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specializations
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Abstract : Let the symmetric functions be defined for the pair of integers (n,r), n > r > 1, by pgf) =>"my

where m) are the monomial symmetric functions, the sum being over the partitions A\ of the integer n with
length 7. We introduce by a generating function, a g-analog of pg) and give some of its properties. This g-analog
is related to its the classical form using the ¢-Stirling numbers. We also start with the same procedure the
study of a p, g-analog of pgf).

By specialization of this g-analog in the series ZC:LO:O q(g)t” /n!, we recover in a purely formal way a class

of polynomials JT(LT) historically introduced as combinatorial enumerators, in particular of tree inversions. This
also results in a new linear recurrence for those polynomials whose triangular table can be constructed, row by
row, from the initial conditions JT(T) = 1. The form of this recurrence is also given for the reciprocal polynomials
of J,(Lr), known to be the sum enumerators of parking functions. Explicit formulas for Jff) and their reciprocals

are deduced, leading inversely to new representations of these polynomials as forest statistics.

keywords : Symmetric functions, g-analog, g-Stirling numbers, tree inversions, parking functions.

1 Introduction

This paper is the first in a series whose object is a ¢-analog defined in a fairly natural way of certain
symmetric functions namely the functions defined for each pair of integers (n,r) such that n >r > 1 by

D=3 ma (1.1)

IA|=n, I(A)=r

In (1.1) the m) are the monomial symmetric functions, the sum being over the integer partitions A of n, of length

I(A) = r. These functions pgf) are introduced with this notation in [11, Example 19 p. 33], whose notations we

will follow faithfully. The g-analogs thus defined, that we will note [pgf)} , have attractive properties. The article

presents the definition and some properties of this g-analog. We also present some applications by specialization
in the following formal series sometimes called g-deformation of the exponential series :

Bup(t) = iq(g)z. (1.2)

This allows new insight into polynomials known as inversion enumerators in rooted forests, or in a reciprocal
way as the sum enumerators of parking functions (see Yan’s summary article [20] on these notions). New
identities are deduced for these polynomials, from which we extract some combinatorial consequences.

The organization of the article is as follows. In Section 2 we set the notations and recall the necessary
prerequisites for symmetric functions, integer partitions and g-calculus.

Sections 3 and 4 are devoted to the general study of the [ 55)}. In Section 3, starting from a generating

function of p” we give the definition of [pgf)} and its first properties, with the particular case r = 1. Section

4 contains Theorem 4.1 which is an important result of the article. It links the g-analog to its classical form
through ¢-Stirling numbers of the second kind. We also give the matrix form and the inverse equations of this
theorem through ¢-Stirling numbers of the first kind. Section 5 begins the generalization to p, g-analog.

The remaining Sections 6 to 9 are dedicated to the applications of {pg)} , obtained by specialization in E,)-

In Section 6, Theorem 4.1 lead us to polynomials previously introduced in [15] and [19], but in a different way
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of that used by these authors. More precisely, it is the class of polynomials defined for n > r > 1 that we will

denote J,(f), and which correspond with the notations of [20] to the polynomials I,(Z;’lr).
Another important result thus obtained is the linear ”positive” recurrence (6.5) of these polynomials. This

recurrence makes it possible to determine all the polynomials from the initial conditions JT(T) = 1. As an example
the first rows and columns of the table of Jr(f) are given.
In Section 7, we study the reciprocal polynomials of J,(Lr), denoted by J,(f), and which are sum enumerators

of parking functions. Recurrence (6.5) translates into a linear recurrence between J,(LT), that we compare with
another linear recurrence relation coming from the application of Goncarev polynomials to parking functions
[10].

In Section 8, as an application of Relation (6.5), we obtain explicit formulas for the J,(f) in Theorem 8.2,
which are new results of our work. In Section 9, we give combinatorial interpretations of these explicit formulas

by introducing new statistics on forests whose enumerator polynomials are J,(f) or J,(f). In particular, this gives
a g-refinement of the enumeration of functionnal digraph given in [13, page 19].

Complementary articles will follow - one of which is the subject of the preprint [1] - presenting other properties
or applications of this g-analog, in particular combinatorial ones.

2 Preliminary

Let us first recall the definitions relating to integer partitions and symmetric functions, refering for more
details to [11, Chap. 1] or [16, Chap. 7]. If A = (A1, A2, ..., A.) is a partition of the integer n, we set |\ =
M+ A+ ...+ A =n,l()\)=r, and

nA) = (i-Dx=>)_ (Z) (2.1)

i>1 i>1

where \ = ( 1S, ) is the conjugate of the partition \.

If A is a commutative ring, A 4 is the set of symmetric functions in the variables X = (z;),-, with coefficients
in A. For our purposes A will be the field of rational functions Q (q), with eventually some indeterminates
adjoined (in particular p, at Section 5). For A\ describing the set of partitions, (my), (ey), (hy) and (py), are the
four classical bases of A 4. Agreeing that eg = hg = 1 we recall that

1
IT (1 + ;)

i>1

Et)=) ent"=[[Q—zit); HE)= hot" = (E(-t))"" =

n>0 i>1 n>0

(2.2)

For the g-analogs we use, with a few exceptions, the notations of [8], to which we refer for more details. The
index ¢ can be omitted if there is no ambiguity. For (n,k) € N2, we have

[n]q:1—i—q—|—c]2—i—...—i—q"_1 for n # 0 and [0], =0,

[n],!=[1][2]...[n] for n # 0 and [0] ! =1,

n [n]! n .
[k} . = m forn>k>0 and {k} . = 0 otherwise.

