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Abstract

Lattice walk problems in the quarter-plane have been widely studied in recent years. The
main objective is to calculate the number of configurations, that is the number of n-step walks
ending at certain points or alternatively, the generating function of the walks. In combinatorics,
physics and probability theory, other properties such as asymptotic behavior and the algebra
of the generating functions are also of interest.

In this thesis we focus on solving quarter-plane lattice walks with interactions via the
kernel method. We assign interaction a to the z-axis, b to the y-axis and ¢ to the origin.
We denote ¢y 1huo as the number of n-step paths that start at (0,0) and end at point
(k,1), and which visit vertices on the horizontal boundary (except the origin) h times, ver-
tices on the vertical boundary (except the origin) v times and the origin w times. Then
Q(z,y,t) = ka’l,h’w qn,k,l,h,u,vxkylt”ahb”c“ is the generating function of the walk. Our aim
is to find whether the interactions will affect the solubility of quarter-plane lattice walk models
and the properties of the generation functions Q(x,y,t). In particular, we give solutions to all
23 quarter-plane lattice walks associated with finite groups. We solve 21 of them explicitly,
writing an expression for the generating functions Q(z,y,t). The other 2 are only partly solved.
We discuss when the generating function Q(x,y,t) become D-algebraic, D-finite and algebraic
by the variations of a, b, c.

We also compare the solutions obtained by the kernel method and the solutions obtained
by an analytic method based on homomorphisms on a Riemann surface. We combine the
solutions in another form with the solution of the kernel method, and prove the properties
of the generating function Q(x,y,t). We observe that the solution obtained using the kernel
method and other analytic methods are consistent with one another.
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Preface

The work in this thesis is done under the supervision of Aleks Owczarek and Nicholas Beaton.
In Chapters 4 to 6 we introduce the kernel method and past works [13, 7] in quarter-plane
lattice walk problems solved using the kernel method. In Chapter 11, we introduce the solution
of quarter-plane lattice walks by analytic methods [33].

The main original work is in Chapters 7 to 10 and 12. In Chapters 7, 9 and 12 we provide
proofs and discussions. We prove some theorems about the solubility of the models and the
properties of the generating functions. In Chapters 8 to 10, we do calculations. We study all 23
quarter-plane lattice walk models associated with finite groups® and exactly solve 21 of them.
The work in Chapter 8 on reverse Kreweras walks is published in [5]. The work on Kreweras
walks is currently on the arXiv [6] and will appear in the proceedings of the 2019 conference
Transient Transcendence in Transylvania (Springer Proceedings in Mathematics and Statistics).

The calculations in Chapters 8 and 10 can be found in the Mathematica files attached.

2See Section 3.5 for the definition of the symmetry group of a quarter-plane lattice walk model
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Chapter 1

Introduction

1.1 Background of lattice walk problems

A lattice walk is a walk with a fixed step set (allowed lengths and directions), ending on the grid
(for our purposes, the grid will always be Z?). A famous example of a class of lattice walks is
Dyck paths [28]. These are lattice walks in the first quadrant N? which begin at the origin and
end at (2n,0) with step set { 7, \(}. Enumeration of lattice walks is a classical combinatorial
problem, which involves counting those walks ending at each point on the lattice. We may have
one single walk or several non-intersecting walks with different kinds of boundaries. Weights
or interactions can also be assigned to the steps to vary the configurations. If we interpret the
weight and interaction as a probability or surface energy, the lattice walk problem can also be
viewed as a probability or a physics problem. The importance of lattice walks is that they
not only have straightforward applications in probability theory and statistical physics, but
also lead to the development of new enumeration tools. A direct example is that continued
fractions can be interpreted as weighted Dyck paths [35]. Since continued fractions can be used
to represent sequence like the Stirling numbers, Bell numbers or Motzkin numbers, we can also
use lattice walks to describe these numbers. Many combinatorial objects, such as trees, tableaux
or permutations have direct bijections with lattice walk models [1, 15, 31, 30]. Some physical
models such as ASEP (asymmetric simple exclusion processes) [9] can also be solved using a
corresponding lattice walk model [25, 23].

1.2 Quarter-plane lattice walks

In this thesis, we will study lattice walk models in the quarter-plane of Z2. The step set is S C
{/(7 Ta ’\7 <, X/a \La \17 _>}7 that iS7 {(17 1)7 (07 1)7 (07 _1)7 (_]—7 0)7 (_17 _1)7 (07 _1)7 (17 _1)7 (]-7 O)}
We wish to calculate @Q; jn, the number of paths ending at (i, j) with length n. A useful way
to study this problem is to study the generating function Q(x,y,t), defined as

Qx,y,t) = qumx’y"t”. (1.2.1)
,7,n

The study of quarter-plane lattice walks has a long history because of the connection to
random walks in probability theory. Probabilists omit the variable ¢ and instead assign a
probability to each step. Then a lattice walk is a typical Markov process and the @); ; is treated
as the stationary distribution [42]. In [33], Fayolle et al solved all the models using analytic

methods.
Quarter-plane lattice walk models are also of interest in combinatorics. The properties of
the generating functions can depend on the region of the lattice containing the walks. For lattice



walks in the plane without any restrictions, Q(z,y, t) is a rational function of x, y, t. For walks in
the upper half plane, Q(z,y,t) is an algebraic function [20, 2]. Walks with algebraic generating
functions are of special interest since these walks can be factored into smaller objects of the
same type [16]. In the quarter-plane, there are both algebraic and non-algebraic cases. The
generating functions may be D-finite, D-algebraic or hyper-transcendental’. These properties
can be further applied to the discussion of other problems such as finding the asymptotic
behavior of @);j,. In combinatorics, not only the explicit solutions are of interest, but also
these properties.

Quarter-plane lattice walk models without interactions were systematically studied in [20,
61, 14]. There are four special models: Kreweras, reverse Kreweras, double Kreweras, and Ges-
sel’s walks which all have algebraic generating functions. The method of solving quarter-plane
lattice walk models varies greatly, especially for these algebraic ones. For example, solutions
for Kreweras walks range from combinatorics, probability theory, algebraic geometry, differen-
tial equations, linear algebra and computer algebra [8, 33, 16, 44, 54, 61]. For other models,
there are some attempts in combinatorics [40] or probability theory [38]. But mostly, all the
solutions are through three main ideas: the kernel method [20, 54], Riemann boundary value
problems [61, 48] and homomorphisms on Riemann surfaces [33, 29, 34]. These three main ideas
will be introduced in this work. We will solve most models by the kernel method, and prove
properties of the walk by the homomorphism on a Riemann surface. Some recent works have
extended these methods to walks avoiding a quarter-plane [18] and walks in three dimensions
[11], but we will not discuss these models here.

1.3 Application of quarter-plane lattice walks with interactions
to physics

The idea of adding interactions to quarter-plane models comes from physics. Some recent
publications [66, 57, 24] modelled the growth of a polymer using an interacting lattice walk
model with one direction. For example, in [66], the authors studied a two-dimensional model
of interacting directed polymers above an impenetrable surface. They model the polymers as
two walks starting at the origin which can step north-east or south-east with unit step length.
Weights (Boltzmann weights) are assigned when the two walks touch (weight a) or when either
touches the surface (weight b). In physics, the focus is on the singularity structure of the
generating function, which determines the phase diagram of the model.

This directed polymer model from statistical physics is in bijection with a certain quarter-
plane walk problem (see Figure 1.1). If we use the following mapping:

) (Qre )me ()

then a pair of directed walks corresponds to a quarter-plane walk whose allowed steps are
{+,—,N\, \¢}. This quarter-plane walk model has interactions when the walk touches the z-
axis and the y-axis. The weights are the same as in the corresponding directed polymer model,
namely weight a on the z-axis and weight b on the y-axis.

This idea can then be applied to general quarter-plane models. In recent work [7], the
authors introduced the interactions to all quarter-plane walk models with a finite group? and
tried to solve them by the kernel method. In particular, they assigned weights a and b to
the two axes and ab to the origin. The interactions change the property of the generating

1See definitions in Chapter 2.
2See Section 4.3 for the definition of the symmetry group of a quarter-plane lattice walk model.
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Figure 1.1: Left: A pair of interacting directed paths with weights associated with shared
vertices and visits to the bottom boundary. Right: The corresponding quarter-plane lattice
path with weights associated with visits to the two boundaries.

functions. For some of the models, the generating function remains the same as non-interacting
cases. For some models, the generating functions change from algebraic to D-finite or from
D-finite to D-algebraic. Many of the models were not solved by the kernel method although the
non-interacting models were solved explicitly in [20, 17].

1.4 Outline of this thesis

We want to generally study quarter-plane walks with interactions via the kernel method. In this
work, we further assign an independent interaction c to the origin. Thus, the interactions at the
origin are not just treated as interactions with both axes, but also as special point boundary
interactions. We want to know whether the point boundary interactions have the same effect
as the line boundary interactions. There are several models that have not been solved in full
generality in [7], such as Kreweras walks and reverse Kreweras walks. They were only solved
with conditions a = b. We will address these problems here.

The structure of this work will be as follows:

In Chapter 2, we introduce some basic concepts and knowledge. In Chapter 3, we will go
through basic lattice walk problems. These include lattice walks in the bulk, binomial paths,
and quarter-plane lattice walks without interactions. Then, the kernel method is introduced
in Chapter 4. In Chapter 5, we will go through all the models without interactions that were
solved by the kernel method.

In Chapter 6, we introduce interactions into the quarter-plane lattice walk problems. We
construct the models, and solve them via the kernel method. We also discuss the properties of
those generating functions we obtain. Chapter 7 covers some lemmas and theorems required
for further proofs. Most solutions are illustrated in Chapter 8, including Kreweras walks and
reverse Kreweras walks. These two walks are special algebraic walks without interactions which
were not fully solved in [7]. In Chapter 9, we will conclude the general process of solving quarter-
plane lattice walks via the kernel method and make some improvements. Later in Chapter 10,
we apply these improvements and partly solve Gessel’s walks and double Kreweras walks (which
are the other two special models which are algebraic without interactions).

After solving all the 23 models, we move onto some other ideas. In Chapter 11, we introduce
Riemann boundary value problems (RBVP) and the homomorphism method on a Riemann
surface discovered by Fayolle et al [33]. These two ideas provide solutions to those models
that we failed to solve using the kernel method. The disadvantage is that these solutions do

11



not directly show the properties of generating functions. So in Chapter 12, we try to prove
the properties of the generating functions via the solution form of these two analytic methods.
These discussions are not only valid for the models that we have solved, but also some models
that cannot be solved via the kernel method. Chapter 13 is the conclusion and perspective.

12



Chapter 2

Notation and basic knowledge

The discussion of lattice walk models may include calculation of generating functions and some
concepts in field extensions and group operations. We first introduce some basic concepts and
define some notation used in this thesis.

2.1 Formal power series and operations

Suppose f(z) can be expanded as a Laurent series in some domain. We write [2¢]f(z) for the
coefficient of [z] in the Laurent series of f(z). Respectively, [z>]f(z), [#<]f(x) and [2Z]f(x)
are those series of positive, negative and non-negative powers of x.

We may discuss a series in some field or ring. For a ring or field K, we denote

1. KJt] as the set of polynomials in ¢ with coefficients in K;

2. K[t, 1] as the set of polynomials in ¢ and 1 with coefficients in K.
3. K{[[t]] as the set of formal power series in ¢ with coefficients in K;
4. K((t)) as the set of Laurent series in ¢ with coefficients in K;

5. K(t) as the set of rational functions in ¢ with coefficients in K.

The definition extends to multiple variables. For example R(z)((t)) refers to the set of Laurent
series in ¢ with coefficients in the set of rational functions of x with real coefficients. Notice that
the definitions here are not equivalent to fields [50]. Generally speaking, a series z(t) in K[[¢]]
and a series y(t) in K((¢)) can both be elements in the field K(¢), which is a field generated
by a transcendental element ¢t. We write them separately since they have different convergent
regions of t. We may also use the notation K[[z]][1/x], which refers to the set of polynomials in
1/x with coefficients in the set of formal series in x. This gives a Laurent series with finite [z<]
terms. These definitions are proposed for distinguishing series that we meet later.

For a series in K(()), when it has finitely many [x<] terms, we say it has valuation n if the
minimal degree of x is n. When n > 0, we may also say it has degree n in .

2.2 Generating functions

To study a counting problem, a useful method is to consider the generating functions. For
a two-dimensional lattice walk, we denote g, k1 hnv,u as the number of paths of length n that
start at (0,0) and end at (k,[), and which visit vertices on the horizontal boundary (except the

13



origin) h times, vertices on the vertical boundary (except the origin) v times and the origin «
times'. The generating function of these numbers is

Q(t7 x,Yy;a, b7 C) = Q(‘r? y) - Z tn Z QH,k,l,h,v,uwkylahbvcu = Z thn(.T, y)
n

n k,,hvu
=Y gty (2.21)
kel

We calculate the total weight of paths ending at (k,l) of length n by taking the coefficient
of z¥y't" of Q(z,y). Some boundary terms of this function are also of interest. We define
line-boundary terms:

[y ]Q(t z,y;a, b C) Ztn Z qn,k,ih,v,ul ahbv u (222)

n k,h,vu

This is the generating function of walks ending on the line y = 7. Q; —(y) is defined similarly.
For walks ending on the line y = 0 (z = 0), we prefer a more convenient expression Q(x,0) or
Q(0,y), which are equivalent to Q_ o(x) or Qo —(y).

Furthermore, we define the generating functions of walks ending on a line of diagonal direc-

tion:
Ztn Z qn,ii+j,hv,ul ahbv v (223)

i,h,vu

Note that the variable z in Q‘ji(x) marks the z-coordinate of the endpoint of the walk.
Finally we define point boundary terms:

'y 1Q(t; 2, ysa,b,¢) = Qi = Zt” > nighouab’c, (2.2.4)

h,v,u

This is the generating function of walks ending at point (3, 7).

2.3 Transformations and groups

A symmetric transformation of variables (x,y) is a biholomorphic mapping:

5+ (a,y) — (8a(,y), 5, (2,y) (23.0)

For shorthand we will write 6,(z,y) = d, and dy(x,y) = Jy.

We sometimes wish to apply a transformation § to an entire expression (like an equation or
a matrix) termwise. In this case we will use the operator ds, s ,)- For example, to apply the
transformation (z,y) — (1,y) to an equation E we will write 5( o (E).

We say an expression has & symmetry if it is invariant under 9, ie. 95,5, (f(2,y)) =
F(52,8,) = fa,1):

For shorthand we will write the composition of two transformations ¢, ¥ as ¥¢. Since all
the biholomorphic mappings used in this thesis have inverses, the symmetric transformations
form a group. For the groups mentioned in this work, we write D,, as the dihedral group of
order 2n.

1An alternative is to count walks by the number of edges on the boundary that they visit. It is another
weighting scheme which gives different equations
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2.4 Field extensions and Galois theory

We will meet some concepts in field extensions in our proofs of functional properties. We take
our definitions from [49]. All fields considered in this thesis are of characteristic 0.
Let F be a field. If  is a subfield of a field E, then we also say E is an extension field of F.
Let F be a subfield of a field E. An element « of E is algebraic over F if there exist
ag, a1l ...a, € F such that

ap + a1 + asa® + .. .apna” =0 (2.4.1)

A field extension [E of F is algebraic if every element in E is algebraic over F.
An embedding of a field F into a field E is defined as a homomorphism,

o:F—E. (2.4.2)

Then o induces an isomorphism of E to its image o(E). An embedding can also be treated as
a field extension. We say an embedding 7 : E — L is over ¢ if 7F = oF.
The algebraic extension that appears in our work is the embedding

F — F(zy,zo,...25) (2.4.3)

where x; are the roots of an irreducible polynomial function f(x).
Such an extension is called a Galois extension. It has two properties:

1. Normal: Every polynomial in F can be factored into linear factors in F(z1,x2,...x,).

2. Separable: The number of distinct roots of every minimal polynomial in F is equal to
the degree of the polynomial. A minimal polynomial of « is the polynomial f satisfying
f(a) = 0 with minimal degree in «.

We may have embeddings o : F(x1,z9,...,2,) — F(x1,29,...,2,) over F. They form an
automorphism group of the Galois extension F — F(z1, zo, ..., x,), called the Galois group. We
have the Galois theorem,

Theorem 1. Let E be a Galois extension of F. Let G be the Galois group. Then F is the fized
field of G.

The fixed field means every element o in the group is the identity automorphism for all
elements in the field. Galois theory tells us, if for any o € G, of = f, then f € F. If we write
f(x) as ap(x — x1)(z — x2) ... (x — xp,), then

flx)=0f(x) =ap(x —ox1)(x —0xa)...(x — oxy). (2.4.4)

That is, o permutes the roots. If f(z) is irreducible, o traverses all the roots. Notice that f(z)
is a symmetric function of all z;. So a function g(x1,z2...x,) € F if and only if g(z1,z2...zy)
modulo every f(z;) is a symmetric function of x1,xs ... z,.

2.5 Functional properties

Here we discuss some properties of the generating functions. A function f(x) can be included
in the following four cases:

1. Algebraic: f(z) is algebraic over z if there exists a polynomial equation P(f,z) = 0
with coefficients in C(x).
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2. D-finite: f(x) is D-finite (short for differentiably finite, sometimes also called holonomic)
over z if there exists a linear equation L(f, f,... f() = 0 with coefficients in C(z).

3. D-algebraic: f(z)is D-algebraic (differentiably algebraic, sometimes called hyper-algebraic)
over z if there exists a polynomial equation P(f, f',... f™) = 0 with coefficients in C(z).

4. Hyper-transcendental f(x) does not satisfy any of the previous three conditions.

Here we have
Algebraic C D-finite C D-algebraic (2.5.1)

Algebraic D-finite D-algebraic

Figure 2.1: The relation between algebraic, D-finite and D-algebraic

In multivariate cases, f(z1,22...2k) is said to be D-finite if there exist k linear equations
L;(f, g—i, ... %) =0, (i =1,2,...k) with coefficients in C(x1,x2...,2,). This is the normal
definition of D-finite functions [52]. We do not use the regular definition for multi-variable cases,
since we are going to prove some function is D-finite by proving that it satisfies a set of linear

differential equations. We extend the definition of D-finite to D-finite over certain variables.

1. D-finite: f(x1,x2,...2y,) is D-finite over x; if there exists a linear equation
L(f, %’ ... 9%y = 0 with coefficients in C(z;). All other x;j(j # 1) are treated as param-

. n
ox]

eters here.

In this case, we do not have any restrictions on the other z; in L(f, g—i, . g;ﬂ:) = 0. The
coefficients in P need not be polynomials of x; for ¢« # j. Thus, a function f' (x,t) can be
D-finite over x but D-algebraic over t. Later we will see many functions we study have this
property. For these kinds of function, we can also directly say they are D-algebraic.

2.6 Riemann surface

Our work does not require much knowledge of algebraic topology, but some basic concepts of
Riemann surfaces is needed. Here we give a brief introduction to the basic concepts.

A manifold M is a topological space such that each point has a neighborhood homeomorphic
to Euclidean space (ie. an open disc on complex plane) [37]. A Riemann surface is a one-
dimensional complex manifold. For example, the complex plane is a Riemann surface. A sphere
is another Riemann surface. It is homeomorphic to the complex plane U co. An important
concept in Riemann surfaces is genus. Every compact Riemann surface is homeomorphic to a
sphere with g handles. The number g is called the genus [10]. Generally speaking, it describes
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how many ‘holes’ a surface has. For example, the crucial Riemann surface in our work is the
torus. The torus has genus 1.

An important property of a genus 1 surface is that it contains two different kind of circles
which are not homotopic to a point. We consider a point as a degenerate circle. Two circles
a(t), b(t) are homotopic to each other if they can be continuously deformed to each other [63].
Mathematically speaking, we have a two variable function f(z,t) for z € [0,1], ¢t € [0, 1] such
that f(0,t) = a(t), f(1,t) = b(t) and this function is continuous on [0, 1] x [0, 1].

In Figure 2.2 we have two circles ¢ and b that cannot be deformed to a point without
breaking. Any circle that can be deformed to « is treated as a. We may denote all these circles
as a homotopy class a.

Figure 2.2: A sketch of the torus. Circles a and b are not homotopic to a point and not
homotopic to each other. They intersect at point C.

Suppose we have a single valued function on the torus. On each point C, f has its value
f(C). But, as a manifold, we prefer to parameterize the torus by a complex number. So we try
to parameterize the torus by z and study f(z). However z is not a single value function of C.
If we start at some point C on the surface and go around a (see Figure 2.2), we return to the
original value f(z) but the variable z is changed to z + z; where z; is some value related to a.
A similar phenomenon appears if we go around b. So f is a periodic function with two periods
z1, 29 such that

f(2) = f(z + mz1 + nz), m,n € Z (2.6.1)

f(2) is called a doubly periodic function of z. Actually, by this parameterization, we are taking
the universal cover of the surface. The points on the universal cover are single values of z. To
define the universal covering, we first define the covering manifold.

Definition 2. Let X and Y be two Riemann surfaces and h : Y — X a holomorphic mapping
of Y onto X. The pair (Y, h) is called a cover and'Y is a covering manifold of X.

