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Abstract

In this paper we extend the work of [1] to study combinatorial problems via the theory
of biorthogonal polynomials. In particular, we give a unified algebraic approach to several
combinatorial objects, including order statistics of a real sequence, parking functions, lattice
paths, and area-enumerators of lattice paths, by describing the properties of the sequence of
Goncarov polynomials and its various generalizations.
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1 Introduction

The main content of this paper is to use theory of sequences of polynomials biorthogonal to a
sequence of linear operators to study combinatorial problems. In particular, we described the al-
gebraic properties of the sequence of Goncarov polynomials and its various generalizations, which
give a unified algebraic approach to several combinatorial objects, including (1) The cumulative
distribution functions of the random vectors of order statistics of n independent random vari-
ables with uniform distribution on an interval; (2) general parking functions, that is, sequences
(z1,22,...,zy,) of integers whose order statistics are bounded between two given non-decreasing
sequences; (3) Lattice paths that avoid certain general boundaries; and (4) The area-enumerator
of lattice paths avoiding certain general boundaries. The object (2) can be viewed as a discrete
analog of (1). In literature, objects (1) and (3) have been extensively studied by probabilistic ar-
gument and counting techniques. General parking functions with one boundary has been studied
in a previous paper by the first and the third author [2].

The contribution of the current paper is to put all four problems in the same umbrella, and
present a unified treatment. For object (1) and (2), the corresponding polynomial sequences is
Goncarov polynomials, which are outlined in Section 2. This section also contains an introduction
to the theory of sequences of biorthogonal polynomials. In Section 3 we describe the sequences of
difference Goncarov polynomials. The combinatorial interpretation of difference Goncarov polyno-
mials is lattice paths with one-sided boundary, which is given in Section 4. Section 5 and 6 are
on g-analog of difference Goncarov polynomials, and its application in enumerating area of lattices
paths with one-sided boundary. The two-sided boundaries for both parking functions and lattice
paths are treated in Section 7.

2 Sequences of biorthogonal polynomials and Goncarov polyno-
mials

We begin by giving an outline of the theory of sequences of polynomials biorthogonal to a sequence
of linear functionals. The details can be found in [1].

Let P be vector space of all polynomials in the variable x over a field F' of characteristic zero.
Let D : P — P be the differentiation operator. For a scalar a in the field F, let

g(a) : P — F, p(z) — p(a)

be the linear functional which evaluates p(z) at a.



Let ps(D),s =0,1,2,... be a sequence of linear operators on P of the form
o0
ps(D) =D*> by D", (2.1)
r=0

where the coefficients by are assumed to be non-zero. There exists a unique sequence p,(z),n =
0,1,2,... of polynomials such that p,(x) has degree n and

E(O)QOS(D)pn(.%) = nldsna (2.2)
where dg, is the Kronecker delta.

The polynomial sequence p,(x) is said to be biorthogonal to the sequence ¢4(D) of operators,
or, the sequence (0)ps(D) of linear functionals. Using Cramer’s rule to solve the linear system and
Laplace’s expansion to group the results, we can express p,(z) by the the following determinantal
formula:

boo bor  bo2 ... bo,n—1 bon
0 b bnn ... bin—2 b1,n—1
n! 0 0 by ... b2,n—3 b2.n—2
()= 2.3
Pn(®) boob1o -+ bno | : : : . : : (2:3)
0 0 0 R bn—1,0 bp—1.1
1z 2%2/2! ... 2" Y/ (n-1)! 27/n!

Since {pn ()}, forms a basis of P, any polynomial can be uniquely expressed as a linear
combination of p,(z)’s. Explicitly, we have the ezpansion formula: If p(x) is a polynomial of
degree n, then

pla) =Y dipi(x) (2.4)

7!
i=0

where d; = £(0)p;(D)p(x). In particular,

L | o
xn — n-bz,nfzpz(x)’ (2.5)

‘ 7!
=0

which gives a linear recursion for p,(z). Equivalently, one can write (2.5) in terms of formal power
series equations, and obtain the Appell relation

wt — Pn(®)pn(t
e _z;)p(i;f(), (2.6)
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where ¢, (t) =173 72 bert”.

A special example of sequences of biorthogonal polynomials is the Goncarov polynomials. Let
(ag,a1,az,...) be a sequence of numbers or variables called nodes. The sequence of Goncarov
polynomials

gn(xa A, A1y -y an—1)7 n = 07 17 27 s
is the sequence of polynomials biorthogonal to the operators

o0

at D"
_ s s
r=0
As indicated by the notation, g,(x;ag,a,...,a,—1) depends only on the nodes ag,ai,...,an—1.

Indeed, from equation (2.3), we have the determinantal formula,

1 ag  aj ag”’ ag
ao 31 73U (-]l 7wl
0 1 9 R
ar 3 (=21 (n—1)
n— n—
) ay
gn(z500,01, ..., an-1) = n! 00 1 a .. 55 Goy
0 0 0 ... 1  apn,
272 1‘3 xn—l "
Lz 5 5 o oo W

From equations (2.5) and (2.6), we have the linear recursion

n
n .
n n— .
" = (z’)ai gi(x;a0,a1,...,a,-1)
i=0

and the Appell relation

o tneant
xt .
e’ = Zgn(m,ao,al, . ,an_l)in‘
n=0 ’

Finally, from equation (2.4), we have the expansion formula. If p(x) is a polynomial of degree n,
then

n .
ela;)D'p(x
p(x) = Z (Z)Z.,p()gi(x;ao,ab ey @i1).
i=0 )

The sequence of Goncarov polynomials possesses a set of specific properties, which are listed in
the following. The proofs can be found in [1].



1. Differential relations.

The Goncarov polynomials can be equivalently defined by the differential relations
Dg’n(xa ag, A1, .-, an—l) = ngn—l(QU; ay,0a2,. .- 7an—1)7

with initial conditions
gn(ag;ap, a1, ..., an—1) = don.

