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Abstract We recover Gessel’s determinantal formula for the generating function of
permutations with no ascending subsequence of length m + 1. The starting point
of our proof is the recursive construction of these permutations by insertion of
the largest entry. This construction is of course extremely simple. The cost of this
simplicity is that we need to take into account in the enumeration m — 1 addi-
tional parameters—namely, the positions of the leftmost increasing subsequences
of length i, for i = 2, ..., m. This yields for the generating function a functional
equation with m — 1 “catalytic” variables, and the heart of the paper is the solution
of this equation.

We perform a similar task for involutions with no descending subsequence of
length m + 1, constructed recursively by adding a cycle containing the largest en-
try. We refine this result by keeping track of the number of fixed points.

In passing, we prove that the ordinary generating functions of these families of
permutations can be expressed as constant terms of rational series.

Keywords Permutations - Ascending subsequences - Generating functions -
Generating trees

1 Introduction

Let T =t(1)---7(n) be a permutation in the symmetric group &,. We denote by
|t| := n the length of t. An ascending (resp. descending) subsequence of t of length
k is a k-tuple (t(i1), ..., T(ix)) such thati; < --- < i and 7(i1) < --- < T(ig) (resp.
T(i1) > --- > t(ix)). For m > 1, the set of permutations in which all ascending sub-
sequences have length at most m is denoted by G, In pattern-avoidance terms, the
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permutations of G are those that avoid the increasing pattern 12 - - - m(m + 1), and
an ascending subsequence of length k is an occurrence of the pattern 12---k. The
set of 12---m(m + 1)-avoiding permutations of length n is denoted 6,({") . Note that
several families of pattern avoiding permutations are equinumerous with Gflm) (see
[2,26]).

In 1990, Gessel proved a beautiful determinantal formula for what could be called
the Bessel generating function of permutations of & . This formula was the starting
point of Baik, Deift and Johansson’s study of the distribution of the longest ascending
subsequence in a random permutation [4].

Theorem 1 ([16]) The Bessel generating function of permutations avoiding
12---m(m+1)is

t2|f|
Z W =det(f;—j)1<i,j<m>
e ’
where
Z t2n+i
I = _ D
! 1)!
n>max(0,—i) nl(n +1)!

Note that I; = I_;, and that we can more loosely write

t2n+i t2n—i

’iZZngn!(n—i)!’

n>0

provided we interpret factorials as Gamma functions (in particular, 1/i! =1/ +
=0ifi <0).

Gessel’s original proof was algebraic in nature [16]. He first established a deter-
minantal identity dealing with Schur functions (and hence with semi-standard Young
tableaux, whereas the above theorem deals, via Schensted’s correspondence, with
standard tableaux). He then applied to this identity an operator 6 that extracts certain
coefficients, and this led to Theorem 1. A few years later, Krattenthaler found a bijec-
tive proof of Gessel’s Schur function identity [23], which specializes into a bijective
proof of Theorem 1. Then, Gessel, Weinstein and Wilf gave two bijective proofs of
this theorem, involving sign-reversing involutions [18]. Two other proofs, involving
Young tableaux, were recently published by Novak [30] and Xin [42].

For small values of m, more proofs of Theorem 1 have been given. In particular,
there exists a wealth of ways of proving that the number of 123-avoiding permutations
of &, is the n'™ Catalan number (2nn) /(n+ 1), and numerous refinements of this result
[7, 8, 14, 22, 25, 34-36, 40]. The laziest proof (combinatorially speaking) is based
on the following observation: a permutation 7 of 6;211 is obtained by inserting n + 1

in a permutation T of 6,22). To avoid the creation of an ascending subsequence of
length 3, the insertion must not take place to the right of the leftmost ascent of .
Hence, in order to exploit this simple recursive description of permutations of G,
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one must keep track of the position of the first ascent. Let us denote

n+1, if T avoids 12;
min{i : 7(i — 1) < t(i)}, otherwise,

a(t) = {
and define the bivariate generating function
F(u;t):= Z ud @1l
1e6®

It is not hard to see (and this will be explained in details in Sect. 2) that the recursive
description of permutations of G® translates into the following equation:

u—

2
(1—z " )F(u;t)zl—zLF(l;t). )
1 u—1

The variable u is said to be catalytic for this equation. This means that one cannot
simply set u = 1 to solve for F(1; ¢) first. However, this equation can be solved using
the so-called kernel method (see e.g., [5, 11, 33]): one specializes u to the unique
power series U that cancels the kernel of the equation (that is, the coefficient of
F(u;1)):

1—1—4¢
2t ’

This choice cancels the left-hand side of the equation, and thus its right-hand side,
yielding the (ordinary) length generating function of 123-avoiding permutations:

U-1 1 —+/1—4t " (2
Fli)=—— U= = ™).
tU 2t n+1\n

U .=

n>0

It is natural to ask whether this approach can be generalized to a generic value of
m: after all, a permutation 7 of 6;’?1 is still obtained by inserting n 41 in a permuta-

tion T of (‘55,'"). However, to avoid creating an ascending subsequence of length m + 1,
the insertion must not take place to the right of the leftmost ascending subsequence of
length m of 7. In order to keep track recursively of the position of this subsequence,
one must also keep track of the position of the leftmost ascending subsequence of
length m — 1. And so on! Hence this recursive construction (often called the gener-
ating tree construction [40, 41]) translates into a functional equation involving m — 1
catalytic variables us, ..., u,;. The whole point is to solve this equation, and this is
what we do in this paper. Our method combines three ingredients: an appropriate
change of variables, followed by what is essentially the reflection principle [17], but
performed at the level of power series, and finally a coefficient extraction. To warm
up, we illustrate these ingredients in Sect. 3 by two simple examples: we first give
another solution of (2) obtained when m = 2, and then a generating function proof of
MacMahon’s formula for the number of standard tableaux of a given shape.

What is the interest of this exercise? Firstly, we believe it answers a natural ques-
tion: we have in one hand a simple recursive construction of certain permutations,
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in the other hand a nice expression for their generating function, and it would be
frustrating not to be able to derive the expression from the construction. Secondly,
the combinatorial literature abounds in objects that can be described recursively by
keeping track of an arbitrary (but bounded) number of additional (or: catalytic) pa-
rameters: permutations of course, but also lattice paths, tableaux, matchings, plane
partitions, set partitions. ... Some, but not all, can be solved by the reflection princi-
ple, and we hope that this first solution of an equation with m catalytic variables will
be followed by others.

In fact, we provide in this paper another application of our approach, still in the
field of permutations: We recover a determinantal formula for the enumeration of
involutions with no long descending subsequence [16]. Let J (m) (resp. Ciflm)) denote
the set of involutions (resp. involutions of length n) avoiding the decreasing pattern
(m 4+ 1)m ---21. Again, several families of pattern avoiding involutions are equinu-
merous with G{™ (see [12, 13, 21, 26]).

Theorem 2 The exponential generating function of involutions avoiding (m +
Dm---21is

Z 117! _jedetlUi—j — Lixjh=ijze, fm=20+1;
cem) [z|! det(li—j + Livj—Di<i,j<¢, ifm=2¢,

where I; is defined by (1).

This result is obtained by applying Gessel’s € operator to a Schur function iden-
tity due to Bender and Knuth [6]. The latter identity has been refined by taking into
account the number of columns of odd size in the tableaux (see Goulden [19]; Krat-
tenthaler then gave a bijective proof of this refinement [23]). Using the operator 6,
and the properties of Schensted’s correspondence [38, Exercise 7.28], this translates
into a refinement of Theorem 2 that takes into account the number f(7) of fixed
points in 7. We shall also recover this result.

Theorem 3 [fm = 2¢ + 1, the exponential generating function of involutions avoid-
ing (m 4+ )m ---21 and having p fixed points is

tlt‘ tP
Z T = o det(l;i—j — Iitj)1<i,j<¢-
eI f(=p )

If m = 24, this generating function is
T
Z drl — det Upte—j = Iprerjisj=<e
IT|! (itj-1 = li-j-1)2<i<e1<j<ts )

where we have described separately the first row of the determinant and the next £ — 1
rows (i =2,...,0).
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The first result of Theorem 3 can be restated as follows: if m = 2¢ + 1, the gen-
erating function of involutions avoiding (m + 1)m ---21, counted by the length and
number of fixed points is

T
> IO = det(lij — iy =i j=<t- 3)

It thus appears as a very simple extension of the first part of Theorem 2, and indeed,
the connection between these two formulas is easy to justify combinatorially (the
fixed points play no role when one forbids a decreasing pattern of even length).

Let us now outline the structure of the paper. In Sect. 2, we describe how the “cat-
alytic” parameters change in the recursive construction of permutations of &™) and
3™ We do not give the proofs, as this was done by Guibert and Jaggard & Marincel,
respectively [20, 21]. We then convert these descriptions into the functional equations
that are at the heart of this paper (Propositions 5 and 7). In Sect. 3, we illustrate our
approach by two simple examples, namely the enumeration of permutations of G®
and of standard Young tableaux. Next we return to permutations: we first address in
Sect. 4 the solution of the equation obtained for involutions of 30m) | and finally, we
solve in Sect. 5 the equation obtained for permutations of G The reason why we
address involutions first is that the solution is really elementary in this case. One step
of the solution turns out to be more difficult in the case of permutations, although the
basic ingredients are the same.