If, for a neighborhood V of y on Y, (V) is not a one-one mapping, y is called a branch
point. For example if the mapping A is defined as x = y", then in the neighborhood U of 0 in X,
each point is covered by n points of y in V. If n = 1, h is a one-one mapping for some V' — U,
then y is called a regular point. Now suppose we have a covering manifold without a branch
point. The surface Y may still cover X multiple times. For example, if the Riemann surface
is an infinitely long cylinder with circumference 1, we can stick strips [k, k + 1) X [—00, +00)
(k € Z) together and form a complex plane. Each point on the cylinder corresponds to an
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infinite number of points on the complex plane. If every point x € X is covered by s points in
Y, we call Y an s sheet cover of z. The previous example is a typical infinite sheet cover.

Definition 3. Among all the covering manifolds of X without branch points, there is one that
can cover any other covering manifold of X. We call it the universal covering.

For a torus, the universal covering is the complex plane. We can parameterize it by w. Let
w1 = h~Y(a), wy = h~1(b). Bach parallelogram [kws, (k+1)ws) X [nw1, (n+1)w;) on the complex
plane can map to one sheet of the entire torus. Thus the complex plane is an infinite sheeted
cover of the torus. The complex plane can be parameterized by a coordinate (x,y) (w = z+yi),
The function F(x,y) = h~!f(C) is now a single valued function of each pair z,y.

2.7 Elliptic functions

Following the previous section, we are studying a doubly periodic function F' on the universal
covering of a torus. A meromorphic doubly periodic function F(w) is also called an elliptic
function. To study elliptic functions we introduce their standard form, the Weierstrass g-
functions [4], defined as

1 1 1
. — — E — 2.7.1
plwswr,wa) = plw) w? + () 2(0.0) [(w —mwi —nw2)?  (mw + nwa)? 27.1)

where m,n are two integers and wi,ws are two complex numbers where S(z—;) > 0%. If not
mentioned, we will always omit the periods and write p(w;wi,ws) as p(w). p(w) satisfies the
equation

p'(w)? = 4p(w)* — g20(w) — g3 (27.2)

where

g2 =60 Y _ (2.7.3)

(mwi + nws)*

(m,n)#(0,0)
1
= 140 —_— 2.7.4

and ' (w) is the derivative of p(w).
When w = 0, w = wy or w = we, p(w) and ' (w) both diverge. There are three points where
©'(w) = 0 in each period, usually denoted as e, ez, e3:

w w) +w w
€1 =g <?2> ; €2 = @ (122) ; €3 = <?1> . (2.7.5)

Every elliptic function can be written as a rational function of p(w) and @'(w) [4]. The idea
behind this is the fact that two elliptic function with the same singularities differ by a constant
factor. We may use the Weierstrass function to discuss different elliptic functions in a unified
way.

Further, we define the integral of p(w) as

((wiwi,we) = ((w) = ! + Z [ ! + L + “ 5| (2.7.6)
)

W W — mwi — Nw mwi + nw mwi + nw
m.n (0,0 1 2 1 2 ( 1 2)

((w) is not an elliptic function, but it will also be used in our work.

2Q(x) refer to the imaginary part of x
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Chapter 3

Foundations in lattice walk models

We have defined lattice walks in Chapter 1. In this chapter, we go through the basic ideas,
concepts and methods of solving lattice walk models. We will see how the complexity grows
when boundaries are added to the walks.

3.1 Basic lattice walk models

A lattice walk is a walk, with fixed step sets (allowed lengths and directions), ending on the
grid. It is a basic combinatorial object and has many applications, for example in the study of
trees, words and tableaux.

Let us first consider a typical walk on one-dimensional grid (see Figure 3.1). The grid can
be treated as points on the z-axis. The allowed steps are {—,«+}. That is each step, one can
walk from the point k to k + 1 or from k to kK — 1. Assuming the starting point is the origin
0, we denote g, as the number of walks ending at point k with step number n. By direct
interpretation, we have the following equation,

Qen = Qh—1,n—1 + Qht1,n—1, (1> 0)
Q0 =0, (k #0) (3.1.1)
goo =1

which means a walk ending at point k is formed by a walk ending at point k — 1 with another
— step or a walk ending at point k£ + 1 with another < step. The case of n = 0 is the initial
condition.

The generating function of this lattice walk model is defined as

Qx,t) = qenz®t",  (n>0) (3.1.2)
k.n

To calculate Q(z,t), we multiply (3.1.1) by x¥#" and sum all the equations together. We do
this summation by two steps. First, sum all the equations with same degree of = together. We
define g (t) as the generating function of walks ending at point k,

qr(t) = ZQk,ntn (3.1.3)

D IVIRR — —— —:— —— — I

Figure 3.1: A typical one-dimensional lattice walk beginning at (0,0) and ending at (—3,0).
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Then we have N N
qk(t)x = t(qk_l(t) + Qk+1(t))1} , (]C > 0)

(3.1.4)
qo(t) = 1+ t(g-1(t) + g11(2))
Then summing all the equations with different powers of x, we have
t
Qa,t) =1+t (Q(x,t)m + Q(i’ )> : (3.1.5)

We then easily find that the generating function of one-dimensional walks with allowed steps
{—,«}is

1

M pTr)

(3.1.6)

The expression (3.1.5) can also be explained directly. In (3.1.5),
e 1 refers the generating function of a zero-step walk.

e Q(x,t)x refers the generating function of a walk ending with a —.

° % refers the generating function of a walk ending with a «+.

A walk with allowed steps {<-,—} can be decomposed into these three parts. Sum these
together and this gives a direct derivation of (3.1.5).

Walks in a higher dimensional space are studied similarly. For a two dimensional walk with
allowed steps {<—, —,T,]} (see Figure 3.2), let ¢; j » be the number of walks starting from the
origin, ending at point (4, 7) with n steps. We have

Gijn = ¢i-1jn-1+ i j—1n-1 1 ¢i+1,jn-1 + ¢ij+1n—1, (n>0)
40 =0, (i,7) # (0,0) (3.1.7)
40,00 = 1.

Multiply (3.1.7) by 2'y7t" on both sides and sum for all 4, j,n. By a calculation similar to the
previous discussion, we find the generating function Q(z,y,t) is

1

Qz,y,t) = ; ;
1-t(z+i+y+1)

(3.1.8)

Comparing (3.1.1) and (3.1.7) we may notice these two equations are in the same form. To
discuss them uniformly, we define the allowed steps set S. For example, S = {«,—,1,]} in
the previous case. We define S(7°) as the step generator of S,

S(@) = Z il (3.1.9)
(il’ig...ik)es

where 7 refers to {z1,22...21}. Here x1,x9... 21 are the generating variables and k is the
number of dimensions. Then the generating function satisfies the following equation

Q(7,t) =1+tS(2)Q(7,1) (3.1.10)

Thus, we assert that the generating function of a walk without any boundaries is written as

1

QTN =157

(3.1.11)
It is a rational function of Z and t.
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Figure 3.2: A typical two dimensional lattice walk beginning from (0,0) and ending at (—3, —4).
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Figure 3.3: Walks with allowed steps {7, \,} can be treated as one dimensional walks with
allowed steps {1,/}.

3.2 Binomial paths and how boundary conditions affect the
walks

We have seen that the generating function of a lattice walk in the whole plane has a rational
solution. Now we introduce a boundary into the walk. We begin with a classical model.

The allowed steps are { 7, \,}. The starting point is the origin (0,0). Each step of the walk
is only allowed to end on or above the z-axis. Such a walk is called Ballot path [62]. If the walk
finally ends on the z-axis, we call it a Dyck path [28]. Let g, be the number of walks ending at
(k,n). Since each step the walk goes one unit length to the positive direction of x, n also counts
the step number. So although it is a walk in two dimensional space, it can be represented by a
one dimensional model (see Figure 3.3). That is a walk on the z-axis, starting at 0 with allowed
steps {<—, —} and can not end on the negative half axis. The general recurrence can be written

as
qk,n = qk—1,n—1 + dk+1,n—1, (n >0Nk > 0)

= 1, n>0
qo,n d1n—1 ( ) (321)
qk,n = 07 (k < 0)
qoo =1

Comparing (3.2.1) and (3.1.1), the recurrence relations are still the same away from the
boundary when k > 0 since they have the same step generator. When k = 0, models with a
boundary obey different recurrence relations.

Now we can multiply both sides of (3.2.1) by y*2™ and sum them together. Similarly, we
first take the sum for the x index and define i (z) = ), qxn2" as the number of walks ending
on the line y = k. The recurrence of gx(x) can be written as

ar () = z(gr—1(%) + gry1(2)), (k> 0)

3.2.2
qo(z) =1+ zq(x) 322
Sum all these together, we have
Q) =1+ (141 ) Q) — 2Q(.0) (323)
Thus,
1—2Q(z,0
Qz,y) = y(xl) (3.2.4)
1—=z (y + a)

22



The expression (3.2.3) can also be derived directly using another interpretation. A nonempty
walk consists of a walk followed by a  step or a walk that does not end on the z-axis followed
by a “\, step. The generating function of the second case is Q(z,y) — Q(z,0). By (3.2.3), we
can see that with one boundary, the generating function still has the same denominator. The
numerator contains boundary terms.

We can see with a boundary, the generating function cannot be solved by rearranging (3.2.3).
The functional equation (3.2.4) has another unknown function Q(z,0). There are several ways
to deal with this situation. The method we focus on is called the kernel method. It will be
discussed in Chapter 4. Here, we demonstrate how it works. We first treat the denominator as
a function of y:

zy? —y+a=0. (3.2.5)

It is a quadratic equation with two roots:

YO:l—\/l—4x2’ }/1:1+\/1—4x2 (3.2.6)
2z 2x

Notice that if y — Yp, Y7, the denominator of Q(z,y) tends to 0. If we want Q(z,y) to be a finite
value, the numerator should also tend to 0. The problem is which root we should choose. Let
x — 0, then Y7 — oo and Yy — 0. Since Q(x,y) is a formal series of x,y, the convergent area is
some domain near (0,0). Thus (z,Yy) must be inside the convergent domain while (x,Y7) stay
outside the convergent area when x — 0. Now we substitute Yy into the numerator and let it
become 0. This gives the solution of Q(z,0),

1—+v1— 422

Q(z,0) = 5.2 (3.2.7)
Substituting Q(z,0) back into (3.2.4), we solve Q(z,y).
1 - zl=VIida?
Qz,y) = —L = (3.2.8)

1
1-a(y+1)
In combinatorics, we have another way to calculate the generating function for Dyck paths. The
generating function Q(z,0) can be calculated directly by the following equation.

Q(x,0) =14 2°Q(x,0)Q(z,0) (3.2.9)

This equation reflects the unique factorization of Dyck path: every path (except the zero-step
path) can be factorized into two Dyck paths (the two factors Q(x,0)Q(x,0)) with the second
path raised up a step (the 22 factor, see Figure 3.4).

Combinatorialists have many different ways to deal with lattice walk problems. But most
of these methods do not have a unified process and rely on some special tactics. We do not
discuss too many of them here.

Now we go to the two-dimensional cases. The two-dimensional models are derived similarly.
For example, the generating function of walks with allowed steps {<—, —, T, |} starting from the
origin and restricted to the upper half plane is written as

- iQ(l‘)O)
— Y

The equation (3.2.10) can be derived by both methods discussed above. Notice that Q(x,y,t)
still follows a similar expression. It has a denominator 1 — tS(2) and a numerator with linear
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Figure 3.4: A Dyck path can be constructed by a Dyck path (black) followed by a lifted Dyck
path(blue), connected by the red steps.

terms of the boundary function Q(z,0). The functional equation will also have this property
when we have two boundaries, since the process of derivation is similar. We may conclude the
general form of the generating function:

1S th(@)Q(E,0)

Q(7.0) 1—tS(7)

(3.2.11)

where Q;(7,0) refers to the boundary terms and f;(7) are the coefficients of the boundary
terms. The denominator 1 — tS(2) is normally called the kernel of the model.

3.3 Binomial paths with interactions

In the generating function Q(z,0), we assign t to track the length of a path. We may also
assign other variables to track other values. For example, some combinatorialists not only want
to know the number of walks that end on the z-axis (ie. Dyck paths), but also the number of
times that a walk touches the z-axis (starting point excluded). To calculate this, we include
another variable a in the generating function. The generating function @Q(z,0,a) is calculated
as follows,

Q(x,0,a) = 1+ az*Q(z,0,a)Q(z,0), (3.3.1)

where Q(z,0,a) = Z”n giinrlat™ and g, is the number of paths ending at (i,0) with
step length n and have visited the z-axis [ times. The equation (3.3.1) can be understood by
observing that a Dyck path ending on the z-axis [ times consists of a Dyck path ending on the
z-axis [ — 1 times followed by a lifted Dyck path (see Figure 3.4).

The coefficient of alz™ of Q(z,0,a) is the number of Dyck paths of length n that touch the
z-axis [ times. With the help of a, we can get more information about this model. This example
is actually a combinatorial interpretation of boundary interactions. We add an interaction a;
to steps with some certain condition 7. The new generating function Q(@,t,a1,az...a;) gives
extra information.

3.4 Two-boundary cases: quarter-plane walks

Now we move on to the two-boundary quarter-plane models. We still begin with the simplest
case, walks with allowed steps {—,1,<,]}. We have both the x- and y-axes as boundaries.
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The walk is restricted to the quarter-plane. Let g; j, be the number of walks ending at (4, j)
with step number n. The recurrence is

Qijn = Qi—1,j;n—1 + Qij—1n—1 1T Gi+1,n—1 + Qi j+1n—1, (i>0Nj7>0Nn>0);

qo,j,n = 490,j—1,n + Q0,j+1,n, (j>0Nn>0);

4,00 = ¢i—1,0,n + @it1,0m; (t>0Nn>0); (3.4.1)
40,0,n = q1,0,n T 40,1,n; (n > 0);

go,0,0 = 1.

We may solve Q(z,y,t) by first multiplying (3.4.1) by z%y/t" and summing, but it is more
straightforward to work directly with the generating functions.
The set of walks counted by the generating function Q(z,y,t) consists of

e Walks ending away from an axis followed by an extra step belonging to {—, 7, «,|}. The
generating function of these walks is written as ¢ (a: + % +y+ %) (Q(z,y,t) — Q(x,0,t) —

Q(0,y,t)+Q(0,0)). Notice that Q(0,0) has been subtracted twice by Q(x,0) and Q(0,y)
so we add one back.

e Walks ending on the positive z-axis followed by a {<-, —,1}; The generating function is
written as ¢ (z + 2 +y) (Q(z,0,t) — Q(0,0)).

e Walks ending on the positive y-axis followed by a {—,7,l}; The generating function is
written as ¢ (m +y+ %) (Q(0,y,t) — Q(0,0)).

e Walks ending at (0,0) followed by {1, —}; The generating function is written as
t(x +y)Q(0,0).
e Walks with O steps. This generating function is just t° = 1.

Sum all these terms together, we get the functional equation

Qo) =Lt (24 1yt L) QG 0nt) = Q0.0) ~ Q0.1 ) + Q(0.0)

Fo (o414 0) Q@0 - Q0D+t (o4 y+ 1) (QU.9) - Q0.0)
4tz +1)Q0,0). (3.4.2)
Thus Q(x,y,t) is written as

- %Q(.%‘,O,t) - %Q(anat)

(3.4.3)
1=t(z+ity+l)

Qz,y,t) =

The expression (3.4.3) still follows the general form of (3.2.11). The kernel method cannot be
applied to (3.2.11) directly since we have two boundary terms Q(z,0) and Q(0,y). To solve
this equation, we first notice that if we let z — 1, (3.4.3) becomes

(3.4.4)

1 _ 1- %Q (%707t) - IEQ(O,y,t)
Q( WJ>_ l—tz+3+y+3)
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Notice that the denominator of both (3.4.3) and (3.4.4) is 1 —t(z 4+ L +y + %), and its roots
are,

—(x+1—%)+\/(x+1—%)2—4

Y; = ’ (3.4.5)
—(x Ly _  J(x —1y2 _
Yy = Sl g(+1 ) (3.4.6)

Note that Y7 is the root that converges as ¢ — 0. Now we substitute Y; into the numerator of
both (3.4.3) and (3.4.4), so that

~@+1-Y - J@+1-12-4

2
~@+1-Y - J@+1-12-4
2

1—

Q,0,4) — %Q(O,Yl,t) —0 (347

1—

0 (1,0, t) —20(0,Yi,8) = 0 (3.4.8)

X

We eliminate Q(0,Y1,t) and find a relation between Q(z,0,t) and Q (%, 0, t). Simplifying this,
we have

2Q(z,0,4) — %Q <;,O,t> _ <a: - ;) Bkl Js \2/($ Hloir s (3.4.9)

Now, take the [z>] terms of both sides of (3.4.9). Notice that [z>](2Q (1,0)) = 0. Thus,

x x?

Q(x,0,1) = ~[z”]

, (3.4.10)

Ty 2

(pyen b e

This method is called the obstinate kernel method, which will be discussed in detail in Chap-
ter 4. For quarter-plane walks, there are other combinatorial methods solving models with two
boundaries. See [40] for detailed information. We do not consider them here.

3.5 General constructions and solutions of quarter-plane walks
without interactions

The previous construction of a functional equation for walks with steps {«+,T,—,]} can be
generalized to all quarter-plane lattice walk models without interactions. From now on, we
omit the variable ¢ in Q(x,y,t), Q(z,0,t) and Q(0,y,t). We just write them as Q(z,y), Q(z,0)
and Q(0,y). We should keep in mind that they are all defined as formal series of ¢t. Suppose
the lattice walk has allowed steps S. Generally, if we write

A () B1(y)

S(xz,y) = + Ag(x) + Ay (z)y = + Bo(y) + Bi(y)x (3.5.1)

then, Q(z,y) can be constructed as follows.

e Walks ending inside quarter-plane followed by an extra step belonging to S:

the generating function is written as tS(z,y)(Q(z,y) — Q(z,0) — Q(0,y) + Q(0,0)).
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e Walks ending on the positive z-axis followed by a step in S not going downwards:

the generating function is written as ¢ (S(x, y) — A_l(ZL‘)%) (Q(z,0) — Q(0,0)).

e Walks ending on the positive y-axis follows by a step in S not going leftwards:

the generating function is written as t (S(z,y) — B_1(y)1) (Q(0,y) — Q(0,0)).

e Walks ending at (0,0) followed by a step in S going rightwards or upwards:
the generating function is written as t[x=y=]S(x,y)Q(0,0).
e Walks with 0 steps:

The generating function is 1.

Summing all these together, we have

(1 - 18(x,1)Q(x,y) = 1 - tA_1<x>;Q<x,o> By (1) Q(0,y)

it <A_1<x>; FBL@)E S + [x2y2]5<x,y>> Q(0,0) (35.2)

Since A_1(x): = [y<]S(x,y), B_1(y): = [<]S(z,y), the Q(0,0) term is further written as

T

y
tly<z<]S(z,y)Q(0,0) = tC,L,l%Q(O,O). Then (3.5.2) becomes,

tC_1,1

(1 - t5(z,1)Q(z,y) = 1 - tA_1<x>;Q<x, 0) — tB_1(y) - Q(0.y) + Q0,0) (353)

T
The functional equation (3.5.3) suits all quarter-plane lattice walks. Now we try to determine
if the idea that we used when solving walks with steps {<—, 1, —, |} works for other models as
well. Notice that in (3.4.4), we let 2 — 1 and got a transformed equation. This transformation
keeps the kernel unchanged. Such a transformation always exists if the kernel is a quadratic
polynomial of . This is because a quadratic polynomial always has two roots and there is
an involution that permutes the roots X7, Xo. Similarly, if we treat the kernel as a quadratic
polynomial of y, we will have an involution that permutes Y7, Y5.
These two involutions can be written as

6+ (2,y) — (féigz;,y) and ¥ (z,y) > <x m>. (3.5.4)

Taking these two involutions as generators, we can generate a group.

Definition 4. For each quarter-plane lattice walk model with kernel K(x,y), the transforma-
tions 0 such that

0K(z,y) = K(z,y) (3.5.5)
form a group. We call it the symmetry group of the model or the group of the model.

The symmetry group was first proposed in [53] and systematically studied by Bousquet-
Mélou and Mishna in [20].

There are in all 2% walk models with unit step length in the quarter-plane. Many of them
are one-boundary models. For example, for the model with allowed steps {<, —, 1}, only the
y-axis is an actual boundary. This implies for a quarter-plane walk to be a two boundary model,
we must have [27], [z<], [y”], [y<] terms in K(x,y). Only 161 out of 2% satisfy this condition.

27



In this case K (z,y) is quadratic in both x and y. However, some of these models are not valid
in the quarter-plane, because a walk will never be able to leave the origin. For example, the
model with allowed steps {\,, N\, }. We discard these models, then we have 153 left. For
the remaining models, we find that if we have {7, /} in the step set and the other steps are
either a subset of {«+,\,1} or a subset of {],\,,—}, then the walks will never be able to
touch one of the boundaries and the quarter-plane restriction is redundant. After discarding
these one-boundary cases, we have 138 left. In these non-trivial two-boundary models, some
are reflections of others in the line y = x. They should be regarded as the same models. We
finally find there are 79 different two-boundary models.