2. Integral relations.

X
gn(T500,01, ... ,an—1) = n/ gn-1(t;a1,az2,...,an—1)dt

ao
x t1 tn—1
= nl dt1/ dtz s / dtn.
ap al an—1

3. Shift invariant formula.
gn(z+&ao+& a1 +&, ... an—1+8) = gul(x500,01, .-, Q1)
4. Perturbation formula.
In(T5a0, .. Qm—1, Qm + by Gt 1y« -y Gn1) = Gn(T50, -« - Qm—1, Ay Gt 1s - -+ 5 Ap—1)

n
- m gnfm(am + bm; Amyy Am+415 - - - anfl)gm(x; ap,at, ... 7am71)-

Applying the perturbation formula repeatedly, we can perturb any subset of nodes. For
example, the following formula allows us to perturb an initial segment of length n —m + 1 :

gn(x5a0 +boyar + b1,y apn—m + bn—m, Gn—mt1s- -« An-1)

= gn(T;500,a1, .. Qp—m, Gpnemt1y - Ap—1)

n—m
n
- <i)gn—i(ai + b3 @i, Qit1s - -+, an—1)gi(T3 a0 + bo, a1 + b1, ai—1 + i),
=0
5. Binomial expansion.

n

n .

gn(x +y500,...,an-1) = (Z)gnz(ya Qjy ooy Up—1)X".
i=0



In particular,

n

n .

gn(T5a0, ... an-1) = 2 <i>gni(0, Ajyeney Q1)L
1=

That is, coefficients of Goncarov polynomials are constant terms of (shifted) Goncarov poly-

nomials.

6. Combinatorial representation. Let u be a sequence of non-decreasing positive integers. A u-
parking function of length n is a sequence (x1, x2, ..., x,) whose order statistics (the sequence
(T(1),T(2), - - - » T(n)) Obtained by rearranging the original sequence in non-decreasing order)
satisty @) < u;.

Goncarov polynomials form a natural basis of polynomials for working with u-parking func-
tions. Explicitly, we have

Py (ui,u, ... un) = gn(x;0 —up, @ —ug, ..., — uy)
= gn(oa —UL, —U2y ..., —Un)

(=1)"gn(0;u1, ug, ..., up).

For more properties and computations of parking functions via Goncarov polynomials, please
refer to [1, 2, 3]. In particular, the sum enumerator and factorial moments of the sums are computed.
For u-parking functions, the sum enumerator is a specialization of g,(x;ag,a,...,a,—1) with
a; =14+¢q+---+q¢“ ! Generating functions for factorial moments of sums of u-parking functions
are given in [1], while the explicit formulas for the first and second factorial moments of sums
of u-parking functions are given in [2], and in [3] for all factorial moments for classical parking
functions where wu; forms an arithmetic progression.

REMARK. Sequences of polynomials of binomial type and the related Sheffer sequences can be
viewed as special cases of sequences of biorthogonal polynomials. We shall use a description given
in the classical paper of Rota, Kahaner and Odlyzko [9]. A delta operator B is a formal power
series of order 1 in the derivative operator D,

B(D) =D + byD? + b3D3 + - ..
A Sheffer sequence {s,} (for B) is a polynomial sequence such that
BSn = Sp—1

for all n = 0,1,2,..., The basic sequence {b,} (for B) is the Sheffer sequence with initial values
b, (0) = dp,. Basic sequence is also called sequences of binomial type, which has generating function
of the form

S bal) = eI, (27)
=0 n.
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where f(t) is the compositional inverse of B(x) = x + bex? + bgz® + ---. Sheffer sequences have
generating functions of the form

s(t)

where f(t) is as above, and s(t) = }_, 5 s(0)t" is a formal power series of order 0. Substituting
B(t) for t in (2.8), we obtain the Appell relation

o n 1
S sule) = e, (28)
"0 n:

o\ s(B(1))[B(1)]"
e :Z:%sn(@ng].

From this we conclude that Sheffer polynomials can be viewed as sequences of polynomials biorthog-
onal to operator sequences of the form

where B(t), s(t) are formal power series with s(0) # 0, B(0) = 0 and B’(0) # 0.

It is known that Sheffer sequences with special initial values can be used to study lattice
path enumeration and empirical distribution functions, where the corresponding delta operators
are D and the backward difference operator A. See [5, 6] and their references. For example,
in studying the order statistics of a set of uniformly distributed random variables in [0, 1], let
sn(z) == gn(x;an,an_1,...,a1). Since Ds,(z) = ns,—1(x), we get a Sheffer sequence {s,} with
initial values sy (a,) = 0. Hence computing the empirical distribution is reduced to compute
Sheffer polynomials with given initial values. For lattice path enumeration, one just replace D
with A, (See Section 3 and 4 for details). Niederhausen has used Umbral Calculus to find explicit
solutions for lattices paths in the following cases: (1) the boundary points a,, are piecewise affine
in n, (2) the steps are in several directions, and (3) lattice paths are weighted by the number of
left turns. The Sheffer sequence is also used to enumerate lattice paths inside a band parallel to
the diagonal, which is a special case described in Section 7.

In this paper, we use the framework of sequences of biorthogonal polynomials for the following
reason: (1) It is more general, while almost all the nice formulas for Sheffer sequences can be ex-
tended to this general setting, (2) It is a natural algebraic correspondence for working with parking
functions and lattice paths, by the combinatorial decomposition theorem for parking functions [1,
Theorem5.1], and its analog in lattice paths (c.f. Section 4). And (3). The theory of biorthogonal
polynomials gives a unified treatment to several combinatorial objects simultaneously, including
parking functions, order statistics of a set of uniformly distributed random variables, lattice paths,
and the area-enumerator of lattice paths.