Let us finish with some standard definitions and notation. Let A be a commutative
ring and x an indeterminate. We denote by A[x] (resp. A[[x]]) the ring of polynomials
(resp. formal power series) in x with coefficients in A. If A is a field, then A(x)
denotes the field of rational functions in x (with coefficients in A). This notation is
generalized to polynomials, fractions and series in several indeterminates. We denote
x = 1/x, so that A[x, x] is the ring of Laurent polynomials in x with coefficients
in A. A Laurent series is a series of the form ) a(n)x™, for some ng € Z. The
coefficient of x" in F(x) is denoted [x"]F (x).

Most of the series that we use in this paper are power series in ¢ with coefficients
in A[x, x], that is, series of the form

n>ng

Fiy= Y flinx't",

n>0,ieZ

where for all n, almost all coefficients f(i; n) are zero. The positive part of F(x;t)
in x is the following series, which has coefficients in x A[x]:

IF (= Y fliin)x't",

n>0,i>0

We define similarly the negative, non-negative and non-positive parts of F(x;t) in x,
which we denote respectively by [x <]F(x; t), [xZ]F (x;t) and [x=]F (x; t).
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2 Generating trees and functional equations

2.1 Permutations avoiding 12---m(m + 1)

(m)
n+1°

word the value n + 1: this gives a permutation 7 of Gflm). This property allows us to
display the permutations of G as the nodes of a generating tree. At the root of this
tree sits the unique permutation of length 0, and the children of a node indexed by

Take a permutation 7 of & written as the word (1) - - - w(n + 1). Erase from this

TE 6,([") are the permutations of Gfﬁ_)l obtained by inserting the value n + 1 in 7.
In how many ways is this insertion possible? If T avoids 12---m, then all insertion
positions are admissible, that is, give a permutation of Gﬁ)l. There are n + 1 such
positions. Otherwise, only the a leftmost insertion positions are admissible, where a

is the position of the leftmost occurrence of 12 - -m in t. More precisely:
a :min{im Hig<ira<---<ipsttip)<---< t(im)}.

As we wish to describe recursively the shape of the generating tree, we now need
to find the position of the leftmost occurrence of 12 - - - m in the children of 7. But it is
easily seen that this depends on the position of the leftmost occurrence of 12 - - - (m —
1) in 7. And so on! We are thus led to define the following m parameters: for 1 < j <

m,and T € 6£,m), let

(T) = n+1, if T avoids 12--- j;
4jit) = min{i;:3i; <ip <---<ijstr(i]) <---<t(i;)}, otherwise.
4
Note that aj(r) = 1, and that a;(7) < --- < a,, (7). We call the sequence L(7) :=
(ax(7), ..., a;, (7)) the label of t. The empty permutation has label (1, ..., 1).

We can now describe the labels of the children of T in terms of L(t) (Guibert [20,
Prop. 4.47]).

Proposition 4 Let T € 62’") with L(t) = (aa, ..., an). Denote a; = 1. The labels of
(m)

the ay, permutations of G,

| obtained by inserting n + 1 in T are

(@+1la+1,...,a,+1)
(@,...,aj_1,a,aj411+1,...,an+1) for2<j<mandaj 1+1=<oa=<aj.

The first label corresponds to an insertion in position 1, while the label involving o
corresponds to an insertion in position «. We refer the reader to Fig. 1 for an example.
Let us now translate the recursive construction of permutations of & in terms

of generating functions. Let F(uy, ..., u,;1) be the (ordinary) generating function
of permutations of &™), counted by the statistics ay, ..., a;, and by the length:
F(uz,...,um;t)z Z M;Z(I)U-M%H(T)tlrl
Te&m
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t=859613472e6 .

One has aj(t) =1, ay(r) =3,

a3(t) =7. There are seven

admissible ways to insert the

value 10. Inserting 10 to the

Fig.1 The permutation o0 0Q0O0OQO
| !
I I
| T
I !
| |
| T
right of 7(7) would create an : —@ ‘
|
I
|
I
|

occurrence of 1234

where Faz,..‘,am () is the length generating function of permutations of Sm having
label (aa, ..., ay). We still denote a; = 1. The above proposition gives

F(“Zy"'3um;t)

=up-Uy +tug-up F(uz, ... up;t)
/ 1 a aj+1+1 am+1
+1t g Faz, am(t)E § L. ]uj+1 Uy
az,. j=2a=aj_1+1
Using
; aj+1 aj_1+1
& u! " —u!
a_ J J
E ujy = ———-—""—,
/ uj—1
J
a=aj_1+1

we obtain (given that a; = 1)

N - l:"u;t —uﬁl,u,...,u ot
Fu;t) =uym+tugmF(u;t) +tuz,, ;1) 2F(,u3 mi 1)

up — 1
m - ~
—HZM' Fu,t) = Fuo,...,uj o, ujquj, Luji1,. .., up;t) )
- Jom uj—l ’
j=3
where I:"(u;t) EF(MZ,...,um;l) andujr=ujujyy---ug.

To finish, let us perform an elementary transformation on the series F (u; t). Define

Fi)=F@i,....omi )=y v wP . pliti=anglrl (6)
Te&m

where (a2, ...,a,) = L(r). We have eliminated the dependence a; < --- < a,, be-
tween the exponents of us, ..., u, in F (u; t). As will be seen below, another effect
of this change of series is that the cases j =2 and j =3, ..., m now play the same
role. We also note that the variable ¢ is now redundant in F(v;t), but it is our main
variable, and we find it convenient to keep it. The series F and F are related by

Um ~ [ V1 Un—1
F(vl,...,vm;t)z—mF —,...,m—;vmt
V1 v U
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and conversely
F(ua,...,um; vmt) = “2,mF(u2,mvma U3 mVUms -+ s UmVUms Um; 1),

where as above uj x = uju i1 ---ug. The functional equation (5) satisfied by F (u; t)
translates into an equation of a slightly simpler form satisfied by F (v; 7).

Proposition 5 The generating function F(v;t) = F(v1, ..., Un;t) of permutations
of &™) defined by (6), satisfies

F;t)=1+tviF(v;1t)

m
+tzv‘ IU_F(v;f)—F(Ul,---,vj—z,vj,vj,vj+1,---,vm;l)
£ Vi1 Vi1 —v; :
J=2
The series F(1, ..., 1;t) counts permutations of S™ by their length.

In Sect. 5, we derive from this equation the Bessel generating function of permu-
tations of G ag given by Theorem 1.

2.2 Involutions avoiding (m + )m ---21

It follows from the properties of Schensted’s correspondence [37] that the number of
involutions of length n avoiding 12---m(m + 1) equals the number of involutions
of length n avoiding (m + 1)m - --21. However, this correspondence is not a simple
symmetry, and the generating trees that describe 12 - - - m(m + 1)-avoiding involutions
and (m + 1)m - - - 21-avoiding involutions are not isomorphic. Both trees are defined
by the same principle: the root is the empty permutation and the parent of an involu-
tion 7 is obtained by deleting the cycle containing the largest entry, and normalizing
the resulting sequence. For instance, if m = 426153, the deletion of the 2-cycle (3, 6)
first gives 4215, and, after normalization, 3214.

The tree that generates 12 - --m(m + 1)-avoiding involutions is similar to the tree
generating 12---m(m + 1)-avoiding permutations. Its description involves m cat-
alytic parameters (Guibert [20, Prop. 4.52]). The tree that generates (m + 1)m - --21-
avoiding involutions requires |m /2] catalytic parameters only (Jaggard & Marin-
cel [21]). The source of this compactness is easy to understand: an involution T con-
tains the pattern k---21 if and only if it contains a symmetric occurrence of this
pattern (by this, we mean that the corresponding set of points in the diagram of t is
symmetric with respect to the first diagonal, see Fig. 2). Equivalently, this means that
a decreasing subsequence of length [k/2] occurs in the points of the diagram lying
on or above the first diagonal. Thus we only need to keep track of descending subse-
quences of length at most m /2 (in the top part of the diagram), and we can expect to
have about m /2 catalytic parameters.

Let us now describe in details the tree generating (m + 1)m - --21-avoiding in-
volutions. The example of Fig. 2 illustrates the argument. Let 7 be an involution of
jf,m). Inserting n + 1 as a fixed point in T always gives an involution of J"). For
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t=321127958611104¢3().
One has aj(t) =3, ax(r) =09.
There are nine admissible ways

to insert a 2-cycle

Fig. 2 The involution XXAXXX 0000
| |
! !
T T
| |
T T
| |
|
T
|
|
T
|
|
T

1 <i <n+1, let us now consider the permutation v obtained by adding 1 to all val-
ues larger than or equal to i, and inserting the 2-cycle (i, n + 2). How many of these
insertions are admissible, that is, give an involution of JM9If 7 avoids (m—1)---21,
then all insertions are admissible, including the most “risky” one, corresponding to
i = 1. Otherwise, the only admissible values of i are n + 1,n,...,n —a + 2, where
n —a + 1 is the position of the rightmost symmetric occurrence of (m — 1) ---21. In
other words, if we denote m = 2¢ + € with € € {0, 1},

n—a+l=max{ij:3ij <ip<---<igst. @) > >71(g) >i¢ +€}.