The g-derivation of a formal series F'(t) is given by

F(qt) — F(t
D F(t) = (Elq)l)t() and for r > 1 D} = Dy (D;"'F(t)) with DJF(t)=F.
Specifically
Dyt" = [r]! {Z] t"" forn >r and D,t° = 0. (2.3)

We also use as an index instead of g, a rational fraction of ¢ with coefficients in Q. It is necessary to
understand in this case what we will give as a definition.



Definition 2.1 Let ¢(q) € Q(q) such that (1) = 1. We set for alln € N

[y = L+ ¢() + ((@)° + ..+ (@)™ ifn>1 and [0],, =0,

then are defined as above [n]w(q)!, [ etc... . In the same way we set

F(ip(q)t) — F(t)
(V(g) -t~

Finally, some usual notations used in the article are recalled. D" F(t) is the usual derivation of order r with
respect to ¢ of the formal series F'(t), 67 = d; ; is the Kronecker symbol which is 1 if i = j and 0 otherwise. If
E is a finite set, |E| denotes its cardinality and 2% the set of parts of E. N,Z denote respectively the sets of
natural and relative integers and Q that of rational numbers. If A is a commutative ring and ¢ an indeterminate,
Alt] and A[[t]]) are the set of polynomials and the set of formal series respectively, in ¢ with coefficients in A.
For n € N* = N — {0} we denote n ={1,2,...n}.

Dy F(t) =

3 Definition of {pﬂ

3.1 Some properties of p.’

Let us give some properties of pgf) defined by (1.1). These properties can be deduced from the results of [11
example 19 p.33], but we give a stand-alone presentation for the reader’s convenience.

Proposition 3.1 Agreeing to set p( ) = 50, we have for all r € N

S (0" = (3.1)

n>r
Proof. Since D"t" = r'( )t" " it follows by linearity
0 =ry (") ent™ . (3.2)
r
n>r
By performing the following Cauchy product, we have with (3.2) and (2.2)

(DTE(t)) H(—t) = rlt " ZwZ( )ekhn_k (—1)"*. (3.3)

n>r

Definitions of the complete symmetric function and of pgf) lead to hy, =Y 1, Do ()= A = Sy pg).
So, in general

k+m .
euh —ekzpw— > (1) (3.0
Jj=k

let us explain where the rightmost member of (3.4) comes from.The product of a monomial of e, and a monomial
of h,, gives a monomial of degree k + m, whose number j of distinct variables is between k and k + m (for an
infinity of variable z;, or at least if the number of variables is greater than or equal to k+m). It is precisely also
the form of the monomials of this rightmost member. Moreover in the left handside member of (3.4), the number
of identical monomials of degree k + m with j distinct variables corresponds to the number of monomials of ey,
of which k distinct variables are taken in these j letters, that is to say (7

We have by replacing all the products egh,_j of (3.3) by (3.4), then inverting the two latest sums :

s S () e g S E (o

n>r k=r j=k n>r j=r k=r



In an classical way
from where it follows

R0 - OB

r

|
N
< .
N
—
—

|

—_
—
S

|

5

I
>,
< s

Finally by replacing in (3.5) we obtain

(DTE®) H(=t) =71y p (-0,

n>r

(3.1) is deduced from this since H (—t) = (E(t))"". =
From (3.1) and (3.2) it follows

Z entn Zp%r)(_t)n—r _ Z (n> entn—r7
n>0 n>r n>r r

by equalizing the coefficients, we get the system of linear equations for the unknowns pg)

for n > r, Z (—1)]677’ en,kpl(:) = (n) ens
k=r

whose the following solutions are given by Cramer’s rule :

(:)er 1 0 0 0
Til)€7-+1 €1 1 0 . . 0
(Ti2)6T+2 €9 el 1 0 . . 0
pgf) - (3.6)
0
. 1
(ﬁ)en En—r Ep—r—1 . . . €2 €]
3.2 Definition of [pg)]
To define [p%r)] , we will use the following g-analogue of (3.1).
q
Definition 3.2 For any pair of integers (n,r) such that n > r >0, we set
- 1 DrE(t)
O (=) = ==L 3.1
,; I L( ) GRS (3.1q)

which implies in particular [p%o)} = 52.
q

The subscript g is implied in what follows if there is no ambiguity. It is easy to check that the calculations
made in Subsection 3.1 can be transposed for this g-analog of pgf), with in particular

DIE(t) =[] m ent™, (3.2q)

n>r

and the system of linear equations

For n > r i (—1)k7r En—k {p,(:)} = r:] €n,

k=r
of which solutions is the g-analog of (3.6) given by the following proposition :



Proposition 3.3 Forn >1r > 1, we have

[Me, 1 0 0
1
[Ti ]e,._H el 1 0 . 0
[Tjjz] Cr42 €9 €1 1 0 0
] = . (3.60)
0
1
DL] €n €n—r Ep—r—1 . . . €2 €1

This determinant can be taken as an alternative definition of [pﬂ .

Particular case r =1
Equation (1.1) gives in this case p) = m,, = p, thus [pﬁf)} can be also denoted [p,]. We then

n—1 DqE(t)
Z Lpn}q (_t) = Wﬂ

n>1

and the system of linear equations

n k—1 -
Forn>1 Zk:l (=) en—k [pr] = [n] en, (3.7)
whose solution are
e 1 0 0. . 0
[2] €9 €1 1 0 . . 0
[pn] = . . . L. .. (3.8)
. . . . .0
. . 1
[n)en en—1 en—2 . . e e

By inverting (3.7), we obtain the system of linear equations in the unknwons e,

n—1

forn>1, Zk:1 (—1)1671 [Pn—i]ex + [n]en = [pn],

which gives by Cramer’s rule

] 1] 0 0 0
[p2] Il [21 O 0
[n]le, = . (3.9)
0
. . . [n—=1]
] Poi] sl - - [l o

We notice that (3.8) and (3.9) are g-analog of the classical case (see the first two equations of [11, Example
8 p. 28]. We will continue in additional articles the study of [p,] and more generally, of :

[PA] = [Pas] [Paz] - [P ] (3.10)

defined for any integer partition A = (A1, Ag, ..., Ay.).

