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Abstract

This thesis is about the enumeration of two models of directed lattice

paths in a strip.

The first problem considered is of path diagrams formed by Dyck paths
and columns underneath it, counted with respect to the length of the
paths and the sum of the heights of the columns. The enumeration of
these path diagrams is related to g-deformed tangent and secant num-
bers. Generating functions of height-restricted path diagrams are given
by convergents of continued fractions. We derive expressions for these
convergents in terms of basic hypergeometric functions, leading to a hier-
archy of novel identities for basic hypergeometric functions. From these
expressions, we also find novel expressions for the infinite continued frac-
tions, leading to a different proof of known enumeration formulas for

g-tangent and ¢-secant numbers.

The second problem considered is the enumeration of directed weighted
paths in a strip with arbitrary step heights. Here, we find an appealing
formula for their generating function in terms of a ratio of two (skew-)
Schur functions, evaluated at the roots of the so-called kernel of a linear
functional equation. The partitions indexing these Schur functions only
depend on the size of the largest up and down steps, and the weights of
the individual steps enter via the kernel roots. To aid computation, we
express the skew Schur function in this formula in terms of a sum of Schur
functions, and give several examples. We also consider an extension

where contacts at the boundary are weighted.
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Chapter 1

Introduction

Lattice paths can be informally described as a regular arrangement of points in a
Euclidean space R?. Counting lattice paths is an important field in combinatorics
known as Enumerative Combinatorics. This enumeration of paths is a very widely
studied problem not just in combinatorics and probability theory but also in physics
where the lattice paths are used to model polymers. Here we consider enumeration
problems consisting of certain arrangements in d = 2 dimensions which are restricted

by specific conditions.

There are several methods used for the enumeration of these paths. While the
aim is to derive counting formulas for lattice paths with respect to fixed parameters
such as total length, in some cases the enumeration of the paths can more easily be
given in terms of explicit expressions for generating functions. For certain directed
path problems it is possible to describe the generating functions as continued frac-
tions [7]. One of the more modern methods for obtaining generating functions is the
kernel method [2,22].

In Chapter 2 we introduce the key terms used in the thesis, which includes Dyck
paths, Motzkin paths, continued fractions, symmetric polynomials with an emphasis

on Schur functions and skew Schur functions. We also introduce the methods used
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such as the kernel method and Cramer’s rule. It also includes an overview of the
generalised weighted path model and discusses surface weights to model polymer

adsorption.

In Chapter 3 we investigate path diagrams bounded by Dyck paths and work
out their counting using continued fraction expansions. Using the correspondence
between path diagrams and continued fractions [7], we derive generating functions
for restricted height path diagrams by solving the recurrence relation for the nu-
merator and denominator of the convergents of the continued fractions. Here, the
w'™ convergent corresponds to restricting the height of the path diagrams to lie
within a strip of width w. We consider two cases, differing by the maximal height
of a column below a down step. These cases turn out to be intimately related to
g-tangent and g-secant numbers [24], where ¢ is the generating variable for the sum
of column heights. We determine these generating functions explicitly in terms of
basic hypergeometric functions that is the w** convergents and the half plane limits
for these path diagrams which corresponds to results for ¢-tangent numbers and
g-secant numbers. We also derive the results for the half plane limits of both cases.

Finally, the w'® convergents give interesting basic hypergeometric identities.

In Chapter 4 we establish a general relationship between the enumeration of
generalised weighted paths and skew Schur functions, extending work by Bousquet-
Mélou [3]. We define a model of generalised weighted paths that are directed lattice
paths which can take steps out of a finite set of heights but are restricted to remain
within a strip of height w and specify start- and end-heights. We further associate
weights to the height of the steps taken. Our main result comprises of a theorem

expressing the generating function of these paths in terms of skew Schur functions.

In Chapter 5 we extend the enumeration of these generalised weighted paths by
adding contact weights at the boundaries. We thus consider the model of generalised
weighted paths undergoing adsorption onto the lower and the upper boundary. Poly-
mer adsorption has always been of interest and it has been evaluated for different
lattice paths [4,23]. We look at the special case of adsorption in Motzkin paths [5]
which is then extended to generalised weighted paths.

12



Chapter 2

Background

This chapter discusses the key notions used in the thesis. In the next sections we
introduce Dyck and Motzkin paths, and discuss their relations to the combinatorial
aspects of continued fractions, as this will play a central part in Chapter 3. To
prepare for Chapters 4 and 5, we introduce the kernel method as a method for
solving certain linear combinatorial functional equations. As we express our results
in terms of linear systems involving symmetric functions, we also briefly remind the
reader of the general Laplace expansion and Cramer’s rule, and summarise needed
background on symmetric functions, in particular focussing on Schur functions and
the Jacobi-Trudi formulas. We close this chapter by briefly discussing polymer

adsorption.

2.1 Dyck paths

Definition 2.1. A Dyck path of length n is a directed walk on Z* from (0,0) to
(n,0), which never goes below the z-axis. The step sets permitted are an up step

(1,1) and a down step (1,—1).
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The length of any Dyck path is even, and Dyck paths of half length n (i.e.
of length 2n) are counted by the Catalan numbers C,,. There are various ways of
obtaining a simple formula for C),, for example by using a combinatorial construction
as follows. A Dyck path is either an empty step or an up step followed by a Dyck
path and a down step. Translating this into generating functions and defining the

generating function of Dyck paths to be
Clz) =) Co2™, (2.1.1)
n=0

we can say that C'(z) satisfies the quadratic equation
C(2) =1+ 2°C(2)?, (2.1.2)

which can be solved to give

14+ v1—422

222

C(z) = (2.1.3)

To get the postive coefficients in C'(z) we take the solution

1—+1—422

222

C(z) =

The 2n'" coefficient of z will give us the corresponding Catalan number as follows:

22C(z) = Cp = — (2”) 2.1.4)

:n—i—l n

2.2 Motzkin paths

Definition 2.2. A Motzkin path of size n is a directed walk on Z* from (0,0) to

(n,0), which never goes below the z-axis. The step sets permitted are an up step
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(1,1), a down step (1,—1), and a horizontal step (1,0).

Thus, a Motzkin path is either an empty step or a horizontal step followed by a
Motzkin path or an up step followed by a Motzkin path then a down step and then
another Motzkin path. In terms of the generating function of Motzkin paths,

M(z) =Y M,2", (2.2.1)
n=0
this implies the quadratic equation
M(z) =1+ zM(z) + 2°M(2)*. (2.2.2)

Solving the quadratic equation gives

(1—2):|:\/(z—1)2—422.

M(z) = 2.2.3
(2 - (223)
For the positive coefficients we take the solution
1—2)—+v1—2z—322
M(z) = 122 S (2.2.4)

222

The coefficient of z in the generating function M(z) is the Motzkin number M,
which thus count Motzkin paths of length n. Catalan numbers and Motzkin numbers

are related by the expression

M, = (”)Ck (2.2.5)

where the combinatorial prefactor corresponds to the number of ways horizontal
steps can be inserted into a Dyck path of length 2k to create a Motzkin path of
length n.

15



2.3 Continued fractions

In this section we discuss Jacobi type continued fraction expansions. The Jacobi

type continued fraction takes the form

1
J(X,t) = - . (2.3.1)
apbyt
1-— Cot — o
a162t2
1— Clt -
. ak_lbth

From [7] we know that Jacobi type continued fractions have a combinatorial interpre-
tation in terms of labelled paths in the plane as follows: a; labels an up step starting
at height 7, b; labels a down steps starting at height ¢ and ¢; labels a horizontal step
at height 7. An example of a labelled path is shown in Figure 2.1. Finite Jacobi type

Figure 2.1: A labelled path where a; is a label for an up step starting at height 7, b;
for a down step starting at height ¢ and ¢; for a horizontal step at height 7.

continued fractions as given by (2.3.1) therefore correspond to Motzkin paths in a
strip of height k£, whereas infinite continued fractions correspond to Motzkin paths
without height restrictions. Note that if all ¢; are zero then the continued fraction

is simply a Stieltjes type continued fraction which represents Dyck paths.

Continued fraction expansions for Dyck paths and Motzkin paths without

16



weights are thus given by

M(z) = and C(z) = (2.3.2)

2.4 Path diagrams

Definition 2.3. A system of path diagrams is defined by a possibility function
pos : X — Ng.

Path diagrams are composed of a Dyck path u = ujusus---u, where for j =
1,2,...,n each u; € X, and the corresponding sequence of integers s = 515953 ... 5,
where fori=1,2,--- ,n each 0 < s; < pos(u;). We get n points corresponding to a

path of length n.

This definition has been taken from Flajolet [7], where one can also find many
examples. Path diagrams have been used to enumerate various classes of permu-
tations. They are defined by a possibility function where each particular function

illustrates a different combinatorial object.

Path diagrams can be visualised by interpreting the value of the possibility func-
tion for any label as the height of a point associated to this label, as shown in Figure
2.2, where the path from Figure 2.1 has been augmented by a particular relisation

of a possibility function given by
d= (U, S) = (a0a1bgblaoclblaoalcgagbgbgbl; 1, 1, 2, 0, 17 0, 1, ]_, 1, 2, 1, 3, 1, 0) . (241)

We now move on to concepts for Chapter 4 and 5. We begin by defining the model

17



Figure 2.2: A system of path diagram given by a sequence of integers s =
(1,1,2,0,1,0,1,1,1,2,1,3,1,0). Each integer represents a height of point marked
by crosses.

of generalised weighted paths.

2.5 Generalised paths

Dyck paths can be generalised in many different ways. For example, increasing the
step set by a horizontal step leads to Motzkin paths. Labelle and Yeh [16] considered
replacing northeast steps by steps from an arbitrary finite multiset with integral
coordinates and a corresponding replacement of southeast steps, which for example
includes paths with chess-knight moves. Similarly, Bousquet-Mélou [3] changed the
step set by expanding the vertical step size to be a subset of the integers and allowing
for asymmetry between up steps and down steps. Additionally, different weights are
associated to steps of different jump height [3]. Another generalisation is given by
removing the restriction on starting and ending heights to be zero. For example,
the paper [1] extends the work by Bousquet-Mélou by allowing the path to end at

any height rather than on the z-axis.

In Chapter 4 we will introduce generalised weighted paths, which are defined in
line with [3] and [1] . We will consider paths in a slit of width w with starting at
height u and ending at height v, which take steps from a given finite set of heights,
with weights associated to these individual steps. We will call these generalised

weighted paths.
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2.6 Kernel method

In this section we talk about the kernel method, which has been used in various
combinatorial problems. This orginated from Knuth’s work [13] and was explained
further with numerous examples given by Prodinger [22]. Some recent applications
have been in [2, 10, 15].

We illustrate the kernel method by giving a simple example of non-negative
lattice paths starting at the origin and taking steps (1,1) and (1,—1), known as
ballot paths. Let a' be the number of such paths from the origin to (n,i). Their

generating function is given by

fi(z) = Z a®zm . (2.6.1)

n>0

These generating functions satisfy the recursions

and
fo(2) =1+ zf1(2). (2.6.3)
To solve this enumeration problem we introduce an additional variable z. Consider
a bivariate generating function F(z,x) = > fi(2)x’, which uses two generating
i>0

variables that account for both the length and height of paths. Multiplying the

above recursions by z¢ and summing, we find
F(z,2) =1+ zaF(z,x2) + EF(z, x) — Efo(z) : (2.6.4)
x x

Here zx corresponds to an up step, and z/x corresponds to a down step. We can
write fo(z) = F(z,0), so that we get

F(za) = L0 =2 (2.6.5)

22?2 —x+ 2z

19



The denominator being quadratic in = can be factorised as z(x — r1(2))(z — r2(2)),

where 7 9(2) are given by:

1+ V1 —422

5 (2.6.6)

7”172(2) =
We see that x — ry(2) ~ z — z as x, z — 0, so the factor 1/(x —r1(z)) has no power
series expansion around (0,0). However F(z,z) does have one, so this “bad” factor

must cancel, i.e. (z —ri(z)) must also be a factor of the numerator. This implies
that 2F(z,0) = r1(2), and so

1 —+1—422

F(z,0) = 52 ,

(2.6.7)

which is the well known generating function for Catalan numbers. This example

illustrates the normal kernel method.

We now consider another example given in [2, eq. 11]. Here, the kernel is given

by

K(z,u) =u’(1 —u) + 2u® — 2(1 — u) Z w4 2(1 — ) Z T (2.6.8)

acA BeEB

with finite sets A C Z and B C Nt where Nt = {1,2,3,...} that specify the
allowed forward jumps and the forbidden backward jumps, respectively. Letting the
kernel equal to zero now gives a + b + 1 solutions, and we are interested in the type
of roots obtained. If the a + b+ 1 solutions are expanded around 0, the roots are

classified by considering their Puiseaux expansion [2] as

e the unit branch, denoted by ug, is a power series in z with constant term 1;

e b small branches, denoted by wy, ..., u, are power series in z'/° whose first

non zero term is ¢z; /b, with ¢* +1 = 0;

e q large branches, denoted by vy, ..., v,, are Laurent series in 2"/ whose first

non zero term is ¢z'/% with ¢ +1 = 0.

20



The reason for looking at the roots is to show that all the roots are distinct. In
Chapter 4 we have a kernel with o + 3 roots with « large roots and S small roots.
Of particular interest is that roots have been translated into elementary symmetric

functions and are later expressed in terms of Schur functions.

2.7 Cramer’s rule

Cramer’s rule is a well known method for solving system of equations with a unique
solution. It expresses the solution of unknown in form of determinants. Consider a

system of n linear equations with n unknowns written in matrix form as
Ax =1, (2.7.1)

where z is the column vector with all the unknowns. Cramer’s rule states that the

individual values for the unknowns are given by

_ |4
|A

i=1,...,n, (2.7.2)

X

where A; is the matrix formed by replacing the i column of A by the column vector
b. Similar to the work in [15], we are using this method in Chapters 4 and 5 to solve

the system of equations where the unknowns are generating functions of paths.