3 Difference Goncarov Polynomial

In this section we discuss the difference analog of Goncarov polynomials, which is the sequence
of polynomials biorthogonal to a sequence of linear operators defined by formal power series of
the (backward) difference operators A. Explicitly, let p(z) be a polynomial in the vector space
P = F[z]. Define

Ap(z) = p(z) — p(z —1).

Note that Ap(z) is a polynomial of x whose degree is one less than that of p(z).

We follow the convention that the upper factorial (™ is z(x + 1)---(z 4+ n — 1). Observe
that the polynomials p,(z) = 2™ form a basis of the vector space P; App(z) = np,_1(x); and
Aipn(:r)‘xzo = 0, whenever i < n. Given a sequence by, b, ..., let g(A), s =0,1,2,... be the
linear operators

[e.e]

ol
ho(A) =D 7N+5. (3.1)
r=0 ’

The difference Goncarov polynomials
In(z;b0, ... bp—1),n=0,1,2,...
is the the unique sequence of polynomials satisfying deg(g,(z; b, - ..,bn—1)) = n and

ws(A)gn(@g bo, ceey bn—l)’:{;:ﬂ = n'ésn

Many properties of Goncarov polynomials have a difference analog. which are listed in the
following list. Most proofs are similar to that of the differential case, and hence omitted or only
given a sketch.

1. Determinantal formula.

1op Wow oY
0 o1 31 (n—1)! nl
6(2) b(n72) b<n*1)
0 1 b 2 ... A 2 __
2! (n—=2)!  (n—1)!
bgn73) b;n—l)
gn(x; bo, cee abnfl) =nl 0 0 1 b2 T =3 (=2) | (3-2)
0 0 O 1 bn—1
22 3 2= )
Loz S 5 o oo




. Expansion formula. If p(z) is a polynomial of degree n, then

p(x) =" wi(A)<’Z,(x))|w=0gi(x; bos - biz1)-
=0 ’

It is obtained by applying D; on both sides and then setting = = 0.

. Linear recurrence. Let p(z) = 2(™ in (3.3), we get

n

n n—i) ~
2" = Z <Z>bz( )gi(ﬂf;bo’ s bica).

=0

. Appell relation.
[o@) tn
— .
(1=8)7" =" gnlx;bo, ... ,bn,l)i(l el
n=0
. Difference relation.
Agn(l‘a bOv ceey bnfl) = ngnfl(li; blv ceey bnfl))

and

§n(bo; bo, ceey bnfl) = 5On-

(3.3)

(3.5)

(3.6)

The above difference relation and initial condition uniquely determine the sequence of differ-

ence Goncarov polynomials.

. Summation formula. When x,bqg are integers, solving the difference relation, we have the

summation

gn(x;b&blv"wbn—l):n Z gn—l(t;bla"'vbn—1>-
t=bp+1

Iterating this when x,b; € Z, we have the summation formula

xT il Z‘nfl
Gt b= S [ S [ S 1]
i1=bo+1 \i2=b1+1 in=bp_1+1
where
wo a(wy) + aw; + 1)+ - + a(ws) if  w; < wy;
Z a(i) = 0 if w =wy+1;
i=wy —a(we+1) —a(we +2) — - —afwy — 1) if w; >wy+ 1.

9

(3.7)



7. Shift-invariant formula. Using a change of variable, the summation relation (3.7), and induc-
tion, one obtain the following shift-invariant formula

gn(x+t;bo+t,... bp—1+t) = gn(xz;b0,...,bp_1). (3.10)

Note that Equation (3.10) holds for all z,¢, and b;’s, since it is a polynomial identity which
is true for infinitely many values of x,t and b;’s.

8. Perturbation formula.

gn(xa b07 s 7bm717 bm + 6m7 bm+17 s 7bn71)
:gn($;b0,...,bmfl,bm,berl,...,bn,l) (3.11)

n\ . ~
- <m> gnfm(bm + 5m; bma bm+1a ce abnfl)gm(x; bOa cen abmfl)-

Applying the perturbation formula repeatly, we get

gn(x;bo+507bl+51,...,bn_1+5n_1)
= gn(x;bo, ..., bn-1) (3.12)

_Z< >gn i b +5z,bz,...,bn_1)§i(3:;bo—|—50,...,bz-_1+5i_1).

9. Binomial expansion. If we expand §,(z + y; bo, . . ., b,_1) using the basis {z(™}, we can get
n
- ny. ;
gn(x 4+ y;b0,. .., bp—1) = Z (l_)gn_i(y; biy... ,bn_l)x(z). (3.13)
i=0

To see this, note that A(z + 3)® =i(z +y) Y, and Ag,(z + b, ..., bu1) = nGn_1(z +
Y;bo, ..., bp—1). Now apply A to both side of Equation (3.13) and set = 0. Equation (3.13)
follows from induction.

Difference Goncarov polynomial of low degrees can be easily computed by the determinant
formula or the summation formula. For example,

go(y) = 1,

Giyibe) = y®—ofY,

Go(yibo,by) = y® — 2y 4 opllp(t) )
G3(y;b0, b1 ba) = 5@ —3650y@ 4+ (6b{Vp5) — 36(P)y V)

—58 4+ 36680 — 6b5p (Vb + 35{Vp(2).

10



In the following special cases, difference Goncarov polynomials have a nice closed-form expres-
sion.

Case 1 b; = b for all . Then
Gz, b, ..., b) = (. —b)™,

Case 2 b; = y + (i — 1)b forms an arithmetic progression. Then we have the difference analog of
Abel polynomials:

- - —y—nb+1)"D 0;
1 n =0.
To see this, verify the difference relation that Ag,(x;bo, .. ) = 1(z;01, ... bp—1)
and g, (bo; bo,...,bn—1) = don. In particular, g,(0;—1,..., = T( ) = n!C,,, where
C, = n%rl (27;1) is the famous Catalan number.