Again, in order to keep track of this parameter recursively, we are led to define, for
1 < j <, the following ¢ catalytic parameters:

n+1, ifravoids (2j—1+4+¢€)---21;
aj(tr)=qn+1-—max{iy: iy <ipg <---<ijst () >--->71(;) >i; +€},
otherwise.

In particular, a,(t) is the parameter that was denoted a above, and it is also the
number of admissible insertions of a 2-cycle in 7. We call the sequence L(7) :=
(a1(t),...,ae(t)) the label of t. Note that a(t) <--- < ay(t). The empty permu-
tation has label (1, ..., 1).

We can now describe the labels of the children of 7 in terms of L(t).

Proposition 6 (Jaggard & Marincel [21]) Let t be an involution in JM vith L(t) =
(ai,...,ag). Denote ay = 0. The labels of the ay involutions of 3 obtained by
inserting a cycle in t are

(ar+1,a0+1,...,a0+1), if m is odd,

(l,ax+1,...,a0+1), if m is even;

a+1,...,a 10+ 1, a,aj41+2,...,a0+2)
forl<j<tlandaj 1+2<a=<a;+1.

The first two labels correspond to the insertion of a fixed point, the other ones to the
insertion of a 2-cycle.
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We refer again the reader to Fig. 2 for an example.
Let us now translate the recursive construction of involutions of J™ in terms of

generating functions. Let G (u1, ..., ug; t) be the (ordinary) generating function of
involutions of 3™ counted by the statistics ay, ..., a; and by the length:
Guy, ... up;t) = Z u(l“(f) : ~-u‘Z‘(T)t"|
TeJm

a
= Z Gal ..... ag(t)u "'ugz7

where éal,...,a« (1) is the length generating function of permutations of 3™ having

label (ay, ..., ay). We still denote ap = 0. The above proposition gives
Gui, ..., ugt)
=up--ug+tuyugGQur, ... ugs ) xm=1 +tur - ueG uz, oo ues t) Xm=0
aj+1
2 a|+1 a/ 1+1 o a]+1+2 ag+2
Z Ga... wmz > U
----- j=la=a;_1+2

where y,,=; equals 1 if m equals i modulo 2, and 0 otherwise. Using

aj+1 ua'j+2_uffj—l+2
o J J
O A M
u,~ -1
a:aj_1+2 k

we finally obtain (given that ag = 0)

G(u; t)=uy ¢+ tul,gé(u; ) Xm=1+ lul,gé(l, U, ..., Ug; 1) Xm=0

Z ~ ~
Gu;t) —Guy,...,ujo,uj—quj, Lyuwjrr,...,up;t)
2 s , sy Uj—2,Uj jo Ly Uj+1, s U,
+ 17U E Uje )
N uj—l
j=1
@)
whereG(u;t)z@(ul,...,ug;t) and ujx =ujujiy---ug.

To finish, let us perform an elementary transformation on the series G (u; 1). Define

G:)=Gr,...,vpt)= Y vflvg> ol 8)
TeJm
where (ay,...,a¢) = £(t). We have ~eliminated the depezndence a; < --- <ay be-
tween the exponents of u1, ..., u,; in G(u;t). The series G and G are related by
V] Vg—1
Gy, ...,v ) =G ( ,...,—,w;t),
v2 124

and conversely

Gy, ...,ug;t) =Gy, uze, ..., uet),
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where as above uj x = uju ;1 ---uy. The functional equation (7) satisfied by é(u; t)
translates as follows.

Proposition 7 The generating function G(v;t) = G(vy, ..., ve;t) of involutions of
3| defined by (8), satisfies

G;t)=v1 +tviGW; ) xm=1 +tv1G(va, V2, V3, ..., V¢ ) Xm=0

l
+t2U1 Zv Vit G(U; t) - G(U17 ey Ujfla Uj+1’ UjJr]’ Uj+2, cee, U t)
‘ ivi Sp——
Jj=1
The series G(1, ..., 1;t) counts involutions ofj(’") by their length.

In Sect. 4, we derive from this equation the exponential generating function of
involutions of J™, as given by Theorem 2. We then refine the result to take into
account the number of fixed points.

3 Two examples

In this section, we illustrate the ingredients of our solution of the equations of Propo-
sitions 5 and 7 by taking two examples. The first one deals with the enumeration of
123-avoiding permutations. The second one is a generating function proof of MacMa-
hon’s formula for the number of standard tableaux of a given shape, and should clarify
what we meant in the introduction by “the reflection principle performed at the level
of power series”.

3.1 Permutations avoiding 123
In the introduction, we wrote the following equation for the bivariate generating func-

tion of 123-avoiding permutations, counted by the position of the first ascent and the
length:

u? u
1—1t Fu;t)=1—t——F(1;1).
( u— 1) u—1
This is the case m = 2 of Proposition 5, with v{ =u and v, = 1.

As explained in Sect. 1, this equation can be solved by an appropriate choice of
u that cancels the kernel, and thus eliminates the unknown series F (u; t). This is the
standard kernel method. We present here an alternative solution, sometimes called the
algebraic kernel method [9, 10], where instead F'(1; ¢) is eliminated. This elimination
is obtained by exploiting a certain symmetry of the kernel. This symmetry appears
clearly if we set u = 1 + x. The equation then reads:

(1-tA+0)A+D)FA+x;0)=1—t(1+X)F(1;1)
with x = 1/x. The kernel is now invariant under x — x. Replace x by x:

(1=t 4+x)A+D))FA+x:0)=1—1(1+x)F(L;1).
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We now eliminate F'(1; ) by taking a linear combination of these two equations. This
leaves

(1-tA+0)A+D)(FA+x;0) —xF(1+x;0)=1-x, 9)

or

s
FU 400 = TF(+50 =15 H’)C(l 5 = RO,

In this equation,

— F(1 4 x; 1) is a series in ¢ with coefficients in Q[x],
— xF(1 + x;1t) is a series in ¢t with coefficients in xQ[x],
— the right-hand side R(x;¢) is a series in ¢ with coefficients in Q[x, x].

Consequently, F'(1 4 x; t) is the non-negative part of R(x;¢) in x. In particular, the
length generating function of 123-avoiding permutations is

F(l;0)=[x"]R(x; 1) = Z[xo](l — 0" + )"

n>0
2n 2n .
() -(5)
" (2n
=l§)n+l<n)' (10)

This small example contains all ingredients of what will be our solution for a generic
value of m:

— achange of variables, which may not have a clear combinatorial meaning,

— afinite group G acting on power series that leaves the kernel unchanged (here, the
group has order 2, and replaces x by 1/x),

— a linear combination (9) of all the equations obtained by letting an element of G
act on the original functional equation; in this linear combination, called the orbit
sum, the left-hand side is a multiple of the kernel, and the right-hand side does not
contain any unknown series,

— finally, a coefficient extraction (10) that gives the generating function under inter-
est.

Let us mention, however, that for a generic value of m, the change of variables used
in Sect. 5 is not a direct extension of v — 1+ x. But, on this small example, the latter
choice is simpler.

3.2 Standard Young tableaux
Let A = (A, ..., Ay) € N be an integer partition. That is, Ay > --- > A, > 0. The
weight of A is |A| := A1 + --- + XA,;,. We identify A with its Ferrers shape, in which

the i™ row has A; cells. A standard tableau of shape A is a filling of the cells of A
with the integers 1,2, ..., |A|, that increases along rows and columns (Fig. 3). The
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Fig. 3 The Ferrers shape 1127478
associated with the partition

A= (4,3, 3) and a standard 31519
tableau of shape A 617110

height of the tableau is the number of non-empty rows, that is max(i : A; > 0). Let
f?* denote the number of standard Young tableaux of shape A.

Our objective here is to recover the hook-length formula, or, rather, an equivalent
form due to MacMahon [29, Sect. III, Chap. V].

Proposition 8 Let A = (A1, ..., Ay) be a partition of weight n. The number of stan-
dard Young tableaux of shape A is

n!
f)‘z - i —Aj—i+j).
[T, —i +m)! 1<il<_][,<m
Proof Let F(u) = F(uy,...,u,) be the generating function of standard tableaux of

height at most m:

F(u):= Z f)‘ﬁu?".

MZ“'ZM;ZO i=1

For j =2,...,m, we denote by F;(u1,...,uj o, uj 1uj,ujy1,...,uy) = Fj(u)
the generating function of standard tableaux such that the parts A ;1 and A ; are equal.
This series is obtained by extracting the corresponding terms from F(u) (it is also
called the (j — 1, j)-diagonal of F'(u)). In all terms of this series, u ;1 and u ; appear
with the same exponent, which allows us to write this series in the above form.