Of these 79 models, there are 23 associated with finite symmetry groups. In [20], Bousquet-
Mélou and Mishna give a further classification: 16 models are associated with Ds groups, five
models with D3 groups and two models with D4 groups. All the walks associated with finite
groups are well studied (see Tables 3.1 to 3.3, where we abbreviate D-finite as DF, algebraic as
Alg). All of the walks associated with finite groups have D-finite generating functions. That is,
the function Q(x,y) is D-finite over x, y, t. There are four special models: Kreweras walks (19th
model), reverse Kreweras walks (20th model), double Kreweras walks (21st model) and Gessel’s
walks (23rd model). Their generating functions are algebraic. In [20], Bousquet-Mélou and
Mishna give some general approaches to most models except the 23rd model, Gessel’s walks.
The solution for Gessel’s walks was given later in [17]. They use the kernel method to solve
these models (the method we used in solving walks with steps {«, 1, —, |} is one version of the
kernel method). We will first discuss the kernel method and then continue with the discussion
of quarter-plane lattice walks.
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Model Q(z,y) | Order Generator
1 Tl DF 4 (29 (@)
2] "N/ | DF | 4 (L.y), (@, 1)
5| NI/ | DF | 4 (L,y): (@, 1)
T[N/ | DF | 4 (L.y). (@ 1)
5 e v G0 (o ;)
6| ~elss | DF | o4 (2.v). (v ;)
T S N )
s | el | DR |4 | Gy (oot
9 T\/\/‘ DF 4 (%a y)a (:L‘, (zfltré)y)
0 [ Reone | DF | | ) (e i)
11 1N DF 4 (%,y),(ac, (z+1+1)L
2] e | D |4 [y (@1 b))

a+1+1

3] NS | DF | 4| G (n g
4| Ne/IN= | DF | 4 (2.9). (v 1)
R DF | 4 | (L) (a@+Di)
16| 1o | DF | 4 | Gy (n@+ D))

Table 3.1: The step sets, property of generating functions and group generators of walk associ-
ated with Dy groups.

Model Q(z,y) | Order Gnerator
17 e DF 6 (Z,y). (z,})
8Tt~ | DF | 6 | Ly, @2
19 <[/ Alg 6 | (59 (2
20| t/— Alg 6 | (59 (2, )
21 | /1= | Alg 6 | (359 (x5

Table 3.2: Step sets associated with the group Ds.

Model | Q(x,y) | Order Generator
22 | \e\— | DF 8 | (Ly)(x,2)
B~/ Mg | 8 | (2w (5 5)

Table 3.3: Step sets associated with the group isomorphic to Dy.
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Chapter 4

The kernel method

The main objective of studies in lattice walks is solving the functional equation (3.5.3) satisfied
by the generating function. This equation is a trivariate functional equation. Our main tool for
solving it is the kernel method. It is an effective approach to handle such situations. The kernel
method appears in different aspects of combinatorics [1, 31, 30]. In lattice walk models, many
previous works [14, 7, 26] are based on the kernel method. Later we will extend this method
and solve the models that have not been solved previously. In this section, we first give a brief
introduction to the kernel method.

4.1 The origin of the kernel method

The kernel method has a long history. It is most commonly claimed (for example, in [60])
that the kernel method was first found as an exercise in Knuth’s book [45]. It may well have
been independently discovered before or after. It has been developed into a general method in
[1, 21, 59]. It is a general method of solving multivariate functional equations.

The general idea of the kernel method is making use of the singularities of the functional
equation. We have already seen this in Section 3.2. Now we explain the idea of each step of the
kernel method. Suppose we have a functional equation

_ tF(0,t) —x

= 4.1.1
tr2 —x 4+t ( )

F(x,t)

Our aim is to solve F'(z,t), which is supposed to be in R[z][[t]] with constant term 1. Now let
us look at the denominator. It can be factored as t(x — x¢)(z — x1), where

1+ V1 —4¢2

= 4.1.2
0,1 of (4.1.2)
We may try expand zg 1 as series in ¢ near ¢t = 0,
1

T = E—t—t3—2t5+0(t6)
xy =t + 3+ 2t° + O(%)
1 4.1.3
— =t+t+2t° + Ot (4.1.3)
o
1 1 3 5 6
—=—-—t—1" =2t O(t
il +0(")

Notice that z1 ~ t as ¢ — 0. Suppose we substitute x; into (4.1.1) and take the limit ¢ — 0.
Since F'(z,t) is defined as a power series of ¢ with polynomial coefficients in z, it must converge
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in this limit. The RHS has (x — z1) in the denominator. When = — x;, the denominator tends
to 0. So the numerator must also tend to 0, otherwise the RHS is divergent. This gives

tF(0,t) — 21 = 0. (4.1.4)

We can thus solve for F(0,t), from which F(z,t) follows directly. The coefficient [t2"]|F(0,t) =
%H(Q:) is the famous Catalan number [65]. Then F(0,t) is the generating function of Dyck
paths [28] (recall Section 3.2) of length 2n and F'(z,t) is the generating function of meanders
(a meander is a path that never goes below the horizontal axis, see [2] for a detailed definition).

Another interpretation of the kernel method uses factorization. We still use (4.1.1) as an

example. We can write (4.1.1) as

_tF(0,t) —x
otz —x 4t

tFO,t) @ 1 1 tF(0,1) — = z\' 1\
- t(xo — 1) (50 —z9 x- :r1) - t(zo — x1) (; <3;0) T ; (;1) ) (4.1.6)

Since F(z,t) is defined as an element of R[z][[t]], the RHS is a series in t with coefficients in
tF(0,t)—x
to?—a+t )
that :710 and x1 are formal series in ¢. So ﬁ should be expanded as ) (%)" and leo should

F(z,t) (4.1.5)

as a series in t. Notice

R[x] as well. We first factor the denominator and try to expand

be expanded as Z(%)Z In this expansion, Y (£:)" is a negative power series of . While in the
LHS, F(x,t) only has positive powers of x. Thus the coefficients of all negative power terms of
x should equal 0. This implies

(tF(0,t) — x) Z (ﬂ)l = Z(tF(O,t) — 1) (%)Z — x1 = terms independent of x  (4.1.7)

X
i= i=1

Thus we have tF(0,t) — x; = 0. We can see the second interpretation gives the same result as
(4.1.4).

We call the denominator of the RHS of (4.1.1) the kernel. That is why we denote (1—tS(7))
in (3.2.11) in lattice walk problems as the kernel.

4.2 Different insights about the kernel for quarter-plane lattice
walks

The following discussion requires a simple lemma.

Lemma 5. 1. If f(y) is a formal series in y, we have [y'] (f(y) Z(%)ﬁ = f(Yo).

2. If f(%) is a formal series of%, we have [y°] (f(%) Z(Y%)Z) =f (%)
Proof. Write f(y) as >, fiy' and by direct calculation, we have the result. O

Recall from (3.5.1) that the kernel in a quarter-plane walk problem reads

zyK(z,y) = zy(1 —tS(z,y)) = A_1(z)x + Ag(z)zy + Ay (x)zy?

= B_1(y)y + Bo(y)yz + Bi(y)yx* (2.1)

For two-boundary cases, it is an irreducible quadratic polynomial in z,y and is linear in ¢t. By
discussion in [33, Section 2.2], we have four different insights for the equation xyK(z,y) = 0.
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1. (Algebraic functions) We can treat the trivariate polynomial as an algebraic function
K(z,Y(z)) (or K(X(y),y)) and by the first interpretation of the original kernel method,
we have

Y (x)K(z,Y(x)) =0 (4.2.2)

Then, substituting the roots of (4.2.2) into functional equation (3.5.3), we have

S tAal) o gy - BaHD) o viay) 4

1 N 7
Yi(x) T zY;

Q(0,0) = 0. (4.2.3)

This substitution is valid only in the convergent domain of all three functions, Q(z,y),
Q(x,0) and Q(0,y). The convergent domain may be written as

{lzl < PO} N{IYi(2)] < py(1)} (4.2.4)

This gives a constraint on which root we can substitute. It will be proved that only one
root of the quadratic polynomial is valid for the substitution (Theorem 6).

2. (Algebraic curve) Let B be an algebraic curve in C(t) defined by the equation
zyK(z,y) = 0. (4.2.5)
Now Q(z,y) in (3.5.3) converges in {|z| < p.(¢)} N {y < py(t)}. Then we have for all
z,y € BO{lz] < pa(0)} N {y < py(1)},

tC_1,1
X

1 —tA 1 (2)yQ(z,0) — tB1(y)zQ(0,y) + @(0,0) = 0. (4.2.6)

IEFBN{|z| < pz(t)} N {y < py(t)} is projected on to the C, plane by x — z,y — Yi(x), we
get (4.2.3) again.

3. (Factorization) Since zyK (x,y) is a quadratic polynomial, we can factor it as

K(z,y) = tAl(”Zyl(x) <1 _ YO;‘”)) (1 _ Yj@) . (4.2.7)

Then, factor the LHS of (3.5.2), and we have

trAi(x) Y
e (1 5t 2

oy - tA_q(x)
C1-1Y y

Qw0 - P20,y + 12

Q(0,0)) (4.2.8)
Thus take [y°] of (4.2.8). With the help of Lemma 5, we get exactly the same equation
as (4.2.3) with Y (x) = Yp(z).

4. (Riemann surfaces) The irreducible equation Y K(x,Y) = 0 defines a multi-valued
function Y (z). Each (z,Y;(z)) is treated as a part of a Riemann surface. Since

You(z) = _b(;ié)\/g, (4.2.9)

the branch points of Y (z) are the roots of A. By the property of the roots of A discussed
in Section 6.2, A has three or four roots. We can cut the complex plane along the branch

32



cut 1z and 3z (or z300) and glue the sheets of Yi(x) and Yy(z) together. We get a
Riemann surface of the algebraic function Y K(x,Y) = 0. It is a torus and the genus is
1.

We do similar things to XyK (X, y) = 0. Thus, two algebraic equations,
2YK(z,Y)=0 and XyK(X,y)=0 (4.2.10)

define two Riemann surfaces (see for example [63]). These two surfaces are conformally
equivalent. We define a third Riemann surface S, which satisfies

z(s)y(s)K (z(s),y(s)) =0 (4.2.11)
with two homomorphisms

he : S — Cg, hy(s) =

v (4.2.12)
hy :S = Cy, hy(s) = y(s)

which project S onto C, and C,,.
We can write Q(z,0) = Q(z(s),0) and Q(0,y) = Q(0,y(s)) and we have

_tAa(@(8) 5 o) EB-1(y(5)) tC-1,—1
y 20 = @(),9(s))

on this surface. By definition, Q(z,0) and Q(0,y) are formal series of ¢ with polynomial
coefficients in z, y. If we fix ¢ to be some small value, then Q(z,0) and Q(0,y) converge in
some finite domains with radii p;(t), py(t). But when we consider them on the Riemann
surface, if the convergent domain does not have dense singularities on its boundary, we
can analytically continue Q(z(s),0) and Q(0,y(s)) to the area outside the domain or even
to the whole surface.

1

Q(0,y(s)) + Q(0,0) =0 (4.2.13)

4.3 Symmetry group

We have seen that the kernel is invariant under transformation by two involutions,

B_1(y) N - A_1(x)
:vBl(y)’y> and 9 ’y)H< ’yAl(w)> 431)

They generate a group G which is isomorphic to a dihedral group D, of order 2n, with n €
N U {oo}. Applying each group element to the functional equation gives us a new equation. It
may provide new information, as well as introducing new unknowns. In [20], Bousquet et al
introduce two different kinds of kernel method based on these two interpretations: the algebraic
kernel method and the obstinate kernel method. We will introduce these two methods in the
following sections and generalize them to the problem of solving the quarter-plane lattice walk
with boundary interactions.

¢:(af,y)H<

4.4 Obstinate kernel method

The idea of the obstinate kernel method follows the first insight. It is much like the original
kernel method that we discussed in Section 4.1. We may apply the symmetric transformation
0 and then substitute the roots of the kernel into the functional equation.

AL s o Ba(8,00) 10
1 9y (Y3) Q0:(),0) 0z () 65(2)dy(Y3)

Q(0,0,(Y3)) + Q0,0) =0 (44.1)
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Here 6 may be ¢, or any element in the symmetry group. We get an equation with bound-
ary terms Q(¢.(x),0) or Q(0,1,(Y;)) etc. Unfortunately, not all equations we get from this
substitution satisfy the convergent condition. In particular, (4.2.3) holds if all three functions
Q(x,y),Q(x,0),Q(0,y) converge. After the symmetrical transformation, (4.4.1) may break this
condition. For example, if ¢, (Yy) = Y; = Yio and py, ;) = 1, obviously Q <0, %) converges if
and only if Q(0,Y;) diverges. It has been proved that only half of the symmetry group is valid
in [33, Section 2.4]. The two involutions, ¢ and 1) can be treated as two Galois automorphisms
of Clz,Y]/K(z,Y) and C[X,z]/K(X,y). The Galois automorphism permutes the roots. In
our situation, the kernel is a quadratic polynomial satisfying the conditions in Theorem 6. By
Theorem 6, if one root is a formal series of ¢, then the other root has to be a series containing
%1. Thus we can only apply a Galois automorphism that permutes Xy, X1 but not the one that
permutes Yy, Y1. So only half of the symmetry group is valid.

If the symmetry group contains 2n elements, it provides n valid equations. These n equations
contain different boundary terms. Our aim is to eliminate all or all except one line boundary
terms by linear combinations or some other tactics. If it is possible to do this, we are able to
solve the problem. Often, in most quarter-plane walk cases, we have Q(z,0) and Q (%, O) left
after linear combination. We may then separate the [2”] and [x<] parts of this equation. This
operation may also separate Q(z,0) and Q(i, 0) into two different equations and each equation
is in the form of (4.1.1). We solve them directly by the original kernel method.

Notice that separating the [z~], [¢<] parts may not always separate Q(z,0) and Q (%,O)
without any side effect. Sometimes, the separation will lead to an infinite number of unknowns.

(%;{0)% Q(z,0) cannot be separated. Since (17)1(0)% = _(%) (_%)’ is a formal

k] ( )1( 1 Q(z,0) contains an infinite number of ¢; o(t) as new unknown functions.
o
We cannot S.epau"ate0 such equations. Normally, if the term contains unknown functions such
as Q(z,0), separating the 7], [z°] and [x<] terms requires the coefficient of Q(z,0) to be a
formal series of = or a function in R[z,1/x].
The technique in the obstinate kernel method involves eliminating the Q(0,,(Y;)) terms.
In the past works [16, 20, 17, 7], we have already seen many examples and we will demonstrate

it by more examples later.

For example,

series of 1, [z
x

4.5 Algebraic kernel method

Here we do not attempt to cancel the kernel by substitution, and instead proceed by factorization
(using the third insight). Divide the RHS of the functional equation (3.5.3) by the kernel. Now
we introduce an important theorem which appears through all the following sections.

Theorem 6. [20] Consider the irreducible quadratic polynomial function of x,y with the form
P(z,y) = ta(a)y® + (th(x) + ba(a))y + c(2)t. (4.5.1)
1/P(x,y) is a formal power series in t with polynomial coefficients in x, %, Y, i, and

P(alt,y) B ta(a:)y(;o — Y1) 2 (ZO) 2 (%) (4.5.2)

i>0 i>1

!That is it is a Laurent series of ¢t and the minimal degree of ¢ is —1.
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Figure 4.1: The Newton polygon of ta(x)y? + (tb1(x) + ba(x))y + c(z)t, in y,t. A point (4,7)
in the picture refers to a 3¢’ term in the polynomial. When we calculate a series root of a
polynomial equation, we suppose y = t*(fo + f(t)), where f(t) does not have constant terms.
Substitute this into the polynomial equation and consider the equality of the least degree of t.
We may find the valuations in ¢ of the roots by considering the slopes of the lines on the lower
side of the convex hull. In this case one is 1 and the other is —1.

where Yy and Y1 are two roots of P(x,y). Yo has valuation® 1 in t and Yy has valuation —1 in
t. Moreover,

Yo(z)—7 e
J Y _ ta(zf))gy()f,yl) #j=0 453
ly }P = Yy (z) . (4.5.3)
(x7y) ta(ﬁﬂ)(Yo—Yl) Zf] 2 O

which further implies [yj]% 1s algebraic.

Proof. Factoring K (z,y), we have

1 1 1 1
VP = ey Yoy Y1) fa@) (Vs — V) (y . Y1> (4.5.4)

The valuation of two roots can be easily derived by the Newton polygon method [3], see Fig-
i i

ure 4.1. We can expand y—1Y() as izizo (%) and ﬁ as —Y% > >0 (Y%) . Since Yp(z) has

valuation 1 in ¢ and Y (z) has valuation —1 in ¢, these two sums are both formal series of ¢. By

some simple calculations, we get (4.5.2).
The expression (4.5.3) follows immediately. O

Remark 1. Theorem 6 is an example of the application of the Newton polygon method. In
lattice walk problems, we try to find solutions of Q(x,0),Q(0,0) which are formal series of t.
We always expand terms as series of t but not 1/t. We may extend the result of Theorem 6 to
functions of general case a(w,t)y? + b(x,t)y + c(x,t). The corresponding result depends on the
degree of t in a,b,c.

Now let us return to the functional equation (3.5.3). Notice that zyK (x,y) is in the form

(4.5.1). We can write K(;y) as

K(;,y) N L‘(Yol—Yl) 2 (Y(];x)y +; <Yféx)>i -1/, (4.5.5)

>0

a sum of a power series of y,t and a series of %,t, both with coefficients in R((x)). Dividing
the RHS of (3.5.3) by the kernel and taking the [y°] part of the equation, we easily find that

2A formal series has valuation n in z means it is a Laurent series in & with smallest exponent n

35



the LHS is [y°]Q(z,y) = Q(z,0). Notice that we have Q(0,y) on the RHS, so that again by
Lemma 5, we get an equation with unknown functions Q(x,0) and Q(0,Yy) in the RHS. The
idea of the algebraic kernel method is, if we can find a linear combination of all 2n transformed
functional equations, such that the RHS does not contain boundary terms Q(0, g(y))*, we can
take the [y°] part of this linear combination without introducing a new unknown function of .
The term in the LHS is a sum of polynomials multiplying ¢(Q(x,%)), and taking the [y°] part
will give boundary functions of x. Combining the LHS and RHS, we get an equation of z,t.
Then if we can separate the [x~] and [z<] parts of it, the problem again returns to the two
variable original kernel method form.

We will demonstrate how to solve lattice walk problems by these two kernel methods by
examples in Chapters 5 and 8.

3¢ refers to a transformation in the symmetry group.
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Chapter 5

Quarter-plane walks without
interactions

Now we come back to the general process of solving quarter-plane lattice walks without inter-
actions. Recall that among all 79 different quarter-plane lattice walk models, 23 of them are
associated with finite groups. We demonstrate how all 23 models were solved by the kernel
method. The solutions in this chapter are from Bousquet-Mélou’s work [20, 16, 17].

5.1 General approach of the obstinate kernel method for models
associated with group D,

The simplest cases are the models associated with Do groups. For all 16 Dy models, we have
T — % symmetry. The functional equation and kernel are defined as in Section 3.5. Suppose
the kernel has two roots Yy, Y1,

_ 1-tAg(z) - VA(@)

Yo

2tA
1) (5.1.1)
1 —tAo(x) + /A(x)
Y1 =
2t A ({L‘)
where
A= (1—tAy(x))? —4t*A_(x) A (z) (5.1.2)
By calculation, substituting Yy into the equation of 4, ,) and 5( 1 ’y)l, we have
tA_l(a;) tB_l(Yo) tC’_1 -1
=1 =Y — =000, Y) + ——=2=t 1.
tA_; (4 1 tC_q
0=1- 20 (L 0) ~im(0)e(0.10) + TC 00,0 (5.1.4)
Yo x Yb

Eliminating Q(0,Yp), we obtain an equation with only Q(z,0) and Q (%, O).

Yo (3: _ i) _ (tAl(x)mQ(x,()) _ M_;C(;)Q (1,o>> ~0 (5.1.5)

1See Section 2.3 for the definition
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Notice that the coefficients of Q(z,0) and Q (I, ) are both polynomials of x. This implies that
we can separate the [27], [2°], [#<] terms of (5.1.5) without introducing an infinite number of
7]

: [z
unknowns, since tA_j(z)zQ(z,0) only has [z=] terms and 1( )Q (1,0) only has [=] terms.
With both [2°] terms tC_;1 _1Q(0,0), the final solution is written as

Q.0 = e (1 ((5- 1) 1) + 10 00.0)) (5.1.6)
When C_ 1 is zero, A_1(z) does not contain 1 terms. Notice that the numerator is an [z]
series, so the right hand side of Q(z,0) is analytic at x = 0. We can solve Q(0,0) by directly
substituting x = 0 into Q(x,0). If C_; 1 is not zero, we may substitute the roots of tA_;(x)z
into the equation and use the original kernel method to solve Q(0,0).
For Q(0,y), we have

tC_q,—

HAAXD) oy o1 B =
0

0=1-—
Yy Xo

Q0,y) + Q(O 0) (5.1.7)

And Q(zx,y) can be calculated from Q(x,0) and Q(0,y) directly. Thus all models in Table 3.1
can be solved by the obstinate kernel method.

5.2 Approach of the obstinate kernel method for models asso-
ciated with group Djs
Models associated with D3 group are a bit complex. As far as we are aware, the obstinate kernel

has not been used to solve reverse Kreweras walks or double Kreweras walks. Among all five
D3 models, only three of the D3 models have been solved by the obstinate kernel method.