4 Difference Goncarov Polynomials and Lattice Paths

In this section we describe a combinatorial decomposition which allows us to relate the difference
Goncarov polynomials with certain lattice paths in plane.

Let x,n be positive integers. Consider lattices paths from (0,0) to (x —1,n) with steps (1,0) or
(0,1). Denote by the sequence (x, ..., zy) such a path whose right-most point on the i-th row is
(x4,4). Obviously, we always have x,, = x—1. Given by < by < -+ <b,—1 < z,let LP,(bg,...,bp_1)
be the number of paths (zo, ..., z,—1) from (0,0) to (z —1, n) with steps (1,0) and (0, 1) such that
x; < bjfor0<i<n-—1.

It is well-known that the total number of the paths from (0,0) to (z—1,n) in the grid (z—1) xn

r+n—1 (™

is

Another way of counting paths in the grid (z — 1) x n is to decompose the paths into several
classes as follows. Let (xq,...,Z,) be such a path and i be the first row that x; > b;. Each of such
paths consists of three parts: the first part is a path from (0,0) to (b; — 1,4) that never touches the
points (b;, j) for j =0,1,...,4, the second path consists of one step (1,0), from (b; —1,%) to (b;, ),
and the third part is a path that goes from (b;,4) to (z — 1,n). The number of paths of the first
kind is LP;(bo, .- .,bi—1), while that of the third kind is (*~1%#m=7) = % Therefore the
total number of paths is

(n—1q)!

n _ p.\(n—1)
ZLPl(b(]a s bi*l)%'
1=0

11



So

n _ 5.\ (n—1)
" =S LB, . b ) E 0 4.1
;n 7,( 0, s Vi 1) (n—z)‘ ( )
Comparing Equations (3.4) and (4.1), we get
Theorem 4.1 )
LPi(by,...,bi1) = 591(95; T —bo,..., T —bp1).
In particular,
1.
LPn(bo, ceey bn—l) = Egn(o, —bo, ey _bn—l)- (42)

Using the identity (—2)™ = (=1)"z(z —1)(z —2)---(x —n+1) = (=1)"z(,) where x(,) is the
lower factorial, and the determinant formula for g,, we get

b.
Pn(bo,...,b_)—detK ! )} :
J—=1+1) Jo<ij<n1

An equivalent description for LP,(bg,...,b,—1) is the number of integer points in certain n-
dimensional polytope considered by Pitman and Stanley in [8]. Let

II,(x) :={yeR":y; >0and y1 +yo+ - +y; <1+ +a; forall 1 <i<n},

Pitman and Stanley computed the number of integer points in the polytope II,, when x1,...,x,
are positive integers, and gave the formula

:c1+1 (k1) [ xsz
N(ILx) = 3 G

keK, =2

where

7 n
Ky={keN":> k>jforall1<i<n-—land » k =n}.
i=1 i=1

Letting bg = 29 + 1, b; = 1 + Zj':o x;. Every integer point y = (y1,...,yn) € II,(x) corresponds
uniquely to a lattice path 0 <rg <ry <.-- <7,_1 where r; = Zizo y; < b; for all i. Hence

N(IL,(x)) = LP,(bo, b1, ..., bp_1) = det [(y _Z’;Jr 1” . (4.3)

12



Formula (4.3) can also be derived from the Steck formula (c.f. Theorem 7.3) on the number of
lattice paths lying between two given increasing sequences [11, 12]. The detailed can be found in
the monograph [4] and corresponding theory of biorthogonal polynomials are presented in Section
7.

As an application of (4.2), let b; = i. Then LP,(1,2,...,n) counts the number of Dyck paths.
We have LP,(1,...,n) = %gn(o; —1,...,—n) = n%rl (2:), again obtain the famous Catalan number.
In general, we can consider the number of lattice paths from (0,0) to (r + un,n) (r, u € P), which
never touch the line x = r + py. This is just the case where b; = r + (i — 1)u, and the number is
given by

1
LP,(r,r+ p,r 4+ 2p,...,7+(n—1)u) = agn(O;—r,—T—u,---,—T—(n—l)u)

1
= —'T(T +np+ 1)
n!

- r+n(ru+1) <T+n(:+1)>’ (4.4)

a well-known result. (See, for example, [4, p.9]. In particular, for r = 1 and p = k, it counts the
number of lattice paths from the origin to (kn,n) that never pass below the line y = x/k. The
formula (4.4) becomes ((k+1)"), the nth k-Catalan number [10, p. 175].

kn+1 n
We can reinterpret the perturbation formula (3.12) using paths. Given two paths (ag,...,an—1)
and (cg,c1,...,cq—1) with a; < ¢, We consider all paths that never touch (cp,c1,...,¢n-1)-
First, it is LP,(co,...,cn—1) as defined. Secondly, we can also count the paths that never touch
(coy...,cn—1), while they touch the path (ag,...,a,) on i-th row for the first time. The total
number of such paths is LP;(ao,...,a;—1)LP,—i(¢; — a;, ¢it1 — Giy. .., Cn—1 — ;). So we have the
formula

n
LPn(CO, NN 7Cn—1) = Z LPi(ao, ey ai_l)LPn_i(ci — A3, Ci4+1 — Qg5 ...y Cp—1 — ai) (45)

i=0

+LP,(ag,...,an).

Converting the equation using difference Goncarov polynomials, we have

gn(T;2 —ap,x —ag,..., & — ap_1)

= gn(z52 —co, ..., 2 —Cp1)

n
n\ _ _
— Z < ,>gn_i(0;ai — Ciyoooy @i — Cp1)Gi(Tx — ag, ..., T — aj—1).
i—o \!
Replacing z — ¢; with b;, ¢; — a; with ¢;, and using the shift formula (3.10) on

13



Gn—i(05a; — ¢iy ... a; — cp—1) by
gn—i(0;a; — ciy...,a; —cp—1) = Gn—i(0; —=0i,bixt1 — bi — 04y ..., b1 — bj — ;)
= Gn—i(bi + 0i; b5, bit1, ..., bp_1),

we get the perturbation formula (3.12) again.

