k

Use the iterative method already illustrated in § 21.3. If a permuta-
tion of order n ends with a term at most equal to (n — k), we can
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consider its longest increasing rightmost factor (l.i.r.f.). If the per-
mutation ends with a term greater than or equal to (n—k+1), make
the convention that its Li.r.f. is of length zero.

For m = 0,1,...,n — k designate the generating function for those
permutations whose [i.r.f. is of length m by F,, and let G,, =
F,+- -+ F,_;. Then u,, = [”W_,Lk] . AP (t,q) ¢™F is the generating
function for the permutations whose Li.r.f. is of length at least equal
to m, adding a supplementary descent when the Li.r.f. is of length

greater than or equal to (m + 1). We then have

Um = Fm +tGm—|—l;
and
Gm = Uy + (1 - t)Gm+1.

As Api(t,q) = Go and as G, = A (1, q) ¢ Rk we obtain the
recurrence formula by iteration starting with Gy.

No comment for the first part. The relation involving *8"As, 1 ()
is treated in the same way. For the last part notice that majo =
2majT 4+ p(,)(2¢ —1). Hence

Sg%n(t, q) _ Z Sgn0t1+des quaj o

o

_ Z (_1)#E(O‘) tl—i—des T—|—#E(O‘)q2 maj T+Y;c p(o)(2i—1)

= Z (_t)#EqueE(Qi—l) Z t1—|—des Tq2 maj T
EC{]. ..... n} 7—66”

= (tq; ¢*)n t ™A, (t, ¢?).

32. (a) The table of the first a(n,i) is the following:

1= 1 2 3 4 5 6 7 8
n=1 1
2 2 2
3 2 1 1
4 3 3 1 1
5 3 2 1 1 1
6 3 3 2 1 1 1
7 3 2 2 1 1 1 1
8 4 4 2 2 1 1 1 1
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By definition 1 — ¢* = [[{®4(q) : d|i} for each i > 1. As (1 — ¢**) =
(1—¢")(1+4q"), we have 14+¢* = [[{®a(q) : d|2i, d+i}. In particular,
if 0 < j <1, then 1+ ¢™ = [[{®4(q) : d|m27+1 d+ m27} =
[[{®alq) - d € A}
As the sets A; are two by two disjoint, it suffices to show that B is
the union of the A;’s. But if d|m2/™t, d+ m2/T! for some j with
0 < j <1, then d|2n (equal to m2'*1) and d is even. Thus d belongs
to B. Conversely, suppose d|2n and d even. Then d = m/2/+!
with m’ odd, m/|m and 0 < j < [. Consequently, d is an element
of Aj.
The product is zero if Kk > n. When 0 < £ < n — 1, the Gaussian
polynomial is the product of the two factors
p _ O0dn(@)(1—¢*""1)0dy 1(g)--- (1 = ¢*"~**1)Ody_4(q)
(1 —g**+1)Ody,(q)(1 — ¢**~1) -~ Odi(q)(1 — q)
_ Ev,(q) Evn-1(q) ... Ev,—k(q)

Evi(q) Evg—1(q) ... Evi(q)
inators are expressed in terms of cyclotomic polynomials, then P
and @ involve cyclotomic polynomials ®; with d odd for P and d
even for Q). As [2221} is a polynomial and the cyclotomic polyno-
mials are irreducible, each of those two factors is also a polynomial.

But P is precisely equal to the expression under consideration.

and

. When numerators and denom-

Rewrite the recurrence relation (24.5)

2n
Donia(g) = { }q2k+1D2k—|—1(Q)D2n—2k—1(Q)-
0<k<n—1

First, D1(q) = 1. Proceed by induction on n > 1. For 0 < k <
2n :|D2k+1(Q)D2n—2k—2(Q)
2k+1] Evi(q)...Ev,(q)
2n } Evy(q) - Evk(q)
2k 4+ 1| Ev,—k(q) - - Ev,(q)