Now a tableau of weight n + 1 is obtained by adding a cell labeled n 4+ 1 to a
tableau of weight n. This cell can be added to the j™ row unless this row should have
the same length as the (j — 1) row. This gives directly the following equation:

Fu)=14u Fu)+ Y uj(F@) - Fjw),
j=2
that is,
(1 —Zuj)F(u): 1 —ZMij(u)-
j=1 j=2

Observe that the kernel K () :=1—> u j is invariant under the action of the sym-

metric group G,,, seen as a group of transformations of polynomials in uy, ..., uy,.
This group is generated by m — 1 elements of order 2, denoted o7, ..., oy—1:
U](P(ulv ’um)) = P(Li], ...,Mjfl,l/lj+1,1/lj,uj+2, "'aum)'

@ Springer



584 J Algebr Comb (2011) 33: 571-608

m—1 1 0 . .
| i, Uy, This gives:

Let us multiply the equation by M (u) :=u

K )M @) F () = M(u) — Z;u'l"*‘ eI R, ()
j:

Recall that F;(u) stands for Fj(u1,...,uj_o,uj_1uj,uji1,...,uy). Hence the jth
term in the above sum is invariant under the action of the generator o;_; (which ex-
changes u;_; and u ;). Consequently, forming the signed sum of (11) over the sym-
metric group &, gives the following orbit sum, which does not involve the series F;:

> e@)a(K@MwFw) =Y el)o(Mw)),

oeB,, oeB,,
or, given that K (1) is &,,-invariant,

ZO’EG,H 8(0)0(M(u))

Z g(o’)U(M(M)F(”)) = K (u)

ceB,

(12)

Of course, the sum on the right-hand side can be evaluated explicitly (the numerator
is the Vandermonde determinant), but this will not be needed here.

We claim that the number f* can be simply obtained by a coefficient extraction
in the above identity. Consider the series M (u) F (). Each monomial u‘l” eeudm that
occurs in it satisfies a; > --- > a,, (because a; =m — i + A;, where X is a partition).
Consequently, if o is not the identity, the exponents of any monomial u‘l” N T
occurring in o (M (u) F (1)) are totally ordered in a different way. Hence, when we
extract the coefficient of u'ln_l“1 e u?nﬂm from (12), only the term corresponding
to o = id contributes in the left-hand side, so that

m— oe ,,IS(O')U(M(I'{))
P =l Zeeea O

Given that M (u) = u'ln_l e ”3,171”21 and
1 _ 1 _ (a1 +"'+am)!ua1 um
- m - —rm 5 Y1 T Y%mo
K@ 1= uy =~ Ilisa

we obtain

. O+ )
"= g;mg(o)r[;"_l(xi —i4o 1)

1
=n!det<f)
Qi =i+ DV 1<ij<m

Ai—i+j+D--Ni—i+m)
= n!det
1<i,j<m

(Ai —i +m)!
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n!
T =i+ m)!

det((hi —i+j+ 1) —i+m))

I<i,j<m’

The (i, j)-coefficient of the latter determinant is a polynomial in A; — i of degree
m — j and leading coefficient 1. Hence the determinant is simply the Vandermonde
determinant det((A; — i)"~/), that is, ]_[i<j(ki — Aj — i+ j). This completes the
proof of the proposition. U

We recognize in this proof three of the four ingredients that were used in the
enumeration of 123-avoiding permutations: the finite group that leaves the kernel
invariant (here, ©,,), the orbit sum (12), and the final coefficient extraction. In this
example, the symmetries of the kernel are obvious already with the original variables
u;, so that no change of variables is required.

This proof is the generating function counterpart of the classical proof that en-
codes tableaux of height at most m by paths in N”* formed of unit positive steps, that
start from (0, ..., 0) and remain in the wedge x1 > --- > x;; > 0, and then uses the
reflection principle. It is also very close to another proof due to Xin [42, Sect. 3.1].

4 Involutions with no long descending subsequence

We now address the solution of the functional equation of Proposition 7, which de-
fines the generating function of involutions avoiding (m + 1)m - - - 21.

4.1 Invariance properties of the kernel

As discussed in the previous section, our objective is to exploit invariance properties
of the kernel, that is, the coefficient of G(v; ). Let us first divide the equation of
Proposition 7 by vy. Then the kernel reads

¢
1 Viv;
2 jUj+1
— — I Xm=1 — ¢ E S E—

4 i1 Vi T U

The invariance properties of this rational function appear clearly after performing the
following change of variables:

1
Sl =t X))

13)

Vi
Indeed, the kernel becomes
KGst)=1—1(xg+-++x¢) — txm=1 —1(x1 + -+ + X¢),

where x; = 1/x;, and is invariant under the action of the hyperoctahedral group By
(the group of signed permutations), seen as a group of transformations on Laurent
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polynomials in x1, ..., x¢. This group is generated by ¢ elements of order 2, denoted
Oly...,00:

P(X1,x2,...,X¢), if j=1;
PXx1,...,%j-2,Xj,Xj_1,Xj41,..., %), forj=>2.

O’j(P(xl,...,)Cg))Z{

The equation of Proposition 7 now reads:

Kx:)Gx;1) =14+1G(0,x2, ..., X¢) Xm=0

£
—tZXjG(xl, e Xj2, Xj 1+ x7,0, X541, ..., Xe),
j=1

where

G(x;t) =G(xy, ..., x4 1)

1 1 1
=G , e, 0.
<l—t(x1+~-+xe) 1 —1t(x2+ - +xe) 1 —1xg >
4.2 Orbit sum

We now handle separately the odd and even case.
e If m is odd, the equation reads

¢
K (x; t)(_?(x; =1 —tZijG(xl, e X2, X1+ x5, 0, x40, .., X 1),
j=1
where
Kx;t)=1—-t(1+x1+---+xg+X1 +---+Xp). (14)
Let us multiply the equation by
M(x) == x1x3 - x}. (15)
This gives

K(x; )M (x)G(x: 1)
¢
i—1_j—1_j+1
=M(x) —thl -~-x§_1x; x;j_l -~-x£
j=1
X G(X1, .oy Xj—2, X1 +Xj,0,X41, ..., X3 1). (16)
The first term (j = 1) of the sum reads x% . -fo(O, X2...,xy¢) and is invariant under
the action of the generator o1 of By (which replaces x; by x1). For j > 2, the jth

term of the sum is invariant under the action of the generator o; (which exchanges
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xj—1 and x;). Consequently, forming the signed sum of (16) over the hyperoctahedral
group By gives the following orbit sum:

Z 8(U)U(K(x; t)M(x)G(x; t)) = Z 8(0)0(M(x)),

oeBy o€By

or, given that K (x; t) is By-invariant,

- e(0)o(M(x))
Y e0)o (Mx)G(x:n) = Locs (@) , (17)
K(x;t)
O’EB({
where K (x; t) is given by (14) and M (x) by (15).
o If m is even, the equation reads
Kx:)G(x;t) =1+1(1 —x1)G(0, x2,...,x¢;1)
Z -
—thjG(xl,...,Xj_z,Xj_l +xj,0,xj+1,...,xg;t),
j=2
where
Kx;)=1—t(x1+ - +x¢e+x1+--+Xp). (18)
Let us multiply the equation by
M(x) :=x2x3 - xp ' (1= x1) - (1= xp). (19)

This gives

K OM )G (x: 1)

L
= M(x) +txox3 - xg A=A —x) [ [A =x)DG O, x2, ..., xe: 1)

j=2
¢ ¢
. j=2_j-2_j -1
aid B (SRR N DT e IR
Jj=1 j=2
X Gy, Xj2, %1 +x,0,x41,..., X 1). (20)
The term involving G(O, X2, ...,Xp) is invariant under the action of the generator o

of By. For j > 2, the j th term of the sum is invariant under the action of the generator
oj. Consequently, forming the signed sum of (20) over the hyperoctahedral group By
yields the orbit sum (17), where now K (x; ¢) and M (x) are respectively given by (18)
and (19).
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4.3 Extraction of G(1,...,1;1)

e Assume m is odd, and consider the orbit sum (17). For every o € By, the term

1 1
L=t 4 +x0) 1 =102+ +x0)

G(M(x)(_;(x; t)) = 0<x1x22 . ~xf G(

)
U
1—1xg

is a power series in ¢ with coefficients in Q[x1, ..., x¢, X1, ..., X¢]. We will prove that
the coefficient of xj - - -xf in (17) reduces to G(O, ...,0;1) = G(l,..., 1; t), which
is the (ordinary) length generating function of involutions avoiding (m + 1)m - - - 21.

First, if o has some signed elements, all monomials in the x;’s occurring in
o (M(x)G(x; 1)) have at least one negative exponent. Hence o (M x)G(x: 1)) does
not contribute to the coefficient of xj - - oxf.

If o is not signed, it is a mere permutation of the x;’s. Each monomial oc-
curring in o (M (x)G(x; 1)) is of the form x|'---x,", where the ¢;’s are positive.
However, monomials with e; = 1 only occur if (1) = 1 (because of the factor
M(x) = xlxg .- ~x£). But then, if we also want e; = 2, the only permutations o that
contribute are those that satisfy o (2) = 2. Iterating this observation, we see that the
only permutation o that contributes to the coefficient of xlxg - -xf is the identity.
Moreover, its contribution is clearly (_?(O, L0 =G61,...,1;0).