The resulting determinants can be evaluated using the Laplace expansion [20]
with respect to a chosen row or column. Due to the structure of the matrices we
consider, we will also make use of a generalised form of Laplace expansion where the
determinant is computed by using more than one row or column. Here we follow
notation used in [28]. Let B = [b;;] be an n x n matrix and S the set of k-element

subsets of {1,2,...,n}, H an element in it. Then the determinant of B can be
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expanded along the k rows identified by H as follows:

|B| = ZEH’LbH,LCH,L ) (2.7.3)
LeS
where % is the sign of the permutation determined by H and L, equal to

(—1)(Z’L€H h)Jr(ZfeLz), by 1, is the square minor of B obtained by deleting from B
rows and columns with indices in H and L respectively, and ¢y 1, (called the com-
plement of by 1) is defined to be by 1/, with H" and L' being the complement of H
and L respectively.

This generalised version of Laplace expansion has been used in Chapter 5 to

compute the generating functions of paths under adsorption.

2.8 Schur functions

To define Schur functions and state the Jacobi-Trudi formulas that we will make use
of in Chapter 4, we need to introduce the notion of symmetric polynomials. Material
in this section follows [25], however we restrict ourselves to only considering a fixed

number of variables.

Let x = (z1,...,2;) be a set of [ indeterminates. A symmetric polynomial is
a polynomial in these indeterminates that is invariant under any exchange of its
arguments. Symmetric polynomials form a vector space under addition and scalar
multiplication, and an algebra under addition, multiplication and scalar multiplica-

tion. We denote the space of symmetric polynomials in [ variables by A;.

A partition A = (Aq,..., \;) is a weakly decreasing sequence of [ non-negative
integers where \; are called parts. There are several bases for symmetric polyno-
mials, perhaps the simplest one being the basis of monomial symmetric functions,
given by my(z) = > =“ where the sum ranges over all distinct permutations o of
the partition A and where we have used the notation ® = 27" ...z;". Elementary

symmetric polynomials are special cases defined as e, = m;-), or more explicitly as
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Definition 2.4. Let © = (xq,...,2;) be a set of | indeterminates. For each integer
r > 0, the r-th elementary symmetric polynomial e, is the sum of all products of r

distinct variables x;, so that e =1 and

er(xl,...,xl) = Z M P (281)

where r > 1 [17].

For example, for [ = 3, eg(z1, x2, 23) = 1,

e1(x1, T2, T3) = Ty + To + X3,
ea(x1, T2, T3) = T 1Ty + T1T3 + ToTy

63($1, I2,$3) = X1T2T3,

and e, (x1,z2,x3) = 0 for r > 3. We can extend the elementary symmetric polyno-
mials to a basis of A; by forming ey = e, ...e),. Another basis, and one convenient

for us, is given by Schur functions.

Definition 2.5. Let x = (x1,...,2;) be a set of | indeterminates, and let X be a

partition. The Schur function sy is defined as

CL,\+5($1, P ,:L‘l)
Sx(x1,...,21) = 2.8.2
A1 ! as(x1,...,xp) ( )
where
a,u(xh 7xl) = det(xél])é,jzl

andd=(1—-1,1—2,...,0).

We note that a, is an alternating polynomial which changes sign under exchange

of any two variables, and that as = [[(x; — ;) is the Vandermonde determinant.
i<j

23



We now define an inner product (,) on A; by requiring that {s,} is an orthonor-

mal basis. We can now define skew Schur functions as follows.

Definition 2.6. Given two partitions A and p with p C X\, the skew Schur function
Sx/p 45 defined via

<S>\/;u SV> = <8)\) SMSV> (283)

for any partition v.

Thus, a Schur function sy is also a skew Schur function s,,, with © = (). A
major result in the theory of symmetric functions is that a skew Schur function s/,

expands positively in Schur functions as
Sx\/p = Zcﬁysy, (2.8.4)

A
nv

Littlewood-Richardson rule states that cfw is equal to the number of semi standard

where the coefficients ¢ are known as Littlewood-Richardson coefficients. The
Young tableaux of skew shape A/u of type v, from which the positivity follows. For
example,

5(3,3,2,1)/(2,1) = S(22,12) + S(23) + S3,13) + 28(3,2,1) + 5(32) - (2.8.5)

We have used a special case of this rule due to Pieri, where y is a horizontal strip,

to prove a corollary in Chapter 4.

We close this section by stating a simple identity which enables computation of
Schur and skew Schur functions in terms of elementary symmetric functions. The
(second) Jacobi-Trudi formula states that

I\
sau = det(ex i)y (2.8.6)
where N and ' are partitions conjugate to A and pu, respectively. Here, a conjugate

partition is most easily defined via transposition of the associated Young diagram.

It is this identity via which we arrive at our main results in Chapters 4 and 5.
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2.9 Polymer adsorption

We can use generalised paths to model a long chain polymer in solution. Considering
paths in a strip of fixed width models polymers in a restricted domain. If there is
an attractive force between the polymer and the boundary of the domain, then the
polymer experiences a change in behaviour. If the attractive force is sufficiently
strong, then the limiting fraction of the polymer in contact with the wall will be

positive; we say that the polymer is adsorbed.

We can account for this in a path model by adding a weight every time the

generalised path comes in contact with the walls. To give an example, Figure 2.3

A A A

N\ .

K K

Figure 2.3: An example of a Motzkin path in slit of width w with edge and vertex
contacts. The contacts at the lower and upper boundary are weighted by x and A
respectively.

shows a Motzkin path with vertex and edge contacts at the boundaries. The model
is defined to take a weight of x whenever an up step leaves the boundary y = 0,
and a weight of A when a down step leaves the boundary y = w. When a horizontal
step lies on the boundary it gets a weight of k or A depending on the boundary.
For Motzkin paths this has been discussed in [5,27]. In this thesis, we use this as a
motivation to study an extension of generalised weighted paths where these weights

have been included.
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Chapter 3

Enumerating Path Diagrams

3.1 Introduction

A Dyck path is a lattice path on N? from (0, 0) to (2n,0) consisting of n steps in the
northeast direction of the form (1,1) and n steps in the southeast direction of the
form (1,—1) such that the path never goes below the line y = 0. Figure 3.1 shows
a Dyck path.

Figure 3.1: A Dyck path of half length N = 6.

We encode a Dyck path in terms of labelled steps where each step is indexed with
the height of the of point from where it starts. For example, the labelled path for

Figure 3.1 would be (ag, a1, by, b1, ag, a, as, b, as, bs, by, by) where a; is a northeast
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step starting at height 7 and b; is a southeast step starting at height j. So we can
say that there is a set X = {ag, a1, aq,...} U {by, b, bs, ...}, the elements of which,
as ordered finite sequence, form a Dyck path. Using the idea of defining labelled
Dyck paths, we consider path diagrams which are represented by a Dyck path and

the set of points under it subjected to some conditions, as introduced in Chapter 2.

AN

Figure 3.2: Dyck path with column heights formed by integers s =
(0,0,0,0,1,3,1,0,1,1)

In this chapter we consider two types of path diagrams. In the first case we
consider a case in which we count all possible points bounded by a Dyck path. The

possibility function is defined as
pos(aj) =j, pos(by) =k, for j>0 and k>1 (3.1.1)

In the second case we restrict the set of points by eliminating the points which are

in contact with the Dyck path at southeast step. We thus have
pos(a;) =74, pos(by) =k—1, for j>0 and k>1. (3.1.2)

These possibility functions map labelled steps onto a set of integers. These integers

can be visualised as column heights as in Figure 3.2.

A path is then formed by joining the peaks of the columns. For example,
Figure 3.3 shows an example of one such path diagram with this path shown as

a dashed line. The corresponding set of integers belonging to this diagram are
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LN

= (0,0,0,0,1,3,1,0,1,1); we can interpret this as a model of two non crossing

Figure 3.3: Dyck path with a path diagram

paths in a finite slit. A lot of work has been done on the enumeration of non cross-
ing paths in [14,26]. The work here takes into account two paths given by a path
diagram, i.e., a Dyck path and a general directed path restrained to lie between the

x-axis and this Dyck path.

3.2 (Generating functions and continued fraction

expansions

The generating functions of path diagrams of a Dyck path weighted according to

their length and the sum of column heights is given as

Z a2 g™ (3.2.1)

N,m=0

and

G (t,q) = Z by 2N g™, (3.2.2)

N,m=0

where G, (t, ¢) and G (t, q) are the generating functions weighted according to their

length 2N and sum of column heights m. The coefficients enumerate the path
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diagrams for both the cases described; that is aE@“) is the number of path diagrams

defined by the possibility function in (3.1.1) and b ., is the number of path diagrams
formed by the possibility function in (3.1.2), bounded by a Dyck path of length 2V
in a slit of width w. Here ¢ is conjugate to the sum of column heights and ¢ is

conjugate to the length of the Dyck path.

Figure 3.4 shows all the possible paths of half length N = 2 and total column
height m = 2. The vertical lines show the possible columns whose heights sum to 2.
We find that a2 2 =1and a2 2 =5 for w > 2. For b ., the contact of path diagram
and Dyck path is restricted at every southeast step, SO b22 = 0 and b 2 = 1 for
w > 2. This corresponds to the first path in Figure 3.4.

| | | | | ]
VANVAN

Figure 3.4: Example of a Dyck path with sum of column heights in this case m = 2
and half length N = 2.

We rewrite the generating functions defined above by forming partial sums over

N by introducing the fixed column height partition functions

Z(4) =Y ay) N and  Z80(t) =Y by 2, (3.2.3)
N=0 N=0
so that
w(t, q) = Z ZW(t)g™ and G (t,q) Z Z!w) (¢t (3.2.4)
m=0 m=0
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Alternatively, considering the fixed length partition functions

Vg = ayha™, and QY(q Zb(“’mq , (3.2.5)
m=0
we can write
= Z QE@“)(q)tZN, and G (t,q) Z Q/(w) 2N, (3.2.6)
N=0 N=0

Therefore Q') and Q") are the coefficients of 2V of the generating functions
Gu(t,q) and G (t,q), respectively. The case m = 0 reduces to the enumeration of
Dyck paths without area weighting, and if we consider columns of maximal height
for any Dyck path (corresponding to the largest value of m for which Z4)(¢) is non
zero) then this is equivalent to counting area weighted Dyck paths [9].

In [7], the correspondence between generating functions and continued fractions
has been discussed in detail. We start by developing the idea of writing a continued
fraction of path diagram bounded by a Dyck path with all possibilities of sum of
column heights under it. The continued fraction expansions (3.2.7) and (3.2.8) are
simply the result of a direct geometrical correspondence [7, Theorem 3A], corre-
sponding to the odd Euler numbers FEs, ., which are the coefficients of of a formal

power series defined via the continued fraction

Y (3.2.7)

2.3t2
1

Similarly restricting the contact of path diagram at every southeast step of a Dyck

path resulted in the following continued fraction expansion which is given in [7,
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Theorem 3B]
1

1.1¢2
2.2¢2

(3.2.8)

This idea was generalised in [24] by giving the possibilities of sum of column heights

a weight of ¢. So the continued fraction expansion is given as

1
G(t,q) = 3.2.9
e i 20
(1= - ¢
and
1
C'(t,q) = , (3.2.10)
I Ul Ol
B a2(1 . q2)2
where .
a=1— (3.2.11)

Below we shall use a and ¢ interchangably, as convenient.

This enumeration is analogous to ¢g-tangent and g-secant numbers, respectively.

Proposition 3.1. For w > 0, the generating functions in (3.2.1) and (3.2.2) repre-
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sented as generalised finite continued fractions are respectively given by

1
(1 —q)(1—¢?
(1 -¢*)(1—¢°)

U )
S l-a?(l— )1 —qvt)

Gy(t,q) =
1 _

1—

and

t
where @ = ——.

—dq

(3.2.12)

(3.2.13)

Proof. The generalised continued fractions in (3.2.12) and (3.2.13) are the finite

versions of equations (3) and (4) given by [11]. The Dyck path of height zero is the

Dyck path with no step and so there is no possibility of columns under it. Hence

Go(t,q) = 1. From the combinatorial theory of continued fractions given by [7], if

X = (ag, a1, as, .., by, by, ..) the Stieltjes type continued fraction is

1
Sk(X,t) =

aobth

a1b2t2

2
ap—2bp_1t

T 1— ak,lbth
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where a; corresponds to a northeast step starting at height ¢, b; corresponds to a
southeast step starting at height j, and ¢ is conjugate to the length of the Dyck
path. For the continued fraction (3.2.12) we see that ag = 1. For £ > 1 we see that
at height £ the northeast step is starting at kK — 1 and so the possibility of column
heights below a northeast step is ar, = 1+ ¢+ ¢®> + ...+ ¢*~!. Similarly at height k
the southeast step starts at height k and so the possibility of column heights below
a southeast step is by = 1+q¢+¢*>+¢*+...+¢". For the continued fraction (3.2.13),
the contact is restricted for every southeast step so we have the same possibility of
column height as the northeast step, that is a, = b, =1 +q¢+ ¢+ ¢ + ...+ ¢
for k > 1. O

It is obvious that we can write the generalised continued fractions as a rational

function.