5.2.1 Model 17 and Model 18

For the two D-finite cases, Models 17 and 18, the idea is exactly the same as that of the Dy
cases. The symmetry group of these two models is

(o 0D Y CDED) e

The convergence condition shows (z,Y)), (E Yo) and (% l) are three valid pairs. That is

‘T

Q(x,Yy), Q ( Yo) and @ (1;0 1) are all convergent when ¢ — 0. Thus we have three equations

0=1- g0 - P g0, xy) (5.2:2)

B tA_4 (%) Yo tB_l(Y()).’L'

1
0=1—tA_ (YO> 2Q (YO o) tBoafe)e <0, 1) (5.2.4)

T T Yo T
Then (5.2.2) x 2Yp — (5.2.3) x L 4 (5.2.4) x 1§ gives
Y Y tB_1 (1 1

0=2aYy— ?0 + ;g —tA_1(2)zQ(x,0) — ;(‘”)Q (O, x) (5.2.5)
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The equation (5.2.5) has only Q(z,0) and Q (0,1) as unknown functions of 2. The coeffi-
cients are polynomials. We can separate the [z”], [#<] and [2°] parts of (5.2.5) as per the
D5 cases and solve the problem. Notice that in (5.2.5), tA_1(x)zQ(z,0) only has [zZ] terms
and tB_1(2)1Q (0,1) only has [z=] terms and their [z°] terms are both 0. The only unknown
function of ¢ in the [z”] and [z<] equations is Q(0,0). We can then use the original kernel
method to solve everything as per the Dy models.

5.2.2 Kreweras walks

The previous models still follow the general process of the obstinate kernel method, while
Kreweras walks need some further tactics. The functional equation for Kreweras walks is written
as

K(@.9)Qay) = 1= ~Q(@.0) - ~Q(0.1) (5:2.6)
where the kernel is
K(z,y)=1-t (1 T :cy) (5.2.7)
r oy
The roots are
—/(—42x + 12 /22 —2t/x + 1 —t + 1)
2tx

V(—4t2z + 12 /22 —2t/z + 1 —t + )
2tz

51 a1 5( 1 9 6 6
Yo=t+—+8(=+a)+t* (= +3)+8 (= +222+ ) +0(t%)
T 2 x3 xd T

11 2 1 1 1 6
Vi=——— —t—— 4= — t—=—3)+£(——= —222— 2 ) + Ot
T 22 P ( x? x)—i— < x3 >+ A T TE)T )

Yy =

Y =

(5.2.8)
and we denote A = (—4t?z + L, — 2t 1+ 1). We further have
1 1
) v (5.2.9)
YoV = —
T

The symmetry group for Kreweras walks is

{(w,y), <xlyy) , <y ;y) (y, ), <xlya:> : (m ;y)} (5.2.10)

Now (z,Yp) and (Y, x) are clearly two valid pairs. But we cannot eliminate anything if we just

substitute these two pairs. On the other hand ( x, Yo) and ( ,:c) are clearly two invalid
pairs. Now we turn to (YO, ﬁ) and (ﬁ,Y()). Substituting (xy ,YO) into Q(x,y) gives

¢ ( > 2 g () YJt =3 dijm (;) (tayy) =)

©,J,m 4,3,m
1\* o o
= Z Gijn <x> (tYy)i =G0
,7,n
=Y dijn (i) (taY) 0D 3" g () (tYo)?~4" == (5.2.11)
i>7,n i<j,n
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The second equality holds by (5.2.9).

We have separated the sum into two parts. For j > ¢ in the sum, we take the expres-
sion Zi?j’n(%)"(tYo)j_it”_(j_i). It is convergent when ¢ — 0O clearly. For j < i, we take
Zmn(%)i(thl)i_jt”_(i_j). Notice that the series expansion of Y] is & + ... in (5.2.8), thus
(tzY1)"7 is a formal series of t. Further notice n > (i — j), so that (%)z (tzYy) =7t (=9) is a
formal series of ¢t without constant terms of {. Then the summation is convergent when ¢ — 0.

Thus, (Yo, x—%,o) and (ﬁ, Y0> are two valid pairs. They can also be written as (Yp, Y1) and

(Y1,Y0). Actually, we only need to use the pairs (z,Yp) and (Y7,Yp). Substituting these two
pairs into the functional equation gives,

2tQ(z,0) + YotQ(Yp, 0) = 2Yp (5.2.12)

1
YotQ(Yo, 0) + YitQ(¥3,0) = Yo¥1 = — (5.2.13)
Then (5.2.13) — 2 x (5.2.12) gives
1 2 1
Y1tQ(Y1,0) — YotQ(Yp, 0) = 22tQ(x,0) + T 22Yy = 22tQ(x,0) + 7 +z(Y1—Yp) — n (5.2.14)

The second equality holds because of (5.2.9). Now divide both sides by Y7 — Y and notice that
Vi — Yy = Y2, Thus (5.2.14) becomes

tx

}/E)tQ(}/ba 0) - Yth(Y1> O) T = 2$2t2Q(Qj‘, 0) +2t—x

Yo=Y, VA

The LHS of (5.2.15) is a symmetric function of Yy and Y7, so it can be expressed in terms of
polynomials of Yp + Y7 and YpY;. By (5.2.9), these are both functions of i Thus, the LHS is a

series of % For the RHS, we use the canonical factorization to factor v/A.

(5.2.15)

Lemma 7 (The canonical factorization of A [20]). We have
A(z) = (1 — tAg(x))?* — 42 A1 (x) A1 (). (5.2.16)

If A(x) has valuation® —6, and degree d in z, then A(x) = 0 has § + d roots. Ezactly §
of them (say X1,...,Xs) are finite (actually vanish) when t = 0 and the remaining d roots
(X541, -, Xs+d) have negative valuation in t and thus diverge when t = 0.

Then A can be factored as:

A(z) = AgA (;) A (2) (5.2.17)

with

A=A <it> _ ﬁu _ Xi/x) (5.2.18)

=1
0+d
Ay =A, (it) = ] @ -=2/X) (5.2.19)
=144
6+d
Ag = Ag(t) = (—1)5[(%;]7“%) = (—1)4zYA(x) ﬁ X;. (5.2.20)
Hi:l Xi 1=6+1

2 A series has valuation —§ means the minimal degree of z in the series is —9.
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Proof. We factor A by its roots. For roots that are finite at ¢ = 0, we factor them as z(1—X;/x).
For roots that diverge around ¢ = 0, we factor them as X;(1 —x/X;). This leads to (5.2.17). O

We can check that Ay, A, A_ are formal power series in ¢ with constant terms 1. The
canonical factorization provides us a way to separate the [z~] and [z<] parts.
Then (5.2.15) becomes

ﬁ)mmmﬁydﬁmmﬁy_>_qﬂﬁmﬁm+%—x
A ( Yo— Y1 )= VAA L

The LHS is a formal series of % with polynomial [x~] part and the RHS is a formal series of

x with polynomial [x<] part. We have successfully separated the [2”] series and [x<] series of
(5.2.14). Though the [x<] of LHS contains some unknown series, the [z~] of (5.2.21) reads

(5.2.21)

242 _
20,00 +2t—x 2t (5.2.22)
VALAL VA

VAoAy | —z+ 2t —2t+x
Then we solve Q(z,0) = ( szt\Q/rO) .

Reverse Kreweras and double Kreweras walks have the same symmetry group as Kreweras
walks. The general process does not work because of the symmetry group. One may follow the
solution of Kreweras walks to solve reverse Kreweras walks or double Kreweras walks. However,
this idea is not always effective. For example, for reverse Kreweras walks, the kernel reads

1
K(z,y)=1—t < +x+ y) (5.2.23)
Ty
and the roots satisfy the relations

1
hevie (o)

X (5.2.24)
YoY; = —.
i

A symmetric function of Yy and Y7 cannot be claimed to be a function of x or %, and so the
obstinate kernel method stops here.

5.3 Approach of the obstinate kernel method for models asso-
ciated with group D,

There are two models associated with group D4s: Models 22 and 23.

5.3.1 Model 22

The allowed steps of Model 22 are {«—, N\, —, \,}. The functional equation reads

lﬂ%wQ@wD=1—t<i+i>Qmwy—mQ5“D (5.3.1)

where the kernel is .
K@w%—b%<x+y+x+> (5.3.2)
Yy oox z
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The roots are

\/(—txz—t+m)2—4t2m2—|—t1‘2—|—t—az

Yo = - 5
t (5.3.3)
\/(—tacQ—zH—:U)Q — 4222 —t2? —t+ 2
Y= 2t

The symmetry group is

2 2
Y T T 1 y 11 rz 1 y oy x
{(x,y),<$,y> ’ (y y><m:c2) ’ (my> ’ <yy>(xx2> ’ <x y)} (5:3.4)
generated by

¢ (z,y) — (%,y) and v : (z,y) — (IL‘, gj) ) (5.3.5)

The valid pairs are (z,Yp), (%,YO), (1, f—g), (%, %) Substituting these pairs in, we get four
equations with five unknowns:

t2Q(z,0) (Yo +1)Q(0,Y0)

o 120 ) 41 (5.3.6)
Yo
OZ_tQ(;,O) _QOY)tz(Yo+1) (5.3.7)
x Yo
2 Yo
O:—t(x +YE))Q(0, z2) — 20 <YO,0)—|—1 (5.3.8)
xYp €
2 Yo 1
oo 10 Q0.5 Q3.0 (5.3.9)
T Yo

We can eliminate all unknowns except Q(z,0) and @ (O, %) In particular, Yy x (5.3.6) — %02 X
(5:3.7) + 3 x (5.3.8) — 2 x (5.3.9) gives

tQ(L,0) Y2 Y Y

Notice that tz2Q(z, 0) only contains [#~] terms and thpﬁ only contains [2<] terms. Separating
the [z~], [z°] and [z<] terms will directly give the solution to Q(z,0). Then Q(0,0) can be
calculated by taking the limit z — 0 and Q(0,y) can be calculated similarly as in (5.1.7).
Finally Q(z,y) follows by the functional equation.

5.3.2 (Gessel’s walks

Model 23 is another algebraic model called Gessel’s walks. The approach for Gessel’s walks by
the kernel method was proposed in [17] in 2016, much later that the solutions of other models.
And this is the only model that was only solved by the obstinate kernel method but not the
algebraic kernel method. The allowed steps of Gessel’s walks are {«, /", —, 7}. The functional
equation reads

K@) =1-¢(1o+ 1) Q0.0 - L0 - L00.0 (5311
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where the kernel is

1 1
K(x,y)zl—t<:c+ﬂsy++> (5.3.12)
r  xy
and its roots are

1—t(fv+%)—\/(1—t(:n+%))2—4t2

Y, =
0 2tx
1—tz+ 1)+ \/(1—75(:6—1—%))2 — 4¢2
Y, =
! 2tx

t 1 1 3 1 6
Yo = -+t <2+1>+t3 <3+x—|—)+t4 <4+x2+2+6>+0(t5)
T x X x x X

1 1 t o1 3 (1 3 (1, 5 6 5
= <x2+1> ¢ <x2+1> t <x3+m+x> t <x4+x + 3 +6)+0()
(5.3.13)

The roots satisfy

11
Yo+Vi=-1+——-=

LU (5.3.14)

1
YoY1 = =
oY1= —3

The symmetry group is

(e (o) () (o) () () (v ) (23

(5.3.15)

Obviously, (x,Y)) and (%, 22Y)) are valid pairs. For the others, we may write,
Q(2Y1,Yy) = Zi,j,n(xyl)iyojtn =2ijm 2! (V1Y) (7)== (5.3.16)
Q(2Y0,Y1) = 3, (@Y1)IYG " = 30, . 2t (ViYp)i (tY7)—in—U—0) (5.3.17)

By the allowed steps, we find n > (j—i) and n > (i—j). Let us first consider Q(zY1,Yp). When
i < j the summation converges clearly. When i > j, (YoY7)? is a function of 1, while (tY;)"~J
can be written as a formal series of ¢ with constant terms. Thus each term in the summation is
a formal series of . But notice that when n = ¢ — j, each term in the sum has a constant term
different from 0 and we have an infinite number of such terms. Their sum tends to infinity.
Thus Q(xY7,Y)) is not valid.

The same argument can be applied to Q(xYp, Y1). But notice n > j — i, so the equality does
not hold for Q(xYp, Y1). Thus each term in the summation Q(zYp, Y1) except n =i =5 =0 is
a formal series of ¢t without constant terms. Their sum converges when ¢ — 0. Thus, (zYp, Y7)
is valid. We further find (zYp, 2?Y7) is also valid.

For simplicity, let

R(z) = t(Q(z,0) — Q(0,0)), S(y) =t(1+y)Q(0,y) (5.3.18)
Substituting all four valid pairs into the functional equation, we get four equations
R(z) + S(Yp) = zY) (5.3.19)
1

R(zYp) +S(Y1) = - (5.3.20)
R<1>-+S@9m)—xn) (5.3.21)

x
R(xYp) + S(x*Y1) =z (5.3.22)
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(5.3.19) + (5.3.20) — (5.3.21) — (5.3.22) gives,
R(z) — S(x*Yy) — S(2*Y1) +2 =R <i> - SYo) —S(Y1) + é (5.3.23)

The LHS is a symmetric function of 22Yy and x2Y;. The RHS is a symmetric function Yy and
Y;. By (5.3.14), we find the LHS of (5.3.23) only has [2Z] terms and the RHS only has [z<]
terms. This implies both sides are independent of x and equal to their constant terms. By
(5.3.18), we have

1 1
S(Yo) +S(Y1) =R <m> +— +5(0) (5.3.24)
Combine (5.3.24) with (5.3.19) and (5.3.14), we have
1 2 1
S(Y1) —zY1 = R(z) + R <x> +o -t S(0) (5.3.25)

Until now we have used similar techniques as that in Kreweras walks to get (5.3.25). The next
issue is that (5.3.25) still contains S(Y7). To get rid of it, we need some further steps. Now
multiplying (5.3.25) with (5.3.19), we have

(S(Yo) — 2Y0)(S(Y1) — a¥1) = —R(x) <R(a;) +R (i) + % - % ot 5(0)) (5.3.26)

The left hand side of (5.3.26) is again a symmetric function of Yp,Y;. So the [zZ] part only
contains finitely many terms. We have
[2=](S(Y0)S(11) = [2=](2(1 + Yo + Y1 + Yo¥1)Q(0, Yo)Q(0, Y1)
-1 (Lo e 1)
=0 (5.3.27)
and 22YpY; = 1 by (5.3.14). And
)-8 () + TiS00) = 2]+ Ya)s0) = (2 - 1) 50) (5329
Now taking the [#=] part of (5.3.26), we have
1+ (m - 1) S(0) = —R(z)? — [+7]R()R (;) _ <i _ % bat 5(0)) Rz)  (5.3.29)
The [2°] part of (5.3.29) is
1- Sio) + [2°)R(z)R <31:> +2R(0) =0 (5.3.30)

Next, we want to get rid of [zZ]R(z)R (). Since R(z)R (%) is symmetric in z and 1, we let
z — 2 in (5.3.29) and get,

1+ (i _ 1) S(0) = —R (;)2 SRR (i) _ <2x - % + % + 5(0)) R (i) (5.3.31)



We may reconstruct R(z % as

R(x)R (i)

(i —~+z+5(0 )) R(z) - R (313)2 (5.3.32)

(2;10—4—;—1—5( )>R<i>—1— (“i‘i) 5(0) + 2R'(0)

We finally get an equation with only R(z) and R (%),

R(z)*+ R(z)R (;) +R (;)2 + <i - % +a+ S(O)) R(x)+ <2x - % + % i 5(0)> R <;)

—2R(0) — (az + é - 1) S(0)—1 (5.3.33)

There is still a hybrid term R(z)R (1) in (5.3.33). To decompose it, we notice that (z —y)(z*+
ry +y%) = 23 — y3. More precisely, we multiply (5.3.33) by R(z) — R (%) + % —x, to get a

decoupled equation

P(z) = P (;) (5.3.34)
where
Pe) = R + (50)+ 2 - 1) RGP - 50 + o (2r0) + 52 1)

(G- Lt (2-1)50) rw 63)

2 t

Now we can separate the [zZ] and [#=] terms of (5.3.34). Notice that (5.3.34) is symmetric by

x — 1. The [22] equation and [z=] equation give the same equation. By calculation, we find

2IP(e) = 1(0) (250 - ) + RO (5.3.36)

where S(O) = tQ(0,0), R,(O) = th,O and R”(O) = 2tQ270.
The equation (5.3.37) is not in a kernel form. We can solve the equation and write it as
R(z) = (o)% + (o). Then we can solve it by the kernel method. In [17], the authors give a general
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form of the kernel method, which is called quadratic method. We will discuss this method later
in Chapter 12. Here we show how to use it.
The general problem is to solve an equation,

P(Q(u),Q1,Q2...Qx, t,u) =0 (5.3.38)

where Q(u) is a formal series of t with coefficients in R(u) and the @; are formal series of ¢.
The general process is as follows.

1. Differentiate the equation with respect to u:

oP oP

87{]@(@(@6), Ql; QQ e Qk,t, U) + 7(Q(U), Ql, QQ e Qk,t,u) =0 (5339)

Q'(u) D2rra

2. Find U; which satisfy
oP

T(Q(U), Q1,Q2...Qk,t,u) =0 (5.3.40)
To
Then op
5 Q). QL Q2. Qr t,u) =0 (5.3.41)
Tk42

automatically holds.
3. If we find k distinct U; such that (5.3.40) holds, then we get 3k polynomial equations

P(Q(UZ)? Ql? QQ s Qk’7t7 UZ) =0

oP

oP
a~’U/c+2

(QU:),Q1,Q2...Q,t,U;) =0

If these 3k equations are independent, we can solve @); and Q(u) follows.
Now apply the process to (5.3.37). Our version of (5.3.40) reads

3R(X)*+2 (5(0) + % — 1) R(X)
+ % - tiX + % - X% - 2R(0) + <)2( - 1) 5(0) =0 (5.3.43)

Multiply (5.3.43) by tX, and we can write it as
X(l - X)(l + X) = tPOll (Q(Xa O)a R/(O)a R”(O)v Q(()) O)a t, X) (5344)

This equation shows that there are exactly three roots, denoted as Xy, X7 and Xs. The series
expansions of them have constant terms 0, 1 and —1. By further calculation, we have

ta’ (8(9];3[ +z° (9(§xol) =(1—2)(1+2)2te?* + 2t —z)(zR(x) + 2S(0) +1) =0  (5.3.45)

Thus we have X; = 1, X5 = —1 and X is one of the roots of 2tx? + 2t — 2 = 0. The fourth
factor cannot vanish when z is a formal series of . We find three roots. Next, we calculate the
discriminant Dis(z) of Pol(R(x),S(0), R'(0), R"(0),t,z). It is obtained by eliminating R(z)
between this equation and its derivative with respect to zg. Since (5.3.43) and its derivative
are both 0 when x = X;, Dis(X;) = 0. Then we can find three polynomials of unknowns
Q(0,0),Q1,0 and Q2. We solve this equation set and finally solve all generating functions of
Model 23.
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5.4 Approach of the algebraic kernel method for D-finite walks

The tactics of the obstinate kernel method differ from model to model. For the algebraic kernel
method, everything works in a similar way. The basic idea of the algebraic kernel method was
also introduced in [20]. Among all 23 models, all except Gessel’s walks were solved by the
algebraic kernel method. The general strategy is to take the full orbit sum of the symmetry
group. The full orbit sum (Proposition 5 in [20]) is,

Z sgn(g)g(zyQ(x,y)) Z sgn(g (5.4.1)

geG

where the sum is over the symmetry group of the kernel, and sgn(g) = £1 according to whether g
can be written as a composition of an even or odd number of involutions ¢ and ¥. We can check
this proposition by calculations for all 23 models. The RHS is independent of Q(z,0),Q(0,y)
and Q(0,0). The LHS is a sum of ¢g(Q(x,y)). We can extract the [z”y~] of LHS. Then
Proposition 8 in [20] tells:

Proposition 1. For the 23 models associated with a finite group, except from the four cases,

{%wLa /‘}7 {_>7T7\/}7 {_>7T7%7\L71/7/‘}7 {%7_%\7\(}7 the fOllOU)an hOZdS;

R(z,y,t) = Z sgn(g (5.4.2)

is a power series in t with coefficients in Q[x, %, v, %] Moreover, the [y~] part of R(z,y,t) is a

power series of t with coefficients in Q[z, %, y|. Further extracting the [x7] part gives zyQ(z,y,t)
i LHS. In brief, we have

ryQ(z,y) = [z”y | R(x,y,t) (5.4.3)

5.5 Approach of the algebraic kernel method for algebraic walks

The four exceptions to Proposition 1 are Kreweras walks, reverse Kreweras walks, double Krew-
eras walks and Gessel’s walks. They all have R(z,y,t) = 0. The full orbit-sums all yield 0 = 0.
Gessel’s walks were not solved by the algebraic kernel method. For the other three, we instead
consider the half orbit-sum.

Proposition 2 (Proposition 6 in [20]). For the models with allowed steps {«+, |, 7}, {—,1
A= e L Y, we have

1,1 A c_.
v >y K(z,y)

(5.5.1)

These three models are all associated with the group Ds. Their symmetry group is

{(w,y), <;yy) , (y ;y) ,(y,2), <$1y:r) : <3: ;y)} (5.5.2)

We can see that in (5.5.1), we only used half of the symmetry group. That is why (5.5.1) is
called a half orbit sum. Following the general idea of the algebraic kernel method, we extract
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the [y°] term of both sides. Notice that [y°]2Q (%, y) = 1Qd(z), where Qd(z) is the generating

Tz

function of walks ending on the diagonal. Taking the [y°] term of (5.5.1) gives

1 1 1 1 1
_EQS <x> = A <xYo(:U) - + Vi) 2tz A_1(2)Q(z,0) +tC_1,1Q(0, 0)) (5.5.3)
By the fact YpY; = %, we further have
Loa (1Y - L (aave) — L - 2624 1 (2)Q(, 0) + tC 1 10(0,0) (5.5.4)
29\ ) = /A 0 - -1 ; -1,-1&(0, 0.