Let us state this as a proposition, in which we have also made explicit the right-
hand side of the orbit sum.

Proposition 9 If m =20 + 1, the ordinary generating function of involutions avoid-

ing (m + D)m ---21 is the coefficient Ofxlxg .- -xf in a rational function:

det(x} - f;)lsi,jge

Gul(t) = T =[x x3 - xt :
0= 3 e e e R

TeJim

Equivalently, the exponential generating function of these involutions is
t|T|

Lo
razon 71

GYt) = e'[x1x3 - x/ | det((x — xb)e! i)

I<i,j<t’

Proof We have just argued that G,,(¢) is the coefficient of xlxg x -xf in the right-
hand side of (17). It remains to prove that

Z e(a)o(xll . ~x£) = det(x.i/ _i;)lgi,jfé'

oeBy

This is easily proved if we consider that o first replaces some x;’s by their reciprocals,
and then permutes the x;’s. More precisely, there is a bijection between B, and G, x
Zg, sending o to (7, e, ..., ep), with m € S, and ¢; € {—1, 1}, such that

o(P(xt,...,xp) =m(P(x{",....,x{")) and e(0)=e(m)(—DHa="1 (1)
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Thus

Z 8(0)0()(11 --~xf)

tlicej=—1} € 2e Ley
Yoetn Y DRI

o€eBy eSSy el,...,epe{—1,1}
¢
_ i =i
= Z 3(”)1_[(’%(0 — %))
eSSy i=1
_ i =i
_det(xj xj)lgi,jge'

This gives the expression of G, (). We then convert it into an expression for the

exponential generating function G;,f) (t) by observing that the ordinary generating
function 1/(1 — at) =), t"a™ corresponds to the exponential generating function
Yo t"a"/n! =exp(ar). O

Remark The determinant occurring in the proposition can be evaluated in closed
form (see, e.g., [24, Lemma 2]):

L
det(xj.—xj.)lfi’jﬂ=(x1..-xg)“51—[(xi2—1) [T (@i—xpa—xix))
i=1

I<i<j<t

but this is not needed here.

e Assume now that m = 2¢ is even. The identity (17) still holds, with K (x; )
and M (x) given by (18) and (19). Based on the study of the odd case, it would be
tempting to extract the coefficient of x; - - ~x£71 in this identity. However, this will
not give C_}(O, ...,0;1), as both 0 =id and o = o7 (the generator of B, that replaces
x1 by x1) contribute to this coefficient. But we note that each term in the equation is a
multiple of P(x) := ]_[f=1 (1 — x;). Hence we will first divide by P(x). Let us study
the action of o € By on P(x), with o described as in (21). We have:

o(P)=a((1—x")---(1—-x)) = n(P(x) I (—xi))

iej=—1

=DHa=Pe) [T fo.

iei=—1

Hence, denoting e = (ey, ..., ep), x¢ = (x]', ..., x;") and N(x) =x3 -- ~xffl, divid-
ing (17) by P(x) gives

> e(n)n(N(xe)(_?(xe;t) I ii>

€Sy itej=—1
ee{—1,1)¢

1
T K(x:1)

> 8(7‘[)71<N(xe) I1 xl>> (22)

€6y itej=—1
ee{—1,1}¢
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Let us now extract from the left-hand side the coefficient of x» - - ~xf_1. The ar-
gument is similar to the odd case. If e # (1,..., 1), each monomial occurring in
N (xe)é(xe; 1) ]_[i: er=—1 X; contains a negative exponent, and thus cannot contribute.
Now for e = (1,..., 1), the term (N (x)G(x; 1)) only contributes if 7 = id, and
then its contribution is G(O, ..., 0;1), the length generating function of involutions
avoiding (m + 1)m - - - 21. We obtain the following counterpart of Proposition 9.

Proposition 10 If m = 2¢, the ordinary generating function of involutions avoiding

(m + 1)m---21 is the coefficient ofx?le .. oxf_l in a rational function:

det(xjfl +)Ej')1§i,j§(f
L—t(xp+-+xg+X 4+ %)

Gun(®)i= Y I =[x{xy - x7"]

TeJm
Equivalently, the exponential generating function of these involutions is

Gt = — = [xx) - xf ] det((x ! + 1) Ct)

J I<i,j=<t’

Proof We have just argued that G,,(¢) is the coefficient of le .- ~x57] in the right-

hand side of (22). It remains to evaluate the numerator in the right-hand side:

3 g(n’)?‘[(N(Xe) T )—C,): Ze(j‘[)n( > ﬁxiﬁ—l)ei—xei:—l)

ey itej=—1 eSSy ee{—1,1}¢i=1
ee(—1,1}¢

¢
= Z e(m)m (H(xf_l +)€l’))
eSSy i=1

= det(x}" +¥}).
This gives the expression of G, (¢). Taking the corresponding exponential generating

function gives G,Sf) (). O

Remark Again, the determinant occurring in the proposition can be evaluated in
closed form [24, (2.6)], but this is not needed here.

4.4 Determinantal expression of the series

e Let us assume that m is odd, and return to Proposition 9. Taking the exponential
generating function rather than the ordinary one makes the extraction of the coef-
ficient of xj -~-xf an elementary task, as all variables x; decouple. The series I;

defined by (1) arise naturally from

[xi]et(x-i-)f) — 1.
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‘We have:

12
G =e Y @[] = 57)e! 0+)
i=1

eSSy
¢
=e' > e [[Uire) = itz
7'[66( i=1
=e det(i—j — Livj)1<i,j<e-
We have thus recovered the first part of Theorem 2.

o If m is even, we start from Proposition 10. Again, the variables x; decouple in
the exponential generating function:

14
G0y =3 e [l GTO™" + & 0)e! )

eSSy i=1
4
= > e[ [Uir) + limir-1)
eSSy i=1

=det(li—j + Li+j-1)1<i,j<¢-

We have thus recovered the second part of Theorem 2.

Remark The determinantal expression of G,(Tf ) implies that this series is D-finite, that
is, satisfies a linear differential equation with polynomial coefficients. However, this
follows as well from the constant term expressions of Propositions 9 and 10 using the
closure properties of D-finite series [27, 28].

4.5 The number of fixed points

We now enrich our results by taking into account the number of fixed points, thereby
recovering Theorem 3. Recall from Proposition 6 that the label of the involution ob-
tained by inserting n + 1 as a fixed point in 7 € Jflm) is(@a +1l,a+1,...,a0+1)
ifmisodd, (1,a2 +1,...,a¢ + 1) otherwise. Hence, if we keep track of the number
of fixed points by a new variable s, the functional equation of Proposition 7 becomes

G(v;t,s)
=v1 +5tv1G(v; 1, ) Xm=1 + 101G (v2, V2, V3, ..., Ve 1, 8) Xm=0
4
G;t,8) =G, ..., Vim1,Vjg1, Vjg1, Vjg2, ..., Vg 1, S)
2 s by 5 s VJ 3 j+17 j-‘rl’ ]+27 , Ug, 1,
+1 vlzvjvj“ .

= Vi T Vi
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The series G(1, ..., 1: ¢, s) counts involutions of 3 by their length and number of
fixed points. The change of variables (13) now gives

K(x;t,5)G(x;t,5) = 1 +5tG(0,x2, ..., %051, ) Xim=0

¢
_IZ)E‘/G(Xla---axj—ij—l +x,0,xj41,...,x0 1, 5),
j=1
where
K(x;t,s) =1—1(x1 + -+ x¢) — 5t =1 — 1 (X1 + -+ Xo),

and

G(x;t,s) = G(xl,...,xg;t)

1 1 1
:G( , Y ey ;t,S).
I—t@p+-+x0) 1—t(x2+---+x¢) 1—txy

e If m is odd, the argument of Sects. 4.2, 4.3, 4.4, applies verbatim. The only
difference is that the term ¢ occurring in the kernel is replaced by st. This gives at
once the first part of Theorem 3, in the form (3).

e If m is even, the equation reads

K(x;0)G(x;t,5) = 1+1(s —¥1)G(0,x2, ..., X¢; 1, 5)

—IZ)EA/G(XL...,)Cj_z,xj'_l +xj,0,xj+1,...,x[;t,s)

with K(x;¢t)=1—t(x1+---+x¢+ X1 + -+ X¢). We multiply it by

M(x;s) i=2x2x3 - x§ (s —x1) -+ (5 — x¢),
and then argue as in Sect. 4.2 to conclude that

Y ep, €@ (M(x; 5))
K(x;t)

Z e(0)o(M(x;5)G(x;t,5)) =

og€By

; (23)

with the above values of K (x; t) and M (x; s).

Now we cannot follow exactly the argument of Sect. 4.3, because o (M (x; s)) does
not differ from M (x; s) by a monomial. So it does not help to divide the equation by
(s —x1)--- (s — x¢). Instead, let us leave the equation as it is, and extract all terms of
the form xlax; xf_l with a > 0. More precisely, for a series F(x1,...,X¢;t,s) in

QIlx1, ..., xe, s1[[t]], let us denote
[xl Ox; xf_l]F(xl,.. ,Xeit,s) —le x1x2 -xf_l]F(xl,...,xg;t,s).

a>0

(24)
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Consider the term

U(M(x; $)G(x:t, s)) = (T(xzx% .- -xf_l(s —x1) - (s —x0)G(x; ¢, s)).
Let us decouple in o the sign changes ey, ..., e, and the permutation 7 of the x;’s,
as in (21). We wish to determine [xlzox% .- ~xf_l]a (M(x;5)G(x;t,5)).