Proposition 3.2. For w > 0,

Gw(t,q>:“’(+’(£ and G;(t,q):L;"‘é) (3.2.14)
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where

P, = {1 w=0 (3.2.15)

Quw = (1 w=0 (3.2.16)

P, = <1 w=0 and (3.2.17)

Py 1 —a?(1—q¥)?Pyy w>1

\

Q, = {1 w=0 - (3.2.18)

Proof. The initial conditions follow from the fact that G_(¢,q) = G"_,(t,q) = 0/1.
This implies that Py = Py =0 and Q_; = Q" ; = 1. Also for w = 0 we have
Go(t,q) = Gy(t,q) = 1/1. For w > 1 we compare with the h-th convergent of
the J-fraction on page 152 of [7]. We have z = ¢ and a;, = 1 for £ > 1 and
by = (1 —¢“)(1 —¢“™) and ¢, = 0 for & > 0. This reduces to the recurrence
equations given in (3.2.15) and (3.2.16). For the generating function G/, (t, q) we see
that, instead, by = (1 — ¢")(1 — ¢*), which results in the recurrence equations given

in (3.2.17) and (3.2.18). 0
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3.3 w'" convergent of ¢-tangent numbers

Theorem 3.3. For w > 0, the w'* convergent for the continued fraction expansion

of the generating function of q-tangent numbers is given by

1
Gyu(t,q) = - = = .
(0 _ XA =g N g)o (Mg ) — A6 (M. ¢°) 6N, ¢ )]
(14 22) [A2o(X, ¢2)o (X, ¢V F3) = X429 (X, ¢2) p(\, )]
(3.3.1)
Here,
B (i Q)e(—iN; @)pe _ N2
o\ x) = ZO )\2q 7 (q,q) = 201 (IA, —iX\; \q; q, ), (3.3.2)
where
= (a; Qr(b; q@)p 2*
261(a, b5 ¢; ¢, ) 2% q’q’“)

is a basic hypergeometric function, and X\ is a root of P(\) = A\* — M\/a + 1 where

a=t/(1-q).

Proof. We shall prove Theorem 3.3 by solving the recurrence relation (3.2.15) and
(3.2.16). We can write P, and @, as the linear combination of two basic hyperge-
ometric functions and determine the coefficients from the initial conditions of the
recurrences given in Proposition 3.2.

We can see that for w > 1 the recurrence relation for P,(a,q) and Q,(«,q) is
the same, so we represent them both by R(w) and solve simultaneously. From the

recursion given in (3.2.15) and (3.2.16) we have for w > 1,

R(w) = R(w — 1) — &*(1 — ¢*)(1 — ¢“ T R(w — 2). (3.3.3)
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Unlike a linear recurrence with constant coefficients, this cannot be solved by a
standard method because we have w-dependent coefficients. Moreover, the occur-
rence of both ¢% and ¢** poses a difficulty, so our next step will be to eliminate
the term containing ¢?“ by appropriate rewriting of the recurrences. It is evident
from the coefficient of R(w —2) that multiplying by a g-factorial will simplify (3.3.3)

appropriately. We thus rescale the recursion (3.3.3) as follows:
R(w) = a"(¢; @)ws1S(w), (3.3.4)

where the standard notation for the g-Pochhammer symbol is used:

(0) = [ (1 - ad").

k=0

This transformation of coefficients leads to the recurrence

a"(q; Qw1 S(w) = (g5 q)wS(w — 1)

—a?(1—¢")(1 = ¢""a" (¢ @)wrS(w — 2), (3.3.5)

dividing by a®(1 — ¢*“*1) throughout gives

S(w —1)

S(w) = ol =g S(w — 2). (3.3.6)
Rearranging terms leads to
S(w) — ésm )4+ Sw—2) = " (S(w) + Sw—-2))  (337)

for w > 1. This eliminates ¢ from the recurrence as intended, as the right hand

side only contains a ¢* prefactor. The left hand side of equation (3.3.7) is a linear
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homogeneous recurrence relation with a characteristic polynomial

P(\) =\ — A + 1. (3.3.8)

Q

The two roots A; and Ay of the characteristic polynomial are reciprocal to each other,
Mg =1, (3.3.9)

a fact that we will need to use below. The solution to the recurrence relation (3.3.7)
can be written as a linear combination of the powers of the roots of the characteristic
polynomial, if the right hand side of (3.3.7) was zero, and hence not g-dependent.

To solve the recurrence (3.3.7) in general, we use the ansatz
S(w) = A¥ Z crg™, (3.3.10)

k=0

which has been shown to work when there are powers of ¢* in such a linear recurrence

[18] [19]. Substituting this ansatz into equation (3.3.7), we have

w - w 1 w— - w— w— N w=
A" erd” _(5>A D ad TR ATy et
k=0 k=0 h=0
S CO TR VI BTN

k=0 k=0

It turns out that we can manipulate this equation to arrive at a recurrence equation

for the coefficients cj. Dividing by A*~2 throughout we find

[o.¢] 1 o B o .
22 chqkw _ (a) )\chqk(w D4 chqk( 2)
k=0 k=0 k=0
= ¢\ ™+ ™). (3.3.12)
k=0 k=0
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We separate the terms containing ¢y on the left hand side and adjust the limits of

summation throughout the equation,
()\2 — é + 1)00 + i qkw()\Q — iqfk + quk)Ck
@ Q@

k=1
1 <A2 > gt 4> ck_lq(k_l)(w_Q)) . (3.3.13)
k=1 k=1

To establish the recurrence relation we collect the terms with ¢, and c;_1,

o )\ o9
P()\)CO + Z qkw—Qk()\QqQk q + 1 Z >\2qkw+1 + qkw—2k+3)ck_1. (3314)
k=1 k=1

From (3.3.8) we replace the coefficient of ¢;, with P(\g*) to get,

P Cﬁzqkw *PAF)er = "N + ¢7)qon-n - (3.3.15)
k=1 k=1

The recurrence relation for ¢; can now be read off from

PNy + Z "7 (P(A") ek — (N + ¢*)gep—1) = 0. (3.3.16)
This equation is satisfied if P(A) = 0 and all the coefficients in the sum vanish, i.e.
P(\")ar — (M2¢* + ¢*)gcr—1 = 0. Now P()\) = 0 implies

A2—5+1:0,
(8%

which equivalently can be used to express a in terms of A\ as

A
14+ M2°

o =

(3.3.17)
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Eliminating « in the characteristic polynomial (3.3.8), we factorise as

We need to evaluate P(\g"), so we now let u = A\¢* and simplify to get
P(Ag") = (1= ¢")(1 = X*¢"). (3.3.18)

If P(\")cx — (A2¢** + ¢?)qcr—1 = 0 then for k > 0 we have

(N2g%* + ¢?)qe—
P(A\g*)

(3.3.19)

Cr —

Now substituting in the value of P(\¢¥) from (3.3.18) in (3.3.19) and iterating it we

have
(_/\2’ q2>k q3k
(¢ O)r(N2q; Q)i

where we choose to write all products in terms of the g-Pochhammer symbol. The

full solution to the recurrence equation (3.3.7) is a linear combination of the ansatz
over both values of A. Here P(A) = 0 and also P(A) = 0 (where A = §). We can

write the general solution for S(w) as

S(w) = A\ Z cx(N, q)g™ + BAY Z e (A q) ¢ (3.3.21)
k=0 k=0

We can now write the general solution in terms of a basic hypergeometric series. We

define

(=% )t (i Q)u(—iN; @)re
’ = ¢ Z)‘a _Z)U AQQ?Q?*% )
kzzo s\ @) kzo AQq q) (q,Q) il )

(3.3.22)
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where
o

(a;q)k bqu
2¢1abCQ7 Z .
— k(@ @)

Using this notation, the general solution S(w) can simply be written as
S(w) = AXG(A, ¢ %) + BX"¢ (X, ¢"*°) . (3.3.23)

Using the initial conditions we can solve for A and B. Our recursion for P, and @,
for w > 1 is similar, but with different initial conditions. First we solve for P, with

the following initial conditions
P,=R(-1)=0 P =R(0)=1.
Since R(w) = a“(q; ¢)ws+1S(w), we have
S(-1)=0  S(0)=——. (3.3.24)
We substitute the initial conditions (3.3.24) in equation (3.3.23) and solve for A and

B. This gives two simultaneous equations as

= A0 () + B (Aa?)

0 =AM, ¢*) + BAp (X, ¢°) .
Solving these equations gives

—N¢ (N, ¢%)

AT T GO0 ne) - 226 (h ) 600 4)

and




Similarly we solve for ),,. Let the general solution be
S(w) = CAN"G(N, ¢""?) + DA¢ (X, ¢“ %), (3.3.25)

with the initial conditions as

Since R(w) = a"(¢; ¢)w+15(w) we have
S(-1)=a  S(0)=——. (3.3.26)

Substituting the initial condition from (3.3.26) in equation (3.3.25), we get two

equations

1

T—g =Co(\,¢°) + Do (N, ¢°)

a=CA(N,¢%) + D¢ (N, ¢%)
solving for C' and D gives

(@) N1 = q) (A, ¢*) — V¢ (\q

O =0 000 (n ) — X6 (0 ) (0 )

and

_ o\, ¢*) = (@M1 = g)o(A ¢°)
(1—q) (6N, ¢®)o (M @®) — X260 (N, ¢%) 6N %))

Substituting the full solution for P,(a,q) and Q,(c,q) in (3.2.14), we have the

following expression

(g
(g 73)

ANG(A, ¢ ) + BN
A

Gulld) = EXag0n, 7 + D)

¢
3.3.27
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Using the values of A, B, C' and D we have the full solution as

1
Gu(t,q) = — — — .
(0 N0 =) [N ) (N g ) — A6 (A %) oA, ")
(14 22) [A0(X, ¢2)¢ (N, ¢ F3) — Av26 (X, ¢%) B(A, ¢ +3)]
(3.3.28)
This completes the proof. O

3.4 Half plane limit for ¢-tangent numbers

By taking the limit of infinite w in the generating function G, we derive an ex-
pression for the generating function of ¢-tangent numbers. This corresponds to
enumeration of path diagrams in the half plane without height restriction, and we

therefore refer to this as the half plane limit.

Corollary 3.4. The generating function of ¢-tangent numbers is

A2 [1- (1423 Y 2 (i

G(t.q) = iz (1 =X ] (3.4.1)

A(1—gq

where ) is the root of t = (1 — ¢)A/(1 + A\?) with smallest modulus.

Proof. For the half plane limit we consider the sum (3.3.28). We know that the ¢
series converges when |g| < 1 using the ratio test. From (3.3.9) we see that one of
the roots of the characteristic polynomial (3.3.8) is less than one if ¢ is sufficiently

small. We assume || < 1. When w — oo,

d(N, %) = 201 (1IN, =N Nq5 ¢, ¢") — a1 (iX, —iX; A2q;¢,0) = 1.
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Also

IAY] — 0.
This implies
1
G(t,q) = . 3.4.2
9 = = go0n ) (342)
(1+A2)o(A, ¢?)
Heine’s transformation formula for o¢; series [8] is given by
b; q)oo(a2; ) oo
s1(0,bi 6, 2) = DDl ey (i) (3.4.3)

(¢ @)oo (2 @)oo

Using this transformation we can write the basic hypergeometric functions in (3.4.2)

as follows

(—iX; Qoo (IAG%; @)oo
(A% 4) o0 (4?5 @)oo

201 (iNq, ¢ 1AG%; q, —iN)
(3.4.4)

o\, @) = 201 (X, —i\; N2q; ¢, ¢%) =

and

(=15 ©)oo (1AG’; @)oo
(A?¢; 0)oo (0% @)oo

201 (iNg, ¢ iAG*; q, —iN).
(3.4.5)

¢()‘7 q3> = 2¢1 (Z/\7 _2)‘7 /\2Q7 q, q3) =

Further substituting the transformations of basic hypergeometric functions from

(3.4.4) and (3.4.5) in the half plane limit (3.4.2) yields

1

(=i @)oo (1A% @)oo
(A¢:9)oo (9% @)oo

(=i Qoo (1A% @)oo
(A¢; @)oo (4% @)oo

G<t7 Q) =

(3.4.6)

(1 —q) 201 (1A, ¢*;iNG3; ¢, —iN)

1—

(1+22) 201(1Aq, 4% 1Aq%; @, —iN)
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Simplifying this expression gives

1
G(t,q) = SRR (3.4.7)
oo T
) o & (AG Qi@ ) L
(=A%) (1 +2 )kz:% (1Ag% @)i(q; @) N*
1
_ . (3.4.8)
o (=" -q¢")
- ()1 —q) 2 (1 —iAg* ) (1 — iAgF+2) (=iY)
) 0 (1 _ qurl) '

We aim to simplify the terms in the sums on the right hand side of (3.4.8). For this

we let
(A=) =d"?) Nk
(1= iAGHL) (1 — iAgh+2) (—iA) (3.4.9)
and k
_ k1
- %HA)’“- (3.4.10)

To simplify, we substitute x = —iA in N to get

- =)
N = 3.4.11
Zo 1+ zg*1)(1 + qu+2)x ( )
Using partial fraction decomposition we get
Nos [ _denEre) s a) (3.412)
2?2 g1 +xgh) 22 (¢ - 1)1+ xg"?) ] -

44



Shifting summation indices and combining the fractions, we find

k 0 k 00 k

Y e 2 +y

o (14 zgkt?) im0 (1 +xg") = (14 zgktt)
(g —1)(z —1)

+a%q+1

(3.4.13)

Similarly we consider the expression D and substitute z = —i\ to get

0 (1_qkz+1> .

D=
1 _i_quﬂ)x

k=0

Again for this expression we decompose into partial fractions

N (x+1)
D = —_ 3.4.14
Z() T 1 + qu-l-l) ( )

Shifting summation indices and combining the fractions, we find

k 0o l’k

> 1

b (1+a¢") = (1+2db)
22(x —1)

QZ

D= (3.4.15)

Substituting (3.4.13) and (3.4.15) in (3.4.8) and simplifying, we get the final expres-
sion as
(—iA)®

L+ |1— (a2 i-adl

G(t.q) = e ;ﬂ

(3.4.16)

This gives the desired result. [l

3.4.1 An explicit formula for ¢-tangent numbers

Next we make connections to the previous work in [11] where closed formulas for
¢-Euler numbers (g-tangent numbers and g¢-secant numbers) are obtained. The

paper [11] uses permutation tableaux for obtaining these formulas. In particular, we
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extract the coefficient of > of G(t,q) given in (3.4.1). Our result is in agreement
with Theorem 1.4 in [11].