4 Relations between {pg)] and pg)

To prove Theorem 4.1 some reminders about the g-analogs of the Stirling numbers must be made. The
”classical” Stirling numbers are well known (see for example [4, Chap. 5]). For their g-analogs which are still the



subject of research, reference is made to [5, 14]. In [2, 3], Carlitz defined the ¢-Stirling numbers of the second
kind, which we denote S, [n, k], by the following identity (with our notations) :

o5 (M) (- 17 S, Lk (4.1)
W =2()

(the index ¢ is omitted if there is no ambiguity). And he got by inversion of (4.1)

(10" " Sln.K = §<—1>l"f ()i (4.2)

as well as the recurrence relation
Snkl=Snh—-1,k—1]+[k]S[n—1,k], (4.3)

which makes it possible to find all the values of S [n, k] for (n, k) € N2 by setting S [n,0] = 6%, and S [n, k] = 0
if k > n. We have S'[n,n| = S'[n,1] = 1 and Sy=1 [n, k] = S(n, k), where S(n, k) is the classical Stirling numbers
of the second kind. (4.3) is the g-analog of the recurrence formula for S(n, k). Note that (4.1) and (4.2) do not
have classical correspondent.

Theorem 4.1 We have for alln >r > 1
p0] =307 S, [ b, (4.4)
j=r
where the Sy [n,r] are the g-Stirling numbers of the second kind of Carlitz.

Proof. The proof begins in a sort of inverse way compared to the proof of Proposition 3.1. Equation (3.1q)
gives with E(t)H(—t)=1land m=n—r

> k] cvmen = (piE) ) m-o),

m>0

Replacing the expression in the right-hand side parenthesis by (3.2¢) and as H(—t) =) ;5o (fl)l t, we
obtain in equalizing the coefficients B

T + 1 m— + -1 m +
[pi{llr} = |:::| el — |:T , :|€r+1hm1 + ...+ (-1 ! |:7‘ 7: :|€r+m1 + (-1 |:r Tm:| €rim- (4.5)

Using Equation (3.4) for each products e, rhm— in (4.5), it follows
M ]_\ PR R ()0
T k J
|:p’m+7:| Z |: :| Z <7’ + k) p'm—i-m
k=0 j=r+k
then by inverting the sums :
m—4r — .
k{ J r+k
I:pm+’ri| Z pm+7‘ kZO ) <T’ + k) |: r :|

With the change of index [ = r + k and n = m + r, we find

n J .
r : —r () |1
D] =P - (Z)H : (46)
¢ = I=r q
Theorem 4.1 follows from (4.2). m

Particular case r = 1. We get for all n > 1,

n

] = (1 g p), (4.7)

Jj=1



Matrix form and inverse. Since S [n, k] = 0 for k < n, (4.4) can still be written for n >r >1

n

[p0] = > =gy " ST . (4.8)

j=1

Let the row matrices be defined by [P,] = ([pg)}) » and P, = (pff)) N System (4.8) for n > r > 1, can be

written in matrix form [P,] = P, A,, where A, is the triangular matrix (Ai“j)’,’lj:l with 4; j = (1 — q)i_j S [, 7]

It is easy to see that we have '
An = Un [Sn] U;17 (49)

where [S,,] is the triangular matrix of the g-Stirling numbers of the second kind [S,] = (S, [i,j])?jzl and U,
is the diagonal matrix

(1-¢)
U, = (1- Q)l

(-

The Stirling numbers of the first kind, denoted s(n, k), have as g-analog the ¢-Stirling numbers of the first
kind introduced in [7], which we will denote by s, [, k]. Let the matrix [s,] be defined by

[sn] = (sq[d: 5] 51
then we know (see for example [5, p. 96]) that [S,] and [s,] are inverses of each other. We deduce with

(4.9), that A, is inversible and that A = U, [s,] U, tand P, = [P,] A,;! with A1 = (Biwj)?jzland B;; =
(1 —q)"7 si,j]. Hence, the corollary equivalent to Theorem 4.1 :

Corollary 4.2 We have for alln >r > 1,

n

P =D 0y sy ] )]

Jj=r
where the sq [n, 7] are the g-Stirling numbers of the first kind.
Remark. It is easy to see that (4.8) generalizes for n > r > 0, to [pﬁf)} = Z?:o (1—q) " 8[j,7] pﬁf).

One could easily deduce the generalizations of the matrix and inverse forms of this system, with the augmented

—

q-Stirling matrices [S,] = (S [i, j]); ;o and [sn] = (s [i, j])

n
i,j=0"

5 Extension to p, g-analog

We know that there is a calculus with two parameters, denoted p, g-analog calculus, whose origin dates back
at least to 1991, and which is reduced to the g-analog when p = 1. Let us briefly recall the definitions that
generalize those of the g-analog given in Section 2. One can consult for more details [5, 6].

7 n

[y = e = g g2 e g 4
p—q
n [n],,!
gt = W Byl ond 7] = e
p.q p.q “lp,q P.q k] [k:]p’q! [n— k]p’q!

F(pt) — F(qt)
t

Do (t) = (p—2q)

s

then D) (F(t) = Dy q (D} F(t)).