To deal with (5.5.4), we again use the canonical factorization Lemma 7.
Now, we may multiply (5.5.4) by Aj(x)/A_ and we have,

+ ()2 ()

N (2a:Yo(:c) - é — 2tz A_1(2)Q(z,0) + tC_1,_1Q(0, 0)> (5.5.5)

Notice that in (5.5.5), the coefficient of Qg (1) is a formal series of ¢ with coefficients in R(1)

and the coefficient of Q(z,0) is a formal series of ¢ with coefficients in R(x). Thus, we can

separate the [27], [zY] and [x<] terms of this equation. Further notice /A~ =1— % +... and
1 _ : : / 1\1d(1 <

vl 1+ 5% +.... The series expansion of \/A_ (2)1Q5(2) only has [z=] terms and

the series expansion of ——-—2txA_;(x)Q(z,0) only has [#”] terms. Thus, the only extra

VAo A4 (z)

unknown function that appears in the [z”] and [z<] equation is @(0,0). And we can use the
original kernel method to solve both Q(z,0), Qg(%). Other generating functions follow directly.

5.6 Conclusion of quarter-plane lattice walks without interac-
tions

All quarter-plane lattice walk models without interactions and whose symmetry groups are finite
have been solved explicitly. By the previous discussion, we can see that not all models can be
solved by both the obstinate kernel method and the algebraic kernel method. The algebraic
kernel method and the obstinate kernel both have their own advantages. We currently cannot
give a comment on which one is better or more essential. The relation and difference of these
two methods will be discussed in Chapter 9 after we apply them to cases with interactions.
Normally, the advantage of the obstinate kernel method is it is simpler in calculation since we
only use half of the symmetry group. The advantage of the algebraic kernel method is that we
can know the algebraic property of the generating functions before solving them. We observe
that when the full orbit sum equals 0, the generating function of the walk is always algebraic.
We may assert that the generating function of a model is algebraic before explicitly solving it.

5.7 History of solving quarter-plane lattice walks

Historically, the solutions to quarter-plane lattice walk problems via the kernel method begin
with Gessel’s conjecture (Personal communication stated in [43]). Before this, the enumera-
tion of lattice paths was normally discussed in terms of combinatorial methods [35, 40] and
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the research focused more on the explicit ¢; ;,, the number of walks ending at (4, j) of step
length n. There was little interest in the properties of the generating functions. The solutions
always contain products of binomial coefficients. For quarter-plane models, there was a group
of probabilists studying quarter-plane random walks via analytical methods based on Riemann
surfaces and differential equations [53, 33, 27]. The solutions always contain integrals of elliptic
functions.

Around 2001, Gessel conjectured that the generating function @Q(0,0) of walk with steps
{+-/— "} ending at origin, is

Q0,0)=>" 16"Wt2" (5.7.1)
2n n n

Here (a)y, in (5.7.1) is defined as the Pochhammer symbol, a(a+1)...(a+n—1). Gessel further
conjectured that Q(0,0) can be expressed by an algebraic function of t. Later, in 2008, Kauers,
Koutschan and Zeilberger [43] proved (5.7.1) by a computer-aided method called Takayama’s
Algorithm [69]. Later in 2010, Q(0,0) was proved to be algebraic in [12] by computer algebra.
However, these computer based approaches are based on the conjecture that Gessel’s model
is D-finite [44]. Without this D-finite assumption, the computer based method does not work.
This raised a general question: Do all quarter-plane lattice walk models have D-finite generating
functions? Besides Gessel’s walks, are there any other models having an algebraic generating
function? If not, what are the properties of these generating functions? D-algebraic or something
else?

We can see the obstacle if we want to answer these questions and prove Gessel’s conjecture
by combinatorial methods or analytic methods. For a combinatorial proof, we need to find
the closed form of a sum of terms containing binomial coefficients. For an analytic approach,
we need to calculate integrals of elliptic functions (shown in Chapter 11). The kernel method
approach to quarter-plane lattice walk problems was developed at this time. A major goal was
to find a human proof for Gessel’s conjecture. The kernel method had already been proved to
be effective for different enumeration problems, including some basic one-boundary lattice walk
problems [2, 30, 13, 1, 21]. The advantage of the kernel method for proving the algebraicity is
it only involves elementary operations (such as addition, subtraction, multiplication, division
or taking certain parts of the equation). This means we can prove the algebraic or D-finite
properties immediately after we solve the problem.

The breakthrough started from Kreweras walks. Kreweras walks are the most widely studied
algebraic lattice walk model [16, 44, 34, 8, 38]. At first in [14], Bousquet-Mélou proved that
Kreweras walks are algebraic by the obstinate kernel method. There was a series of work about
solving different models via the kernel method, summarized in [20]. Some non-D-finite cases
were detected by the kernel method in [55, 22]. However, Gessel’s conjecture seems to be a bit
harder. In 2016, Gessel’s conjecture was finally proved by the kernel method in [17]. Before
this Kurkova and Raschel [46] also gave an explicit solution for Gessel’s walks by RBVP, which
we will introduce in Chapter 11.

NS}
NN
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Chapter 6

Model description: quarter-plane
lattice walks with boundary
interactions

In this chapter, we begin to introduce interactions into the quarter-plane lattice walk problems.
For interactions, we assign weights to each step ending on the boundaries. These are normally
interpreted as surface energies in a physical model. Unlike probabilistic weights, these inter-
actions depend on the end point but not the starting point of a step. This will lead to some
special phenomena.

6.1 The derivation of the functional equation

Consider a walk starting from the origin with allowed steps S C {—1,0,1} x {—1,0,1}\{(0,0)}.
The step generator S is

S(z,y) = Z zlyl. (6.1.1)
(4,7)€S
It can be written as
1 1
S(z,y) = Afl(x)g +Ao(2) + Ar(z)y = B1(y)— + Boly) + Bi(y)z (6.1.2)

We denote A(z,y) = A_i(z)L

g Bla,y) = Ba(y)g, and Coy 1 = [o7 A (2) = [y '] B-a(y).

Theorem 8. For a lattice walk restricted to the quarter-plane, starting from the origin, with
weight ‘a’ associated with steps ending on the x-axis (except the origin), weight b’ associated
with steps ending on y-axis (except the origin) and weight ‘c’ associated with steps ending at
the origin, the generating function Q(x,y) satisfies the following functional equation:

K, 5)Qy) = - + H(a— 1~ taA(r,5)Q,0) + 5 (b~ 1~ hB(x,4)Q(0,)

1 tC_1,1
+ <abc(ac + bc — ab — abe) + azy> Q(0,0) (6.1.3)

where K(x,y) =1—tS(z,y).
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Proof. This equation can be constructed the same way as [7, Theorem 6], except the weight at
the origin is ¢ instead of ab. We introduce another method here.

Consider how one obtains the configuration by adding a single step onto a walk of arbitrary
length. For a walk in the quarter-plane with boundary interactions, we have 7 situations,

(i) The empty walk with no steps. This gives 1.

(ii) Walks ending away from the boundary, which gives
tS(z,y)[Qz,y) — Q-1 (2) — Q1,-(y) — Q- 0(z) — Qo,—(y) + Q1,1 + Qoo + Qo1 + Q1,0
+t([27]S (2, ¥))[Qo,— (¥) — Qoo — Qoa] + t([z7]S(z,))[Q1,—(y) — Q1,1 — Q1,0]
+t([y”]5(x, 9)[Q—0(z) — Qoo — Q0] + t([y7]S(z, ) [Q—1(x) — Q1.1 — Q0]
+t[z7y” ]S (2, )[Qoo) + tz=y=]S (2, ¥) Q1.1

We need to subtract the steps that interact with boundary and those steps that step
outside the quarter-plane (We will call these steps “illegal” steps).

(iii) Walks arriving at the positive z-axis, which gives

ot (A@)(Q-1(0) = Qor) = S5 Qur + 1A, ) Q01

(iv) Walks along the positive z-axis, which gives
at ([y°15(z,y)(Q—o(z) — Q1.0 — Quo) + [z'4°19(z,1)(Q1.0 + Qo))
(v) Walks arriving at the positive y-axis, which gives

Co1,-1
ry

bt <B(x,y><cz1,_<y> Sy - g ¢ [yl]Bu,y)@o,l)

(vi) Walks along the positive y-axis, which gives
bt ([2°)S(z, y)(Qo,—(y) — Qo1 — Qo) + [z°y']S(z,y)(Qo1 + Qo))

(vii) Walks ending at the origin, which gives

et (57 Qua+ o418 (o) Qu + 1% (0110

Summing cases (i)— (vii) together, we get Q(z,y). We have many unknowns, Q_ 1(x), Qo0, Q1,1

etc. Notice that case (1)+(iii)+(iv)+(vii) actually equals Q(z,0) and case (i)4(v)+(vi)+(vii) equals
Q(0,y) by definition. This provides a way to eliminate Q_ 1(z) and Q1,—(y). We further have

the boundary condition,

Qoo =1+ct ([xo]A(%y)Qo,l + [y°1B(z, y) Q10 + Cxlz;l Q1,1> . (6.1.4)

Substitute Q1,1 by Qo,1,@1,0, Qo,0 into the sum, we find Qo1 and @1, are eliminated automat-
ically. Thus, we eliminate all the extra unknowns and get (6.1.3). O

Comparing with the discussion in Section 3.5, the derivation of quarter-plane lattice walks
with interactions is actually the same as the non-interacting case. The functional equation looks
similar. The main difference is that the coefficients of Q(z,0) and Q(0,y) are not monomials
inz,y. If welet a =b=c=1, we get the functional equation for quarter-plane walks without
interactions.
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6.2 Analytic properties of the kernel

In (6.1.3), K(z,y) is the kernel of the lattice walk problem. Normally, xy K (z,y) is a quadratic
function of both x and y. If zyK(x,y) is either reducible or of degree 1 in at least one of
the variables it will be a singular walk (See Lemma 2.32 in [33] or Definition 19). All the
23 quarter-plane lattice walk models with finite groups are non-singular. As an irreducible
quadratic function, the kernel can be written as

ayK(z,y) = a(z,t)y* + b(z, t)y + c(x,t) = aly, t)a® + b(y, t)x + &(y, 1) (6.2.1)

Let us consider the discriminant A(z,t) = b(x,t)? — 4a(z,t)c(x,t). If the walk is non-singular,
then for ¢ in some small disc around 0, we can solve A = 0. A has three or four roots, depending
on the step generator S(z,y). If we expand the roots as series of t, x1, o are formal series of ¢
without constant terms and z3, x4 are Laurent series of ¢ with % And, we can choose suitable
t small enough such that

L |z1(t)] < |z2(t)] < 1 < |as(t)] < |za(t)|* when the degree of A is 4.
2. |z1(t)| < |x2(t)] <1 < |z3(t)| and |z4(t)| is oo when the degree of A is 3.

The discriminant A(y,t) and its roots can be calculated similarly.

6.3 Previous results for quarter-plane lattice walks with inter-
actions

Previous work in quarter-plane lattice walks with interactions was done in [7]. It contains

1. One-boundary interacting case. The walks only have interactions with either the z- or
y-axis. This corresponds toa =1,c=borb=1,c=a.

2. Homogeneous boundary interacting case, which corresponds to a = b, ¢ = b?.

3. Two-boundary interacting case. The origin is treated as an interaction with both the z-
and y-axes. This corresponds to ¢ = ab.

Condition 3 is the generalized form of conditions 1 and 2. Many models have not been solved
by the kernel method with condition 3. In the following tables, we list the property of Q(0,0)
over t. We abbreviate D-finite as DF, D-algebraic as DAlg, Algebraic as Alg. The v means
this result is fully proved. The X means this result is a hypothesis, that is the property can be
viewed by computer calculations but not rigorous proofs.

6.3.1 Group D,

When the step set has a reflection symmetry about the y-axis (that is, when we have a «,
we also have a — in the step set, and likewise for /7 and /), the kernel is associated
with a group isomorphic to Dy. We will always have (%, y) as an element in the group because
of the symmetry. If the walk is further symmetric about both axes, the group is generated
by {(%, y), (x, %)} In this case, all non-interacting or partial-interacting models can be solved
explicitly via the kernel method. For other Dy models that are only symmetric about the y-axis,

'We normally have |z1(t)] < |z2(t)] < 1 < |z3(t)| < |za(t)]. For Model 2, we have x3(t) = —x4(t) and
x2(t) = —z1(t), hence the < signs.

52



if we only add interactions on the z-axis, we are still able to solve them. Those models were
not solved when b # 1.

All models associated with Dy groups are D-finite without interactions. Model 2 is D-finite
with the condition ¢ = ab and a, b arbitrary. For Models 1, 3 and 4, Q(0,0) is D-algebraic
with interaction ¢ = ab. Q(0,0) becomes D-finite when @ = 1 or b = 1. For Models 5-16,
they are D-finite with ¢ = ab and b = 1. They were not solved with arbitrary a,b. The results
are listed in Tables 6.1 and 6.2.

Model (1,1) | (a,a) | (a,1) | (1,b) (a,b) Group
] DF v | DAlgv | DF vV | DF v | DAlg v | 4: (%,y), (, %)
(2] N\ |[DF/| DFV |DFV |DFV | DFV |4 (5,9)(z ) |
NI\ |DFV |DAlgv |DFV [ DF Vv | DAlgv | 4: (3,y), (=, %)
4 ™~ I\/'—= |DF Vv |DAlgv | DF v | DF v | DAlg v/ | 4: (1,y), (=, %)

Table 6.1: The first 4 models are the walks whose symmetry group is Do and whose steps are
both vertically and horizontally symmetric (D-finite — DF, D-algebraic — DAlg, Algebraic —
Alg, v/'— fully proved, X— hypothesis).

Model LD [ (aa) [ (a1) [ (Lb) [ (ab) Group

5 N DFv | ? |DFv | ? ? 1: (Ly), (;E =4 i)

6 R&l= 4 |DFv | ? |DFv| ? ? 1: (Ly), (x zig i)

7 ™4/ |DFv| ? |DFv | 7 | 2 £ (L), (2 1 h)

8| Rl |DFv| 72 |DFv| 2 ? 1 (L), (;E ml% 5)

9| "N\ |DFv| ? |[DFv| ? ? £ (Ly), (= xﬁ; )
10| /TN — | DFv| 2 |DFv | 2 | 2 £ (Ly), (= ;ﬁl )
|l on DRy o7 DRy 7 |7 [a ) (w1l
12| M\~ |DFv | ? |DFv| ? ?o 4 (L), (x (x+1+ %)%)
13| "JINS |DFv| ? |DFv| ? ? 1 (L), (m fjif %>
14 | N+/IN—/|DFv | ? |DFv | ? ? 4: (Ly), (x foJ %)
15 T\ pFv | 7 |[DFv| 7 | 7 | 4y (o@+D))
16| te/N— DRV 7 (DRv | 2 | 7 | 4y (e @+ D))

Table 6.2: Models 5-16 are walks whose symmetry groups are Dy and whose steps are ver-
tically symmetric but not horizontally symmetric. In this table, the results only contain non-
interacting cases and b = 1 cases (D-finite — DF, D-algebraic — DAlg, Algebraic — Alg, v'—
fully proved, X— hypothesis).
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6.3.2 Group Dj

The results of the D3 cases are listed in Table 6.3. Model 17 was solved when ¢ = ab and a, b
arbitrary. Models 18—20 were only solved with equal interaction a = b. For Model 21, only
the non-interacting case has been solved.

The three algebraic models, Kreweras walks, reverse Kreweras walks and double Kreweras
walks (Models 19-21) were only partly solved. In [7], the authors failed to solve double
Kreweras walks with interactions. Reverse Kreweras and Kreweras walks were only solved
when a = b. They are both algebraic with and without interactions.

Model (1,1) (a,a) | (a,1) | (1,b) (a,b) Group
17 N DF v/ | DAlgv/ |DFV | DF V' | DAlg v | 6 (L), (s, )
18 [ tR«I/\— | DF v | DAlgv | DF X | DF X ? 6: (L,y),(z, %)
19 —l Algv/ | Algv | AlgX | Algx | AlgX |6 (55,9), (=, 5;)
20 1 — Algv | Algv | Algx [ Algx | AlgX | 6: (xiy, y), (x, ﬁ)
21 [ e/ 1—= 7 | Alg v/ ? DF X | DF X ? 6: (35:9), (@, 7)

Table 6.3: Step sets associated with D3 groups. We have three algebraic cases here. There are
many hypotheses that have not been proved (D-finite — DF, D-algebraic — DAlg, Algebraic
— Alg, v/'— fully proved, X— hypothesis).

6.3.3 Group Dy

There are only two walks associated with D4 groups. Model 22 is the example we quoted
in Chapter 1. It has a bijection with some physics models [66, 67]. Without interactions or
with interaction a = 1 or b = 1, Q(0,0) is D-finite. When a,b # 1, the solution is D-algebraic.
Model 23 is the famous Gessel’s walk. The solution is algebraic without interactions. The
solution with interactions has not been solved explicitly.

Model (1,1) (a,a) (a,1) | (1,b) (a,b) Group
22 | \«\— | DF v/ | DAlgv | DF v | DF v | DAlg v | 8 (£,y),(z, %)
23 | <= | Alg v/ ? Alg X | DF X ? 8 (L.y), (x, 1))

Table 6.4: Step sets associated with the group isomorphic to Dy (D-finite — DF, D-algebraic
— DAlg, Algebraic — Alg, v'— fully proved, X— hypothesis).
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Chapter 7

Criteria for D-finite, algebraic, and
D-algebraic generating functions

In Tables 3.1 to 3.3 and Tables 6.1 to 6.4, we distinguish the properties of solutions as algebraic,
D-finite, and D-algebraic functions.

All the discussion in Tables 6.1 to 6.4 (in [7, 14]) are about the properties of Q(0,0) over
t. Normally, Q(z,y),Q(x,0),Q(y,0) share the same property over ¢t with Q(0,0) because of
their linear relations. Without interactions, if Q(0,0) is D-finite (or algebraic) over ¢, then
Q(x,y),Q(z,0),Q(y,0) are D-finite (or algebraic) over z,y,t. Therefore we did not emphasise
this in previous discussions. We will later see that with interactions, Q(x,y) can be D-finite
over x,y while being D-algebraic over ¢.

To understand the previous results and to make our future explanation easier, we give some
criteria about algebraic, D-finite and D-algebraic generating functions. These criteria will be
useful in the following derivation.

7.1 Criteria

Recall the process of the kernel method. We only use elementary operations such as addition,
subtraction, multiplication, division, substitution and taking [2°], [z”], [x<] terms. We need to
find out how these operations change the properties of certain functions.

Theorem 9. Let R(x1,z2...xy,) be a rational function. It can be expanded as

R(x1,...,xn) :Zn(:cg,...,xn)xil (7.1.1)
(2]
for some finite (possibly negative) j. Then ri(xa,...,xy,) is algebraic over xa,. .., Ty.

Proof. We treat R(x1,x2...xy) as a function of x1 and all other zj as parameters. Since R is
rational, its denominator is a polynomial with roots X1, X5 ... X,,. These roots are algebraic
functions of all other zo,...,z,. When we expand a rational function %, the coefficients are
formed by a;(X;)" or b;(X;)~%, where a; and b; are constants. Combining with the polyno-
mial in the numerator, we can see the coefficients of x! of the series are still algebraic. Thus
ri(ze,...,x,) is algebraic. O

Naturally Theorem 9 then applies to any other xj.
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Theorem 10. Let A be a rational function of x with different zeros and singularities. Suppose
VA is analytic in some annulus x; < |x| < 2 in the complex plane, with at least one singularity
in each of the regions |x| < x; and |x| > z,. Erpand VA as a Laurent series of .,

VA = Zaimi (7.1.2)

which is convergent in this annulus. This expansion must have infinite [x~] and [x<] parts.
Now we write this series expansion as VA = A+ B, where

A=[Z|VA = Zaixi,

1>0

< \/ZZZQixi

1<0

(7.1.3)

Then both A and B are D-finite but not algebraic over x.

Proof. First, we prove that they are not algebraic. Suppose A is algebraic, then B is also
algebraic. By the definition of algebraic, A satisfies an irreducible polynomial equation of
degree n with coefficients in C(x):

Po+ LA+ A+ pp AT = 0. (7.1.4)

We have A = v/A — B. Substituting this relation into (7.1.4) and collecting the terms with odd
powers of VA, we have

\/E(qo + @B+ @B? -+ qn_lB"_l) + (up + w1 B + usB? ... u, B™) = 0. (7.1.5)
Here g;, u; are all rational functions. We abbreviate (7.1.5) as
VAg(B) + f(B) = 0. (7.1.6)

Now we factor (7.1.6). Since A is a rational function of x, we can express it by its roots. We
denote the roots and singularities larger than z, as x;, x;, and the roots and singularities smaller
than x; as x,, x4. Then, we have

= zF [L; (/i — D)™ x Hp(l — ap/2)" T
A = AOHj(x/l'j —1)nj— Hq(l—l'q/QT)”q_

Here AL contains the roots or poles in the region |z| > x, and A_ contains those in the region
|z| < x;. A is a constant. If g(B) # 0, we may rewrite (7.1.6) as

23 /Do/Dy + B 5\3% 0 (7.1.8)
1(B) -

where %75 s a rational function of B. We still want to expand (7.1.8) in the annulus z; < |z| <

zr. Now v/Agy/Ay is a formal series of z in this annulus. This implies that & is also a

formal series of x. But this is impossible. Since f(B) has degree n in B and g(B) has degree

—1in B, % is always dependent on B. Then since B itself is a %

series of é in the expansion unless all the terms with B are cancelled by f Notice that é ;
(B)

equals % multiplied

=2FAg x AL x AL (7.1.7)

series, we will have a

only has rational functions in its coefficients. This implies that

Vo
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by some rational function of z. But, B # /A_ and a rational function cannot have the same
series expansion as a function with square roots. This gives a contradiction.