Corollary 3.5. Qn(q) = [t*N]G(t, q) is given by

5 m—+1 9
N+1 g™ +am (l E: (_1)lq_l HZ) (2m 2)<J\72+Nm+11)
Q E - 4.1
wla) = l—qz]\“r N+m+2 (34.17)

m=

To prove this corollary, we need an identity which reduces from counting rect-

angles on the square lattice in two different ways, taking ideas from [21].

Lemma 3.6.

o T xnynqn2(1 o l.qun)
> - =Y . (3.4.18)

—l—yq" = (1—2q")(1—yq*)

Proof. We consider the generating function of rectangles (including those of height
or width zero) on the square lattice, counted with respect to height, width, and area,
given by

R(z,vy,q) Z "y g™ (3.4.19)

n,m=0
Summing over m gives the left hand side of identity (3.4.18). If we instead sum over

rectangles of fixed minimal width or height /N, then this results in

I‘ Y, q :Z (ZIN m Nm‘i‘zlﬁ N _nN ajNquN2> (3420)

N=0
_ i wNyNgV xNquN NN (3.4.21)
—\ 1= ygN 1 — xgV o
= -1 . 3.4.22
Z ’ < —yg® | 1—ag" ) ( )

Simplifying the terms in the final bracket gives the right hand side of identity
(3.4.18). 0
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Proof of Corollary 3.5. The sum in (3.4.1) can be identified with R(—i)\, i\, q), so

that using Lemma 3.6 we get

0 n2)\2n(1 _ )\2q2n)
1402 [1-(1+2) % 2

A(1—-q)

G(t,q) = (3.4.23)

We remind that G(t,¢q) is by definition an even function in ¢, and that the t-
dependence on the right hand side is implicit in A = A(¢). To extract the coefficient

of 2V we evaluate the contour integral

(t7]G(t,q) = %% A(£)2(1 — ¢)2N+1

, & A (1 — A(t)qu"))
dt .

(3.4.24)
Next we perform the change of variables from ¢ to A. Comparing the value of a from

the characteristic polynomial given in (3.3.8) and (3.2.11), we have

1 1—g¢q
A4 —-—=—— 3.4.25
this implies
(1 —q)A
t=—=5. 3.4.26
1+ A2 ( )

Differentiating ¢ given in (3.4.26) with respect to A gives

a\ (1422

dt _ (1=g)(1 =N+ (3.4.27)

Substituting the value of ¢ and its differential from (3.4.26) and (3.4.27) in (3.4.24)
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we get

1
NGt q) = —
00 an)\Qn(l o )\Qan)

(1+ A% (1—(1+A2)Z

>U—@XP+VVN“G—A5

=0 (1+X%*) d
]{ A2NF2(1 — ¢)(1 — q)2N+1(1 + \2)2 B
(3.4.28)

Simplifying gives

22N [ 1 _ 2y o qn2/\2n(1 — N 2
(1+X°) (1 (1+)\)HZ::0 1+ 22 )(1 %) o

1
2N _ b an
]Gt q) = 27”7{ A2N+2(] — ¢)2N+1 A
(3.4.29)
The expression above is in terms of A\, and using the relationship between A and ¢
we know
[*NG (t,q) = N Hn (X, q), (3.4.30)
where
2
[o%) n >\2n(1 _ /\2q2n)
1+ (1142 2 1 — A2
(o 1= 1) § SRRt ) -
Hyn(\ q) = (3.4.31)

)\2N+2(1 _ q)2N+1

(o3) o) (o E ST
_ . (3.4.32)

o (1 _ q)2N+1
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We are therefore led to computing the constant term in A of Hy (A, q), i.e

- T, i T3
NN 6) = W)=
where N
n-(3) ()
T, = ()\+ %)w (% — 1) (1+ 2%,
and

B qn2>\2n(1 - )\2q2n>
T+ a2

We can write these T}, T, and Tj as

- 2%31 (2N)I(2N — 2k + 1)I\2k-2N -2
e k(2N — k + 1)! ’
_— 2§2 (2N + DI(2N — 2k + 2)I\2k—2N=2
ta E\(2N — k +2)!

and

Ts :an)\Qn( (Z Y(AZg?) ) — 1) .
=0

Substituting the expression (3.4.34),(3.4.35) and (3.4.36) in (3.4.33) gives

Hy(hq) 1 (%El (2N)I(2N — 2k + 1)I\2-2N -2
NN Q) = 1 2N+l -
(1— g2+ | & KI2N — &+ 1)

2N+2 _oON_ 0o
(2N + 12N — 2k + 2)IA2k-2N-2 . 2
(kzzo KI(2N — &+ 2)! Zq A 22 (e
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(3.4.34)
(3.4.35)

(3.4.36)

)

(3.4.37)



Further we simplify by expanding and combining the summations to get

Hu(hq) = 1 2§1 (2N)I(2N — 2k + 1)1\2h—2N =2
MAET A =g | & KN —k+1)!
) f: f: 2N+2( 1)l .. (2N + 1)'(2N — 9%k + 2)!)\2k—2N—2+2n+2l
- ~1)'q

KI(2N — k + 2)!

oo 2N+2

2 (2N + 1)1(2N — 2k + 2)I\Z—2N-2+2n
’ . 4.
+§ kzzo ! E'(2N — k + 2+ 2n)! (3.4.38)

We want to extract the coefficient of A\, so we combine the powers of A and equate
them to 0 and find k. We insert this value of k into each term to get the coefficient
of A°. For the first term in (3.4.38) we equate 2k — 2N — 2 =0 and get k = N + 1.
For the second term we equate 2k —2N —2+2n+2l =0and get k = N —n—1[+1.
Finally for the third term we equate 2k —2N —2+2n =0 and get k = N —n + 1.

Inserting these values of k in their respective terms we get

B 1 (2N)!
Qnla) = (1— q)2N+1 (_ N!(N +1)!

-2 Z Z (—1)lg+2m (2N + 1)!(2n + 21)!

N —n- [+ DN+ o+ 17T

N+1

4 Zo " (2N + 1)i(2n)! ) © (3.4.39)

—n+ 1IN +n+1)!

Next we add and subtract the term —I? to the power of ¢ in second term to complete
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the square

1 (2N)!
Qn(q) = (1 — g)2N+t (_ NI(N + 1)
N+4+1 N—n+1
=5 Z 1)lqn0? g (2N +1)!(2n + 21)!
=0 = (N—n—l+1)!(N—|—n+l+1)!

N+1

Y QN + Di2n): ) . (3.4.40)

c~" (N—n+DI(N+n+1)

The sum runs over n+ [ < N, so we substitute n + [ = m in the second term which

simplifies the expression as

B 1 (2N)!
Qn(q) = (1— q)2N+1 (_N!(N+ 1)!
N+1 m o (2N + 1)!(2m)! N+1 2 (2N + 1)!(2n)!
22 VT e i w2 <N—n+1>!<N+”+1>!>‘

(3.4.41)

Next we change the variable of summation from n to m in third term and simplify

to get

B 1 (2N)!
Qn(g) = (1 — q)2N+t (_N[(N+ 1)!

_Z " ni]ﬁ;();v@fq)viﬂﬂ <QZ<—1>ZQ‘”—1>)- (3.4.42)

=0

Extending the limits of [ in third term gives,

_ 1 (2N)!
Qn(g) = (1 — q)2N+1 (_ NI(N +1)!
W NI w
- Z (N—m+1DI(N+m+1)! l_(zm+1)(_1) q . (3.4.43)
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Substituting m =m + 1 and [ =1 — 1 gives

1 (2N)!
Qn(a) = (1= g)2N+1 (_ N!(N +1)!

. Zo g : ]f[QiV r:)'l();\?f n:ri);)! (Z (—1) q—l2+2l>) . (3.4.44)

l=—m

Now in the second term [ = m + 2 gives

This cancels out with the first term and we get

Lt (8 ) em e 2 ()
QN(Q) = (1 — q)QN—H Z —

m=0

4.4
N+m+2 (3 5)

]

3.5 w' convergent of ¢-secant numbers

Theorem 3.7. For w > 0, the w'* convergent for the continued fraction expansion

of the generating function of q-secant numbers is given by

1
A2(1 = q) [N(X, )0 (A, ¢"F2) — A% (A, ¢%) (A, ¢* )]
(14 22) [Awgp(X, @) (A, ¢ %) — Ao+29 (X, q) (A, ¥ +2)]

Gt q) =

. (35.1)

o2



Here,

2L (IMNG Or(—iX/T; @) ra® . ,
Z \/;Vq e (QQk e 201 (MG, —IANG N3¢, @),
k=0 ’

where
o0

(a;q)u(b; )1 2"
2¢1(aab; G q,x
kzo (e )i )

is a basic hypergeometric function and X is the root of P(A\) = \> — X/a + 1 where
o =t/(1-q).

Proof. We shall prove the theorem 3.7 by solving the recurrence (3.2.17) and (3.2.18).
This is done as in Theorem 3.3. It follows from the continued fraction expansion
given in (3.2.13) that both the numerator P’ («, ¢) and denominator @', (v, q) satisfy
the recurrence relations given in (3.2.17) and (3.2.18) respectively. As the recursions
are same for w > 1, therefore we represent them both by R(w) and solve simulta-

neously. It follows that
R(w) = R(w —1) —o*(1 — ¢*)’R(w — 2). (3.5.2)

Expanding the coefficient of R(w — 2) gives three terms which cannot be solved
explicitly using standard method because we have w-dependent coefficients. Also the
terms ¢¥ and ¢** create difficulty, so we will aim to eliminate the terms containing
¢*“ by suitable rescaling. For this we use the ansatz (3.3.4). This transformation of

coefficients leads to

a"(q; Qu1S(w) = (g5 q)uwS(w — 1)
— (1= ¢")(1 = ¢")a"*(¢; Quw1S(w —2). (3.5.3)
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Dividing by a*(1 — ¢*), we obtain

1
(1—¢"™S(w)=—=S(w—1)— (1 —-¢")S(w —2). (3.5.4)
Q@
Rearranging to get the linear recurrence with constant coefficients on the left hand
side

S(w) — ésm )4 S(w —2) = ¢S (w) + ¢ S(w — 2) (3.5.5)

for w > 1. This eliminates the ¢** from the recurrence as intended, with only ¢*
factors on the right hand side. We see that this recurrence is very similar to (3.3.7).
The left hand side of (3.5.5) is a linear homogeneous recurrence relation with the
same characteristic polynomial (3.3.8) as above, however the right hand side is
slightly different, with a prefactor of ¢* in front of S(w — 2) instead of a prefactor

w41

g“*t!. We thus use the same ansatz (3.3.10) to solve the recurrence. Following a

calculation identical to the one for g-tangent numbers, we find for k£ > 0
(N*¢** + q)ger—

e EV R (3.5.6)

Now substituting the value of P(A¢") in (3.5.6) and iterating it, we get

(=\2q; )1 ¢
cr. = . 3.5.7
" (0 (V2g )k (3:5.7)

The full solution to the recurrence equation (3.5.5) is a linear combination of the
ansatz over both the values of A. Here P(A) = 0 and also P(A) = 0 (where A = {).
We can write the general solution for S(w) as

S(w) = AN Z e\, q)g™ + BAY Z Ch (5\, q) g, (3.5.8)

k=0 k=0
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We define

i Z (AT O k(—IA/G; @)

2 2
— ( Aqq = (Nq; )r(a; @)

=201 (IA/q, —IA/G; N*q; ¢, )

where 5¢; is a basic hypergeometric function. The general solution can be expressed

as follows

S(w) = AN"P(X, ¢ T2) + BA (X, ¢“T?). (3.5.9)

Using the initial conditions, we can solve for A and B. Our recurrence relation was
same for P, and @), for w > 1, but the initial conditions were different as given in

(3.2.17) and (3.2.18). First solving it for the P with the initial conditions as
P ,=R(-1)=0 Pj=R(0)=1.

Since R(w) = a“(q; ¢)ws+1S(w), we have

Substituting in equation (3.5.9) and solving it for A and B, we get two simultaneous

equations

= AV (L) £ B0 (),

0= ANp(A, q) + B (A q) |
Solving these equations gives

—\ (A, q)

AT T 0 () V0 () 00 4)
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and

_ Phg
(1—q) (v @) (A ¢?) = 220 (X, q) v(\, ¢?))

Similarly, we solve for @,. We let our general solution be

S(w) = CA“h(X, " %) + DAY (X, ¢"*?) .

The initial conditions are

Since R(w) = a"(¢; ¢)w+15(w), we have

Substituting in equation (3.5.10) we get two equations

[ = O+ Db (A d?),

a = COM(X, q) + D\ (5\, q) )
Solving for C' and D, we obtain

o ()N —q)¢ (A, ¢*) — X% (A, q)

(1—q) (L @) (A a?) — X0 (N q) ¥(X, ¢?))

and

T 19 @ v (h @) — N

(A @) = (N1 =)
q
Substituting the full solution for P, (a,q) and Q.