Specifically

Dy " = [T]pﬂ! {Z] e
p.q

)

The definition of the p,q-analog of the pgf) follows that of the g-analog.



Definition 5.1 We set forn >r >0,

which implies in particular [p;‘”} = 52.
P.q

We verify that the calculations of Section 3 transpose to this p,g-analog, with in particular

Dr pq'Z[ ] ent™™",

n>r p.q
and

[1],.46" 1 0 0 0

:_2 pgCrtl e 1 0 . 0

TT P r42 €2 e1 1 0 0

[pff)} = '

p.q .

0

1

[:nl]pﬂen €n—r Ep—r—1 . . . €2 €]

Particular case r = 1 : we also denote [ %1)} = [pn] p,q and we get the following p, g—analogs of the
Pq

classical case (see [11, Example 8]), with inside the determinants the p, g-analogs of the square brackets :

e, 1 0 0 . . 0 p1] (1] 0o 0 . . 0

ez e 1 0 . . 0 2] [ 2 0 . . 0

[pn]p,q = . . . .. . . , [n}p,q! e, = . . . o ) )
0 : . S 0
. . . .1 . . . [n—=1]

len ent ena e @ pal ] [pa—al - ol pd]

We leave it to the reader to verify that the proof of (4.6) extends without difficulty to the p, g-analog and
gives :

Proposition 5.2 We have for alln >r > 1,
<r)} G = (J\ ]!
l=r P.q

Things get more complicated if we want to extend Theorem 4.1. There are indeed p, ¢-Stirling numbers of
the first and second kind [5, 18]. But as indicated in [5, page 104], there is no p, g-analog of (4.2) which we used
to go from (4.6) to (4.4). This apparently prevents getting a p, g-analog of Theorem 4.1.

(r)

6 The polynomials J, ' and their linear recurrence

We now study the specialization e, = q( ) /n! which corresponds to the g-deformation of the exponential
series defined by (1.2). We begin with two lemmas.

Lemma 6.1 For the g-deformation of the exponential series defined by (1.2), and n > r+ 1> 2, we have

P = %q(é) Py (6.1)

where for allm > 1, [py],. is deduced from (3.8) with in the determinant e, = q(2)/n' and [n] = [n],. given by
Definition 2.1.




Proof. Lets start from (3.6) with e, = q( )/n' We factor the first column by q( )/r' then we subtract the
first column from the second, which gives

1 0 0 0 0
L0 g
' T 1 0 0
q(7J2r;)_(;) (2) 1— q2r
q\2 1 1 0 0
o 2! 2!
p(’l") . q 2 . .
ST e |
i) (7 1 r
q 2j' 2 q(%) 1 j'q 0
q(g)i(g) (ngr) 1— q(nf’r)r q(nigil) @
(n—r)! ¢ (n—r)! mn—r—-1t -~ ° 2
For1<j<n-—r, wehawel—¢" =(1-q")[j 4~ We therefore factor the second column by (1 —q"), then we
expand the determinant with respect to the first row. Hence,
1 1 o . . . 0
(2)
q
2l L5 ! 10 0
0
r 2]
() — i (1—q¢") .
ro 8
. q\? 0
[j}qr ]!
. . L. . 1
L) 0
n=1lgr (n—r) (m—r—1! ~ 7 2r

By comparing this determinant to (3.8) and taking into account Definition 2.1 with ¥ (q) = ¢", we have indeed
obtained the second member of (6.1). m

Lemma 6.2 For the formal series E.p(t) =, q( )t"/n' we have
D" Eop(t) = 42 By (q7). (6.2)
Proof. On the left handside we have formally

Zq _Zq oonl n_r_i (mery
o n! n! (n—r) N 4 m!’

n=r m=0

On the right handside we have

., [e’e} rt)m o ” m tm,
q( )Exp q t = q Z q Z q(2)+( )+7TL7 2
m=0 m=0 m:

and we check that

It is now possible to introduce very naturally a class of polynomials with positive integer coefficients.

Theorem 6.3 i) For n>r>1 and E,p(t) =Y, Oq( )t"/n' we have
A0

N (1" "t
Pn (1=q) rl(n—r)!

I (q), (6.4)

n



where J,(f) is a monic polynomial with positive integer coefficients, a constant term equal to (n — r)! and whose
degree is (";1) - (’;1). Moreover, for allr >1 JT(T) =1
it) The polynomials JT(LT) satisfy when n — 1 > r > 1, the linear recurrence whose coefficients

belong to N[q| : )
J0@) =S [ o (” ) ) 19D (0). (6.5)

This recurrence suffices with the initial conditions Jr(r) =1 forr > 1, to calculate all the JT(LT) forn>r+1.

Proof. Let first prove i)
a) For n = r. From (3.1) and Lemma 6.2 we have

) (e = LD By l) q<>E Ewy(q't)
= rl Eu(t) g ( )

The constant term of the formal series quotient E,,(q"t)/Eyp(t) is Eyp(¢m0)/Exp(0) = 1. Thefore the
constant term of the series on the left handside of the above equation is pg) = q(;)/r!. By comparison to (6.4)
we get J., =1 and this polynomial verifies all the assertions of item i) of the theorem.

b) For the general case n > r > 1 we reason by induction on n. For n = r = 1 it is a particular case of a)
and it is therefore proved. Let’s assume true the theorem for all pairs of integers (I, j) such that 1 <! < n and
1 <7 <I. And let’s prove it for n 4+ 1 and all r between 1 and n (since it’s already proved for r = n + 1 by a)).
We have with Lemma 6.1

q<;>

(r)

pn+1 (1 —q ) [pn—&-l—r]qr ) (66)
and the particular case (4.7) of Theorem 4.1 gives
n+l—r
Prs1-r]yr = Z (1—q")" 11”5311 r
j=1