. The first factor is a poly-

n — 1 the product [ is a polynomial

because it may be factorized as

Do 1(q) Doy —o11(q)
Evo(q) - Evi(q)  Evi(q) - Evn-k-1(q)
nomial by (d), so are the other two by the induction hypothesis.
Hence, when n is odd, each term in the sum in the quadratic recur-
rence above is divisible by F,(q) = Fvi(q)Ev2(q) -+ Ev,(q). Thus
F,(q) | D2n+1(q). When n is even, rewrite the recurrence formula by
grouping the terms two by two to give

2n _ok—
Dans1(a) =) {Zk: + 1] ¢ (146> ) Do 11 (q) Dan—2k-1(q),
k
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where this time & runs over the interval [0,n/2 — 1]. As n is even,
the binomial 1 + ¢2("~2k=1) is divisible by 1 + ¢2; and the product
[22&} Do y1(q)Dan—2r—2(q) is divisible by Fvi(q) - - - Ev,(q). Hence,
each term in the sum is divisible by F},(q)=(1+¢?)Evi(q) - - - Ev,(q).

Let ¢ = z125...29, be a balanced rising alternating permutation
(b.r.a.p.) of order 2n. As 2n is necessarily a peak of o, it must be
the leftmost one, i.e., o = 2n. If 1 = ¢ with ¢ < 2n —2, then (i +1)
would occur to the right of ¢+ and ¢ would not be balanced. Thus o
is of the form o = (2n — 1)(2n)x3 - - x2,_122, and is balanced if
and only if the right factor x3---x2,_1x2, is i-balanced for every
i =1,2,...,2n — 3. By induction, (2n — 3)(2n — 2)---3412 is the
only b.r.a.p. of order 2n — 2, so that the unique b.r.a.p. of order 2n
is (2n — 1)(2n)(2n — 3)(2n — 2) - - - 3412.

If o contains the factor (i + 1)i’, then all the letters greater than
(i + 1) are to the left of (i + 1). But as o is alternating of even
length, the letter i’ is between two letters greater than ¢, which is a
contradiction.

The relation inv®(o) = inve + 1 implies that a rising alternating
permutation with a maximal number of inversions is necessarily
balanced. As there is only one such a permutation whose number
of inversions is equal to 2n(n — 1), the property is proved.

As S{g™7 1 0 € Ay} = S H{¢™ 0 € By} = ¢* "V Es,_2(q)
and S {¢™ : 0 € As,, N By, } = ¢*=2AH4=D B, ,(q), the induc-
tion on n implies S{¢"™% : 0 € Ay, UBy,} = 2¢* ("D g2(n—1(n=2) _
q4(n—2)+4(n—1)q2(n—2)(n—3) = q2n(n—1) mod (q + 1)2

Let (5, be the complement of As, U By, that is, the set of rising
alternating permutations of length 2n having (2n) and (2n — 1)
among their peaks and 1 and 2 among their troughs. There remains
to show that > {¢™’ : 0 € C3,} = 0mod (¢+ 1)2. Let 7, 7’ be
the transpositions (2n — 1,2n) and (1, 2), respectively, and G be the
group of order 4 generated by {7,7'}. The group G acts on Cs,, and
the generating polynomial for the four elements in each orbit by the
number of inversions is divisible by (¢+1)2. Therefore, the generating
polynomials for all elements of Cy,, is also divisible by (g + 1)2.

No comment.

Rewrite identity (25.3) as > (g) = 1/det(I — C,), where C, is
welo,r]*
the matrix displayed in (25.4) and let ¥ be the homomorphism of
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the algebra AMM generated by ‘II(Z) = { (()b)’ E Z f 2; This yields

the corresponding formula for the vertical derangements.

For getting (i) apply the homomorphism @(;) = { iu] ’ i z i ‘7’ to
the identity det(I — C).) x Bos = 1. I =7
Let fr41(ug, ..., u,) denote the right-hand side of formula (ii). Then
fr((L=Bug,..., (L =t)u,) = ] (1—=(1—t)u;) by Theorem 14.2;
1<i<r

also, fr-i—l(an <o 7ur) :fT‘(ula <o ,’LLT)—U() fr(((l_t)ub RR) (1_t)uT)-
Next, let g,+1(uo, ..., u,) denote the value of the determinant D. By
subtracting the rightmost column from each of the other columns we
get for r > 1:

gry1(uo, ..., up)
1 0 0 —Up
(1 — tul) 1 e —U1 —UuU1
= det : : . : :
(1 — t)ur_l (1 — t)ur_l <. 1 —Upr_1