/\ —|
\.>/I
~ \/
RS
—
>
L)
=

a,q) in

o6

(3.2.14), we have the



generating function as

ANP(A, ¢ ) + B

B (/_\7 qw+2)
CX(X, qv+2) + D)™

(g

G (t,q) = ZZ (3.5.11)

Using the values of A, B, C and D, the full solution is given by

1
G (t,q) = — — — .
o0 =1 ) O () =30 () 00 )]
(14 22) Ao (A, @) (A, 9+2) = A2 (X, q) (A, ¢v+2)]
(3.5.12)
This completes the proof. O

3.6 Half plane limit for ¢g-secant numbers

By taking the limit of infinite w in the generating function G’ , we derive an ex-

w?

pression for the generating function of g-secant numbers. We refer to this as the
half plane limit as it corresponds to the enumeration of path diagrams without any

height restriction.

Corollary 3.8. The generating function of ¢g-secant numbers is

G/t q) = (1+2?) i 1—3\/\/_@ (3.6.1)

where ) is the root of (1 — ¢)A\/(1 + A\?) with smallest modulus.
Proof. For the half plane limit of g-secant numbers, consider the sum (3.5.1). We

know that the ¢ series converges when |g| < 1 using the ratio test. From (3.3.9) we

see that one of the roots of characteristic polynomial (3.3.8) is less than one if ¢ is
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sufficiently small. Assume |A| < 1. For w — oo we have

V(N qF%) = 201(IM/Q, —IMNG NG 0,6 T) = 201 (1M, —iA/G N q5¢,0) = 1

and

|IAY] — 0.

This implies
1
o )‘2(1 B QW(A, q2).
(1+A2)v(A, q)

Using Heine’s transformation formula given in (3.4.3), we transform the basic hy-

G'(t,q) = (3.6.2)

pergeometric functions given in (3.6.2) as follows

(X, q) = 201 (MG, —iAG N¢5 4, 9) (3.6.3)
_ (CiIMNG @) (06?1 q)
(A% @)oo (45 @)oo

=201 (IMG, 4 1A% ¢, —iAV/Q) (3.6.4)

and

V(A ¢%) = 201 (IAG —IMNG N q5 4, ¢7) (3.6.5)
_ (HiIAE @) (iAg7;q)
(A5 q0)oo (4% @) o

e 201 (1A/4, 7 i)\q5/2; 7, —iA/Q). (3.6.6)

Substituting the transformations (3.6.4) and (3.6.6) in the half plane limit (3.6.2)
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yields

1
o AT )
M= ) D
T )N D

G'(t,q) = |
201 (IM/G; %3 1N°%; ¢, —iA/Q)

1—

(1+A2) 020 0 (0 D 201 (IA/G, 43 IA3/2; ¢, —iA/q)
S (3.6.7)
Simplifying the expression we obtain
1
G'(t,q) = ‘ . (3.6.8)
NN NN
1— N ; (iAG"%; @) (g5 @) (=ivay
o1 e 3 T @G0
(L)1 - ingt) 5 EWEBEEDE (g, g
! (3.6.9)
B = (1-¢"") : - -
. N(1—q) k;) (1 — iNFTI2) (1 — irgFT372) (—iAy/q)

(1+22) 3 (=irva)r

To simplify further we consider the expression in (3.6.9). We aim to simplify the
terms in the sums on the right hand side of (3.6.9). For this we let

N = Z (1 —i\gF+1/2) (1 — iAgF32) (—iAV/aq) (3.6.10)
0

and

b= (1(__3—(]\/31/2) - (3.6.11)
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We substitute = —iA,/q in NV and apply partial fraction decomposition to get

N = i( e+ 1) (g + 1) ) (3.6.12)

(1+2¢°q)(g—1) (1 +2q"q)(q—1)

Shifting summation indices and combining the fractions, we find

(¢ — a2 );OZ T .
N = oo 1) T (3.6.13)

Similarly we consider the expression D and substitute z = —i\,/q to get

o0

(3.6.14)

k=0

Substituting (3.6.13) and (3.6.14) in (3.6.9) and simplifying, we get the final result

as

Gt q) = (1+ \?) i 1_3\/\/—_(] (3.6.15)

This gives the desired result. [l

3.6.1 An explicit formula for g-secant numbers

Next we extract the coefficient of t*V of G’(t,q) given in (3.6.1). Our result is in

agreement with Theorem 1.5 in [11].

Corollary 3.9. Qy(q) = [t*"]G'(t,q) is given by
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Proof. To prove this corollary we will again use the Lemma 3.6. The sum in (3.6.1)

can be identified with R(—i\\/q,i)A\/q,q), so we get

0 n24ny\2n 2 2n+1
o ¢ AT (L = AP
G'(ta) = (L+ A2 g (3.6.17)
k=0

We remind that ¢-dependence on the right hand side is implicit in A = A(¢). To

t2N

extract the coefficient of t*, we evaluate the contour integral

gD (1 — A(1)2g2Y)
(L)Y 2 )
(MG (. q) = %f L tQJ(V:r M) dt.  (3.6.18)

From (3.4.27) substituting the value of dt/d\ we get

fo%) qn2+n)\2n<l _ )\2 2n+1)

(1 + )‘)QN (I;) (1 + /\2q2n+1) ) (1 - )‘2) A\

NG (t il
PG (1) = 5 e -
(3.6.19)
The expression above is in terms of A. Using the relationship between A and t we
know
(NG (t,q) = (NHy (A, q) (3.6.20)
where
1 2N 00 n2+n/\2n 1 — N\2g2nt1
/\ + — (1 _ )\2) Z q ( q )
A = (14 A2g2+1)
Hy(\q) = . (3.6.21)

(1—q)*¥

From the expression H) (A, q) we can extract the constant term in A as follows
INHL (N, ) = [\] leTg , (3.6.22)
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where

(/\ + %)w (1= A2)

= (1 —q)*
and qn2+n )\Qn(l — )2 q2n+1>
T, = 3.6.23
2 (1 + A2g2n+1) ( )
We can express T and 15 as
2NH1 (2N)(2N — 2k + 1)IN2k—2N
— E'(2N — k+1)!
k=0
T = 0= (3.6.24)

and

Ty = ¢t A2 (22 (A2t 1> : (3.6.25)

l

Substituting the expression (3.6.24) and (3.6.25) in (3.6.22) gives

1
Hy (A q) = A=
2N+1 _oN oo
(2N)I(2N — 2k + 1INV =0 ( )
Z n\2n 22 )\ n+1 l 1 '
oV R 2
< — E'2N — k+1)! —
(3.6.26)
Expanding the terms and combining the summation implies
, 1
Hy (N q) = A= g~
2N+1 oo o0 — n
( D) E N e (2N)!(2N — 2k + 1)IA2e-2han sl
| — |
prr S E'(2N — k+1)!
- 2%? i o G~ 21 DM%_QN%) (3.6.27)
pr it K'2N — k+1)!
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We aim to get the coefficient of \°, so we combine the powers of A and equate
them to 0 to find k. For the first term we equate 2k — 2N + 2n 4+ 2] = 0 and get
k= N —n —[. For the second term we let 2k — 2N +2n =0 and get k = N — n.
Inserting the value of k in (3.6.27) we get

. X = 2o (2N)!(2n + 21 + 1)!
Onla) = ﬂ—q GEZE: lA+HHQN—n—DKN+n+l+D!

n=0 [=0
_ Z s )|'(<;”:n1>+ N ) . (36.28)

We add and subtract the term —I? to the power of ¢ in the first term to complete

the square. We obtain

N N-n
) 2N)!(2n + 21 + 1))
/ 9 l (n+l) +n+l —1? (
Onla) = (1—q < 2 T N DI(N+n+l+1)

e 2N)(20+1)!
S yraa n)>!(<N+n>+1)!), (3629

3

The sum runs over n + 1 < N, so we substitute n + [ = m which simplifies the

expression as

, Al g gt < N)!(2m +1)!
) = (= g (222 (N —m)l(N +m + D)

M e 2N)(2n+1)!
_;q (N—n)!(N+n+1)!>' (3.6.30)

Changing the summation of variable in the second term from n to m and simplifying
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m=0 =0
(3.6.31)
The final result is
Lt (£ et em )
Q) = — : 3.6.32
This completes the proof. O

3.7 Identities

The central results of this chapter have been given in Theorems 3.3 and 3.7, which
express finite continued fractions in terms of basic hypergeometric functions. For

example, for ¢g-tangent numbers we have

1
a*(1—q)(1—¢*)
a’(1-¢*)(1-¢%
L a1 —¢”)
1—a?(1—q¢)(1—q"t)

1
~ X =9 oA g6 (A ¢") = A6 (A, ¢°) 6N, ")
(1+22) [A6(X, ¢2) (A, g 2) — X429 (X, ¢2) d(X, g +2)]

and a similar result holds for g-secant numbers. The point we would like to make

in this section is that these results can be re-interpreted as giving hierarchies of
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identities for basic hypergeometric functions. For w small, the left hand side is
a relatively simple rational function in ¢ and ¢, whereas the right hand side is a
weighted ratio of products of basic hypergeometric functions at specific arguments.

We make the resulting identities explicit for w = 1 in the following corollary.

Corollary 3.10.

201 (v, —v; —V2q; 4, ¢°) 21 (=10, 7, =25 ¢, ¢*)
1—¢° _ + Vot (=0, 7, =125 q, %) 201 (v, —v; —1%q; ¢, ¢*) 371
1 — 12 o e 1,2 2 = . 25 4 ()
14 2¢1(V7 vV, VC]aQ;Q)2¢1( V,V; an%(l)
— v (=0, 05 =125 ¢, 4%) o1 (v, —v; —12q; ¢, ¢*)

where v =i\, 7 =1 and g=1 , and
v q

21 (1, — s — 1% ¢, ¢2) 201 (—aft, aft; —4* %5 4, ¢°)
L=a 0P 201 (07 97— 4, 4%) 201000 1 =% 4,4%) (4 7 o
1— p2g 201 (1, — 1 — 1% ¢, q) 201 (—afi, aft; —*[1%; 4, ¢°) o
— A2 901 (—qit, qft; — 42125 4, q) 201 (1, — 145 —14%5 ¢, ¢°)

where p = iA\/q, i = i and ¢ = é.
Proof. Insert w =1 in Theorems 3.3 and 3.7 and simplify. [

To the best of our knowledge these identities are new. It would be interesting to

find an alternative derivation and perhaps deeper understanding of their meaning.
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Chapter 4

Generalised Weighted Paths

4.1 Introduction and model definition

Consider a directed path in a slit Z x {0,1,--- ,w} of width w, starting at point
(0,u) and ending at point (n,v), taking its steps from {1} x S, where S C Z is
a finite set. For simplicity we call S the step set. We define A = SN Z; and
B = —(S\A). Figure 4.1 shows such a generalised path.

u=2

n=16

Figure 4.1: Generalised path of length n = 16 with northeast steps A = {1, 3,4,5,6}
and southeast steps B = {1,2,3,4} in a width of slit 7, starting at height 2 and
ending at height 4. Here o = 6 and [ = 4.

66



We are interested in the enumeration of these generalised paths, where we also
associate specific weights to individual steps. Every up step in A is weighted by py,
a € A and every down step has an associated weight ¢, b € B. If the maximum of
A and B are a and f respectively, we assume p, and g to be non zero. The length
n of the walk is taken into account by t. In particular, the generating function of

generalised weighted paths is given by

G(t,2) =) Guor(t)2", (4.1.1)

v=0

where Gai’)ﬁ (t) is the generating function of the paths and ¢ is conjugate to the
length n of the walk, u is the starting height, and v is the ending height of the path.

4.2 The main result

Theorem 4.1. The generating function Ga"z’)ﬁ (t) of generalised weighted paths is
given by

wer (=)' S(we w,08-1)/(v,00+5-1) (Z)
Gy (1) = ; = ; (4.2.1)
Pa S(w—&—la,Ofe)(z)

where Z are the a + 8 roots of

a B
K(t,z) =1 —thaz“ —thbz’b ,
a=0 b=1

and sy, (2) is a skew Schur function.

We shall prove this theorem in a sequence of steps in the next two sections. We
will first write down a functional equation satisfied by the generating function, and
define the notion of the kernel of this functional equation, which is essentially a
polynomial in z of degree v + 3, related to K (t, z) in the statement of the theorem

above. Coeflicients of the kernel can be interpreted in terms of elementary symmetric
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functions of the roots. We cast the enumeration problem in terms of a system of
linear equations. Using elementary symmetric functions will allow us to employ the
Jacobi-Trudi formula to express the solution of the system in terms of skew Schur

functions, leading to the statement of the theorem.

4.3 The functional equation

An n-step walk is constructed by adding steps from the step set S to an (n — 1)-
step walk, provided n > 0. This leads to the functional equation for the generating

function G(t, z) given by:

G(t,z)=z2"+t (Zpaz“ + Z %) G(t, z)

acA beB
—1 Z Zw+j ZpaG(u,w—a+j)(t> —t Z Z_j Z QbG(u,b—j) (t) (431)
J=1 azj J=1 b>j

Here z" represents the zero step walk starting and ending at height u. The term
t (Zae APa?"+ D hep %) G(t, z) corresponds to steps appended without the consid-
eration of violation of boundaries. The steps not allowed are removed by subtracting
the terms which account for the steps crossing the line y = 0 and y = w. For exam-
ple tz;il 2wt Eazj PaG (uw—a+j) () adjusts the steps going across the line y = w
and tZ;’il 2z szj @G (up—j)(t) corresponds to steps below the boundary y = 0.

We rearrange the functional equation as

(1—t2pa2“+t2%> G(t,z) =

acA beB
z% — tz PRl ZpaG(%w_aﬂ-)(t) —t Z z7 Z WG up—y)(t). (4.3.2)
Jj=1 azj J=1 b>j
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This gives us the kernel K (¢, z) of the functional equation

a B
K(t,z)=1- thaz“ - tz w2l (4.3.3)
a=0 b=1

We finish this section proving a lemma relating the coefficients of the kernel to

elementary symmetric functions.