Thus, g(B) = 0, so B satisfies a polynomial equation of degree n — 1. Applying the previous
discussion to B again we find A satisfies a polynomial equation of degree n — 2. By induction,
A or B satisfies a linear equation, and is thus a polynomial, contradicting the fact that they
must have infinitely many terms. Thus, A and B are not algebraic.

The D-finite property is straightforward by Theorem 3.7 in [52]. It says f(z1,22...2y) =
S aliy,ig - p)xx® ...z’ is D-finite if and only if a(iy, 4z ...1,) is P-recursive.

Definition 11. A sequence a(iy,is...i,) is P-recursive if there is a k € N such that: for each
j=1,2,...n and each v = (v1,va,...v,) € {0,1,... k}", there is a polynomialpz(,])(ij) (at least
one of them is not 0) such that

Zp,gﬂ(ij)a(il —V1,dg — Vg ...ip — V) =0 (7.1.9)

for all i1,19,...1, > k.

Taking either the [x~] or [x<] terms of a D-finite function will not change the P-recursive
relation. These operations only change the initial condition of the iteration. Thus A and B are
both D-finite. This completes the proof. O

Remark 2. Theorem 10 can also be extended to cases ﬁ or any rational function of \V/A.

Lemma 12. Let f be a D-finite function satisfying
L(f. ... f™) + P(z) =0 (7.1.10)

where L is a homogeneous linear differential operator with polynomial coefficients and P(x) is a
polynomial. The function f is a Laurent series in x, convergent in some annulus of the complex
plane. Then [x”|f (or [x<]f) satisfies a linear differential equation whose homogeneous part is
the same as L.

Proof. By the linear property of derivatives, L(f) = L([z”]f + [z=]f) = L([z”]f) + L([z=]f).
Then (7.1.10) becomes

L([z>]f) + L([z=]f) + P(z) = 0 (7.1.11)

Take the [2”] terms of (7.1.11). Notice that L([z=]f) may contain [x~] terms and L([z”]f) may
contain [2°] terms. Since L is a linear function with polynomial coefficients, [z>]L([z<]f) =
Py(x) is a polynomial. We have

L([z7]f) + P(z) + Py(z) — C — P(0)

0 (7.1.12)
L([z=]f) — Po(x) + C+ P(0) =0

(7.1.13)

where C' = [zY]L([x”]f). Since the coefficients in L are polynomials, the calculations of P(z)
and C are practicable. We may calculate them as follows. Suppose L is written as

df ~ d2f d*f
Pof + P+ (7.1.14)
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and p; = ), gj2? is a finite sum. Then the terms of P2(z) can be computed as

[m>]pidl[dxl Zq 27 [25]f0) = qu Z 2" 2] fO

e (7.1.15)
Y Y s
7 m=—j+1
and the terms of C can be computed as
0, d'lx il 01 £(3)
["]p; d;vz = Zq x = qolz"] f\V. (7.1.16)
Thus, we get the linear differential equation. O

For quarter-plane lattice walk problems, \/A(x,t) is a two variable function. We thus wish
to extend Theorem 10 to two variable \/A(z,t) cases and consider the properties with respect
to t.

Firstly, a function is defined as elementary if it is a sum, product, and composition of finitely
many polynomials, rational functions, trigonometric and exponential functions, and their inverse
functions.

We then require the following lemma.

Lemma 13 (Laplace’s Principle [41, Page 18]). Let y be an algebraic function of x and consider
the integral

/R(w, y)dx (7.1.17)

where R denotes a rational function. If the integral is elementary, it is a sum of algebraic func-
tions and logarithms of algebraic functions with constant coefficients. These algebraic functions
are rational functions of x,y.

Theorem 14. Let A(x,t) be a monic polynomial of x of degree 3 or 4 with coefficients in C(t).
We may write it as (x — x1)(x — x2)(x — x3) or (x —x1)(z — z2)(x — x3)(z — x4) and we require
all these roots to be non-zero and distinct. Suppose that these four roots satisfy, when t — 0,
x1,x2 — 0 and x3,24 — oco. We may find some € > 0 such that |x1] < |zo| < |z3] < |24]
when t € (0,€). Then \/A(x,t) can be expanded as a formal series of t with coefficients in
Clz,1/x], or when t € (0,€) it can alternatively be viewed as a Laurent series in x, convergent
for |za| < |z| < |x3]. This series will have infinite [x>] and [x<] parts. We may write VA =
Az, t) + B(%,t) + C(t), where A, B,C are

(7.1.19)

Az, 1)
1
(m >
2" ]VA (7.1.20)

Then all three terms A, B and C are D-finite but not algebraic over t.

= [2"]VA (7.1.18)

Proof. The series expansion of v/A can be calculated directly by binomial expansion of /1 — z; /x
and /x/x; —1. We find it is a formal series of ¢ with coefficients in C[z,1/z]. We need to
prove they are D-finite and not algebraic.
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We should first prove that they are D-finite. First consider C. We may write \/A(x,t) as
a value of a three variable function f(z,y,t),

VA(z,t) = /(1 —21/2)(1 — 29/2)(x/25 — 1) (/24 — 1) 222324
= /(1 = z19)(1 — zoy)(x/23 — 1)(x /24 — Da?x3mal,_1
= f(@,y,t),-1

That is, we denote % as y. The expansion of f(x,y,t) in the corresponding convergent domain

U(zx,y,t) is Zai,j,n:ﬂiyjt". So [:UO]\/Z = [20]f (:U, Evt) Za”nx ( )itm,

By the definition of the diagonal of a D-finite function in [51], Ilgf(a;, Y, t) =3 aiinztt". We
immediately notice [2°]v/A equals the value of I1af(z,y,t) when z = 1. By [51], the diagonal
of a D-finite series is D-finite. Thus C(t) is D-finite over z,¢. [2']v/A follows similarly.

Now we go to A and B. Since VA is D-finite over both variables, we have
dvVA  d*VA d*VA

dt dt? dtk
All coefficients p; are polynomials of z,t. Substituting VA = A4+ B+C into (7.1.22) and taking

the [z”] and [x<] terms of this equation, we have

(7.1.21)

Pe +poVA+ 1

=0 (7.1.22)

2 k
Pet + oA+ p1—— o +pzét§1---+pn%:o (7.1.23)
2 k
pc_—i—poB—i—plCzt +pz%-~~+pn%:0 (7.1.24)
Similar to the discussion in Lemma 12, each p; remains the same except the terms pcy, pc—.
Considering pc+, it first contains the [x~] part of p., which is a polynomial of z,t. Second, it
contains [z |p; 42 g7 and [z >pi &€ 7+ The latter term [z~ ]p; ng is polynomial over = and is D-finite
over t. Since B is a formal series of % [~ |pi d(tz) is a polynomial of x.

We further need to describe the property of t in [2~]p; &2 giv - Let us first write [z >]pi% =

> A (@) [z 4B dtl Notice that we can change the order of [z 7] and % 47> 0 our problem becomes

checking the property of %. But [277]B = [z77]v/A and we have already proved that it

is D-finite over t. Thus 2(=-]B)

o is D-finite over t. Then p.; is a finite sum of these terms. By

[64, Theorem 2.3|, their sum is still D-finite. Thus p. is a polynomial of = but a D-finite series
of t. The same arguments also apply to p.—_.

AS pey, pe— are D-finite, they satisfy linear differential equations of t. Substituting (7.1.23)

and (7.1.24) in these linear differential equations, we get the linear differential equations of A

and B,

dA  d*A d'A

re +r0A+ 11— gt +ro—5 P T o =0 (7.1.25)
’B d™B

Se +10B + 51— o + 89— 2 -+ s T 0 (7.1.26)

Thus A, B are D-finite over t.
We now prove A, B and C are not algebraic. First assume A is a polynomial of degree 4.
Let us consider [z" 'v/A. By the definition of Laurent series, the [z"~!] term of v/A can be

expressed by an integral
VA
dr

— | — 7.1.27
2w Jp ™ ( )
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X3 X4

Figure 7.1: A schematic figure of the integral. The contour I' of (7.1.27) should contain z1, 2o
inside it and z3, x4 outside it. We may draw a contour I'y clockwise just around Tz and we
join I and I'y by two dash line and make it a contour I'y. The roots do not need to be all real.
They only need to satisfy x1,x2 — 0 and x3, x4 — oo when ¢t — 0.

taken over some contour I' in some analytic region. Since we expand VA as a formal series
of t, it converges when ¢t € (0,¢). So the contour should contain 0,21,z inside it and leave
x3, x4 outside. Since the integral contains a square root of a quartic polynomial, we may choose
71w and Zzxs or (Z3d) as the branch cutting line (we assume they are on the real line for
simplicity). We may further draw the contour Iy as ' joining a contour I'y clockwise on Z1xs
by two lines just above and below the real axis in opposite directions (see the dashed lines in
Figure 7.1). On the z-axis, the integrals of these two dashed lines cancel each other. So we can

write the integral on I' as
/A X1
/nd;cZQ/ —d +/ . (7.1.28)
I € Ig(t x" Co

Now Iy is the boundary of some area where v/A is single valued and holomorphic. So, the
second integral on the right can be calculated by the residue theorem and is thus algebraic.

Now consider the first term. By Laplace’s principle Lemma 13,
function, it can be written as Ry (x,VA) + mlog(Ra(x,v/A)), where R1 and Rg are rational
functions and m is independent of x. The coefficients are all in C(¢). Then f ‘/:da: may be

written as
R2 (1'1, 0) )

z2(t) \/Z
/m Ra(22,0) (7.1.29)

VA G = (By(1,0) — Ri(22,0)) + mlog (
ORI

The first term is clearly algebraic since x; and z2 are algebraic. If the second term vanishes or
it is algebraic, we prove the theorem.

We first suppose the log term vanishes in the integral. We can write | T‘/nZ dx as

/ de =U+VVA (7.1.30)
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where U,V are rational functions. (Notice any rational function of {x,+/A} can be written in
this form). Taking derivatives of both sides of (7.1.30), we have

U/+V/'\/Z+V\/ZA/:\/E
2A xn

(7.1.31)

Clearly U is constant and V' + ‘gﬁl = %n Now we calculate V' by the singularities. The RHS
only contains 0 as a singularity (or a zero when n < 0). Notice that A has roots different from

/ .
0, so % can be written as

A’ 1 1 1 1
— = + + + : (7.1.32)
A r—T1 T—X9 T—T3 X—T4

So the singularities at x1, zo, x3, 4 on the LHS must be cancelled. There are two ways to cancel
these singularities. First, V and V' both have these singularities and the singularities cancel by
addition. Second V is a multiple of A and the singularities cancel by multiplication. We show
these two cases are both impossible. We may first suppose V has a degree g singularity at xq,

a

V=P+ —2
JREEENT

(7.1.33)
where a1 is constant, P is rational and the degree of the singularity at z; in P (if there is one)
is less than g. Then

a

vi=p - — —~
g(x —x1)9H!

(7.1.34)

Substitute (7.1.34) into (7.1.31). By calculation, we find the coefficient of ——L——; on the LHS

(z—x1)9t1
is —gay + %al, so we must have a; = 0. By induction, V' is analytic at x1. Similar proofs are
applied to xa,x3,x4. Thus, V is analytic at x1,x9, T3, 4.
Now (7.1.31) can be written as

\% 1 1 1 1 1
2\r—21 T—20 XT—23 X —T4

Comparing the singularities of both sides, we notice
1. V must be a multiple of A.
2. V has a pole of order n — 1 at 0 if n > 0.
3. V has a zero of order |n| at 0 if n < 0.
4. V does not have other poles.

Let us first consider the n > 0 case. We may write V as

AQ

xn—l

V= (7.1.36)
where @ is some polynomial. Then multiplying both sides by z™, (7.1.35) is equivalent to

zA'Q +zAQ — (n —1)AQ + %A’Qx = 1. (7.1.37)
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Suppose @ = bz’ +b;_12°" 1 +...bg, and let us consider the [xit4] part of (7.1.37) (the highest
degree of z in (7.1.37)). It reads

1
4b; + ib; — (n — 1)[)2' + 54[)2‘ =0. (7.1.38)

Since b; # 0, we have i = n — 7. As @ is a polynomial, we have i > 0. We cannot find such
@ when 0 < n < 6. This implies we cannot find rational functions U,V for (7.1.30) when
0 < n < 6. So the coefficients [z9~°]v/A are not algebraic. This immediately gives C(t) is not
algebraic (C(t) is the n = 1 case).

For the n < 0 cases, we may let h = —n and V = 2" AQ. Then, similarly, we have

1
rAQ" + (h)AQ + zA'Q + 5a:QA’ =z. (7.1.39)
The [z+*] term of this equation shows
1
ib; 4+ (h)b; + 4b; + §4bi = 0. (7.1.40)

Since i is positive, (7.1.40) does not have a solution. This implies [z~"]v/A are all not algebraic.
For A and B, we may expand A = 2A; +2?As +... and B=2"'B; + 2 2By + ... where
A;=[2']Aand B; = [z7!|Bfori=1,2.... If A, B are algebraic over ¢, & and Bx are algebraic
over t when z = 0 and z — co. And we proved [z¢]B are all not algebraic. So [z1]4 ~ [2°]A
are not algebraic. Thus, A and B are not algebraic over t.
If A has three roots, all the derivation will be the same until (7.1.38). Then (7.1.38) will
become

1
3b; +ib; — (n — 1)bi + 5351 =0 (7.1.41)

This equation clearly does not have a natural number solution because of the % in the equation.
We will find 7 is a half integer by (7.1.38) and it is a contradiction. Thus A, B,C are not
algebraic.

Now consider the case that the log term does not vanish. This means the indefinite integral
contains a log Ra(z,A) term. The derivative of log(Ra(z,vA)) reads,

_ R’Q(x,\/g) AVA
|Ra(z,VA)| 2A

We may suppose the integral is written as mlog(Ra(z, \/E)) + U + VA where m € C and
U,V are rational functions of x with coefficients in C(¢). Then we have

! A JAVAN JAVA A
m Bo@VA) VAR ) R VVAAT 4y VA
[Ba(w, VA)| 24 21 o

% log(Ra(z, VA)) (7.1.42)

(7.1.43)

As before, we consider the poles of % log Ra(2,v/A) in (7.1.43) and try to cancel them by
the remaining part.
Notice that Ry(x,v/A) always has zeros or poles different from that of A = 0, otherwise

log Ro(x,vVA) = log((v/A)F) and its derivative is a polynomial in a fixed branch. This term
VA

1-'” .

does not contribute anything to By the previous discussion, we cannot find U, V, such that

LU+ VVA) = YA,
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Now consider the poles different from that of A = 0. If f(z) is algebraic then % log f(x)
only has order 1 poles [63, Chapter 6-5]. Except for the roots of A itself, order 1 poles cannot be
cancelled by V/v/A + V‘FA + U’ since U’, V' will always have order 2 poles if U, V' have order
1 poles for algebraic U, V Since Ry(x \/Z) has a zero or pole different from that of A = 0, the
poles of % log Ro(x,/A) are of order 1 and cannot be cancelled by V/v/A + V‘FA +U'. If
% log Ry(z,v/A) only has a pole at z = 0, then Ry(x,vVA) = 2F(®) for some functlon k(t). So
% log Ry (z,VA) = ]7(7? and it cannot be cancelled by % So we cannot find U, V, Ry(z,VA)
such that (7.1.43) holds.

This finishes the proof. O

Remark 3. Theorems 10 and 14 together give the property of [z']\/A(z,t). Notice that
[2°]\/A(z,t) is not algebraic if and only if some roots of \/A(z,t) are formal series of t and
some roots of \/A(x,t) contain } terms in the expansion. If A(x t) only has roots which are
formal series of t, then there is not a branch cutting line outside the contour and we calculate
the residue of oo instead. Then (7.1.27) will be algebraic over t.

Now consider a rational function in C(z,t,v/A(z,t)). We may write it in a standard form
p+ ¢V A, where p,q are rational functions. We can expand p,q as a formal series in t with
coefficients in C[[z]][1] (maybe with an extra %, in which case we can multiply the rational
function by t"™ to cancel it). Thus, if we relax our condition from a formal series in t with
coefficients in Clz,1/x] to a formal series in t with coefficients in C[[z]][1], then, the discussion
of Theorem 14 can be applied to any rational function R(x,t,v/A). The [z7],[z<] parts are
D-finite but not algebraic. The [z°] part is generally D-finite and not algebraic except for some
special q. We apply (7.1.43) as

e, VE) VAN SR
o) 28 VAT U

Only special q satisfying (7.1.44) can make the [z°] algebraic.

(7.1.44)

In some cases, we will need to take the [z], [z°] and [z<] terms of log(p + ¢v/A). The
following theorems show that they are all D-finite but not algebraic.

Theorem 15 (Theorem 4.1 in [39]). Let f be a function in C|[x, L]] with constant term 1. Then
f has a unique decomposition f = f_ fofy, where f_ is of the form 1+ aijtix_j, fo is
of the form 1+, a;t’, and f is of the form 1+ 250,50 aijtiad.

1>0,5>0

Proof. Let log(f) = Y., bitia?. Then f_ = eXzoscobul™ f = XZobal anq g, =
e2iz0,550 bigt' s’ Expand the exponent function and the proof is finished. O

Remark 4. Actually, if f can be expanded as a formal series of t with coefficients in C[z]][2],

T

log(f(x,t)) can always be expanded as [x<]log f + [2°]log f + [x”]log f + klogxz +ilogt in the
convergent domain. Suppose f can be expanded as a series of t
f=ao(x) +ar(x)t +ag(x)t* +.... (7.1.45)
Let I = min{i : a; # 0}. Since each a; is in C[[z]][2], we write a; as
a; = bpa® 4 byt 4+ = b (1 4 r(a) (7.1.46)

where by, is the coefficient of the smallest degree of x in a; and r(x) is a formal series of x
without constant terms. We take the z*t* out and write f as

f = (bpzth) x (1 +r(z) + g(z,1)) (7.1.47)
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where g(x,t) converges to 0 when t — 0. Then, by the Taylor expansion of log(1 + x),
log(f(z, 1)) = log(bya*t") +log(1 + r(x) + g(a,1))
= log(brx"t") 4+ log(1 + r(z)) + log <1 + T+ (2) r(m)) (7.1.48)

2
= log(bkggkti) +log(1+r(z))+1+ M + % <19<$7t))> +

1+ 7r(z) +r(z
We can further expand log(1+r(x)) as a Laurent series of x and ﬂf’(% as formal series of t to

get the result. To simplify the calculation, we always divide f by x* to eliminate the logx term
i the expansion.

Now we can separate the function log(p + ¢v/A).

Theorem 16. Let /A be the function defined in Theorem 14. Consider log(p + qx/Z), where
p and q are polynomials of x,t. Suppose p+ qvV'A has n roots and |x1| < |xo| < -+ < |ap| <
|Tpr1]| < -+ < |zplas t — 0. We further require x1,2z2...x, — 0 and g1, Ty ..., Ty —> 00
when t — 0. Then when t is small enough, log(p+qV/A) can be expanded in |xy| < |z| < | Tt

1

as a formal series of t with coefficients in C[[z]][1] with a special term of klogx + ilogt. We

can write log(p + q¢vV/A) = Ly + Lo + L_ + klogx + ilogt where

Ly = [2”]log(p + ¢V'A)
L_ = [z%]log(p+ ¢V A) (7.1.49)
Lo = [ log(p + qV'A)

Then Ly and L_ are both D-finite but not algebraic over x and all three terms are D-finite but
not algebraic over t.

Proof. We prove that Ly, L_, Ly are D-finite but not algebraic over ¢t. The property over « can
be proved similarly. By Theorem 14 and Remark 3, p+¢v/A can be expanded as a formal series
of t with coefficients in C[[z]][1]. By Remark 4, log(p+qvA) = Ly + Lo+ L_ +klogz +ilogt.
Taking derivatives of this equation,
(' + (aVA))(p — avA)
2 — @2A

k
:L’++L6+L’_+m. (7.1.50)

By Remark 2 the [2>] and [z<] series of & @A )P=0VA) o6 al] D-finite but not algebraic

P’—¢*A
over z. And by Remark 3, the [z”], [2°] and [2<] series of /+(q\£§_);)2(£_q\/g) are all D-finite

but not algebraic over ¢. Then, L', , L, L' also have this property. Thus, L, and L_ are both
D-finite but not algebraic over x and all three terms are D-finite but not algebraic over ¢t. [

Theorem 17. If u(z) and v(xz) are D-finite but not algebraic over x, then f(x) = o)
D-algebraic. If v(x) is algebraic, f(x) is D-finite.