— If one of the ¢;’s, for i > 2, is —1, then all monomials occurring in
o (M (x; s)G(x;t,s)) involve a negative exponent and thus do not contribute.

— If e = —1 while ¢; =1 for i > 2, the only way to obtain a non-zero contribution
of (M (x; s)G(x:t,s)) is to take 7 = id, and the contribution is then

stG(0,...,0;:1,5).

— If 0 =7 € &y, the contribution is

(s — xl)[xlzole .- ~x£_l]((s —x2)--- (s — )Cg)zr()c21 .- -xf_lé(x; t, s))).

We note that this is a multiple of (s — x1).
Hence, the result of our coefficient extraction on (23) is
— slG(O, o 05t,8)+ (s —xp) Z 8(]‘[)[)(120)(21 --~xf_l]((s —x2) -+ (s — x¢p)
eSSy
x n(le . ~x£7] G(x;t,s)))

. 1 en, E(@)0 (M(x;5))

Let us specialize this to x; = s:

_ M (x;
GO, .. 0t s) = ([xlzole,_.xf1]206358(0)0( (x s)))

K(x;t)

XS

The kernel K (x; ¢) is independent of s. But this is also the case of

¢
Z e(0)o (M(x;5)) = Z e(m)m <H((s —xp)x T — (s —)?,-))Ef])>

oceBy ey i=1

=det(s (i7" =57 —xf +55) 14

_ i =i
=det(—xj + %)),
as is seen by taking linear combinations of rows. We have thus obtained the following
counterpart of Proposition 10.

Proposition 11 If m = 2¢, the ordinary generating function of involutions avoiding
(m 4+ )m - --21, counted by the length and number of fixed points, is, with the nota-
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tion (24):
Gn(t,x1) = Z {1/
TeJm
B det(x’ — x))1<i j<e
X L=ty 4+ +xg+X +- 4 Xx)

Equivalently, the exponential generating function of these involutions is

Izl
t
GO = 3 o

‘
TeJm zl!

= L0 det(7] — 2ot )

xt 1<i,j<¢t

We can now perform the coefficient extraction explicitly in the expression of
()
Gp (1, x1):

G =~ Y e[ —xf V) )
1 7166(
e . . . -
s [T 7))
i=2

¢
1
=——= e(m) lef(lk+n(1) —Ir—zq1)) H(Ii+7r(i)—l —1i_ziy-1)
l 7e6&, k>0 i=2

_ Zx{c Zdet<(l ’( k_jl. f(-‘r]))l%jfl | )
=0 i+j—1 i—j—1)2<i<t,1<j<t

Upon extracting the coefficient of xf , this gives the second part of Theorem 3.

5 Permutations with no long ascending subsequence

We now want to derive from the functional equation of Proposition 5 the Bessel
generating function of permutations avoiding 12---m(m + 1), given in Theorem 1.
We follow the same steps as in the case of involutions, but the coefficient extraction
is more delicate.

5.1 Invariance properties of the kernel

The kernel of the equation of Proposition 5, that is, the coefficient of F(v; t), reads

Vi—1Vj
l—tvl—tz =)

vJ_l—vj
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Its invariance properties appear clearly if we set

1

UJ':—.
xl++xj

Indeed, the kernel then becomes

K(x;t):=1—t(xi+- +Xn), (25)

with x; = 1/x;, and is invariant under the action of the symmetric group &,,, seen as
a group of transformations of Laurent polynomials in the x;. This group is generated
by m — 1 elements of order 2, denoted o1, ..., op—1:

O’j(P(xl, ...,xm)) = P(xl, ey Xj—1, Xj1, X, Xj42, ...,xm).
The functional equation now reads

m—1
KiFi)=1—1> % Fn,..oxjo1, %+ Xj51,0,Xj42, - X3 1),
Jj=1

with
F(x;t)zﬁ(xl,...,xm;t)=F<i, ! ! ;t). (26)
X1 X1 +x2 X1+t xm
5.2 Orbit sum
Let us multiply the equation by
M(x) =x%%3 - xmL (27)

This gives:

K(x; )M (xX)F(x;1)

m—1
_ 0 Jj=1 j=1 j+l m—1
—M(x)—th] Xy XXy Xy
j=1
X Fxp, .., %1, X +xj41,0,Xj42, ..., X3 1) (28)
The j term of the sum is invariant under the action of the generator o j (which ex-

changes x; and x;1). Consequently, forming the signed sum of (28) over the sym-
metric group &,, gives the following orbit sum:

D e (Kx:NM@F(x;)= Y e(0)o (M),

ceS,y, oeB,
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or, given that K (x; t) is G,,-invariant,

Yses, £(@)0(M(x) det(xj'il)lgi,jsm
K(x:1) - K@)

Z e(0)o(Mx)F(x;1)) = , (29

e,

where K (x; t) is given by (25) and M (x) by (27).
5.3 Extractionof F(1,...,1;¢)

For 1 < j <m, let us now denote z; = x1 + --- + x;. Equivalently, x; = z; — zj_1
with zg = 0. All series occurring in the orbit sum (29) become series in ¢ with coeffi-
cients in Q(zy, ..., z;). In particular,

_ 1 1 1
Fa,t)y=F(—,—,...,—;t
71 22 im

has coefficients which are Laurent polynomials in the z;’s. This is not the case for all
terms in (29). For instance, if o is the 2-cycle (1, 2),

_ 1 1 1 1 1 1
o(F(x;t)=F(—, ey it =F ., — 3t
Xy X1+ x2 X]+ -t Xpy 22—21 22 Zm

involves coefficients which are not Laurent polynomials in the z;’s. In order to per-
form our extraction, we will expand all rational functions of the z;’s as (iterated)
Laurent series, by expanding first in z1, then in z, and so on. For instance, the ex-
pansion of 1/(x1 + x3 + x4) reads

1 _ 1 _ Z (_Zl)el
X1+x3+x4a z—22+2z1 (z4 —zp)1 1!

e1=>0

e
- (el +ez) (—21)°'2y
- 1+ej+er °
e
120,6,>0 ! 2

In other words, the coefficients of our series in ¢ now lie in the ring of iterated Laurent
series in 71, ..., Zm, which is defined inductively as follows:

Uin z; (with rational coeffi-

— if m =1, it coincides with the ring of Laurent series
cients),
— if m > 1, itis the ring of Laurent series in 7| whose coefficients are iterated Laurent

series in zo, ..., Zm.-

It follows from this definition that an iterated Laurent series in the z;’s only contains
finitely many non-positive monomials, that is, monomials z{' - - -z, with e; < 0 for
all j. This allows us to define below a linear operator A, which extracts from an
iterated Laurent series some coefficients associated with non-positive monomials and
adds them up.

IRecall that our Laurent series only involve finitely many negative exponents.
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Definition 12 Let A be the linear operator defined on iterated Laurent series in

21, - -, Zm by the following action on monomials:
A(ze‘~-~zem): I, ife;<0,...,ep;<0ande;=0=¢j41=---=¢, =0;
1 m 0, otherwise.

(30)

Remark The action of A can also be described as the extraction of a constant term:
for any iterated Laurent series F (21, ..., Zm),

A(F(zl,...,zm))=[Z?"'th](F(Zl""’Zm)ZH 1ijz~)'
i=0 j=1 /

This operator has been designed to extract from (29) the series F(1,...,1;¢) in
which we are interested. The following proposition is thus the counterpart of Propo-
sitions 9 and 10.

Proposition 13 The ordinary generating function of permutations avoiding
12---m(m + 1) is obtained by applying A to a rational function:

det(xi._j)1<i j<m
Fou(t) = =4 L —— ),
m(t) Z (1—t(i1+-~-+im))

e m

withxj =z; —zj—1 and zo = 0.
Equivalently, the exponential generating function of these permutations is

t|f‘ i—i +%.
F9() = Z WZA(det(x; jeMJ)lfi,jfm)'
Te&m

Remarks

1. The fact that the action of A can be described as a constant term extraction, com-
bined with closure properties of D-finite series [27, 28], implies that the series F;,
(and F,,(f)) are D-finite. This was first proved by Gessel [16].

2. Again, the determinant is a Vandermonde determinant and can be evaluated in
closed form, but this will not be needed.

Proof We will prove that for all o € G,,,,

A(o(M(x)F(x;t)))Z{F(l,...,l;t), if o =id; 31)

M (x) 0, otherwise,
so that the first result directly follows from (29), after dividing by M (x) and apply-

ing A. It is then easily converted into an expression for the exponential generating
function.
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Recall the Definition (26) of F(x;¢), and that &,, acts by permuting the x;’s.
Also,

F(ui,...,up 1) = Z va(f)flv?(T)*aZ(r)~--v,|,f‘+1_”’”(r)tm,

Te&m)

where the labels a;(t) are defined by (4). This definition implies that, if a; (1) =
ajy1(t), then aj(r) =ajy1(r) =+ = an(r) = |t + 1. In other words, the v-
monomials occurring in F (v; t) satisfy a property that should be reminiscent of the
definition of A:

F(i,...,vm;t) = Z cler, ... em) vy vy? - pgmertten o (3)
(er,...s em)€E
where
£ = {(el,...,em) eN":ej=0=ejp1=-=¢ep =O}.