(I—tu,—11—=t)u, —1...(1 —t)u, — 11 — u,

Expanding the determinant along the first row yields

Gra1(uo, - ur) = gr(ug, ... u.) + (=1)" lug by (ug, ..., u,) with
(1 - tul) 1 NN —Ux

he(u, ..., u,) = det : : :

(1 — t)ur_l (1 — t)ur_l ce 1

(1—thu, —1(1—t)u, —1...(1 —t)u, — 1
But

hr(ul, e ,UT) = ((1 — t)'U,f,s — 1) hr_l(ul, ce 7ur—1)

= T @ty —1)

1<i<r
= (_1)Tfr((1 - t>u17 ) (1 - t)u'f’)v
and then

Gri1(uoy -y ur) = gr(ug, .. oyup) —ug fr(T—0ug, ..., (1 —tu,).

- B . 1 —Ug
As guo) =1—ug= f1(uo) and ga(uo, u1)=det ((1 o — 11— U1>

= fa(up,u1), identity (ii) holds. For (iii) use Theorem 4.2 and (iv)
is banal.

We have: Ferm = det <1__ 2(}) 1__@()3)) =1- (}) - (g) + (}3) — (?é)
(12

1
and Bos'® =1+ (1) + (3) + (1) + (12) + (1) + (22) + (1) + (12) +
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(120) + (217) + (122) + (512) + (521) + (52) - Making all the cancellations
the product Ferm x Bos® becomes 1 + S1 + Sy + S3 + Sy, where
Si=()+ () -C) -G, Se=(G3)+ (2 -3 -,
1 1 1 1 1

S5 = (129) + (21a) = (l22) = Gia)s Sa = (337) — (5a1)- As by
assumption Ferm x Bos® = 1, we necessarily have: S1 =0, S5 =0
and S5 4+ S4 = 0. The identity S; = 0 implies that rule (R2) holds
in A. But if (R2) holds, S» is also null, as the biletter (3) can be

factorized out. In its turn S; = 0, and so (;3) — (22) = 0 and this
means that (R1) also holds in A.

38. In the determinant D subtract the r-th row from the (r 4 1)-st one;
then the (r — 1)-st from the r-th row; ..., the first row from the
second, to obtain:

1 -X1 X2 0 =Xp —Xr
-1-Yy, 1+Xi 0 0 0
0 -1-Y7 1+4Xo --- 0 0
D= . . . . .
0 0 0 e 14+ X0 0

0 0 0 e —=1-Y,1 14+ X,

Next, make the cofactor expansion of D with respect to the first

row:.:
D= T[] (1+X;) Z( 1 a+vy ] (1+Xj)>Xl
1<j<r 1<I<r 0<j<l—1 I+1<5<r
=[] a+x)+X J] a+X;)
1<5<r 1<5<r
X
. Z( I a+v) H (1+Xj))1+Xl.
0<i<r 0<j<i—1 1<j<r
Hence,
I na
> o=
(1+Y;) X,

wel0,r]; - 1l (1+ij)1+Xl

0<i<r 0<5<l-1

39. As > ¢Y(w)= > [B(v)by (26.17) with 5 defined in (26.16),

welo,r]* ve(0,r]x
we get the desired expression. To get the second formula note that
by definition each letter equal to 0 cannot be a decrease value.
Consequently, the weight 1 (w) of each word w must not contain
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the variables X, Zy. There is then another expression for the right-
hand side of the formula, which does not involve the variables X,
Zy. To obtain factor out (1 —Z2y)/(1—Zo+ Xo) from both numerator
and denominator of the right-hand side.

First, check that

[Ta-=9- ] a-v

0<j<r 0<j<r
Y Toe-o [[ e-vw-% IT o= [Ja-n
0<I<r0<;5<l I+1<5<r 0<i<r0<5<i—-1 I<j<r
=a-s > v [[ a-sv J] a-v).