Proof. We mimic the proof that the product of D-finite functions are D-finite in [64]. The only
difference is that one of our multipliers is D-algebraic.
First we prove ﬁ is D-algebraic. This is clear, since for v(x) D-finite, we have

lo+ 110" (2) + Lot (@) + -+ - + L™ (z) = 0 (7.1.51)
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where each [; is a polynomial in z. Let g(z) = 1/v(x) and we immediately get

o+ 11 (g;@)'ﬂg (. >)”+...+ln (g({ﬂ))%o (7.1.52)

Each term in (7.1.52) is a rational function of g(x) and its derivatives; by clearing denominators,
we obtain a polynomial in x, g(x) and the derivatives of g(x). So g(x) is D-algebraic.

Let us denote V,, and V,, as the vector spaces spanned by derivatives of u and v. Sup-
pose dim(V,,) = m. For f*) = (u/v)*®) = (ug)®), (ug)®) can be written as a polynomial
of u,v/...u™ and ¢,¢ ...¢™. Notice that ¢/*) and u*®) can always be expressed as alge-
braic functions of w,u’...u™ and g,¢'...¢™. Thus, for k& > max(n,m), f*) can also be
expressed by these m + n derivatives. Now we choose a K large enough such that we can
solve u,u/...u™ g,¢,...¢g" as a function of f*), k=0,1,2,..., K. Since u satisfies a linear
equation, f*) satisfies an algebraic equation and is thus D-algebraic.

If v is algebraic, then 1/v is algebraic and thus D-finite. Then u/v is D-finite immediately
by [64, Theorem 2.3]. O

Theorem 17 tells us D-algebraic functions form a field. One can also find a proof in [61].
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Chapter 8

Exact solutions of quarter-plane
walks with boundary interactions

From previous work, we have derived all the solutions of non-interacting quarter-plane walks
with finite groups. For the interacting cases, there are still many unknowns and conjectures.
The aim of this section is to:

1. Introduce the use of the kernel method to solve quarter-plane lattice walk with interac-
tions.

2. Show how the point boundary interaction ¢ affects the final solutions.
3. Add the solutions of the D-finite models which were only solved with condition b = 1.

4. Add the solutions of interacting Kreweras and reverse Kreweras walks which were only
solved with condition a = b.

We will also show the properties of the generating functions by the solutions. Later in
Section 12.3, we will give a condition about when the generating functions become algebraic.
In the following calculations, we assume a,b,c > 1. Then /(a—1)2, \/(b—1)? and
(¢ —1)% will always give a — 1, b — 1 and ¢ — 1. This assumption does not affect the fi-
nal results. In Section 8.2, we will discuss in detail what happens when a,b,c < 1. For all the
models, we use the same notation to define the intermediate variables. The assistant variables
A, B, T, R,S, P refer to similar meanings. So we only define them once. One can find the def-
initions in Section 8.1.1. The names of the models follow the numbering in Tables 6.1 to 6.4.
Section 8.1.1 will demonstrate in detail the general process of the obstinate kernel method.
Section 8.1.2 will demonstrate in detail the general process of the algebraic kernel method. In
the other sections, we will shorten our solutions.

8.1 Exactly solved D-algebraic cases

In this section, we first go through all 6 models that were exactly solved in [7] with ¢ = ab. We
introduce interaction ¢ into these models and see how ¢ affects previous results.
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8.1.1 Model 1: {N,S,W,E}

Let us begin with the simplest case (Model 1), which is D-finite without interactions. The
allowed steps of this walk are {1, —, |, <}, so we have

1 1
Sxy)=cx+y+—+— (8.1.1)
r oy

and the functional equation (6.1.3) reads

K(2,9)Q(z,y) = ﬁ ((bc —a((b—1)e+b))Q(0,0) + be <—“yt ta— 1) Q(z,0)
+ac <—Z;t +b— 1> Q(0,y) + ab) (8.1.2)
where

1 1

The two roots of the kernel are

\/(—15352 —t+a) -2+t 4t —a
2tz
\/(—ta:2 —t4x)? — 4222 —ta? —t+x
2tx (8.1.4)

1 1
Yo =t + 2 <x+> + 13 <x2+2+3> + O(th
x x

1 1 1 1
e (o )t (com 1) (<2 L ma) o
t x x x

The two generators of the symmetry group are

Yo=—

Y =

b (1) - ng) and ¥ (z,y) - (1‘ ;) (8.1.5)

which generate a group isomorphic to Ds,

e (). () ()

We demonstrate the solution of this model by the obstinate kernel method. Following the
ideas in Section 4.4, we consider the kernel as an algebraic function of y and substitute root Y;
into (8.1.2) to eliminate the LHS. For Q(z,y) to be a valid power series, we want Y; — 0 when
t — 0. This implies Y; should be a formal series of ¢ without constant terms. So we choose
Y =Y. This gives our first equation.

beQ(z, 0) (—% +a— 1) +acQ (0,Yp) (=2 +b— 1) + Q(0,0)(be — a((b — 1)c + b)) + ab

abe

= 0.
(8.1.7)
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Notice that in the symmetry group, only (%, y) is valid since @ (:):, Y%) and @ (%, YLO) do not
converge when t — 0. So we apply (z,Yy) — (%, Yp) to (8.1.7) and get

beQ (1,0) (—% Ya— 1) + acQ (0,Y) (=btz + b — 1) + Q(0,0)(be — a((b — 1)c + b)) + ab

abe

= 0.
(8.1.8)

By linear combination of (8.1. 7) and (8.1.8), we may eliminate Q(0,Yp) and get an equation
with unknowns Q(z,0) and @ ( )

B t(x? — 1)YpQ(0,0)(abc + ab — ac — be)
c(at —aYy + Yp)

+Q (io) (bt — ba + )
abt(z? — 1)Yy

—2Q(x,0)(btxr —b+1) + o (at — aYy + o) =0 (8.1.9)
Taking the [2°] part of (8.1.9), we have
btQ(0,0) + (1 = b)Q1,0 + T2Q(0,0) + T3 =0 (8.1.10)
where
T = 29 abt(z? — 1)Yy
¢(at —a¥o +¥o) (8.1.11)

t(x? — 1)Yy(abc + ab — ac — be)
c(at —aYy + Yp)

T = [a:o] —

Note that (8.1.10) holds independently of x, y.
In (8.1.10), we have introduced a new unknown ()1 . By boundary conditions, we know

Q(0,0) =1+ ct(Q1,0 + Qo). (8.1.12)

This implies that if we find another equation involving Qo ; and @Q(0,0), we can solve Q(0,0)
by linear calculations. Since the walk is symmetric by the diagonal, an equation of Q1 will
always have a corresponding equation of Qg 1.

To get the corresponding equation, we consider the kernel as an algebraic function of x. As
in the previous discussion, we have two roots

\/(—tgﬂ — b4y — A2ty -t —y
Xo=—
2ty

\/(—ty2 —t4 )P A2y — 2 —t+y
2ty (8.1.13)

1 1
Xo=t+1t (y+y> + 3 <y2+y2+3> +O(t*)
1 1 1 1
X =>+ <—y—) —t+ 2 <—y—> + 13 (—yz— = —3> +0(th).
t ( (] Y
We may substitute Xy into (8.1.2). We have

beQ (Xo, 0) (—ag Ya-— 1) +acQ(0,y) (—;’Tg +b— 1) +Q(0,0) (be — a((b — 1)e + b)) + ab

abe

X =

= 0.
(8.1.14)
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This time, only (z, %) is valid in the symmetry group. Apply this symmetric transformation to
(8.1.2) and we have

beQ (Xo,0) (—aty +a — 1) + acQ (o, ;) (—};—g +b— 1) +Q(0,0) (be — a((b — 1)e + b)) + ab

=0.
abc
(8.1.15)
Combining (8.1.14) and (8.1.15) together, we eliminate Q(Xo,0) and get
tXo(y — 1)(y + 1)Q(0,0)(abc + ab — ac — be) 1
_ 0.~ ) (at —
c (bt — bXo + Xo) +Q (0,5 ) at —ay +y)
abtXo(y — 1) (y + 1)
- ty — 1 = 0. 1.1
Taking the [y°] part of (8.1.16) we have
at@Q(0,0) + (1 —a)Qo,1 + PQ(0,0) + P, =0 (8.1.17)
where
abtXo(y — 1) (y+1
P =[] C(btongXo)ino))
(8.1.18)

tXo(y —1)(y + 1)Q(0,0)(abc + ab — ac — be)
c (bt — bXo + Xo) '

By (8.1.10), (8.1.12), (8.1.17), we immediately have

Py =[y]

ab+ actTy — a + bePit —b— cPit —ctTh + 1
0,0) = . 8.1.19
@(0,0) 2abct? — ab — act? + actTy + a + bePot — bet?2 +b — cPot — ctTh — 1 ( )

We can see that Q(0,0) is a rational function of Ty, Ty, Py, Ps. Since Ty, Ty, P1, P are [2°] terms
of rationals function of z,t,+/A, they are D-finite by Remark 3. Q(0,0) is a rational function
of D-finite terms, thus it is D-algebraic. Further, if a,b, ¢ obey certain relations such that the
denominator of Q(0,0) does not contain Ty or P, or certain relations that makes T, and P
algebraic, then Q(0,0) is a linear sum of D-finite terms and is thus D-finite. By (8.1.19) we
first check that Ts, P, are cancelled in the denominator if and only if @ = b = 1. And by the
expression of Ty, P», we find 75 and P, become algebraic if and only if abc + ab — ac — bc = 0.
Thus we conclude Q(0,0) is D-finite if and only if

abc+ab—ac—bc=0 or a=b=1 (8.1.20)

If we let ¢ = ab we get the previous result in Table 6.1. We may further discuss the effect of
point boundary interactions. When a = b = 1, the interaction at the origin does not affect the
property of Q(0,0). When a,b # 1, normally (0, 0) is D-algebraic but not D-finite. However,
we can choose ¢ = ab/(a + b — ab) to make Q(0,0) D-finite again.

Substitute @Q(0,0) back to (8.1.9) and (8.1.16). Separate the [x~], [x<], [y”], [y=] parts
and we get the solutions of Q(z,0), Q(0,y). Substitute these results back into the functional
equation (8.1.2) and we get Q(z,y). They are all D-algebraic over ¢ generally. Notice that
(8.1.9) is a linear function of Q(x,0), so taking the [x~] part of this equation will only introduce
D-finite terms into the equation. Thus Q(z,0) is D-finite over z, and Q(0,y) is D-finite over y
by the same reason. Then Q(z,y) is D-finite over z,y. This criteria is valid for all previously
exactly solved D-algebraic cases (Models 1, 2, 3, 4, 17, 22). We will not mention it again in
the discussion of each model.
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Remark 5. The way to solve Model 1 here is a bit different from that in [7]. In [7], the
authors get an equation of Q(0,0) directly. But here, we have both Q(0,0) and Q1 in (8.1.10)
and we use the symmetry of the walk to get an equation of Q(0,0). The difference is due to
the different choice of coefficients of Q(x,0) and Q (i,O) in (8.1.9). We can multiply (8.1.9)
by some rational functions and then take the [y°] part of the equation. This will give different
results. It is better to choose the coefficients carefully such that we get an equation of Q(0,0)
only. But in some cases, there will always be other unknown functions such as Q10 or Qo1 if
we take [y°] part of the equation. Here we demonstrate a way to deal with such problems.

8.1.2 Model 2: {NE,NW, SE,SW}

The second case is walk with allowed steps { 7, N\, \,»"}. This model is also D-finite without
interactions. We solve this model by the algebraic kernel method.
The functional equation of this model is

K(,9)Q(x,y) = ﬁ <bc (—at <';C 4 ;y) fa- 1) Q(z,0)

abct

tac <—bt <i + ;y) Ty 1> Q0,y) + (bc —a((b—1)e+ b)xy> Q(0,0) + ab) (8.1.21)

where the kernel is

1
K(z,y) :1—t<a:y+§+xy+i> (8.1.22)

and the formal series root is

x— /a2 —4(—ta? —t)?

Yy =
2 (tz? + 1) (8.1.23)
t(z24+1) B3 (22+1)°
_ U )+ ( 3 ) +O(th).
x x
The two generators are
1 1
o (z,y) — <x,y> and ¢ : (x,y) — <l‘, y> (8.1.24)

and the symmetry group is

{(w,y), (iy) : <3: ;) , CU ;)} (8.1.25)

which is exactly the same as Model 1. Following the ideas in Section 4.5, we directly apply
the symmetry group to the functional equation and get four different equations. For simplicity,
we prefer to write them in a matrix form

K(z,y)Q =MV + C. (8.1.26)

where Q is the column vector of all transformed Q(x,y),

O
—~
<

=

O

8 88

(8.1.27)

Q= R=

o

Il
O O
I~

8=

-
=



and V is the transformed line boundary terms

Q(z,0)
Q(0,y)
V= QL0 |- (8.1.28)
1
M is the coefficient matrix
Al(z,y)  B'(z,y) 0 0
0 B'(3y) A5y 0
M = 1 1 8.1.29
A (a:, 5) 0 0 B’ (z, o ( )
/(1 1 /(1 1
0 0 A(L1) B(L1

where A'(z,y) = be (—at (% + ﬁ) +a— 1) and B'(z,y) = ac(—bt (% + wiy) +b—1). The

column vector C contains the point boundary terms and some known terms in R(z, y,)[Q(0, 0)].

Q(0,0)(abct—abcxy— abxy—i—acmy—i—bczy) +

abcx
Q(0,0)(abctr— abcy aby+acy+bcy) + 1

— abc
C= Q(0,0) (abcty— abcxy abz+acz+ber) + C : (8130)

Q(0, 0)(abct;ty abc ab+ac+bc) +
abc

It is not hard to find that the determinant of M equals zero. This means the coefficient matrix
is not full rank and we can find a vector N in the nullspace such that

K(z,y)NQ = NMV + NC = NC. (8.1.31)

We can multiply the vector by any scalar. We choose a good scalar such that the coefficients of
all transformed Q(z,y) are in R (z,1/x,y,1/y,t) and the degree and valuation of z,y are small
enough. We may choose

(22+1)* (ata®y+aty—az-+a) (btwy? +bte—by+y)
B (x2+1)2(atx2y+aty—a;—2m) (—bty>—bt+bary—zy)
(22+1)° (ataz2+at—a:cy-fiy) (btay? +btz—by+y)
(2241)* (atac2+at—aa:y:f§y) (—bty>—bt+bry—zy)
z3y

Now, we first divide the RHS by K (z,y). Then the RHS reads,

NC 1 Cab?(@?-1) (2 +1)° (- Dy +1) (1* +1)
K(z,y)  K(z,y) cxdy

NT = (8.1.32)

+Cx13yt(:c2 ~1) (@ +1) (- D +1)

Q(0,0) (abctx2y2 + abetx® + abety? + abet — abexy + abta?y? + abtx? (8.1.33)
+abty? + abt — actz®y? — actz® — acty® — act + acxy

—beta®y? — betz? — bety? — bet + bexy — ca:y) )

= R; + R2Q(0,0)

71



Since the only unknown function in NC/K (z,y) is Q(0,0) and it is independent of z,y, we can
take the [y~], [v<], [v], [z7], [*=], [z"] parts of (8.1.33) without introducing any new unknown
function of . By Theorems 10 and 14 and Proposition 2.5 in [52], we know they are all D-finite
over z,vy,t.

Now, let us consider the LHS. The LHS is a linear sum of transformed Q(x,y) with coeffi-
cients in R[x, 1/x,y,1/y,t]. This means we can take the [y'] part of the LHS without introducing
an infinite number of @; ;, for example

[yo] (_ (x2 + 1)2 (athy + aty — ax + x) (btzy2 + btx — by + y) Q. y)>

22
= (a— )bt (2% +1)2Q(x,0) (8.1.34)
Thus, we have

_ab—1)t (2% + 1)362 (1,0)

[yO]NQ - 2
X
(22 +1)2 Q-1 (2) (abt22? + abt? + aba® — aaz? — ba? + 2?)
_ .
L (a1t (2 +1)°Q 2 (1) ad—1t(2*+1)°Q(x,0) (8.1.35)
x2 x2
(2% + 1)2 Q-1 (z) (abt?a? + abt?* + ab—a — b+ 1)

T

— (a—1)bt (2 +1)° Q_ ()

We have introduced some new unknown boundary functions. However, by the geometric prop-
erties of this model,

_ —bta?Q(x,0) — btQ(x, 0) + btQ(0,0) + bt Qo2 — br Qo1 + bxQ_ 1 (x) + Qo1

bt (22 +1)
_actQo + axQ(0,0) — cxQ(0,0) + cxQ(,0) — ax
act (x2 + 1)

9

(8.1.36)

so we can express QQ_o(z), Q—_1(z) by linear functions of Q(z,0). We may thus eliminate
Q- 2(z), Q-1(x) and finally get,

b(z? — 1) (at®z? + 2at?z? + at? — az? + 2?)

[y'INQ = —

ctx?
N b(z? — 1)Q(0,0)(a — ¢) (at*z* + 2at*a® + at* — az® + 2?)
2
) act (8.1.37)
(b:c2 . 1) Q (5, 0) (a2t2x4 + 2a%t%2? + a?t? — az® + x2)

atz?
N (=b+ 2 +1) Q(z,0) (a*t?a* + 2a*t?2? + a®t? — az? + 2?)

atz?
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Now rearranging the equation [y°]NQ = [y } we have

c
(z,y)°

(be —z? - 1) Q (%,O)
b—a?—1
b(z? — 1)(a — ¢) (at?z* + 2at?z? + at® — az? + 2?)
<_c (b— a2 — 1) (a®t2z* + 2a%t%22 + at? — az? + 22)

Q((E, 0) -

- [yO]Rz> Q(0,0)

ab(z? — 1) (at?z* + 2at*z? + at® — az® + 2?)
c(b—a%—1) (a?t22* + 2a2t222 + a?t? — ax? + 2?)

+ —[y"]R; = 0. (8.1.38)
We want to take the [2°] part of (8.1.38). Several terms in this equation are not polynomials.

We need to expand them into series for further calculations. First, notice that the coefficient of
Q (2,0) can be written as

br? — 22— 1 2 —2b b3 —3b%+2b 1\
T T (h—-1)+ + * +O<<> (8.1.39)

b—a?2—1 22 x x

for |z| > v/b — 1. The term b — 22 — 1 also appears in the denominator of other terms. They all
have to be expanded as a series of - L This is because if we expand one of them as series in x, the
convergent area is |z] < vVb—1 which does not intersect with |z| > v/b—1. Next, we expand

> as a formal series of t. The idea is the same as that in Section 4.1.
1

1
2221202252 1 a2 —azi 12 a?t?2(z—X1)(z—X2)(z—X3)(z—X4)
denominator has four roots. Their series expansions can be written as

a2t2m4+2a2t2m2+a2t2—am2+m
We can write

The polynomial in the

at a’t?
X =— - Oo(t°
! Vva—1 (a—1)3/2+ (®")
3,3
Xo= 2 T o

Va—1  (a—1)3/2
va—1 at a’t?
X3 =— + + +0(t°)
at Va—1 (a—1)3/?2
va—1 at a’t?
X4 =— + +
at Va—1 (a—1)3/?2
Now X; and X5 are two formal series of ¢ without constant terms. The corresponding factors
should be expanded as Z(%)Z and Z(%)2 The convergent domain is max(Xi, X3) < z. On
the other hand, X3 and X, have % in the expansion. Further notice

(8.1.40)

+O(t).

1 at ast?
- = — O(t°
X3 Vva—1 (a—1)3/2+ ()
3.3 (8.1.41)
1 at a°t 5
= + + O(t”).

Xy Va-1 (a—1)32

Their corresponding factors should be expanded as Z(i)2 and ) (5 ) The convergent do-

main is z < min(| X3/, |X4|). Thus the convergent domain of 2t2$4+2a2t2z2+a2t2 w2Zi.7 IS some
annulus around 0. By similar calculations, we find the convergent domains of [y°] Re, [y°] Ry are
also annuli with similar properties. We further require these convergent domains to intersect.
Notice that X7, Xs are formal series of ¢ without constant terms and X3, X4 contain % in their
expansion. We may choose t small enough such that the inner circle of the annulus tends to 0
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and the outer circle terms to infinity. Then this annulus always intersects with |z| < v/b — 1.
Now take the [z°] part of (8.1.38), we have

Ty
Q(0,0) = (22 —1)(a— 224 1 90t2 22+ at? —az? + o2 (8.1.42)
b+ (20— S T e — T2)
where
Ty = 9] ab(z? — 1) (at?z* + 2at?2? + at? — ax? + 2?) IR
= |\ —
! c(b— 22 — 1) (a®2a" + 202222 + a2 — az® + 22) O (8.1.43)

The expressions of Ry and Rg can be found in (8.1.33). By (4.5.2), [y°] Ry, [y°] R2 contain square
roots. So 11,15 are D-finite.
Similar to Model 1, this Q(0,0) is a rational function of D-finite terms and is thus D-

IE27 a—c)la 2:134 a 2:132 a 27G,x2 1'2
algebraic. For Q(0,0) to be D-finite, we first consider [2°] ( bla?—1)(a—c)(at?a'+2at%a3 +at ha )>

T c(0—22=1)(a2t2zx1 202122+ a2 —ax?+a2)
It is algebraic by Theorem 9. Then we consider 7T5.
To calculate Th, we recall (4.5.2) and (4.5.3). We have

[4°) Ry (z® — 1) (2 + 1)2

1
- C\/ng}qt
(abct:szO?’Yl — abetz? + abctY03Y1 — abct — abca:Y02Y1 + abcxYy + abt:L'2Y03Y1 — abtx?
—{—athOSYl — abt — act:vQYO?’Yl + actz? — actY03Y1 + act + ach()2Yl —acxrYy — bct:nQYO?’Yl
+beta® — betYy Yy + bet + bexY§Y1 — beaYy — caYgYy + cxYy)  (8.1.44)

Substitute Yy and Y; in and by calculation, we finally have

1\2
[4°]| Ry = (ab — ¢)2* \/1 — 4¢? (x + x) + 2abet*a* + dabet?x?