But for 1 <r <n we have 1 <n+1—1r <mn, so the induction hypothesis applies to pglj_?_l_ﬂ hence

miir . s O "
_ AV _ yntl-r—j J
e YL R (S b tres = e
Jj=1

by replacing this expression in (6.6) we get after some easy transformations

p(r) —(1- q)n+17r q(g) nir [r]j n+1-r q(g)J(j)
et rl(n+1—r)! j ntl-r:

=1 J
Let
r [ A S )
J’r(LJZ](q) = Z [r]ﬂ< ; )q(2)Jn]+1r7 (6.7)
j=1

then we have verified (6.4) for n+ 1. Moreover, since (6.7) links J,(Ql to polynomials which have positive integer
coefficients by the induction hypothesis with coefficients which are themselves polynomials in q with positive
integer, it is the same for J7(l_21

On the right hand side of (6.7) the degree of each term of the sum is by the induction hypothesis

e (0 (")) = e (D) (1) - () = (1) et

It is clearly maximum for j =n+1—r and is then (}) — (Tgl) (use (6.3) with m = n — r). The coefficient of

the monomial of maximum degree n + 1 — r, is Jr(fﬁl ") which is equal to 1 by a). J,(;Zl is therefore a monic
polynomial.

When j = 1 the term of the sum is [r] (n + 1 — ) Jr(Llﬁl +(q). This polynomial has an order equal to zero and

it is the only term of the sum having this property. The order of .J,, (r )1 is therefore zero and its constant term is
by the induction hypothesis (n+1—7r).(n—r)!l=(n+1—r). Which ends the proof of i).

10



Proof of item i) Equation (6.5) is none other than the equation (6.7) defining J7(1T+)1 in the proof of i).
(6.5) is therefore proved for all n and r such that n — 1 > r > 1. Arrange the polynomials in a triangular table

as shown below (we can also set J =0ifn<r by convention). We see that linear horizontal recurrence (6.5)

makes it possible to determine row by row all the polynomials such asn > r. ®

"l 2 3 4 5
n
1 1
2 1 1
3 24q 1+g¢ 1
4 6+6q+3q2+q§ . 2+3q+2q2+2q3 ; 1+q+4q° . 1

24 + 36q + 30g* + 20q 6 4+ 12q + 12¢° + 10q 2+ 3q + 4q°+

° +10g* +4¢° + ¢° +6¢* + 3¢° + ¢° 3P togtp g | LTOTOTE )

Table 1 : Polynomials I for 5>n>r > 1.

Exemple of application of Recurrence (6.5) for n = 6,7 =2 :

TP =40+ IV +6(1+9) 7¢I + 41+ I+ (1+9)" ¢,

hence : I =24+ 60q + 78¢2 + 80¢3 + 68¢* + 527 + 35¢° + 207 + 10¢® + 4¢° + ¢°.
n j .
Case r =1: (6.5) gives for all n > 1, Jn+1( )= (?)q(2) JT(LJ)(q).

Jj=1

Recurrence (6.5) can be generalized in the following form, by setting for all n > 0, JO = 0,0 and [0]2 =1

Corollary 6.4 We have for all pair of integers (n,r) such thatn >r >0

T (g Z_: (” J_ r) I (). (6.8)

7=0

Proof. If n > r > 1, (6.5) implies (6.8) since the added term contains JfL )T which is zero.

If n. = r > 1, the left side of (6.8) is 1 and the right side is [0]° ¢° ) Jéo) =1

If n > r = 0, the left side of (6.8) is JT(LO) = d5,0 and on the right side, the sum is reduced to the first term
0°¢°(3) I8 = 6,0. m

Now let’s make the connection with the polynomials introduced previously of which we briefly remind the
genesis. We refer to [20] for more details. In [12], Mallow and Riordan defined the inversion polynomial enumera-
tor for rooted trees with n nodes, that they denoted J,,. Then Stanley [15] and Yan [19] successively generalized
the definition of inversion polynomial enumerator to sequences of ”colored” rooted forests, which correspond
to classical parking functions in the terminology of [20, Section 1.4.4]. These polynomials are characterized by
a pair of parameters (a,b) and denoted L(ff )Tt has been proven combinatorially that [19, Corollary 5.1] :

am—i—b(m)ﬁ
tm 2>:0q ’ m!

DN N L N—
m>0 me > qb(?)f

m>0 m!

(6.9)

Note that these polynomials have other combinatorial representations and are still the subject of recent
research (see for example [9, 17]).

Corollary 6.5 We have for alln >r > 1,

IO =1 o b = g0 (6.10)
Proof. For a = r,b =1, (6.9) becomes
qT"H'(Zl) t"n
m ey m)!
S (g1 e o) (6.11)
m30 (m)! g
- m=0 n!
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The denominator of this fraction is Ey, (). For the numerator we have by Lemma 2, D"E,,, (t) = q(;) E.p (¢"t) =

q(2) > m>0 qrm+(2)tm/m!. So by multiplying (6.11) by q(2)/r! and with m =n —r,

(T thr 1 D"E,, (t)
1) (2>I(T’l) _ < xp . 19
Z (g =177 gy rlin—r)t 7l E (%) (6.12)

n>r

By identifying the coefficients of (6.12) and those of (3.1) we therefore obtain for E,,, (¢)

.0

(N (147 Y
that is to say by comparison with (6.4), I = Iff;?. ]

Case r = 1 corresponds to the case of a tree [12]. So we have I = Jp, which gives another notation for
I,

We see that our study clearly differs from that of the previously cited publications. In these, polynomials
L(ff ) are introduced combinatorially and Equation (6.9) is also deduced combinatorially. On the contrary we
defined formally the polynomials Jr(f) by recursive application of Theorem 4.1 on the g-analog of the symmetric
functions pgf). Recurrence (6.5), inherent in the proof of Theorem 6.3, will lead in return to a new combinatorial

representation of the Jy) in Section 9. Note, however, that our approach only applies to the class of polynomials
given by (6.10).