REMARK. Let by < by < b,—1 be a sequence of integers. Denote by LPJ the set of integer
sequences (rg < 11 < -+ < rp—1) such that 0 < r; < b; for i = 0,1,...,n — 1. Then LP;, the
cardinality of LP}, can be obtained as follows: Let s; = r; — (i — 1). Then sg < 57 < -+ < 85,1
and 0 < s; <b; — (i —1). Hence LP~(bo,...,bp—1) = LP,(bo,b1 — 1,...,bp—1 —n —1).

Alternatively, we can use the forward difference operator Ay and its basic polynomials z(,) =
z(x—1)...(z —n+1) to replace A and (™ in (3.1), where Ap(x) = p(z + 1) — p(z). Explicitly,
let s(Ar) = >02, %A?S. Denote the corresponding sequence of biorthogonal polynomials
by Gfn(x;bo,...,bp—1). The determinant formula of gy, (x;bo,...,b,—1) is obtained from (3.2) by
replacing each upper factorial a(¥) with the lower factorial agy =a(a—1)...(a—i+1). Under this

setting, we have LB (bo, ..., bn—1) = 5G7n(0; —bo, - .., —bp_1).

The above two approaches yield the following determinant formulas for LP;~(bg, ..., by—1).
b bt i
i = [(T)] a0
J=i+1)locijen J=i+ 1) Jocijcn

5 ¢-Goncarov Polynomial

For u-parking functions, the sum enumerator Sy(g, u) = >, . qutazttan where (ay,. .., an)
ranges over all u-parking functions, is just the specialization of the (differential) Goncarov poly-
nomials where wu; is replaced with 1 + ¢ + --- + ¢!, This is not the case for lattice paths and
difference Goncarov polynomials. Define the area-enumerator of lattice paths to be

Area,(q;b) := Z grotTt ey (5.1)
(z0,--sZn—1)ELP, (b)
where LP,,(b) is the set of lattice paths from (0,0) to (x — 1,n) (x — 1 > b,—1) that never touch
(bo, b1, ...,bp—1). Note that xg+x1+ - -+ x,_1 is the area of the region bounded by the path and
the lines x = 0 and y = n. To study Area,(q;b), we develop the g-analog of difference Goncarov
polynomials.

We use the following the conventions that (n), = i (n),! = (1), -+ (n),; and the rising
g-factorial

. B (1—-A4)---(1—A¢"Y if n>0,
(A @) = {1 if n=0.
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Let p(y) be a polynomial in the ring F'(¢)[y]. Define

p(y) —p(y/q)
B = S0y

It is easy to check that Agp(y) is a polynomial of y whose degree is one less than that of p(y).

Observe that the polynomials p,(y) = (y;q)n form a basis of the ring F(q)[y]; Agpn(y) =
(n) pn-1(y); and Af]pn(y)|y:1 = 0, whenever i < n. Let 9,(Ay), s =0,1,2,..., be the sequence
of linear operators

ot

7vz’q,S(Dq) = Z
s=0

and define the difference g-Goncarov polynomials g, (¢;y;b) = gn(q;y;bo, ... ,bn—1) to be the se-
quence of polynomials biorthogonal to ¢, s(A,), i.e.,

Da,s(Dq)gn(y; D3 )],y = (1), 95

Similar properties satisfied by the regular Goncarov polynomials can be generalized to a g-analog
for the difference ¢-Goncarov polynomials. We list the main results in the following.

1. Determinantal formula.

bo; bo; b03@)n— bo;@)n
(o iégﬁjﬁ E;ﬁf})qll (b(&fq)!
1;9)2 1;9)n—2 1;9)n—1
0 1 by ), (n—2),! (n—1),!
0 0 1 by o (b2s@n-3  (b2:@)n—1
9n (@Y b0, -, bp1) = (1), m=3)gt (=2}
0 0 0 0 1 brn_1
) (139) (39) W@ n— G
L B OBR o e G

2. Expansion formula. For any polynomial p(y) € F(q)[y],

“~ ¥q,i(Bq =
ply) = uil ()igpfy))|y “gn (g i bo, - -, bic1), (5.3)

1=0

To verify, apply D; on both sides and then set y = 1.

3. Linear recursion.

" n
(Y @)n = <Z> (bi; On—igi(q; v bo, - . ., bi—1). (5.4)
=0 q

i
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4. Appell Relation. Since
Z (CL; Q)ntn . (at; Q)oo

(@ Dn (t: @)oo

where (a;¢)oo = [[72(1 — ag®), we have the generating function

- bit;q [e's)
(Wt @)oo = > gi(q; 3 o, .- "b“)((z')?
i=0 7

tz’

5. Difference relation.

Aggn(a; Y5 o, - - -, bp—1) = () gn—-1(q; ¥; b1, - - ., bp1), (5.5)

with the initial conditions
gn(q7bO7b07 -'7bn—1) = 6077,- (56)

6. Binomial expansion. The binomial expansion of Goncarov polynomials becomes

0oy bo. - burid) Z( ) (15 bir - b)) (5.7

This is because Ay(ty;q)i = (4 ) t(ty;q)i—1, and

Aggn @3ty bos - bn—1) = (n) tgn—1(q; ty; b1y .., bo1).
Now apply A, to both side of the equation and set y = 1.