0<Ii<r 0<5<i-1 I+1<j5<r

Using identity (*) we get:

1
l—s > Vi [ (1-sYy)/ ] A-Y5)
0<i<r—1 0<j<I—1 0<j<lI
[I 1-Y))
_ 0<j<r—1
I[I A-Y)-s > Y [I (1-sY;) I (@1-Y)
0<j<r—1 0<i<r—1 0<j<i—1 I+1<j<r—1
[I 1-Y))
_ 0<j<r—1
[I A-Y)—-s( [T (Q-sY5)— I (1-Y;))/(1—s)
0<j<r—1 0<j<r—1 0<j<r-—1
(1-s) I (1-Y)
_ 0<j<r—1
[T A-Y)-s I (1-sY))
0<j<r-—1 0<j<r—1

No comment.
No comment.
No comment.

The permutations compatible with 3212 are the following: 1123 (no
descent); 2134, 3124, 4123 (one descent at position 1); 1324, 2314,
1423, 3412, 2413 (one descent at position 2); 4213, 4312, 3214 (two
descents at positions 1 and 2).

We have
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w=1[1]2|3
& =4[3|2|1
c=1234
Z2=10000
m=3211
c=3211

w=211|3
g =243|1
oc=1423
z=1100
m=3211
c=2111
45. No comment.
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1]1/32
4]3]12
2134
1000
3211
2211

21|31
24|13
3412
1100
3211
2111

1213
423|1
1324
1100
3211
2111

21311
20143
4213
2100
3211
1111
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1231
42|13
3214
2100
3211
1111

3112
1432
4123
1000
3211
2211

1312
4132
3124
1000
3211
2211

3121
1423
4312
2100
3211
1111

1321
4123
2314
1100
3211
2111

3211
1243
2413
1100
3211
2111






Notes

The use of the algebra of g¢-series in Combinatorics goes back to
MacMahon [Macl3, 15, 78], who realized that certain closed formulas in
Enumeration could only be expressed in that context. He had a great
talent for deriving many of his results in a very intuitive manner. In our
to-day’s more systematic approach a memoir on g¢-series in Combinatorics
has to begin with a chapter on basic hypergeometric series, at least on the
fundamental result of that theory, which is the ¢g-binomial theorem. More
material can be found in Gasper and Rahman [GaRa90], also in the old
book by Slater [SI66], or in the more recent one by Fine [Fi88]. The second
chapter in Andrews’ book [An76] also covers all that is needed on this
subject. The combinatorial aspects of the hypergeometric series identities
are developed in [JoSt87], but not discussed in those Notes. Published in
the seventies Gessel’s, Ph.D. thesis [Ge77] must be viewed as an excellent
memoir on g-series and combinatorics.

Coding permutations by sequences of integers for computer purposes
goes back to Lehmer [Le60]. The inv-coding, as such, belongs to him. The
maj-coding is implicit in the early papers by Carlitz [Cab4, 59, 75] on
Eulerian numbers and made explicit in Rawlings [Ra79, 80]. In studying
the genus zeta function of local minimal hereditary orders, Denert [Den90)]
introduced a new permutation statistic, which was later christened “den”
and was shown to be equidistributed with the major index or inversion
number. The den-coding in § 2.3 is taken from [FoZe90].

The algebra of the g-binomial coefficients is classical; see, e.g. [An71,
§ 3.3]. It was convenient to devote a full chapter, essentially chap. 4, to
presenting the main combinatorial structures counted by those coefficients.
Chapters 5 and 6 may be regarded as an extension of section 3.4 of
Andrews’s monograph [An71]. However, the proof of the fact that the
Major Index is a g-multinomial statistic, a result that is due to MacMahon
[Macl13], is given in greater detail; it involves the so-called MacMahon
Verfahren, that can be viewed as a transformation on two-row matrices.
That transformation is based upon a commutation rule that preserves the
statistics under study. Notice that the MacMahon Verfahren has been
extended by Stanley [St72] in his theory of (P,w)-partitions.
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As is often the case, an explicit combinatorial tool like the MacMahon
Verfahren opens the way to significant extensions, such as the study of
bivariable polynomials Ay, (¢, q), indexed by sequences m = (my,...,m,)
of r nonnegative integers. Formula (7.7) already appears in MacMahon
[Macl5, vol. 2, p. 211]. Chapters 7, 8 and 9 should be regarded as a
systematic approach to combinatorial g-calculus. The material has been
taken from [ClFo95a and b, Fo95, FoKr95].