7 Reciprocal polynomials

Definition 7.1 The polynomials E are defined by
(@) =)0 /). (7.1)
These are the reciprocal polynomials of Jy(f)

Since J\”) = J, (7.1) is equivalent to

n—1

IO (@) = ¢ =250 (1/g). (7.1bis)

It is well known that these reciprocal polynomials are equal to the sum enumerator of the corresponding
parking functions which definition we recall. We will refer for more details to [20] from which we almost adopt
the notations for the parking functions of our case, i.e when parameters (a,b) = (r,1). Let m = n — r and
let PK,,(r,1) designate the set of parking functions associated with the sequence r,r + 1,7+ 2,....7 +m — 1.
PK,,(r,1) is the set of sequences of integers a = (a1, as, ..., &, ), such that :

agy <r+i—1 for 1<i<m,

(a(l), a2y, - a(m)) being the sequences of a; ordered in a non-decreasing way.
We therefore have with |a] = ay +as + ... + am

7n+r(q) = Z q\a\ = Sm (Qa T’) )

acePK,,(r,1)

where the second member is the sum enumerator written Sy, (¢;7) (instead of Sy, (g;r, 7+ 1,r +2,...,r + m — 1)
n [20]). We verify that this relation is still true if m = 0, on the condition that we set PKy(r,1) = § and
Sl =1
ach

With (7.1bis), (6.5) gives :

12



Corollary 7.2 The reciprocal polynomials JT(LT) satisfy when n —1 > r > 1, the linear recurrence of which
coefficients are elements of N[q]

@) =S ) (" - ) 19 () (7.2)

We could alternatively use this recurrence to find the table of Jr(f) with Jy) =1

In [10] Kung and Yan presented an alternative study of parking functions from Goncarov polynomials. It
is interesting to compare our linear recurrence (7.2) with a linear recurrence resulting from this study. This is
Equation (6.2) in [10] (or (1.27) in [20]), which in our case and with our notations is written :

G m T m— k T
=55 (M) T,
k=0
which is equivalent with m+r=n andl =k +r, to
Gl (T Gl
L—q)" "I (q) =1— I i § ) i AN O 7.3
R S N LB RO (7.3
To see the difference, let’s take the example of n = 6,r = 2 :
I =41+t TV +6(1+9)° ¢ P +4(1+ 9> PIP + 1+ 9" TV, (with 7.2)
(1-* I =1- I —4g° (1 — ) I — 64° (1 — 0)* J? —aq® (1 — ) IS, (with 7.3)

Let call Table 2, the table - not shown here - deduced from Table 1 by replacing the polynomials JT(LT) by

their reciprocals JT(LT). The two equations above show that :

* On the one hand, our recurrence relation (7.2) is horizontal using here row 4 of Table 2, and the coefficients
belong to N{g.

* On the other hand, the recurrence relation (7.3) is vertical using here column 2 of Table 2, and the
coefficients belong to Z[q].

8 An explicit formula for the Jﬁf)

From the recurrence formulas of Section 6, we will prove the following theorem which is declined in two
versions corresponding to the two versions (6.5) and (6.8) of the recurrence relation. We first generalize the
notations used for integer partitions.

Notation 8.1 Let u = (uy,us,...,ur) be a sequence of strictly positive integers, we set

lu| =us +ug + ... +ux  and n(u') = (u21> + (u;) + .t (u;)

Note that u’ is not defined in this case, only n (u’) has a meaning given by the above formula. More generally
if U is the set of infinite sequences of integers u = (u1, ug, ...) with u; > 0, such that only a finite number of the
term wu; are non-zero, we can extend the above notations to all u € U by

jul =3 i and n(u)=3" @)

i>1 i>1

Theorem 8.2 a) For any pair of integers (n,r) satisfyingn —1>r > 1 we have the explicit formula

J0(g) = S o]l e ] qn<"’>( e ) 8.1)

UL, U2, ..., Ug
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where the sum is over the k-multiplets of strictly positive integers u = (uy, ug, ...,ur) with k > 1 and |[u| =n—r,

k
with n(v') = 3 (%) and where (u1 - uk) is the multinomial coefficient.
~ U2,y

b) For any pair of integers (n,r) satisfying n > r >0 we have :

T @) = (=) Iy a O T [uiq, (8.2)

i>1
where the sum is over the sequences u = (u;);, € U satisfying |u| = 3,5, u; = n—r and withn(u') = >, (5)-

As we will see below, the sum in (8.2) contains only a finite number of non-zero terms. Note that if b) is
apparently more complicated than a), it is in fact easier to prove.

Proof. We first show the equivalence of a) and b), when n —1 > r > 1.

In order for the general term of the sum in (8.2) to be non-zero, it is necessary - taking into account [0]" = 6
- that the finite number (say k) of non-zero terms of the sequence u, occupy the first k& places in this sequence.
In other words, the summation can be limited to these sequences, which we call commencing sequences, and we
denote by (8.2bis) the summation deduced from (8.2) and coresponding to these commencing sequences. The
application, which associates to a multiplet of the sum of (8.1) (uy,usg, ..., ur) with uy +ug + ... +up =n —r
and k > 1, the commencing sequence u = (u1, ug, ..., uk, 0,0, ...) with |u| = n —r | is clearly a bijection between
the two summation sets of (8.1) and (8.2bis). Moreover, we check that the value of the terms in the respective
sums, thus put in 1-1 corespondence are equal. The three sums (8.1), (8.2) and (8.2bis) are therefore equal.