7. Summation formula. Let y = ¢® and b; = ¢*, where x and a; are integers, we have

T

gn(@yb0, - b)) =(1=q) > ¢ (1), gn1 (G501, bua),
i=ag+1

where the sum is defined the same as in 3.9. This is because
9n(G Y3 b0s - -+ bn1) = gn(q;¢° 500, -+, bu1) + (1= @)g" () (gn—1(g; ¢%; b1, - -, b 1)
and the initial condition (5.6). Iterate it we obtained the sum formula

in—1

11
gn(@G Y3 bo, - bu1) = (1—q)" Z @Y e DD ) (5.8)
i1=ag+1 io=a1+1 in=an—1+1
From this we derive the shift formula:
gn(Gya%5b0¢%, -+ bn16%) = ¢"“gn(a; yi b0, - bu1). (5.9)

Since g, (q;y;b) is a polynomial of y and V's over a field and the equation above holds for
infinitely many y’s and b's, it holds for all y and b's.
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Examples of the g-Goncarov polynomials follow.

90(q;y)
91(q; y; bo)
92(q;y; b0, b1) =
93(¢; Y3 bo, b1, ba)

0191 (Y3 9)1 + (2),1(b0; @)1(b15 )1 — (bos @)z,
(02501 (y3 @)2 + ((3) (013 @)1 (b23 )1 — (3), (015 9)2) (v O
— (o3 @)3 + (3),(bo; @)2(b2; @)1 — (3),1(bos @)1 (b1 @)1 (b2; @)1 + (3),,(bos @)1 (b1 @)2-

In particular, in some special cases we have nice closed formula,

nb( r—b

(0454, 4°) = (" q)n

and

y+1 B y+n—1)

I
—~
—_
~—
3
L)
—
N3
~—
|
—~
LS
<
8
)
S~—

an(:9%:4%.q . q

6 ¢-Goncarov Polynomials and Area of Lattice Paths

Define the g-upper factorial x((]”) = (1—-¢q%)-(1 —¢"™1)/(1 — ¢ In this section we use
the difference ¢-Goncarov polynomial developed in the previous section to represent the area-
enumerator of lattice paths with upper constraint.

Consider an (x — 1) by n grid consisting of vertical and horizontal lines. Let (xo,...,zp—1) be
a path that goes from (0,0) to (x — 1,n) along the grid, while the right-most point on the i-th row
is (x4,4) for i = 0,1,...,n — 1. Given a path (bg,b1,...,bp—1) with bg < by <--- < b, <z -1,
let Area,(q;b) be given in Formula (5.1). We establish a recurrence of Area,(q;b) by computing
the area-enumerator of Area,(¢;x — 1,z —1,...,2 — 1) in two ways.

First, it is well-known that the area-enumerators of all the paths in the grid (z — 1) x n is

x—i—n—l) 1’((]”)
K q

(n),"

Now apply the decomposition as in §4. Let (xo,...,z,) be a path in (x—1)xn for which ¢ be the first
row that the path touches the path (b, ...,b,—1), i.e., z; > b;. Each of such paths consists of two
parts: the first part is a path from (0, 0) to (b 1,14) that never touches the path (bo,...,bi—1), the
second part consists of one horizontal step from (b; —1,14) to (b;,7), and the third part is a path that
goes from (b;,1) to (x — 1,n). The area contributed by the first part is Area;(q; bo,...,b;—1), while

Area,(q;z—1,...,0—1) = <

17



. . N (p—b:) (1)
that of the second kind and the third is g% (™~ (“~ 1=bi+n— Z)q = ¢hi(n—1) b)g”

n—1i (n—1),!

. Therefore the

area-enumerator of all the paths is

- xr — bl (nfz)
Z Area;(g; bo, . . ., bi)g" ™Y ( ),q '
P (n— z)q
So
m _ N~ (! (n—i)bs (n—i)
Ty = Z WAreai(q; bo, ..., bi)q Hr—=bi)y ", (6.1)
i=0 q
which leads to
:13 - (n) ! 7 x—b; n—i)b;
(@50 =2 (-9 ("7 @i " Arvea (s bo, .., ). (6.2)
i=0 q

Comparing equations (5.4) and (6.2), we need to make the power of ¢ on the right-hand side
of equation (6.2) depending only on i and b;. To achieve this, we replace ¢ by % in equation (6.2).
Then (¢%; q), becomes (—1)7‘(]_(’"”":+(g))(qw;q)n7 and (n),! becomes q_(g)(n)q!. Substituting into
(6.2) and reorganizing the equation, we get

. 1
=0

@i = (T?)q@q!(—l)i (a5 (1= )i ArenCibon ). (6.3)

Comparing equations (5.4) and (6.3), we obtain

1 (_1)Z —b —b;
Areai(=3bo, ..., bi) = e ga(@q" ¢ T, g ),
) q % (Z)q!qzm(l _ %)z n

Let f(q;z,bo,...,bp—1) be a polynomials of ¢ with parameters x, by, ..., b,—1 given by

bo

(@200, bn1) = gn(g;¢%5 5%, .., q= b1,

Then

Theorem 6.1 The area-enumerators of lattice paths in the rectangle (x — 1) X n that stays strictly
above the path (bo, ..., by) is

(=)™ n(n-1) 1
Area,(¢;b) = —————q 2z ™ f(=;x,boy...,bp_
D)= gt e
(—1)” n(n—1) 1
= —————q 2 fu(=:0,b0,...,bp—1). 6.4
= a) (), (G0 b 1) (6.4)
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7 Two-Boundary Extensions

Goncarov polynomials can be extended to represent parking functions and lattice paths with both
both upper and lower boundaries.

7.1 Parking functions with two-sided boundary

u-parking functions are integer sequences whose order statistics is bounded by a prefixed sequence
u from above. We may consider parking functions with both upper and lower constraints. More
precisely, let 1 < rg9--- <71, and s; < s9 < --- < s, be two sequence of non-decreasing integers.
A (r,s)-parking function of length n is a sequence (z1,...,x,) whose order statistics satisfy r; <
7(;) < si. Denoted by P, (r,s) = Pu(r1,...,7n; 81, - -, Sp) the number of (r,s)-parking functions of
length n. The formula P,(r,s) can also be expressed as biorthogonal polynomials.