With this property at hand, we can now address the proof of (31). If o =id,

A(W) =A(F(l,l,...,i;t>> —F(.....1:0)
M(x) 71 22 Zm

by definition of A and (32).

It remains to prove the second part of (31). Let us consider an example, say m =5
and 0 = 13425. Let T € 65,5), and denote ¢; = a;j+1(t) — a;(tr), with a1 (t) = 1 and
am+1(t) = |t| + 1. Of course, e; > 0 for all i. Up to a factor ¢/7!, the contribution of
Tino(M(x)F(x;1))/M(x) is

1 < xzxgxzxg‘ )
o z
xopxdxgxd \xf (o +x2)¢2 - (x4 4 x5)
x3x2x3xd

xoxdadadxl (o + x3)2 (61 4 x3 4 x4) (1 + X2 4+ X3+ X4)% (X1 + - - + X5)°5

_ (2 —21)*
- e eq4_es
(z3 — 22)(z4 — 23)7)' (23 — 22 + 21)2 (24 — 22 + 21092525

To prepare the Laurent expansion in the variables z;, we rewrite this fraction as

(22 — 21)?
ZTIZé+EZZi+eS+e4Z§5(1 _ %)(1 . %)l+ez(1 . %)83(1 + z3(1z_|§_§))62(1 + 14(1Zl‘":_2))83

2

It is now clear that, in each term of the Laurent expansion, z> has a non-negative
exponent, while z4 has a negative exponent. By definition of A, this implies that

(e ( )
A o\ — =0.
M(x) " \x{ (e 4 x2)%2 - (x1 + -+ + Xx5)°
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As this holds for every permutation t € Gfls), we have proved that (31) holds for
o = 13425.

Let us say that a series of Q(x1,...,x,)[[¢]] is positive in z; (or z;-positive)
if, in every term of its z-expansion, z; appears with a positive exponent. We define
similarly the notion of z;-negative, z j-non-positive, z j-non-negative series. We have
just observed that, for m = 5 and o = 13425, the series o (M(x)F (x; 1))/ M(x) is
non-negative in z but negative in z4. This is generalized by the following lemma.

Lemma 14 Take 0 € G, \ {id}. Let 0 (j) be the largest non-fixed left-to-right maxi-
mum of o. That is,

fork < j,o(k) <o(j), and for every k such that o (k) > o (j), one has o (k) =k.

Let o (i) be any value that is not a left-to-right maximum and satisfies o (i) <i. For
e1>0,...,ey, >0, consider the fraction

1 ( M(x) )
o — : (33)
Mx) " \x{ (g +x2)82 - (g 4+ Xy )

Then this fraction is non-negative in 7,y but negative in z (). Since o (i) < o (j),
applying A to this fraction gives 0.

Returning to the example o = 13425 studied above, we observe that the lemma
applies with o (i) =2 and o (j) = 4.

This lemma implies the second part of (31): indeed, the contribution of any 7 €
S in o (M (x)F(x;1))/M(x) is of the form (33). Hence proving the lemma will
conclude the proof of Proposition 13. g

Proof of Lemma 14 We establish this lemma via a sequence of three elementary
properties.
Property 1 Leti; <iy <--- <iy, and e € Z. The fraction

1
(Fzi) - £z;,)°

is non-negative in z;,, ..., Zj,_,- If e > 0, it is non-positive in z;,, and even negative
inzj ife>0.

Proof The result is obvious if e < 0, as the fraction is a polynomial in this case. If
e > 0, we prove it by induction on k. It clearly holds for k = 1. If k > 1, we write

1 1
(2 o £2)° (e tz) (1 aig)’
_Z<e—1+n> (£zi)"
n=0 n (Fziy &+ g )t
and we conclude by induction on k. O
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Property 2 Let o, j, ey, ..., ey, be as in Lemma 14. The fraction

1
(e =)
X O )2 (o )
is non-negative in all z, ) such that o (k) is not a left-to-right maximum, and non-
positive in Zgj).
Proof 1t suffices to prove that the result holds for each term

1 1
o( e )= e
(X] + -+ x0) (Zo(1) — Zo (=1 + * + Zo(0) — Zo()—1)

. (34

for £ e {1,...,m} (with zo =0).

By Property 1, this term is non-negative in all variables, except possibly in
Zmax(o (1),...,0(¢))- Since max (o (1), ..., 0 (£)) is always a left-to-right maximum, this
proves the first part of the property.

Consider now the variable z,(j).

— If € < j, then max(o (1),...,0()) <o (j), so that the term (34) is independent of
Zs(j)» and thus non-positive in this variable.
—If j <€ <0o(j), then max(o(1l),...,0()) = 0o (j). Then (34) is non-positive in
Zg(j) by Property 1.
— Finally, if £ > o (j), then {o(1),...,0(¢)} = {1, ..., £}, so that the term (34) sim-
ply reads 1/ zz“. This is independent of z (), and thus non-positive in this variable.
0

Property 3 Let o and j be as in Lemma 14. The fraction

o (M(x))
M (x)

is non-negative in all 75y such that o (k) < k, and negative in z, ).

Proof We have

o (M(x))

m
t—o(0)
— —| | Zo(0) — Zo(£)— .
M) 521( 6 (0) — Zo()—1)

Assume o (k) < k. The two terms of the above product that involve z4 ) are (zZo k) —
zo(k)_l)kf"(k) and (2o (k)+1 — 2o (k) Withe = o (o (k)+1)—0o(k)— 1. The former
term is non-negative in z, ) because o (k) < k. The latter term is non-negative in
Zo (k) by Property 1. This proves the first part of the property.

The two terms that involve zo(j) are (Zo(j) — 2o (j)—1)’ Y and (zo(j)+1 — 20 (j))%
with e = a_l(o(j) + 1) —o(j) — 1. Since o (j) > j, the former term is negative in
Z5(j) by Property 1. By construction of j, the exponent e is 0, so that the latter term
is simply 1. U

Lemma 14 now follows by combining Properties 2 and 3. O
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5.4 Determinantal expression of the series

Let us write '* = szo(t)?)b /b!. The second formula in Proposition 13 reads:

i (bt o (M)
2 7|t 2 bil-- by > 8(0)A<W>a (35)

TeGm Blbn=0" " T 5e6,
2 m—1 b by by . .
whereM(x)=x2x3~~-xm ,b=(b1,...,by),and x” = x| ---xp". We will give a
o(M(x))

closed form expression of A( ) (Lemma 17), which in turn will give a closed

M (x)o (xb)
form expression of the sum over o occurring in (35).

Proposition 15 For b= (by, ..., b,) e N,

o(M(x)) . b1+ -+ bpy)! o .
UEXG: 8(0)A(M(x)a(xb))_Hle(bi_i_i_m)! l_[ bi—i—bj+)).

I<i<j<m

Let us delay for the moment the proof of this proposition, and derive from it Ges-
sel’s determinantal formula (Theorem 1).

Proof of Theorem 1 The exponential generating function of permutations of &
now reads

t|f| bi+-+b, b1+ +bp)! . .
D T D e TR L R A

e m b, by>0 I<i<j<m

Replacing 7 by 12, and taking the Bessel generating function gives

t2|T| t2(b1+~-~+bm)

regm b =0 Tl<i<j<m

But this is exactly Gessel’s determinant. Indeed:

det(j—i)1<i,j<m

m
Z g(o) Hlo(i)—i
i=1

oeB,
> T
= e(o)
! - !
eSS, i= lb>0b (b —i + o))
Z t2(bl+...+bm) ( )
= det((bj —i+j+1)---(b; —i +m)),
- |
bi,.,bp =0 Hz 1b (b i+m)!

and this coincides with (36), because the above determinant is the Vandermonde de-
terminant in the variables u; := b; — i (since Gi—i+j+1)---bi—i+m)isa
polynomial in u; of dominant term u ~J ). U
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There remains to prove Proposition 15. The proof relies on two lemmas. The first
one is a simple identity based on a partial fraction expansion. The second gives a
; o (M(x)) m
closed form expression of A(M(X)U(X,,)), for b e N™.
Lemmal6 Letxy,...,x;, uy,...,ur beindeterminates, and let the symmetric group
Gy act on the x;’s by permuting them (that is, T(x;) = x) for T € &). Then

k—1
(i +ui)--- (i Fup) | o
Z S(T)r<1_[xi+ui+"'+xk+uk>_ l—[ (x; Xj).

€Sy i=1 I<i<j<k

Proof Letus denote u = (u1,...,u;) and

k-1
T(x,u):l_[ (i +ui) - (o +ug)

Xitup Xt ug

i=1

This is a rational function of uy, in which the numerator and denominator have degree
k — 1. By a partial fraction expansion,

k—1

o, u)
Tx,u)=C(x,u)+ ,
Gr. ) Or. ) ;x5+uz+--~+x1<+uk

(37)

where C and the «’s are independent of u. By letting u; tend to infinity, one obtains

Cxywy= ] i+u.