Let now prove (8.2bis) for all n > r > 0.

1) If n = r, the condition |u| = > ,5;u; = n—r = 0 implies u; = 0 for all ¢ > 1. The sum in (8.2bis)

therefore reduces to 0! [r]° ¢°[0]°.../0!.. = 1 which is indeed equal to I for all r > 0.

2) If r = 0 and n > 0, it is necessary for a commencing sequence u verifying |u| = n — r > 0, that its first
term wu; be non-zero. Therefore, the term indexed by u in the sum of (8.2bis) is zero, since its contains the factor
[0]“" = 0. Hence, the sum in (8.2bis) is zero, which is indeed I for n > 0.

3) Let now prove by induction on n the general case n > r > 0.

When n = r = 0, it has already been checked by 1). Assume that relation (8.2bis) is true for any pair of
integers (I, j) such that 0 <1 <n—1, 0<j <[ and show that it is true for {=n,n>0and 0 < j=7r <n.

If r = 0, it is the case 2) already proved since n > 0.

If r = n, it is the case 1) already proved.

So suppose 1 < r < n — 1. The set of commencing sequences verifying |u| = >, u; = n —r > 0 can be
decomposed according to the value of u; into :

*uy =1, from where >, ou; =n—1r—1,

and in a general way for 1 < j <n—r:

*uy = j, from where )", ,u; =n—1r—j.

Equation (8.2bis) can therefore be written

VUCE SICCl G RICETES D DI RV E | C e PRCE)
j=1 uz+uz+...=n—r—j i>2 v

Let v; = ujqq for i > 1, then v = (v;),5, is a sequence satisfying |v| = (n — ) — j and the square bracket in

(8.3) can be rewritten
Vi1

(=)= DYl ) T e

;!
i>1 v

where the sum is over sequences v of integers such that |[v] = n —r — j. But this sum is JT(LJE according to the

induction hypothesis.The second member of (8.3) is therefore

:ZI ) q®) (n B T) J9 (.

T

J

which is indeed equal to g, according to (6.5). m
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Case ¢ = 1. We obtain with (8.1)

J(1) = Z TR T ( ner ) = rp""L (8.4)

urtus+...fup=n—r U1, Uz, ooy Uk
w1, k>1

Tt follows from the generalization, made in [19] to interpret polynomials Iy(,‘f ) as inversion enumerators, that

) (1) is equal to the number of forests on n vertices (including the roots), comprising r rooted trees whith
specified roots. The set of these forests is denoted by F,, (r,1) in [20] with here m = n —r. Note that according
to [16, Proposition 5.3.2], the number of these forests is J,(f)(l) = rn™~"~! which can also easily be verified by
induction.

Equation (8.4) can be linked to a formula given by Katz, whose description and reference can be found
in [13, page 19]. This formula gives the number of connected directed graph or functionnal digraph, made up
of rooted trees whose roots determine a directed cycle. If the cycle has length r and if the number of nodes
including the roots is n, then this number is with our notations [13, Formula page 19] :

n—r
D =(r—1)! R T Ty . 8.5
(n7’r) (r ) Z no ukil <u17u27"'7uk> ( )
urtuz+...tug=n—r
w>1, k>1

It is easy to deduce (8.5) from (8.4) by multiplying the number JT(LT)(I) of forests with r rooted trees by the
number of cycles (r — 1)!, that can be formed with the roots. On the other hand, Katz’s proof of (8.5) consists to
enumerate the digraphs according to the numbers u; of nodes located at distance ¢ from the cycle. This suggests
that conversely, Equation (8.1) could be interpreted, putting aside the factor (r — 1)!, as a g-refinement of the

Katz’s enumeration. It is this statistic that is the subject of Section 9.

9 Level statistics on forests

We denote F,, g the set of rooted forests whose vertices are V' =n = {1,2,...,n}, and whose roots are a
specified subset R C n with |R| = r. F, g is equipotent to F,,_, (r,1) of [20]. We assume until further notice
that n —1 > r > 1, therefore R C n. Let F' € F,, g, k will designate the height of F, i.e. the greatest height of
its trees. For ¢ an integer between 0 and k, let V; = {v € n; distance of v from the root = i} and w; = |V;|; in
particular Vo = R and ug = r. The map which to v € n associates V; such that v € V; is denoted Lp, Lp (v) is
the level (or generation) of v.

We necessarily have ug + u1 + ....ux, = n . According to the previous section, we have with these notations
and r < n — 1 which implies £ > 1

w s w n—r
|Forl=J0 (1) = Z ugtuy? ( )

Uy, U2,y ..., U
uotur+...+ur=n 1, U2y eeey Uk
uo=r, u; >1

Level statistics can be described quite generally with the following definitions.

Definition 9.1 Let 2™ be the set of subsets of n. A ranking p on 2™ 1is the data for each P € 2" of a bijection
from P into p = {1,...,p} where p =|P|, bijection denoted p (P).

Exemples of ranking on 2" : the increasing ranking p, is the one for which p, (P) is the increasing
bijection for all P € 2™; the decreasing ranking p_ is the one for which p_ (P) is the decreasing bijection for
all P € 2", Any combination of p, and p_ is also a ranking on 2*, for example that which is equal to p, if | P|
is even and to p_ otherwise.