Lemma 4.2. The kernel can be written as

a+pB
K(t,z) = —tp, Z 227 (—=1)"e; (4.3.4)
i=0
where
- tpa = _tpa(_l)a_aea—a (435)
1 —tpyg = —tpa(—1)%, (4.3.6)
— tgy = —tpa(—1)""’eass (4.3.7)

forl<a<aand1<b<g.

Proof. We simplify the kernel and write as follows

« B8 a+p
_tpa Zﬁ Pa g41a q — _tpa
K(t,z) = e <_t_ + 0y e E 2 = 5 H(z —2z). (4.3.8)
Pa 5 Pa b=1 ©¢ k=1

We can relate the coefficients of the polynomial given by the kernel to the sum and

product of roots. Using the following relation we can transform the kernel.

n

(z+2x) = Z 2% (2) = 2"eg + 2" ey 4+ - Fep, (4.3.9)
1 a=0

—=

k

where Z = 21,25+ 2,. The kernel expressed in terms of elementary symmetric
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functions is given by

-t [e% o —1 7 a—1 7
K(t,z) = 1—t2pa2 —tZQbZ_b = g Z () e = —tpaz (=1)'e;
a=0 b=1 S i=0
(4.3.10)
This implies
1t paz® =ty gz = —tp, Y 2 (~1)e; . (4.3.11)
a=0 b=1 i=0

Next we compare coefficients in (4.3.11) for different powers of z. For o > a > 1,

let @ = o — ¢ in right hand side of (4.3.11) to get
—tpa = —tpa(—1)"""€a—q - (4.3.12)

For a =0, let 1 = a,

1 —tpy = —tpa(—1)%e, . (4.3.13)

For g > b > 1, we substitute —b =a — 1

— tqy = —tpa(—1)"*eays . (4.3.14)

4.4 Solution of the functional equation

We aim to rewrite the functional equation (4.3.2) in terms of elementary symmetric
functions instead of weights p,, q, and t. For that we substitute the expression for

the kernel from Lemma 4.2 into it. We also drop w, a and 3 from Gz‘;’i’)’g by writing
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GUel = G'(u.v)- This gives

(u0)

a+pf w
(—tpa Z zo‘i(—l)iei) Z Gluw(t)z’ =
i=0 v=0

Zu o tz Zw+j ZPaG(u,wfaJrj) (t)
j=1

azj

—tY 2> @ Gup—p(t) . (44.1)
j=1

b>j

Similarly we express tp, and tq, in terms of elementary symmetric functions given
by (4.3.5) and (4.3.7) in Lemma 4.2. Rearranging terms and multiplying throughout
by —1/tp, we get

w atp
Z Z z”+a_i(—1)Z€iG(u,v) (t) =
v=0 =0
_ % £35S 2 (1) G a1

Jj=1 a>j

+ Z Z (1) PeassGup(t). (4.4.2)

=1 b>j
Next we rearrange terms on the left hand side to better extract the coefficient of 27,

a+B wta—i

Z Z (_1)i€iG(u,v7a+@')(t)Zv =

1=0 v=a—1
LU

528

YD () o aGluuay (1)

7j=1 a>j

+ Z Z 27 (1) PeqisGrup—p(t). (4.4.3)

J=1 b>j
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As G, is zero for v < 0 and v > w, so we extend the limits of summation of v and

write the functional equation as

a+B oo

Z Z (_1)i6iG(u7v_a+i)ZU =

=0 v=—00

Z Z 2 (1) PeqipGup—p(t). (4.4.4)

Changing the order of summation and restricting the sum to non zero terms where

appropriate, we have

o0 a+p
Z <Z<_1)i€iG(u,fu—a+i)<t)> Z¥ =

V=—00 Z:O
u o a
z w17 a—a
—t + E g 4 +J(_1> ea*aG(uvw_a"’j)(t)

O

/B .
+ 03 (=) PearnGup (). (44.5)

b=1 j—1

On the right hand side, we let w 4+ 7 = v in the first sum and v = —j in the second

sum, and write the summation for v as follows

V=—00 =0

e’} a+p8
Z <Z(_1)i6iG(u,va+i)(t)> P

8 -1

. Z Z 2(=1)*eaiyGupin (t). (4.4.6)

b=1 v=-b
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Exchanging the order of summation, we now can write the outer summation uni-

formly as sums over z¥ as follows

o0 at+p .
Z (Z(_l)zeiG(u,v—a_H) (t)) 2 =
i * Z ( Z (_1>aaeaaG(u,v—a)(t)> zY

tpa v=w+1 \a=v—w
—1 /5
+ ) (Z zv(—l)a+bea+bG(u,v+b)(t)) 2V (4.4.7)
v=—8 \b=v

Let @ — a =1 for the first summation and o + b = ¢ for second summation. We get

e’} a+p8
Z (Z(_l)ieiG(u,uaH)(t)) 2V =

V=—00 1=0
Lu wta a+(w—v) .
T Z (=1)'€iGup—a+i(t) | 2"
Pa S i=0
—1 atp
+ > ( > (—1)ieiG(u,Mﬂ-)(t)) 2. (4.4.8)
v=—8 \i=a+tv

Upon inspection one can now see that the sums on the right hand side can be
matched by sums over identical terms on the left hand side. The boundary cor-
rections in the functional equation have of course been introduced to precisely that
effect, as they were added to correct for steps that went beyond the upper and lower

boundaries. We are left with with the following expression

w a+p3
> (Z(—UieiG(u,v—am (t)) 2" = _t%a (4.4.9)

v=0 =0
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Comparing coefficients of z¥ for 0 < v < w, Equation (4.4.9) is equivalent to a

system of w + 1 equations. This can be written in matrix form as

(=1)%ea (_1)a+13a+1 (_1)a+’83a+[3 0 T G(u 0) (t) 0
(10 Teqr (-1 o (~)TFFlegig o 0 ’
(“1)% 205 (~1)%Leqy - (—1)°+F2c01p5 5 ~ 0 Gun(t)
: : : : S Gua) | = |-+,
) —e1 (_1)Beﬁ 0 . fpoz
L0 o o 6 S o I (e () 0
(4.4.10)

1
tpa

right hand side being zero. We can evaluate the unknowns G, (t) for v =0... w,

where — - is an entry at u'* position, with every other entry in the vector on the

by using Cramer’s rule. We write this matrix equation as
Ax = b, (4.4.11)

where A is the coefficient matrix of dimension w + 1, z is the matrix of unknowns
G(uw)(t), and b is the column vector on the right hand side with a single non zero
entry —%. We want to remove the negative signs of the entries in A to write the

matrix equation in terms of the matrix

[ €a  €at1 €at2 Ca+B |
€a1  €a  Catl ‘° Cotp1
€a—2 Ca—l Cq Cotf—2
A= 5 ] (4.4.12)
eo el ey - es o0
i 0 0 0 0 0 €a |
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We accomplish this by applying a transformation given by the matrix

0 0 0
~1 0 - 0
S=10 0 1 - 0 . (4.4.13)
0 0 0 - (=1wH

For the matrix S we know that S = S~!'. The matrix equation (4.4.11) will be
transformed as SAS~1Sz = Sb. We note that SAS™' = (—=1)*A and Sb = (—1)"b,
so we have

(—1)*A(Sz) = (—1)", (4.4.14)

where (Sz), = (—1)FGux)(t). To evaluate Sz let A, be the matrix formed by
replacing column v in A with the column vector (—1)*Sb, which has (—1)1““1_0‘“3%Y
at position u. As per Cramer’s rule we can say that

v |A u,v |
(—1)"G ) (£) = %. (4.4.15)
A
Using the second Jacobi -Trudi formula, we can write the determinant of the matrix
A in terms of Schur functions. The second Jacobi-Trudi formula expresses the Schur

function as a determinant in terms of the elementary symmetric functions,

SY EXi+1 EX 42t EN -l
EX,—1 ex, EX,+1 T EXN 42
()
S\ = det(e)\;ﬂ-_i)i’j:l = €>\é_2 eAé—l 6)\/3 R 6)\/1+l_3 . (4416)
EX—l+1  EN—i1+2 EXN-143 " Ex
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Comparing the determinant in (4.4.16) with the matrix A in (4.4.13), we can see
that the conjugate partition X' is given by

N=laooa -, af. (4.4.17)
—_——
w1

From this conjugate partition we can write A = (w + 1%,0°) and so the determinant

of the matrix A can be written as

|A| = S(w_,_la’()ﬁ)(zl, 22y, ZOH-ﬁ)' (4418)

Note that we have chosen the convention to let the partition have the same number
of parts as we have roots 21, 22, - - - , Za4g, 50 that we supplement the partition with

zero size parts as needed.

Further we need to evaluate Gy, (t) for v = 0...w. Recall that the matrix

Ay 1s equal to

€a €a+1 T €atuv—1 0 e €a+p 0
€a—-1 €a e Catv—2 0 o €at3-1
€a—2 €a—1 e €atv-3 0 e €a+3-2

€Ca—ut+1 Ca—ut2 " Catv—u 0 ot €aqpoutl 0

+l-a 1
€a—u €a—u+l " Catu—u—1 ( 1)u atpTa o €atp—u
€a—u—1 €a—u T Catu—u—2 0 T €aqpB-u—1
eo el Cu_1 0 es 0
0 0 0 0 0 e 0 e e
L = [w+1]
(4.4.19)

To evaluate the determinant of A, we expand the matrix (4.4.19) by the v
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column. This gives a matrix of size w as follows

I/huwﬂ::

X |€a—u—1

€a—2

Ca—u+1

Ca—u—2

(_JJ2u+v+1—a

528
6a+1
€a

€a—1
Ca—u+t2
Ca—u

Ca—u—1

€1

ea+v—1 Catuv+1
Catv—2 €a+v
€a+v—3 Catv—1
Catv—u Catv—u+2
Catv—u—2 Catv—u—1
Catv—u—3 Catv—u—1

€v—1 €v+1

0 0

Catp
Catp-1

Ca+p-2
€atp—u+tl
Catp—u—1

€atpB—u—2

€s

€l

(4.4.20)

To study this matrix we look at the definition of skew Schur functions in terms of

the second Jacobi-Trudi formula.

()

Sxpw = det(ex—p,4j-i)ij—1

EX -
EXy—py—1

= ekg—uﬁ—Q

X —p) —1+1

EX —np+1
EXy—pihy

eké—ué—l

X —ph—1+2

O —pf+2
Xy —pl+1

EXy—pily

EX —ph—1+3

EX|—pj+1—1
EX|—pj+1—-2

N —p+1-3

EX—m

(4.4.21)

Comparing the determinant of A, ) to this determinant we can write the conju-

gate partitions for both A and p accordingly. To determine the conjugate partition

of A, we note that the entries along a column initially decrease by one, so that A

remains unchanged until the u-th row, where a decrease by two implies that A de-
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creases by one. Hereafter, A, remains constant. Therefore X' = (¢*, (¢ — 1)¥™*) for
some ¢ > (0. To determine p, we consider the change along a row: the entries increase
by one except for a jump of two in the v-th column. Therefore p/ = (d¥, (d —1)*~")
for some d > 0. From the entry in the first row and column we see that \] — u} = a,
hence ¢ = d + . This determines A and p up to a constant. Letting d = 1, we find
N =(a+1* o ") and ¢’ = (1¥,0*""). The partitions A and p are thus given by

A= (wu,0°71) (4.4.22)

and
p=(v,0%T71), (4.4.23)

where we have again added zero size parts to follow the convention established above.

The corresponding skew Schur function is

S(wayu’oﬁ—l)/(v’ooﬁ—ﬁ—l)(2) . (4424)

u

Figure 4.2: Skew partition \/p = (w®, u, 0°71)/(v,0%P~1) for the skew Schur func-
tion related to det A, ). Here and in what follows we employ the ‘French’ convention
that the parts of the partition are depicted such the the largest part is at the top
and the smallest one at the bottom. Note that we do not show parts of zero size.
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A pictorial representation of the skew partition is given in Figure 4.2. We see
that the associated skew partition is given by a rectangle of size w x a which has a

row of size u added below and a row of size v removed from the top row.

Coming back to Cramer’s rule, we see that the determinant of any A, ) is given

by
v+l—a 1 =
|A(u7v)| = (—1) 58@,%%06—1)/(%0&4—5—1)(Z) . (4425)

Taking the value of |A| from (4.4.18) we can write that G, is given by

. | Ao otla L Swew08-1)/woets-1)(Z)
(=1)"Cluw(t) = =7 = (1) — - (4.4.26)
| tpa 5(w+1a705)(2)
The final result is
1—a 1 S(wa u,08-1)/(v Oa+ﬂ—l)(2)
Gluw(t) = (=1) 7 ————= : (4.4.27)

Do S(wt12,08)(Z)

4.5 Equivalent result in terms of Schur functions

Schur functions form a linear basis for the space of all symmetric polynomials [25].
We can therefore express the skew Schur function in Theorem 4.1 as a linear com-

bination of Schur fiunctions.
Lemma 4.3. Let «, 5, w > 0. Then for 0 < u,v < w we have

S(wa,u,oﬁfl)/(v,oa%fl)(217 cee 7Za+ﬁ) =
Z S(wo‘*l,w—(v—u)+—l,(u—v)++l,03*1)(217 S 7Zoz+ﬁ)a (451)
=0

where r = min(u, v, w — u, w — v).

Proof. From Pieri’s rule [25, Corollary 7.15.9], we know that for a skew partition
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A/v, where v is a horizontal strip of size v,
Saw(2) = Z su(2), (4.5.2)
m

where the sum ranges over all partitions p C A for which A/ is a horizontal strip of
size v. In order to prove the lemma we specify the partitions A and v as on the left

hand side of (4.5.1). The partitions associated with the skew Schur function are

A= (w®,u,0°71) (4.5.3)
and
v = (v,0°T771), (4.5.4)
\%%
o

[
" w-u

u

Figure 4.3: A diagram of the partition A = (w®,u,0°~1) occurring in the identity
(4.5.2).