1<i<j<k

The value of o is obtained by taking the residue of 7' (x,u) at uy = —(x¢ + ug +
- -+ xi). This gives, for £ <k — 1:

[li<icjacGi Fup) [T« (i = e +ue + -+ x0))
[z ci i uti + -+ 201+ g1+ x — (g g + -+ +x1))

oe(x,u)=

Return now to (37). It is easy to check that ap(x,u)/(x¢ + ug + - - + xx + uy) is
left unchanged by the exchange of x; and x4 1. Consequently, the sum of the lemma
reads

k—1
Z e(mT(T(x,u) = Z e(0)T(Clx, u)) :det(l_[(xj +uh))
1<i,j<k

€Sy €6 h=i
= l_[ (xi —xj),
1<i<j<k
because ]_[IZ;,I (xj +uy) is a polynomial in x; of leading term xff"; the sum over t
thus reduces to a Vandermonde determinant. O
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Lemma 17 Let b= (by,...,by,) e N" and o € S,,. Let
I o(M(x))

x¢ Mx)o(xP)’

where as before M(x) =Xy X" L That is, e = (eq, ..., em) where ej = beiy —
t(i)+iand Tt =0~ .Letk max{z bi >0} (if b= (0,...,0), we take k = 0).
Then

A(i) = {I—I{F=l ((3[ ;t‘ikil), lfv()'(‘]) = jfor all] > k’ (38)

0, otherwise.

Remark If o(j) = j for all j > k, and i <k, then ¢; + --- + ¢ > 1. Indeed, if
ei+--+e=byiy+--+brgy+(@+---+k)—(z@i)+---+ t(k)) were non-
positive, this would mean that {t(i),...,7(k)}={i,....k} and b; = --- = by =0,
which contradicts the definition of k. However, ¢; may be non-positive, and in this
case the above expression vanishes. However, e; + k — i > 0. When we apply this
lemma to prove Proposition 15, we will write the above product of binomial coeffi-
cients in the following equivalent form:

k—1
(el+...+ek)!. l—[ ei(e; + (e,+k—z) (39)
ngigk(ei"'k_l) il ez+ -+ ek
Proof For an iterated Laurent series in zp,...,zx, of the form R(z) =
Yopezrcni, ...,n)Zy" -2, we define the negative part of R(z) by

[5IR@) =[5 2fJR@ = Y cl.....mp).

n1<0,...,np<0

Let us first prove that if £ = (fi, ..., fi) € ZF,

(DY (fite s
@A) e

We adopt the standard convention that (Z) = 0 unless 0 < b < a. Given that x; =
Zi — Zi—1, we have

1 1

x_f f1 Z{k(l_ﬂ)fZ...(]_mc;l)fk.

2] 22 Zk

If f; <0 for some i, the z-expansion of 1/x/ only involves non-negative powers of
zi, so that the negative part of 1/x/ is zero. The right-hand side of (40) is zero as
well, and thus (40) holds. Assume now f; > O for all i. The proof works by induction

onk.Ifk=1and f; >0,
< 1 f1_1>
= ]<z{‘> <f1—1
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Fork > 2,

1 1
[z<]<—) =[z7]
x/ P —%)fz(z3—Zz)f3-~'(2k—2k—1)fk

—1 n—fi
=[z7] Z (n _;fi 1 > 1

v P (3 — 2B (a — s

fi—1
+ -1 < < 1
- Z (n fzfil >[Z2 2]

= B (e — 1) (o — )
_f]X:_l<n+f2—1><n+f2+“-+fk—1>ﬁ<ﬁ+“'+fk—1>
=\ -l n+ fo—1 Pl fi—1
by the induction hypothesis. Now

fi—1
ntfo-1\(n+fot- -+ fi—1
Z( fa—1 )( n+ fo—1 )

n=0

fi—1
_ n+ ot fi- N\ (2t A+ fi -1
_Z< n )( -1 >

n=0

:<f1+f2+"'+fk—1><f2+"'+fk—1)
Ji—1 -1 ’

The last equality results from the classical binomial identity
X“:(ner) B <a+b+1>
=\ on a

This gives (40).

Let us now prove (38). Assume that o (j) = j for all j > k. This implies that
ex+1 =+ =ep = 0. As argued just after the statement of the lemma, e; > 0. But
then 1/x¢ is negative in zx, and involves none of the variables zx1, ..., z». Thus, by
definition of A,

k
1 1 e+ +e—1
A(x—e):[Zf"'Zlf]ﬁ:H<l o1 )

(by (40)), and this gives the first part of (38).

Assume now that there exists j > k such that o (j) % j. Then there also exists
Jj > k such that o (j) < j. Let us choose such a j. Then there also exists £ > o (j)
such that 7(£) < £. We have

es(jy=bj—j+o(j)=—j+o(j) <0,
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eg=brpy—1(0)+£>0,

with £ > o (j). Let £’ = max{p > o (j) : e, > 0} (this set is non-empty as it contains
¢). Then epy 1 =---=e, =0, and 1/x¢ is non-negative in z,(;) but negative in z,.
By definition of A, this implies that A(1/x¢) =0. g

Proof of Proposition 15 Let us denote by SUM(b) the sum we want to evaluate.
Let k = max{i : b; > 0}. By Lemma 17, the sum can be reduced to permutations o
that fix all points larger than &, and then we use the closed form expression (39) of

o (M(x)) Q oIveg:
A(M(x)o(xb))' This gives:

SUM(b) = Z 8(U)A<

(7661(

o (M(x)) )
M(x)o (xb)

(b1 + -+ by)!
- Z e(1) —¢ ;
€6y [Tizi(briy — T(@) +K)!

k—1

9 l—[ (bey —Tt(@) +1i)--- (bey — T(@) + k)
by —t(@) +i+ -+ by —tk)+k

i=l
bi 4 +by)!
_ (k1+ + k) 1—[ (bi —i—bj+ ).
[Tici i =i+ 0! i

The last equality is the case x; = b; — i, u; =i of Lemma 16. It is easy to check that,

given that by41 = - - - = by, = 0, the above expression coincides with
- (bi—i—>bj+]),
[T, i —i +m)! 1§i1:;[§m
as stated in Proposition 15. g

6 Final comments

Clearly, our proof of Theorem 1, dealing with permutations of G, is more compli-
cated than our proof of Theorem 2, dealing with involutions of ™). We still wonder
if there exists another change of variables, another coefficient extraction or another
way to perform this extraction effectively that would simplify Sects. 5.3 and 5.4.

Our approach is robust enough to be adapted to other enumeration problems.
Consider for instance the set & of permutations 7 of G in which the values
1,2, ..., m occur in this order. That is, n_l(l) << Jr_l(m). Garsia and Goupil
found recently a simple formula for the number of such permutations of (small) length
n: if n < 2m, this number is [15, Corollary 6.2]

~(m)_n_m_ L(n—m n!
1 &/ —é( 1)( . )—(Mr),. (41)
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This was then reproved by Panova [32]. See also [1].

In terms of the generating tree described in Sect. 2.1, this means that one is only
counting the nodes of the subtree rooted at the permutation 12 - - - m. The only change
in the functional equation of Proposition 5 is thus the initial condition: instead of 1
(which accounts for the empty permutation), it is now vy - - - v, #"™. Sections 5.1 to 5.3
translate verbatim, and we reach the following counterpart of Proposition 13.

Proposition 18 The ordinary generating function of permutations that avoid
12---m(m 4+ 1) and in which the values 1, ..., m occur in this order is obtained
by applying the operator A of Definition 12 to a rational function:

Z tleA( 1

re&m xz"'xr’g_l(l—l(il—|—-.-+)Em))

Z ©) ( xé...xg;fl ))
X e(o)o H,m:1(xl+"'+xi) s

oeB,,

tm

withxj=z; —zj—1 and zo =0.
Equivalently, the exponential generating function of these permutations is

tlfl tmet()_fl+"'+fm) le .. .x”:'nl_l
> ma(B Y oo (i),
]! Xyt Xom S =1 (X1 Xi)

‘L’Eé(”l) oe

We have not further pursued in this direction, but one could try to obtain a more
explicit formula giving the whole generating function (which would imply (41) when
n<2m).

As discussed at the beginning of Sect. 2.2, the generating tree for 12 - -m(m + 1)-
avoiding involutions can be described using m catalytic variables. Since these involu-
tions are equinumerous with (m + 1)m - - - 21-avoiding involutions, it is natural to ask
whether one could derive Theorem 2 from this tree and the corresponding functional
equation. This could allow us to address the enumeration of 12 - - -m(m + 1)-avoiding
fixed point free involutions, for which determinantal formulas exist (obtained by ap-
plying Gessel’s 6 operator [16] to identities (5.41) and (5.42) of [3], which are equiv-
alent to Theorem 2.3(3) in [31]; see also Stanley’s survey [39, Thm. 8]). The recursive
construction we have used for involutions does not allow us to address this problem.
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