Several sources have been used for chapter 10: [Ri58, p. 38-39 and 213—
216, FoSc70] for the traditional Eulerian polynomials, [ChMo71, St76] for
the ¢g-inv Eulerian polynomials, [Fo76, GaT79] for the joint study of the two
g-extensions. The iteration method developed for Lemma 10.2 appears in
several different forms, for instance in [Ge82, Ze80a, FoZe91].

The joint combinatorial study of the statistics “maj” and “inv” on a
class of rearrangements of an arbitrary sequence, as written in chapter 11,
is borrowed from [Fo68, FoSc78]. However the construction of the funda-
mental transformation is made in a very different manner, as there is a
canonical way of extending each bijection valid for binary words to a bi-
jection over an arbitrary class of rearrangements. Notice that Bjorner and
Wachs have proposed an interesting extension to Poset Theory [BjW88]
and derived further properties of the fundamental transformation. Prop-
erties (d) and (e) in Theorem 11.3 are basically theirs. .

The expansion of the infinite product 1/]];5q ;50(1 — ugiqy), made
in chapter 12, can be found in [Ca56] and also in [Ro74], where a first
combinatorial interpretation was given. See also [St76]. .

The expansion of the finite product 1/ []o<;<,0<j<s(1 — ugig}) natu-
rally leads to the study of a four-variable generating polynomial for the
permutation group. Identity (13.7) first appeared in [GG78]. Other proofs
can be found in [Ra80, DeFo85]. Specializations had been anticipated in
[CaT6].

There is no originality in discussing some basic facts on symmetric
functions, as done in chapters 14, 15, 16. The best source of study
remains Macdonald’s book [Ma95|. To-day we rejoice at the coming out
of Lascoux’s treatise [La03| with its creative approach to the subject, as
started in [LaSch81, 84].

The combinatorial definition of the Schur function given in chapter 17
is taken from Proctor [Pr89], but has been rewritten in a more systematic
way, under the superb guidance of our friend Jean-Pierre Jouanolou.

Corollary 18.3 can be found in [St76], also in [DeFo85]. The idea of
keeping a several-variable statistic y instead of the one-variable “imaj” is
due to Adin et al. [ABRO1]. This yields Theorem 18.2, but the resulting
identities involve a mon-ring linear homomorphism.
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NOTES

The Robinson-Schensted correspondence [Ro38, Sc61], that has been
so popular in the seventies and eighties, is described in the more general
set-up developed by Knuth [Kn70]. The geometric properties of that corre-
spondence are due to Schiitzenberger [Sch73, 77]. An excellent exposition
of its various properties is given in [Kn70, p. 48-72]. Theorem 19.4 may
be regarded as an Adin-Brenti-Roichman extension of identity (13.7).

The generating function for the signed permutations by number of
descents (Theorem 20.1) has been calculated by various authors: [St92,
StE93, Br94, Re93a, Re93b, Re93c, Re95a, ClFo94]. The proof of Theo-
rem 20.1 is taken from the last reference. Theorem 20.3 is due to Car-
litz et al. [Ca76], Theorem 21.1 to [FoHa97]; however its specialization
to the symmetric group appears already in [St76]. The idea of taking fi-
nite analogs of the Bessel functions for enumerating pairs of permutations
is due to Fedou and Rawlings [Fe95, FeRa94, FeRa95]. The extension to
the group of signed permutations and accordingly Theorem 22.5 can be
found in [FoHa96]. The proof of the theorem relies upon a very conve-
nient inversion formula, which has appeared in various contexts [GoJa83,
p. 131, St86, p. 266, Vi86, HuWi75, Ze81]. The inversion formula stated
here (Lemma 22.3) is borrowed from [FeRa94, FeRa95].