Let (ag,a1,az2,...) and (bg,b1,b2,...) be two sequences of numbers. Define the extended
Goncarov polynomials

gib(ﬂf;a, b) = glb(‘rv ag, a2, . - ., n—1; b07 b17 s 7bn—1)7n = 07 17 27 RS
to be the sequence of polynomials biorthogonal to the operators

= (bs - as—i—r—l)iDT

ps(D) =D . : (7.1)
r=0 ’
where z = max(z,0). (Here we set a_; = 0.) By the determinant formula (2.3),
bo—ai )3 bo—as)3 bo—an_2)" ! bo—an—1)"
1 (bO - a0)+ i 2!1)+ o 3!2)+ T i (71712))!+ ) o n! 1)+1
b1—az)? (b1—an—2)"\" (bi—an—1)""
0 1 (b —ar)y 2!2)+ =R e
t 0 0 1 by — (bzfan—2)7_f_73 (b27an—1)7_:_72
gn(z;a,b) =n! (bo —az)y ... 3! n—2)!
0 0 02 03 171 (bn—l — an_1)+
1 x o 3 (n=1)! T

In particular, g} (0; a, b)) = (—1)"n! det[(b; —aj)i_iﬂ/(j—i—i- 1)!]. By the linear recurrence equation
(2.5), we have

n - n n—i
=3 (1) - o)l wsa )

1=0
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It follows that for n > 1,

i (ZL) (b — an—1)" "9} (0;a,b) = 0. (7.2)

=0

The sequence { gJL(O, a, b) is uniquely determined by the above recurrence and initial values gg((); a,b) =
17 gI(O’ a, b) = _(bO - CLO)+-

Theorem 7.1

Py(r1,. . yTn; 81y, 8n) = (—1)”g};(0;r1, ey TR STy e Sn)- (7.3)

To prove Theorem 7.1, it is sufficient to show that
& i n—i
>0 () i = 1) (r5) =, (7.4

for n > 0, and P;(r,s) = (s1 — r1)+. The initial value is clear. In the following we give two proof
of equation (7.4). The first one is based on a weighted version of inclusion-exclusion principle.
The second is an involution on the set of “marked” parking functions, which reveals some intrinsic
structures of two-sided parking functions.

First Proof of (7.4). Let M(S) be the set of all sequences « of length n such that als is a
(r,s)-parking function of length |S|, and each term in alge lies in [r,, s;1+1), where S¢ = [n] \ S.
Then (7.4) is equivalent to 3" ¢(—1)I5I|M(S)| = 0, where the sum ranges over all subsets S C [n].
For any sequence «, let T'[a] = {S: a € M(S)}. It is sufficient to show that

S (- =0, (7.5)

TeT o]

Observe that if « € M(S) and S C S, then a € M(S”"). Hence T[a] is a filter in the power set
of [n]. T[a] # 0 if and only if « is a (r,s)-parking function. When T'[a] # 0, let S, ..., S, be the
minimal elements of T'[a]. S1,...,S, satisfy the following properties.

1. |S;| < n. For any (r,s)-parking function «, deleting the largest element which is in [ry,, s,),
the remaining is a (r,s)-parking function of length n — 1. Hence T[] # {[n]}.

2. |S1] = |S2| = --- = |Sy| = k for some k < n. Assume k = |S1| < |S2| = ¢. The condition
a € M(S1) implies all terms of « are less than si,1, and at least n — k of them are larger
than or equal to r,. In particular, the largest element in «|g, lies in [ry, Sg+1). Then S is
not minimal.
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3. S{USyU---US, # [n]. Otherwise, every term in « appears in some (r,s)-parking function
of length k& < n, and hence less than s;. And any term in a position of S; \ Sz is greater than
or equal to r,. Hence the minimal element of T'[a] has length < |S;| — 1, a contradiction.

Denoted by F(S1,...,S,) the filter of the power set of [n] generated by Si,...,S,, and

W(F(S1,-.,8) = > w(),
TeF(S1,...,5r)

for a weight function w(T"). Note that F(Si,...S,) = F(S1) U...F(S,), and F(S;) N F(S;) =
F(S; US;), using Inclusion-Exclusion, we have

W (F(S1,...,5)) = Z W(F(S:) =Y W(F(S;uS))+ > W(F(SiUS;USg)—---.

1<J 1<j<k

Letting the weight w(T) = (—1)!"1. Formula (7.5) follows from the equation W (F(S)) = (—1)" 15| =
0 whenever S # [n]. O

Second Proof of (7.4). We give a bijective proof for the equivalent form

> (Zl) (541 —1n)§ "Pilr,s) = ) <TZ> (si41 —1n)} " Pi(r,8). (7.6)

i even i odd

The left-hand side of (7.6) is the cardinality of the set M of pairs («, S) where « is a sequence of
length n, S C [n] with |S| even, such that a|g is a (r,s)-parking function of length |S|, and any
term in afge lies in [ry, 5|g/41). The right-hand side of (7.6) is the cardinality of the set N of pairs
(ar, S) where («, S) is similar as those appeared in M, except that |S| being odd.

For a sequence «, let m = max(«) be the first maximal entry of a.. Let pos(m) be the position
of m. Define o : M +— N by letting o(«, S) = (c, T') where

T { (o, S\ {pos(m)}), if pos(m) € S,
(o, SU{pos(m)}), if pos(m) ¢ S.

The map o is well-defined: For any pair (o, S) with |S| even, clearly |T'| is odd.

Case 1. If pos(m) € S, then deleting m from the subsequence in S, we obtain a (r, s)-parking
function of length |S| — 1 = |T|. The condition that m = max(a) and m € [r|g|, s|s|) implies that
for any term x in a|re, < m < sig = sj7|41. In addition, if S¢ # (), then m > x > r, for any
x € 5% if S¢ =0, then « itself is a (r, s)-parking function of length n, hence m > r,. This proves
that in the case pos(m) € S, (o, T) € N.