Definition 9.2 Let p be a ranking on 2™ and Fy g the set of forests defined above, n and R being given. The
weight associated with p of a vertex v of F € F, g is wy(v) = p (L (v)) (v)

Note that this weight depends only on p and the generation of v. We note p (v) the (only) parent of the
vertex v € n — R.

Example of a weighted forest with n = 13,7 =3,k =4, R = {7,11,2} and p, . The forest F' € Fi3 R is
represented in Figure 1. For each of its vertices v labeled in black, we have indicated in red the weight associated
with p, . The cardinal of each of its level is also indicated on the right.
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up = 3

U = -’L__

3.5 Uy =5

ty =1 '

FIGURE 1 — A weighted forest F' € Fi3 g with R = {7,11,2}. The label of each vertex is in black, its weight is
in red. u; = |V;| for 0 <i < 3.

Definition 9.3 Let p a ranking on 2", for all F € F, g (n and R C n given), the level statistic l, associated

with p is defined by
() =n() + 3w, (p(0)) ~ 1),

"1) + ( ) + ...+ (“’“) and u; is the number of vertices at distance i from its roots .

where n(u') = (4

For the forest F' represented in Fig. 1, we have

4 5 1
lp, (F) = (2>+<2)+<2) +d4-H)+21-1)+34-H+2-1)+B3-1)+2(1—-1) =31
Theorem 9.4 Letn € N* and R Cn , |R| =r, then for any ranking p on 2™, we have

J(T) Z q Uo(

FeF, r

Proof. For each height k, between 1 and n — r, and each k-multiplet v = (uq,us, ..., ug) with u; > 1 and
|u| = w1 +uz+ ... +up =n —r, we have (m Z;Tuk) possibilities of placing the m — r non-root vertices on the k
levels, i.e. of choosing the k generations Vi, Vs, ...Vx. So we have

1o(F) _ n=r n(w) S ven—r(wo(p(v)=1) 9.1
> S () > SRNCRY

FeFn,r k>1,u; >1 FeF(Vo,Vi,..., Vi)
uy+us+...f+ur=n—r
Here F (Vy, V4, ..., Vi) is the subset of forests of F,, g, with a specified height k, and whose generations V =

R, V1, V5, ...V}, are all specified. This subset of forests is clearly in bijection with the Cartesian product Hf:_ol g;
where, for ¢ = 0 to k — 1, G; is the set of maps from V;;; to V;; the map ¢; € G; associated with a forest of
F (Vo, V1, ..., Vi), being defined by g; (v) = p(v). We then have

k—1
Do ) =1 =3 Y (wy(glv) —1),

vEn—R i=0 vEV41
hence,
S (wp)-1
> e ST 92)
FGF(VO Vi Vk) =0
with

_ Z qzvgvi_H wp(gi(”))_l.

9:€G:
Let us calculate ©; for ¢ between 0 and k — 1. By definition of p, w, = p(V;) is a bijection from V; to u; and
p (Viy1) is a bijection from V;yito u;41. So, for each g; € G;, h; = ®(g;) = p(V;) 0 g; 0 (p(V,_H))_1 is a map
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from u;41 to u;. By construction @ is a bijection from G; to u;”“, so we can make the bijective change of index
h; = ®(g;) . We can therefore write

Ui+41

Oi=>, o 1" = (gt e,
i j=1

the second equality above, comes from classical combinatorial results (see for example Th.A p. 127 in [4] with
M =u;.1, N=u;, u(z,y) = ¢ ! and R = M x N). By transferring these expressions into (9.1) we obtain

k—1
Z qlp(F) B Z (Ul,ZQa_..,,j, uk> qn(U/) H [“4;”“ )

FeFn r E>1u;>1 i=0
uytus+...fFur=n—r
which with (8.1) ends the proof. m
Remark 9.5 We can include the case R =V = n in the previous theorem. F, v reduces to the empty graph

E,, (n wvertices without edges) and it suffices to set for all ranking p, l, (E,) = 0. We verify that J =1 =
S pery 075 = g E).

Case of reciprocal polynomials. By replacing the formulas (7.1bis) in the formulas of Theorem 8.2 we

can obtain explicit formulas for the J,ST). For example we get from (8.1) :
Corollary 9.6 For any couple of integers (n,r) satisfyingn —1>r > 1 we have

U, U2, ..., Ug

" u u uk _o(u)+r(n—r—u n-—r
D)= L0l el g0 ) (93)
where the sum is over the k-multiplets of strictly positive integers u = (uy,us,...,ug) with k > 1, |u] = n —r,
and o (u) = o1 <i i<, jzive Uil
It is possible to define level statistics from the formula (9.3) which can still be written
(r) _ u u ur o () n—r
n(q) = Z [UO]ql [ul]q2 [uk_l]q q (ul’u% ) (9.4)

where the sum is over the multiplets & = (ug = r, uy,uz, ..., ux) such that |u] = up + u1 + ... + u, = n and
o(u) = Zogi}jgk, G>ito Uills.

We let the reader verify that for any ranking p on 27, 1, defined below is a statistic for J (q)

L (F)=0@+ Y (w,(p(v))~1).

veEn—R

Let us point out in conclusion that the polynomials Jff) and the formulas exposed in this article - as well as
their reciprocals - are susceptible to other combinatorial developments which will be presented in future articles.

Moreover in the recent article [1] the author introduces a family of polynomials denoted Jy, indexed by the
set of integer partitions and with coefficients in Z. These polynomials generalize the polynomials J,, in another
direction than the polynomials JT(LT). It is conjectured and partially proved in [1] that these polynomials Jy have,
like J,,, strictly positive and log-concave coefficients.
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