The aim is to find an explicit expression for all partitions p in the sum on the right

hand side of (4.5.2). Given a partition A of the shape depicted Figure 4.3, we want
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to find all partitions p for which A/u is a horizontal strip of size v. This can be
viewed as removing a strip of size v from A so that the remaining object is still a
valid partition. This removal can only be done from the last two rows, as removing
anything from above the last two rows will not correspond to the removal of a strip.
As the bottom row is of size u, the options of removing a strip of size v depend on
the size of u and v. For this we consider two cases depending on whether the size v

of the strip to be removed exceeds the length u of the bottom row or not.

Case u < v

v-u+l

1 u-1

u

Figure 4.4: A diagram showing the structure of the partition p = (w* ! w — (v —

u) — [, 1) in the case u < v. The shaded part corresponds to a strip of size v.

Consider a skew partition given by \/v = (w® u,0°71)/(v,02t#~1) shown in
Figure 4.2. If u < v then the structure of the partitions u appearing in the sum on
the right hand side of (4.5.2) are indicated in Figure 4.4. The shaded portion shows
the strip v to be removed. We remove part of v from the bottom row of length

and the remaining part from the row above, i.e. we shorten the bottom row by u —1
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and the row above by v — u + [. We shall determine the allowed values of [ below.

Removing the strip v from A gives the following partition
p=(w*"w—(v—u)—1I). (4.5.5)
Now we derive bounds for [. Firstly we see that u — [ > 0. This implies
[ <. (4.5.6)

Also we know that v —u+1 has to be less than or equal to w — u, else the grey parts
will lie above each other and so we will no longer have a strip. From this condition
we get

v—ut+l<w-—u,

SO

[<w—w. (4.5.7)

From (4.5.6) and (4.5.7) it follows that
[ < min(u, w — v).
Also the condition u < v implies that w — u > w — v. Therefore it follows that
0 <! <min(u,v,w — u,w —v).

Therefore the sum can be written as
min(u,v,w—u,w—uv)

S(we,u,08-1)/(v,00+8-1) = Z S(we=1 w—(v—u)—1,1,08-1) - (458)
=0
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Case u > v

w
(0
| | | P
1
u-v+l vl
u w-u
Figure 4.5: A diagram showing the structure of the partition pu = (w* 1, w — I, u —

v +1) in the case u > v. The shaded part corresponds to a strip of size v.

We use the same idea as in the first case and remove strip v from the partition .
For v < w the structure of the partitions p appearing in the sum on the right hand
side of (4.5.2) are indicated in Figure 4.5. Since v < u, we can remove v completely
from the lowest row and nothing from the row above, or we can remove part of it
from the lowest row and the rest from the row above. We thus shorten the bottom
row by v — [ and the row above by [. We shall determine the allowed values of [

below. Removing the strip v from A therefore gives the partition
p=w*"w—1lLu—v+l). (4.5.9)
Consider the bounds for [. We see that v — [ > 0, this implies

[<uv. (4.5.10)
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Also we know that [ has to be less than or equal to w — u, else the grey parts will

lie above each other. From this condition we get
[<w—u. (4.5.11)
From (4.5.10) and (4.5.11) we have
[ < min(v,w — u).
Also from the condition v < u we have w — u < w — v. Then for | we have
0 <! < min(u,v,w — u,w —v).

From the bounds for [ and Schur partition p we get

min(u,v,w—u,w—uv)

S(we,u,08-1)/(v,00+8-1) = Z S(we=1,w—lLu—v+1,08-1) (4512)
=0

We finally combine results (4.5.8) and (4.5.12). Denoting r = min(u, v, w —u, w—v),
we find

r

S (we 1,08 1) /(v,00H5-1) = Z S (w1 1w (v—10) 4 —1, (u—v) 4 +1,08-1) (4.5.13)
=0

]

We now use this Lemma to state the desired equivalent result for Theorem 4.1 in
terms of Schur functions. Note that while in Lemma 4.3 we did not need to specify
the arguments of the functions, here it is important the the arguments are given by

the kernel roots.

Corollary 4.4. The generating function Gl(‘iﬁj’)ﬁ (t) of generalised weighted paths in
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terms of Schur functions is given by

T

5 . 1 lXE)S(wo‘*l,w—(v—u)jL—l,(u—fu)++l,0f3*1)(Z)
Geaf(e) = (1) E

(u,0)

Do S(erla,Oﬂ)(Z)

where z are the o + 3 roots of the kernel

a B
K(t,z)=1 —thaz“ —thbz_b.
a=0 b=1

and r = min(u, v, w — u,w — V).

Proof. Lemma 4.3 proves the corollary. O

4.6 Examples

We now present several special cases involving small values of a and 3. The first case
we examine is («a, ) = (1,1), which corresponds to weighted Motzkin paths, and
also includes Dyck paths as a special case, if the weight of the horizontal step is set
to po = 0. This has been studied previously [12] [6], but the Schur function approach
used here is different and focusses more on the structure of the problem than just
giving explicit generating functions. We then examine the cases («a, §) = (1,2) and
(a, B) = (2,1), the solution of which involves roots of cubic equations. Here, the
strength of our Schur function approach becomes apparent, as any explicit solution

involves cumbersome algebraic expressions.

4.6.1 Motzkin paths

Theorem 4.1 shows that the geometric structure of the problem is encoded in the par-

tition shapes, while the step weights are “hidden” in the kernel roots. For Motzkin
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paths the result is particularly simple and elegant, involving only partitions with

two parts.

1s (21, 22)

w,1,1 (wyu)/(v,0)\~1y <2

(.0) (t) = — . (4.6.1)
tp1 Sewt1,0)(21, 22)

From a computational point of view, skew Schur functions are of course not that

easy to evaluate, but with the help of Corollary 4.4 we are able to state the result

in terms of Schur functions.

) Y S(w—(v—u) s~ (u—v)+1) (21, 22)

R ROR = , 4.6.2
(u,v) ( ) tp1 S(w+1,0) (21, 22) ( )

To expand the Schur functions we write them in terms of determinants. The Schur

function in the denominator of Equation (4.6.2) is given by

1 Zw+2 Zw+2
S(w—i—l,()) (21, 22) :Z 120 220 (463)
1 2
1 w w

where A = A(z1,22) = z1 — 29 comes from a Vandermonde determinant evalution.
Similarly expressing the Schur function in the numerator of Equation (4.6.2) as a

determinant implies

1 Z11,U7(’U7U)+*l+1 Z;uf(vfu).;,.flJrl

S(wf(vfu)+fl,(ufv)++l)(Zla 22) - K Zgu_v)++l Zéu—v)Jr—&—l

(Ziu_(v_u)+—l+lzéu—v)++l _ Z;u—(v—u)+—l+1z§“—”)++l), (4.6.5)

B> =

Now substituting the expansion of these Schur functions into (4.6.2), we finally

obtain
min(u,v,w—u,w—uv) ( Vel ( Vot ( VeIt ( ot
(zw v—u) 4+ Jumv)ptl  w—(o-u)y Llu=v)t )
1 1 2 2 1
1,1 =0
G ) = —

(4.6.6)
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Here, z; = 21(t) and z3 = 25(t) are the roots of the kernel K(¢,2) =1 —tpy—tp1z —
tq1/z, so that they can be explicitly given as solutions of the quadratic equation
1/t —
52 _ / poz el

+—==0. (4.6.7)
b1 P1

4.6.2 Case (=1, f=2)

Structurally, this case is rather similar to the preceding one, however the Schur
functions now have as argument three kernel roots z1(t), z2(t) and z3(t), which are
the solution to the kernel equation given by

1/t —
23— Yt=p Pz I, 2 g ; (4.6.8)

Y4 b1 b1

so that a general explicit solution would involve roots of a cubic equation. Theorem
4.1 implies that

1s (21, 22, 23)
w,1,2 (w,u,0)/(v,0,0)\ <15 <2, <3
(u,v)( )= — (4.6.9)
tp1 S(w+1,0,0)(21, 22, 23)
and the result given in Corollary 4.4 can be written as
1 Z S(w—(v—u)+—l,(u—v)++l,0)(217 22, 23)
Guli(t) = —=° . (4.6.10)

ip S(w+1,0,0) (21, 22, 23)

We expand the Schur functions and write them in form of determinants. The Schur

function in the denominator is given by

w+3 w+3 w43

20T 2 2
1
3(w+1,0,0)<217 2y, 23) = A 2] 2 Z%
A 5 4
1
= Z(zqf’*?’(zQ — 23) — 283 (2 — 23) + 283 (2 — 29)), (4.6.11)
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where A = (21 — 29)(21 — 23)(22 — 23) is again a Vandermonde determinant (which
will however cancel out in the final result). Similarly expressing the Schur function

in the numerator as a determinant implies

S(w—(v—u)4 —1,(u—v)1+1,0) (21, 22, 23) =

1 w—(v—u)y—1+2 U—v)4+I1+1 U—v)++I1+1
X ( (v—u)+ (Zé )+ . Zé )+ )

w—(v—u)4—l+2, (u—v)4+i+1 (u—v)4+1+1
) (21 — %3 )

B C S s I CY BE)

Now substituting the expansion of Schur functions in (4.6.10), we obtain

Glam (1) =

. w—(v—u)yL—I1+2 u—v)L+Il+1 u—v)L+Il+1
min(u,v,w—u,w—v) [ 2 (v-u)+ (25 )+ —Zé )+ )

—(v—u) 4 —1+2/ _(u—v)4+I+1 —v)4+Hi+1
2 : —Z;U (v—u)y (Z%u V)4 —Z?()u )+ )

w—(v—u)4—I+2 u—v)+I+1 u—v)4+I+1
1 P + 2 (v—u)4 (Z% )+ _ Zé )++l+ )
— 4.6.13
tp 203 (2 — 23) — 28T (2 — 23) + 2¥ (2 — ) ( )
4.6.3 Case (e =2, 5=1)
The kernel equation now leads to
1/t —
gy Miop o (4.6.14)
D2 D2 D2

We note that exchanging o and [ is akin to switching up and down steps with
adjusting the weights appropriately. More precisely, making all the parameters

explicit we have
K@D (t,z) = K12 (t,1/2), (4.6.15)

Ppo,pP1,P2,491 Po,41,92,p1
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which in the case of unit weights implies that the kernel roots for («, 5) = (2,1)
and (a, ) = (1,2) are simply inverses of each other. This symmetry is not as ex-
plicit when writing the generating functions in terms of Schur functions. Symmetry
considerations would dictate that we need to replace u and v by w — v and w — v,
respectively, but this is not obvious from the result given in Theorem 4.1, which

now reads

1 s u 21,29, %
OR() = — (w0021, 22,28) (4.6.16)
tP2 S(uwt1,u41,0)(21, 22, 23)

From Corollary 4.4, this can be written as

T

| 2 St (21, 2, 25)

Gw,2,1 (t) _

v (4.6.17)

ip2 8(w+l,w+l,0)<z1a 292, 23)

We expand the Schur functions and write them in form of determinants, and we

obtain
i -
min(u,v,w—u,w—v) Z;UJFZ(Z;Uf(viu”i”lzéu*v)-kﬂ - Z;’Ui(viu”iHlZéu*yHH)
Z . Z;U+2(Zilif(vfu)+fl+lz§u7v)++l . z;)f(vfu)+fl+1z§u7v)++l)
- + Z§u+2(Ziu—(v—u)+—l+lzéu—v)++l . Z;u—(v—u)+—l+1z§u—v)++l)
1
> AP — ) - T - ) + AT - )

(4.6.18)

When written in terms of kernel roots, we see some structural similarity between

(4.6.18) and (4.6.13), in line with the symmetry observation made above.
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Chapter 5

Adsorption of Generalised

Weighted Paths at Boundaries

5.1 Introduction

Recall from Chapter 4 the model of generalised weighted paths. In this chapter we
extend the generalised weighted paths by including adsorption of generalised paths
at boundaries. Before considering paths with general step sets, we first present the
model of Motzkin paths in Section 5.2 in order to set up the ideas for the general
case, which is then treated in Section 5.3. We note that adsorption of Motzkin paths
has been considered in [5]. Here we focus on adapting our methodology of Chapter

4 to the treatment of paths with boundary weights.
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5.2 Motzkin paths

Motzkin paths are closely related to Dyck paths. The step set includes the steps
from a Dyck path that is an up step (1,1) and a down step (1, —1) and an addition
of a horizontal step (1,0) which is what makes it different from Dyck paths. To be
precise, we consider lifted Motzkin paths [27], where starting and end points are not
restricted to be at height zero as is the case for Motzkin paths as normally defined.

For the adsorption model consider the generating function of Motzkin paths as

M(k,\t, z) = Zri“)\bz”t", (5.2.1)

where w represents the set of all Motzkin paths in a slit of width w > 0 starting
at a fixed height v with 0 < u < w. We denote the total number of edges leaving
or lying on the line y = 0 by a (this is equivalent to the number of vertices on the
line with the exception of the final vertex), with b representing the total number of
edges leaving or lying on the line y = w. v is the ending height of the path and n is
the number of edges in a Motzkin path.

PAN

Figure 5.1: Motzkin path with edge and vertex visits with a = 3 and b = 2.

5.2.1 Functional equation

We construct a weighted path by appending steps from the step set of Motzkin
paths to an n — 1 step path where n > 0. The up step is weighted by p, the down
step by ¢ and the horizontal step by r. This leads to the functional equation for the
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generating function M (k, A, t, z),

t
M(k, M\t z) =2"+t(pz+1r+ g)]\4(/@, A\t z) — —qMO(I{, M\ t) — tpz" T My, (5, A t)
z 2

+tp(k — 1)2zMo(k, N, t) + tqg(A — 1) "My (k, A, t)
+tr(k — 1) Mo(k, A, t) +tr(A — 1)2Y My (k, A\, t), (5.2.2)

where My(k, A\, t) = [2°]M (k, A\, t, 2) and My, (k, A\, t) = [2Y]M (K, \, t, 2).