Case 2. If pos(m) ¢ S, then any term z € S lies in [rp, $5141) C [0, S5]4+2)- As m € [rn, 5|5141),
joining m to the subsequence on S will result in a (r, s)-parking function of length |S|+ 1 = |T'].
In both cases, 0 maps a pair in M to a pair in N.
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It is easily seen that o has the inverse map o~ !(a, T) = (a, S) where
g _ J (@ T\{pos(m)}), if pos(m) €T,
(o, TU{pos(m)}), if pos(m) ¢ T.
This proved that o is a bijection from M to N. O

Equation (7.1) should be compared with following formula of Steck [11, 12] for the cumulative
distribution function of the random vector of order statistics of n independent random vaiables
with uniform distribution on an interval. Let

0<r <rg<---<mry

- < 1
0<s51<s9<---<s

<
<1

n

be given constants such that r; <wv; fori=1,2,...,n. If X1y, X(g),..., X(;) are the order statistics
in ascending order from a sample of n independent uniform random variables with ranges 0 to 1,
then

Pr(r; < Xgy < 85,1 < <n) =nldet[(s; — ;)" /(j — i+ D). (7.7)

The difference between equations (7.1) and (7.7) is that in a (r,s)-parking function, the sequence
can only assume integer values. While a uniform random variable in [0, 1] corresponds to real-
valued parking functions, [2]. Hence equation (7.1) can be viewed as a discrete extension of the
Steck formula (7.7).

The equation (7.4) can be extended to the sum-enumerator of (r,s)-parking functions. Define
Salgirys) = ) gt
O[:(G,l,...,an)

where the sum ranges over all (r,s)-parking functions of length n. With a similar proof to that of
(7.4), we can show that

S (7) iy = o) Sasr.) =

i=0
where the factor s;41)q — (rn)q is 0 if r,, > s;41. Hence, the sum-enumerator is a specialization of
the polynomial P,(r,s):

Theorem 7.2
Sn(Q; r, S) = Pn(r(q)7 S(q))7
where
r(q) = ((Tl)m (T2)q7 R (Tn)q)7
and

s(q) = ((Sl)m (52)% RER) (sn)lI)'
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7.2 Lattice paths with two-sided boundary

The number of lattice paths with two boundaries was obtained as a determinant formula by Steck
[11, 12]. Such enumeration and various generalizations has been extensively studied, for example,
in [4, Chapter2]. Hence we just list the main results on the subject, and explain the connection to
biorthogonal polynomials.

Theorem 7.3 (Steck) Let ag < a; < -+ < ay, and by < by < --- < by, be sequences of integers
such that a;,b;. The number of sets of integers (ro,71,...,7m) such that ro < 11 < -+ < 1y and
a; < r; < b for 0 <i <m is the (m+ 1)-th determinant det(d;;) where d;j = (bif‘;’ji}iﬂ) if1<j
and b; —a; > 1. Otherwise d;; = 0.

Denoted by LP,(a,b) the number of lattice paths (zg,z1,...,2,—1) from (0,0) to (x — 1,n)
satisfying a; < x; < b; < x. Steck’s formula gives

(b — aj)+
LP,(a,b) = det . .
tab) = dec | (07 (73)
Formula (7.8) is a specialization of extended difference Goncarov polynomials. Given two sequences

a = (ao, ai,ag, .. ) and b = (bo, bl, bQ, . ), let g;(az;a, b) = gil(l‘, ap, a1y ...,0n—1; bo, bl, ey bnfl)
(n=0,1,2...) be the sequence of polynomials biorthogonal to the operators

1/JS(A) —A® Z(_l)r ((bs - as+r—1)+> AT (79)

r=0 "
Then
! (0:a, b)) = n!det] (s = a;)+ ] = n!LP,(a,b). (7.10)
n ) ) j _ ’L + 1 )

These equations enable us to enumerate LP,(a,b) from the theory of biorthogonal polynomials.
Since generally, recurrence relations and generating functions are major techniques to solve a count-
ing problem, we show how such results on LP,(a,b) follow from the properties of QL(O; a,b)).

First, the linear recurrence (3.4) becomes

n

2™ =% qyn <(bi - a”‘.m)?}f(w; a,b)

i n—1
=0

It follows that

o= S (M) e = e (M ) aa. @

n—1 n—1
=0



Equation (7.11) gives a linear recurrence to compute LP,(a,b). This equation has been obtained in
[4] as well, see equation (2.37). One can also prove it combinatorially by counting alternatively the
set M; of all pairs (o, i) where o = (a1, g, ..., ap) is an integer sequence satisfying (1) a1 < ag <
e <y, (2) a; < o < bj for each 7 =0,1,...,4, and (3) Qi < Qg < - < ap € [an,biﬂ)”_i.
By a similar argument, if one define

Arean(q;a, b) — E qzo+w1+---+xn,17a07...,an717

Then .
0o = Z(—l)i <(b2 B an.1)+> Area;(q; a,b).
q

X n—1
=0

From the Appell relation

L Nt gy Yn®)
(1 _t)x - 7;)9”(1'73,13) n' ’

we get the identity
dalt) _
|

n.

i LP,(a,b) 1,
n=0

where 1, (t) is given in (7.9). In particular, when a; = ki + ¢, b; = ki + d with ¢ < d, i.e., lattice
paths are restricted in a strip of width d — ¢, ¥, (t) = t" f(t) where f(t) is a polynomials of degree

[%1 Hence the sequence LP,(a,b) has a rational generating function
oo
t" 1
LP,(a,b) = — .
nz:(] TRl ()
It remains true even the initial boundaries a;, b; for ¢ = 0,1,...,T are arbitrary.
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