The proof of Theorem 23.1 is taken from [FoZe81]. The Désarménien
Verfahren was developed in the two papers [De82 and 83]. Lemma 23.2,
Proposition 23.3, as well congruences (23.19) and (23.27) are due to
Désarménien. Congruences (23.20) and (23.28) are apparently new. Sec-
tion 23.4 on signed Eulerian numbers are taken from [DeFo92]. Those
numbers were introduced by Loday [Lod89] in a study of the cyclic ho-
mology of commutative algebras.

The theory of basic trigonometric functions is due to Jackson [Ja04]
(see the detailed bibliography in Gasper and Rahman’s book [GaRa90].)
The study of bibasic trigonometric functions proposed in this memoir, as
well as its combinatorial counterpart, are apparently new.

The purpose of Chapter 25 has been to make a joint study of the
celebrated MacMahon’s “Master Theorem,” in its various forms, the
original commutative one, the Cartier-Foata partially commutative and
Garoufalidis-Lé-Zeilberger ones.

The decrease value theorem, developed in the last two chapters, may
be regarded as an extension of the “Master Theorem” in the sense that
it takes a multivariate statistic into account, involving the basic notions
of decrease, increase, record, rise and descent. It can be used to derive
several explicit distributions of permutation statistics.

For Ex. 1 see [De82a] or [An76, chap. 3, Examples 1-6]. The proof
of the Ramanujan sum (Ex. 2) reproduces Ismail’s derivation [Is77]. The
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maj-inv bijection for permutations described in Ex. 3 belongs to common
knowledge. For Ex. 12 and 13 refer to [Ri58, p. 38-39 and 213-216, FoSc70],
as mentioned above. In Ex. 14 the solution made by Clarke [C195] has
been borrowed. Ex. 14 reproduces the techniques developed in [Ha90a,
90b]. Notice that the study of the Denert statistics for arbitrary words,
as developed in [Ha94, 95] has not been touched in those Notes. See, e.g.
[Lo02, chap. 10].

The Z-statistic has been introduced in [ZeBr85] for the proof of the
Andrews ¢-Dyson conjecture. The combinatorial approach in Ex. 17 is
due to Han [Ha92]. The tableau emptying-filling involution was invented
by Schiitzenberger [Sch73] and used in [FoSc78]. Ex. 20 is taken from
[FoScT78]. Ex. 25 can be regarded as the t-extension of § 11.4 in the book
by Lothaire [Lo02]. The identity of Ex. 26 is taken from [ABRO1]. The
calculation in Ex. 27 was made in [FoKr95], as well as the content of
Ex. 28.

The Brenti homomorphism (see Ex. 29) has been used in [BecRe95],
other applications of the Brenti homomorphism are proposed in the
Exercise. The formula used for the length in the group of the signed
permutations is due to Brenti [Br94], the generating function for the pair
(length, number of descents) derived in Ex. 30 is due to Reiner [Re95a].
The involution in Ex. 31 belongs to Wachs [Wa92]. Finally, Ex. 32 and 33
are taken from [Fo81] and [AnFo82]. The remaining exercices make use
of the various forms of the “Master Theorem” and the Decrease Value
Theorem.

The algebra of symmetric functions, especially the Cauchy identity for
Schur functions, has been a powerful tool for deriving various generating
counting series. We have not mentioned other tools, such as the Hook
Young diagrams developed by Berele, Regev and Remmel [BeRe85, 87]
and the derived (k,[)-Schur functions [Rem83, 84, 87]. In most cases it
seems that the Schur function model suffices for the derivations [DeFo91].

We have not discussed operator techniques, as developed in [An71] or
[Ze80b]. The subject of permutation statistics is in full expansion, so that
the present Notes can only be regarded as a partial aspect of to-day’s
state of the art. There have been interesting studies by the Californian
school (see [Bec95, 96]) and by the vigorous Israeli school ([AR01, ABROL1,
ReRo03a, ReRo03b]. The goal is to find the most appropriate maj-analogs
for the further Weyl groups, or to work out with set-valued statistics
[FoHa02]. The first results found in [ARO1] are very promising. Finally,
let us mention the paper by Babson and Steingrimsson [BaSt00] on the
classification of the patterns that lead to a Mahonian distribution.
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