Here 2" represents the zero step walk starting and ending at height u. The term
t(pz +r+2)M(x, A t, z) corresponds to steps appended irrespective of whether the
resulting walk steps leave the slit. The steps not allowed are removed by subtracting
the terms which account for the steps crossing the boundaries y = 0, and y =
w. For example %Mo(m,)\,t) adjusts for steps going below the line y = 0, and
tpz T M, (k, A\, t) adjusts for steps going beyond y = w. Next the term tp(rx —
1)zMy(k, A\, t) adds a weight k to an up step leaving y = 0. Similarly the terms
tr(k — 1) Mo(k, A\, t) + tr(X — 1)z M, (K, A, t) give a weight of x and A to horizontal
steps at the boundaries, and lastly tq(A — 1)2¥ "1 M, (k, \, ) gives a weight of A to a

down step leaving y = w.

To reduce notational overload, we now write M(t,z) = M(k, A, t,z) and anal-
ogously M,(t) = [z"|M (k, A, t, z). Collecting the coefficients of M (t,z), we rewrite

the functional equation as

t
(1 —tpz —tr — tg> M(t, z) = 2" — —qMo(t) — tp2 T M, (t) + tp(k — 1)2Mo(t)
z z

+tq(N — 1) 2 My (t) 4 tr(k — 1) My(t) + tr(A — 1)z M, (t) . (5.2.3)

5.2.2 The kernel
The coefficient of M (¢, z) in functional equation (5.2.3) is the kernel given by
K(t,z) =1—tpz —tr — ¢4 (5.2.4)
z
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We rewrite the kernel as
t 1
K(t,z)= -2 (z2 ——z+ -2+ g) : (5.2.5)

As in Lemma 4.2. the kernel expressed in the terms of elementary symmetric func-

tions is given by

K(t,z) = _tzp (z%e0 — ze1 + €2) = —tp (Z zl_i(—l)iei> . (5.2.6)

=0

We aim to relate this to our work in Chapter 4 and use the same methodology
to solve for Motzkin paths under adsorption. For this we express our functional

equation (5.2.3) in terms of elementary symmetric functions and then solve it.

5.2.3 Solution of the functional equation

The functional equation with the kernel in terms of elementary symmetric functions

can be written as

—tp <Z Zl—i(_l)iei) M(t, z) =z"— t?q]\/[o(t) i M () + tp(k — 1)2Mo(t)

+tq(A — D)2 T My (t) + tr(k — D) Mo(t) + tr(A — 1)2“ My (t) . (5.2.7)
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From this functional equation we want to derive equations for the coefficients M, (t).

Writing M (t,2) = > M,(t)z" and dividing throughout by —tp, we get
v=0

i) 2

+ (—) tp(k — 1)2Mo(t) + ;—pl) tg(\ — 1) M, (t)
+ (;_pl) (s — 1)Mo(t) + C—pl) tr(A — 1)2° M, (1) (5.2.8)

Using the result from Lemma 4.2, we replace the terms on the right hand side with
elementary symmetric functions. We also rewrite the left hand side by changing the
order of summation and extending the limits of the summation over v to infinity,
as all the added terms are identically equal to zero. This transforms the functional

equation as follows:

Z (Z(—l)ieinH_l(t)) 2¥ = _—12“+Z—2Mg(t)+eozw+le(t)—eo(/ﬁ—l)zMO(t)

1=0 tp

—ea(N — 1)z M (1) — %(m — 1) My(t) — %()\ — 1) My(t) . (5.2.9)

Terms on the right hand side with powers of z less than 0 and greater than w are
cancelled out with the corresponding terms on the left hand side, and we are left
with

3 (Z(—l)iei]\/[v+i1(t)> 2= Tl e (h = 1) My (1)

v=0 =0 tp

~ea(N — 1)z M (1) — %(m — 1) My(t) — %(/\ — 12" My (t). (5.2.10)

Comparing coefficients of z¥ for 0 < v < w, Equation (5.2.10) is equivalent to a

system of w + 1 equations for M,.\(t) = M,(t), where we now have made the
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starting height u explicit in our notation.

Here —-L
tp

every other entry being zero.

—e1K = —e; + %(FL —1) and —eg N

the following simple system of equations

_<—€1 + 2(k — 1)> es 0 0 1. - - A
ek —e1 € Mo X
0 Mu)(t)
€p —e€1 1
M(%?)(t) = |
0 0 ex) : '
0 0 0 £(A [ Maw(®)] 10
i (e300 -1))
(5.2.11)

in the right hand column vector is an entry at the u'® position, with
For readability we introduce ' and A by letting
—e1 + 7(A —1). Equation (5.2.11) thus gives

—e1k e 0 - . q
elli —Z e Muo(t) ’
(()) . ' Z M1)(1) :
0o —€1
62/\ ' '
0 o —61)\/ _M(u,w)(t)_ i 0 i

which differs from (4.4.11) by the inclusion of boundary weights , ’, A, and X" in

the first and last column.

We now again use Cramer’s rule to evaluate the unknowns M, .(t). To be able
to express the resulting determinants using Jacobi-Trudi formulas, it is convenient
to eliminate the negative signs in front of the elementary symmetric functions. A
transformation is applied by multiplying with the matrix S as we did in Chapter

4, where the transformed matrix equation was A(Sz) = (—1)“"1~*b. For Motzkin
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paths « is simply equal to 1 and so we find

etk e 0 - 0 - . - .
egk €1 e M(u’0)<t> !
0 1 €2
€y €1 wl
M2 (t) = [(=1)"%] - (5.2.13)
62)\ ‘ ’
1) My (t

_ Y (D)"Muuwy(®)| | 0

The aim is to solve this matrix equation using Cramer’s rule. The unknowns are

given by
v ’A u,v |
(—1)" M (t) = (A L, (5.2.14)
A
where A is given by
etk ey 0
EogRk €1 €9
0 e e -+ 0
A= 70 (5.2.15)
62)\
i 0 - eN]

and A(,,) is the minor obtained by replacing the v column in A by the column
vector on the right hand side of equation (5.2.13). To evaluate the determinant of
A, we use generalised cofactor expansion. The expansion is done by the first and
last column of the matrix A. We only consider the case w > 2 here, as smaller
values of w can be easily calculated directly without recourse to the formalism used
‘)

below. Generally the expansion gives a sum over ( different terms, but due to

the presence of zeros in the first and last column most of these terms are zero and
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we are left with a sum over four terms only. We find

0

e1R

0

[ aY

61)\/

61)\/

€1

€o

€2
€0
0

€9 0
€1 €2

€y €1

0 0
€1 €2

€y €1

€2

€1

€1k

0

[ aY

0

62)\

62)\

€2

€o

€1 €2 0
€y €1 €2

0 €y €1

0 O
€1 €3

€y €1

€2

€o

. (5.2.16)

€9

€o

where the sign is determined by evaluating the sign of the corresponding permuta-
tions used in (2.7.3). Using the notation in that equation, H = {1,w+ 1}, and L is
one of {1,w}, {1,w+ 1}, {2,w} and {2,w+ 1}. Using the Jacobi-Trudi formula for

each individual determinant we can express the determinant of A in terms of Schur

functions as

|A| = 612:‘4&,)\/8(1”_1,0) — 61621'{,)\8(1”_270) — 6061/@)\,8(10_171) + 60€2fi)\s(w_271) . (5217)

This concludes our evaluation of the determinant of A and we next turn to the

evaluation of the determinant of A, ). To avoid degenerate cases, we shall restrict

ourselves to the case 1 < v <w —1and 2 < u < w — 2, so in particular, we need

w > 3 here. As per Cramer’s rule we substitute the column vector on right hand
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side of equation (5.2.13) into A, leading to

eik’ es 0

EogRk €1 €9

0 €y €1
Al 5.2.18
@710 0 0 (~1) L 0 (5.2.18)
62)\
61)\/

To compute the determinant of A(,,) we expand by the v column and get

ekl es 0 --- e 0
eok €1 €9 - e 0
0 e e - e 0
Aty = (—1)u+v<_1)u (5.2.19)
tp
o 0 --. cee eg
o o0 --- e\

Using generalised Laplace expansion along the first and the last column, we obtain

A(”LL,'U) = (_1)U+Uﬂ

(

where Dy, Dy, D3 and D, are the complementary minors. Using the second Jacobi-

eok 0
0 61)\/

eik’ 0 ek

0 61)\/

9 — 3 +

D4> (5.2.20)

0 62)\ 0 62)\
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Trudi identity, we evaluate the determinants of each of the minors and get

u

—1
| Auwy| = (—1)%”% (€K' N S(w—2u—1)/(v—1) — €1€2K'AS(w—3u—1)/(v—1)

—e0e1 KN S(w_2,u—1,1)/(v—1) + €0€2EAS(w—3u—1,1)/(0-1)) - (5.2.21)

Note that this expression ceases to make sense for u or v close to the boundary, as
expected. Also, we dropped the inclusion of zero size parts in the partition that we
used when writing Schur functions as it makes less sense here. We get the unknown
generating function by substituting the determinants in (5.2.14). This cancels the

signs and gives

e’ KN Sw—2u-1)/(0-1) — €1€25' XS (w—3u—1)/(v—1)
1 — €0e1KN S(w—2,u—1,1)/(v—1) + €0€2EAS (w—3u—1,1)/(v—1)

M (t) = — .
) (*) tp 12K N S(y—1) — €162k AS(y—2)—€0€1KN S(iy—1,1) + €0€2K8AS(1y—21)

(5.2.22)
This completes the computation of the generating function of Motzkin paths under

adsorption.

5.3 Generalised weighted paths under adsorption

Here we will use the machinery developed for Motzkin paths for the adsorption of
generalised weighted paths. We will again arrive at a matrix equation that can be

solved in terms of skew Schur functions.
5.3.1 Generating function and functional equation

Consider the generalised weighted paths introduced in Chapter 4. We add boundary

weights x and A analogously to what we did for Motzkin paths, so that in extension
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of the notation in (4.1.1), the generating function is now given by

G(t,2) =Y Gul(r,\t)z", (5.3.1)

v=0

where the generating function representing the paths ending at some height v (and

starting at fixed height u) is given by
Go(t) = GLo (kM) (5.3.2)

The functional equation for the generating function G(t, z) is now given by

G(t,z) = 2"+t (Z P+ %) G(t, 2)

a€A beB
S Y G ) 137 S 0
j=1 a>j =1 b>j

a B
+tp0(’f—1)Go(t)+tpo(>\—1)ZwGw(t)+Z tpa(’f—l)zaGo(t)"‘Z tgp(A=1)2""" G (1)
b—1

a=1 —

(5.3.3)

where the last four terms account for boundary weights. Note that there is a cor-
rection for the horizontal step with weight py at both the top and bottom border.

The kernel of the functional equation

K(tz) =1t p." - tzg (5.3.4)

a€A beB

is identical to the one considered in Chapter 4.
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5.3.2 Solution of the functional equation

The same manipulations as in the case for Motzkin paths now lead to a slightly

more involved Matrix equation. From the functional equation we find

As the next steps in the calculation are indentical to what has been done above, we
shall only give the matrix equation after the change of signs. Here we use " and )\
defined via (—1)%eqr’ = (—1)%€q + 22(k — 1) and (—1)%a A" = (—1)%a + 22 (A —1).

[ eak  €at1 t €aip 0 1 - _ -
Gu0)(t) 0
Ca_1k €a o €a+ﬁ71 o 0 '
: : : : . : _G(ml)(t) :
e : . : : S Gt I PR
( ) eok el 65 O ( 72)( ) ( ) tpa
: . : . S LG, (¢ 0
0 0 0 0 . en| TV Cew®] ] :
i (5.3.6)
Using Cramer’s rule we proceed with computing G, )(t) from
v |A u,v |
(—1)" G (t) = ‘<A’ &y (5.3.7)

We use a generalised cofactor expansion with respect to the first and last column
and write the resulting cofactors in terms of Schur functions using Jacobi-Trudi

formulas. We only give the result away from the boundaries, restricting the range
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of u and v to satisfy 0 < v < w and a < u < w — 5. With the notation

K;/ Z - 0 )\/ ] — 0
Ki = and \; = ) (5.3.8)
ko 1>0 A 7>0
we find that
’A‘ = <—1)1+JKi)\jea,iea+j5(w,1a—l7w,1,j,i70[3—1) (539)
i=0 j=0
and

(_1)04+U+1 - i i+j
|A(u,v)| = —tp (—1) KiAjea—ieoé+jS(w—2a*1,w—Q—j,u—l)/(v—l) . (5310)
el - 0

)

Il
=)

J
Our final result is therefore given as

(—1)+1 5 Z:O(—1)i+jHikjeafieaﬂ‘s(wfza—l,w72fj,u71)/(v71)
Glun(t) = —= . (5.3.11)

tPa o w
(—1)Z ‘7/fi/\jea—iea-l—js(w—la*l,w—l—j,z}O»B*l)
=0 ;=0

«

2

We note that there is a slight inconsistency in the Schur and skew Schur function
notations we have used in this Thesis. For Schur functions, we preferred to indicate
the dimension explicitly by giving a partition with a + 8 parts, supplementing with
zeros if necessary. We continued to do this for skew Schur functions in Lemma 4.3.
However, we saw already in the Motzkin path case, where oo + [ = 2, the number
of parts in the skew Schur function increased to 3, so that our preferred notation
became less useful. We therefore dropped the trailing zeros when indicating the

parts of the partition in the skew Schur function notation.
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