+ 2abet? + 2abt*z? + dabt’a? (8.1.45)
+ 2abt? — abz® — 2act’z* — 4act*z?

— 2act® — 2bct’z* — Abet?x® — 2bet? + ca®.

If [y°] Ry is a polynomial, T is algebraic and @Q(0,0) becomes D-finite. Thus, we have Q(0,0)
is D-finite if ab = ¢, which is accidentally the result in Table 6.1.

8.1.3 Model 3: {NN,NE,SE,S,SW NW}

The allowed steps of the third model are {1, 7, N\, |,",’\\}. The functional equation of this

model is
1 x 1 1
K(z,y)Q(z,y) = o <bc (—at <y 4+ — 4+ y> +a— 1> Q(x,0)

zry
abcet

tac (—bt <i + ;y) b 1> Q(0,y) + <bc —a((b—1)e+b)+ xy) Q(0,0) + ab>
(8.1.46)
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where
T 1 Y 1
Kzuy=1-t|lay+-+—+=+y+—-]. (8.1.47)
y 1y Yy

The formal series root is

x— /a2 —4(—ta? — ta —t)*
Yy = 2
2 (tx? +tx +1t) (8.1.48)
t(@2+z+1) B(@2+2+1)° 202 +2+1)°
Yo — ( : )+ ( - )+ ( - )+O(t7)_

The symmetry group is still

e () (- 2)- ()

We can use either the obstinate kernel method or the algebraic kernel method to obtain the
following equation,

1 —br—b+ax*+ax+1
- _ = 1.
Q (x’0> TR — E— 1(;)(96,0) + 51+ S2Q(0,0) =0 (8.1.50)

where

abtz(z? — 1)Yy (Y§ + 1)

S1 =+
! c(atz? + atz + at — azxYy + z2Yy) (—btYF — bt + baYy — zYp) (8.1.51)
G — tw(x? — 1)Yp (abeY§ + abYy + ab — acY§ — beY§ — be) o
S (ata? + atz + at — axYy + xYp) (—btYF — bt + baYy — xYp)
The solution is written as
11
Q(0,0) = — (8.1.52)
1= ) (e merey) — T
where T} = [2°)S; and Ty = [29]S,.
For (0,0) to be D-finite, T should be algebraic. By simple calculation, we find
—Sacttz(x2 — 1) (22 + 2+ 1)" (c — ab
Ty = [2°] (A + ( ) (B ) ( )\/x2 — 4 (—ta? — tx — t)? (8.1.53)

where A, B are polynomials. Thus when ¢ = ab, Q(0,0) is D-finite.
8.1.4 Model 4: {N,NE,E ,SE,S,SW, W, NW}
The allowed steps of fourth model are {1, 7, <, \,{,, —,\\}. The functional equation is

K(z,9)Q(x,y) = — <bc (at <”“" + Ly ;) Va- 1> Q(z,0)

 abc Yy Ty

+ac (—bt (y + L1y 1> +b— 1) Q(0,y) + (bc —a((b—1)c+b)+ abd) Q(0,0) + ab>

T Ty xy
(8.1.54)
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where
T 1 1 1
K(m,y)zl—t<xy+++y+$++y+>. (8.1.55)
y Ty T T Y

The formal series root is

m2+\/(—tx2—t+x)2—4(—m2—tx—t)2+t—x

Yo= 2(—ta2 —tx —t)
t(a?+z+1) t*(2?+1) (2 +2+1) (8.1.56)
Yo= x * x?
+t3 (2 +2+1) (2x4;2x3+5x2+2x+2) Lo,

The symmetry group is still

{(x,y), (iy) : (x ;) : (i;)} (8.1.57)

We can use either the obstinate kernel method or the algebraic kernel method to obtain the
following equation,

1 btx? —br —b+ 2% +z+1
_ - = 1.
Q <x0> o e 1@ 0) + 81+ $:Q(0,0) =0 (8.1.58)
where
- abtz(z? — 1)Yy (Y§ + Yo + 1)
c(atz? + atw + at — axYy + 2Yp) (—btYF — btYy — bt + baYy — 2Y))
g = tr(z? — 1)Yy (ach02 + abeYy + abY§E + abYy + ab — acYE — acYy — beY§ — beYy — bc)
2T ¢ (ata? + atw + at — axYo + 2Yy) (=btYZ — btYy — bt + baYy — 2Yp)

(8.1.59)

The solution can be written as

T

Q(0,0) = ! (8.1.60)

1,07 [ btz2—bz—b+a2+x+1)
1 [H? ] <bt—bac2—b;r+ac2+ac+l T

where Ty = [2°]S1, Ty = [2°]S5 as before. For Q(0,0) to be D-finite, we check the condition for
T5 to become algebraic. By simple calculation, we find

2
-1 — act — bet —
Ty = [2°] (A n ax(x )(abct + ab;—i— ab — act — bet — c¢)

x\f(—ta? =t +2)? — 4 (—ta? — to — t)2> (8.1.61)

where A, B are polynomials. The coefficient of \/(—taz2 —t4x)? — 4(—tx? — tz — t)* equals 0
if and only if

c=abandab—a—-b+1=0 (8.1.62)

These are the criteria for the D-finite property of Q(0,0).
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8.1.5 Model 17: {N,W,SE}

The next exactly solved model is the Model 17. The allowed steps are {f,<+,~\,}. The
functional equation is

1 atx

K@) = o (-2 4 a 1) Qa0
bt
+ac <—$ +b— 1> Q(0,y) + (bc — a((b—1)c+ b)) Q(0,0) + ab) (8.1.63)
where

K(z,y)=1-t <§ + % + y> (8.1.64)

and the formal series root is

VA2 + 2 —x + 22 —t+=x
2tx

1 1 1
Yo =to+ 82+t (1:2—{—> + ¢ (2—|—3x) +t° <2x3—|—3—|—6> + O(9).
X X X

.Y(-']:

(8.1.65)

The symmetry group is

(D EDED G, e

Unlike the previous cases, this group is isomorphic to Ds. For the obstinate kernel method, we
find Q(z,Yp), @ (%, Yb) ,Q (%, %) are three valid pairs. We can then use a linear combination
to try to solve it. However, for D3 group cases, we prefer the algebraic kernel method which
follows a more computational procedure.

By either the obstinate kernel method or the algebraic kernel method, we get

aQ (0,1) (—at + ax — z)(—bt + bz — )
bx (a*t?x? + a’t — at — ax + x)

+ Q(z,0) + S1 + $2Q(0,0) =0 (8.1.67)

where

B —a

 2cx (a?t222 + a2t — at — ax + x) (b2t222 4 b2t — bt — bx + 1)
— 3ab?t%2 + ab®t’z — ab®tx® + 2abt’zt + 2abt’z — 2abtz? + 2abzr® + 2atz® — 2az® + 26%t22*

S (ab2t3a:3 — 2ab*#3

+ 202tz — 2bta? — 2023 + 223 — ab’t (tx3 + 2t — x) \/74t2x3 +t2 — 2tx + x2>
B abc + ab — ac — be
2bcx (a?t2a2? + a?t — at — ax + x) (b2t22? + 0%t — bt — bz + x)
(a62t3x3 — 2ab*t3 — 3ab?*t?azt + ab*t3x
— ab’tz? + 2abt®z* 4 2abt?c — 2abtz® + 2abx® + 2atz? — 2ax® + 20222

So

+2b%t2? — 2btx? — 2023 + 223 — ab’t (ta:3 + 2t — z) V—A4203 + 2 — 2tz + 1‘2) )
(8.1.68)

We want to take the [z°] term of this equation. Consider the coefficient of @ (1,0). The
denominator is a quadratic function a?t?z? + a®t — at — ax + . It has two roots X1, X». Using
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the Newton polygon method (or just solving these two roots and expanding them as series of t),
we find one root has degree 1 (X7) in ¢ and another has valuation —1 (X32) in ¢t. By Theorem 6,
the coefficient of QQ(1/z,0) cannot be expanded as a series of % at the same time as a formal
series of t. To deal with this situation, we multiply (8.1.67) by x — X». Then the denominator
of coefficient of Q) (%, O) only has a root X and the coefficient of Q (%, 0) can be expanded as a
formal series of % The multiplication does not bring any problems to other terms since z — Xo
is just a polynomial in x. After some calculation, we find

20T

0,0) =
Q(0,0) by/—(a—1) (4a3t® — a + 1) — 2a2b + 2a2 + 3ab — 2a — 2bT5 — b

(8.1.69)

where

T1 = [xO}Sl(a; — XQ)

Ty — 2150 — Xy (8.1.70)

For T; to be algebraic, the coefficient of v/ —4t223 + t2 — 2tz + 22 in Sy should be 0. Clearly, it
implies

(ab — ac — be + abe) = 0. (8.1.71)

8.1.6 Model 22: {NW, W,SE, E}

The last D-algebraic model that was solved with ¢ = ab before is Model 22. The allowed steps
are {\, <, \,, —}. With arbitrary a, b, ¢, the functional equation is written as

atx

K(z,y)Q(z,y) = & (bc (_y +a— 1> Q(x,0)
+ac (—bt <y + i) +b— 1> Q0,y) + (be — a((b— 1)e + b)Q(0,0) + ab) (8.1.72)

T

where
1
K(x,y)zl—t<x+y+x+>. (8.1.73)
Yy oox x

The formal series root is

\/(—tajz—t+m)2—4t2x2—|—tm2—|—t—aj
2t (8.1.74)
1 1
Yo =tz +t* (2? +1) + ¢ <x3+3x+> +t <x4+6x2+2+6> +0(t°)
X T

Yo =

This walk has a symmetry group isomorphic to Dy, and the group elements are

[0 (2)- (202G (2 C) e

By the obstinate kernel method or the algebraic kernel method, we have

Q(1,0) (—at +az — 2) N Q(z,0)(atz — a+ 1) (b*t + bta? — bt — bx + )

* b2tx? — bta? + bt — bx + x + 51+ 52Q(0,0) = 0.

(8.1.76)
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where

abt(z? — 1)

S pu—
U7 2cx (0222 + a®ta? + a’t — atz?® — at — ax + x) (b2ta? — bta? + bt — bx + )

<2a2bt2x2 + 2a%bta® + 2a2btr + 20222t + 2d%t? — 3a’ta?

— 3a’tr — a®x® — 2abtx® — 2abtz — 2abx? + 6ax’ + 2022 — 422

+a® (2tz® + 2t — x) \/(—ta:2 —t+az)’ - 4t2x2>

8.1.77
t(z? — 1)(abc + ab — ac — be) ( )

" 2cz (a2 + aZta? + a’t — atz? — at — azx + @) (b242? — bta? + bt — bx + 1)
<2a2bt2m2 + 2a%bta® + 2a%btx + 2a%t%2* + 2a°t% — 3a’t2?

So

— 3a’tr — a’x® — 2abtx® — 2abtx — 2abx® + 6ax® + 202> — 42>

+a? (2ta® + 2t — z) \/(—tx2 —t+ax)*— 4t2x2> :

The denominator of the Q(z, 0) coefficient again has a polynomial factor b*tz? — btz +bt —bx +.
It has a root (X7) of degree 1 in ¢ and a root (X2) of valuation —1 in ¢. Since we need to expand
the coefficient as a series of z, we multiply both sides by b*t(x — X7), then (8.1.76) becomes

Q (%,O) th(.% — X1)(—at + ax — .%') n Q(x70>(atw —a+ 1) (b2t 4 btr2 — bt — bx + l’)

x (x — X7)
+ S1b%t(z — X1) + So(z — X1)b*tQ(0,0) =0 (8.1.78)

b2t(z—X1)(—at+azr—z)
€T )

1
Then we take the [#°] part of (8.1.78). When taking the [z°] part of Q(:0)
we introduce another unknown function, Q1.

Q (1,0) v*t(z — X1)(—at + ax — 2)

x

[2°] = b*[(1 - a)Q10 + (at — (1 — a)X1)Q(0,0)]. (8.1.79)
For Model 22, we fortunately have Q(0,0) = 1 + ¢tQ1,0 by the geometric property. We can
eliminate Q1,0 by substitution. Further,

Q(z,0)(atx —a+1) (b*t + bta? — bt — bz +z)  —b*t(1 — a)

Ex %) = —— Q0. (8.1.80)

Then we can solve Q(0,0):

l=a _
Q(0,0) = — ct — (8.1.81)
( ) lcta—|—at—|—(1—a)X1—lX7;+T2
where
Ty = [291810%t(x — X
1= @150 ) (8.1.82)

T2 = [l’O]SQth($ — Xl).

For Q(0,0) to be D-finite, we require T3 to be algebraic. By calculation, Sy reads

a?bt(x? — 1) (2tx? + 2t — z) (abe + ab — ac — be) (\/f(b — 1) (46212 — b+ 1) + 2b%tx — 2btx — b+ 1)

4(b — 1)cx (a?t2x + ata? + a?t — atx? — at — ax + x) (b*tw? — bta? + bt — bx + x)
(8.1.83)
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There are two cases for (8.1.83) to be 0. First,
abc + ab — ac — be = 0. (8.1.84)

Second,

(\/—(b Z 1) (4622 — b+ 1) + 2b%tx — 2tz — b+ 1) =0 (8.1.85)

for arbitrary ¢t and z. The condition (8.1.85) holds if and only if b = 1. Thus our conclusion is
Q(0,0) is D-finite if abc + ab —ac —bc =0 or b = 1.

8.2 Algebraic cases

The previous models are all D-algebraic with arbitrary a, b, ¢ and D-finite with a = b = ¢ = 1.
They were all solved with ¢ = ab. Now we come to two special cases, Kreweras and reverse
Kreweras walks. These two models have algebraic generating function when a = b and ¢ = ab.
We will first solve reverse Kreweras walks and prove that the generating function is algebraic.
Then we will solve Kreweras walks and show the special qualities of this model. We will clearly
go through the algebraic kernel method twice again to solve these two problems.

8.2.1 Reverse Kreweras walk

For reverse Kreweras walks, the allowed Steps are {/, T, —>} So we have
'Y Yy y

The functional equation (6.1.3) becomes

(orleone )= os- D)ann o oor- )

1 t
+ (abc(ac + bc — ab — abe) + a:y) Q(0,0). (8.2.2)

The symmetry group
The two generators of symmetry group are
1 1
¢:(x,y)— | —,y| and ¥:(x,y)— (z,— ). (8.2.3)
Yy Yy

The resulting group is isomorphic to Ds:
1 1 1 1
— — — — 8.2.4
{(:n,y), (xyy> , <y, xy) (), (wx) (a: xy)} (8.2.4)

We use the algebraic kernel method. Applying all these symmetries to the functional equa-
tion (8.2.2), we have,

Full-orbit sum

K(z,y)Q =MV + C. (8.2.5)
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Q, M,V and C are defined similarly as that in Section 8.1.2,

Q(z,y)
1
Q ?yv Y
Q (v 25
- , 8.2.6
@ Qy, ) (8:2.6)
Q2.2
1
Q x??y
and
Q(,0)
Q(0,y)
Q (250
V= v , (8.2.7)
Q (0,35
Q(0,z)
Q(y,0)
and
Al(z,y)  B'(z,y) 0 0 0 0
0 B (éy) A <$y) 0 0 0
R A
M = Y , N (8.2.8)
0 0 0 0 B'(y,x) Ay, x)
1 1
0 0 A <x—ya:) 0 B (;yx 0
1 1
A (%) 0 o B (x3) 0 0
where A'(z,y) = 2(a—1— %) and B'(z,y) = 3(b—1— %) The column vector C contains the
point boundary terms (0, 0) and some known terms in R(z,y,1):
[—ab + ac + bc — abe + tabcm—ly] Q(0,0) + ab
[—ab + ac + bc — abe + tabex] Q(0,0) + ab
1 _ _
C— [—ab + ac + bc — abe + tabez] Q(0,0) + ab . (8.2.9)

abe —ab + ac + be — abe + tabe-L- | Q(0,0) + ab
zy

[—ab + ac + bc — abe + tabey] Q(0,0) + ab
[—ab + ac + bc — abe + tabey] Q(0,0) + ab

It is straightforward to show that the determinant of M equals zero. Thus, there exists a linear
combination of these six equations that cancel all variables in V. We choose a vector N that
spans the nullspace:

—y(1 = b+ thx)(1 — a + tay)
1(1—a+ tay)(tb + zy — bxy)
—1(1— b+ tby)(ta + zy — azy)
y(1 —a+tax)(1 — b+ thy)
—1(1 - a+ taz)(tb + zy — bxy)
z(l — b+ thz)(ta + zy — axy)

N = (8.2.10)
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Multiplying both sides of (8.2.5) by N, we have
K(z,y)NQ = NMV + NC = NC. (8.2.11)

The last equality holds since NM = 0.

We also have NC = 0 in (8.2.11), which is different from (8.1.33). The phenomenon NC = 0
happens in all non-interacting algebraic models [20], including Kreweras and reverse Kreweras
walks.

Next, divide both sides by K(z,y) and then extract the [y°] term of (8.2.11). Some new
boundary terms will appear when performing the extraction.

By geometric properties, we can eliminate some of them and find an equation of the form

1
x
(8.2.12)

1INQ =0 =+ 20pQ0.0) + 20.Q(0.2) + 0Q,0) + a1 ) +att (1)

where the « coefficients are Laurent polynomials in x and ¢.
One can see we have the diagonal terms here. This comes from the fact [2°]Q (x—ly,y) =

Qg (%) This is the term that never appears in the obstinate kernel method. We then take the
[7] and [x<] parts of (8.2.12). After some simplifications by boundary conditions, we obtain

(279 INQ = 0 = B + B0,0Q(0,0) + Bo,1Qo.1 + £1,0Q1,0 + Br,0Q(x,0) + fo.Q(0,z)  (8.2.13)
and

[z<y"INQ = 0 = v 4+ 70,0Q(0,0) +70,1Q0,1 + 71,0Q1,0 + 76 Q5 (i) +1Q] <;> (8.2.14)
where the [ and ~ coefficients are Laurent polynomials in x and .

These two equations describe the reflection symmetry of walks on two axes and the transla-
tion symmetry of walks around the diagonal. When a = b, (8.2.13) and (8.2.14) give Q(x,0) =
Q(0,z) and 0 = 0. This step is omitted when solving the non-interacting or equally-interacting
cases [16, 7] since the geometric symmetry is obvious.

Half-orbit sum

We have now obtained some geometric symmetries of reverse Kreweras walks from the full-orbit
sum. However, we lost the information contained in the kernel. This is because the RHS of the
full-orbit sum was 0. We will now “regain” this information by taking a half-orbit sum.

Recall the six equations obtained by applying the symmetry group. We rewrite the matrix
equation (8.2.5) slightly differently:

K(x, y)Q = MyVy+Cy (8.2.15)
Unlike the full-orbit sum, Q(z,0) and Q(0, z) are not included in the vector Vy. Instead, Vy is

Q(
Q

‘»—IO

Y

Vo =

. Y)
.0
N (8.2.16)

QO
o s

T

Q(y,0

<

~—
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The terms Q(z,0) and Q(0,z) are treated as constant and we put them in Cy. My contains
the corresponding coefficients of Vg in M. So M3y is a 6 x 4 rectangular matrix. The dimension
of the nullspace is 2. Two orthogonal basis vectors span My '. We may choose either of them
in the following derivation. The vector we choose is

—z(1 = b+ tbx)(1 — a + tay)
%(1 —a+ tay)(tb + zy — bzy)

Ny — 8 (8.2.17)
—i(l —a+ tax)(tb + zy — bxy)
0
Notice that N9 has three zeros and three non-zeros, corresponding to a half-orbit sum.
Then, multiply (8.2.15) by Ny and divide by K(z,y). We find

N;Co
N,Q = : 8.2.18
K1) (8:245)

since NoMy = 0.

As we did for the full-orbit sum case, we extract the [y°] term of (8.2.18) to get an equa-
tion without the variable y. We can again use boundary conditions to simplify this equation,
eventually finding an equation of the form

[ IN2Q = 6+ 60,0Q(0.0) + 0,,0Q(z, 0) + 60,2 Q(0, ) + 53 (;) +01Q1 (;) (8.2.19)

where the § coefficients are polynomials in x and t.

Now, consider the RHS. The RHS contains two parts, NoCy and 1/K(z,y). N2Cs is a
linear combination of Q(z,0), Q(0,z) and Q(0,0) with coefficients in R(x,t)((y)). It can be
treated as a function of y whose coefficients are linear terms of Q(x,0), Q(0,z), Q(0,0) and
R(x,t). By Theorem 6, we can take the [y°] of NoCo/K (z,y). It is an algebraic function of x
with v/A appearing.

Now equating (8.2.19) and (4.5.3), using (8.2.13) and (8.2.14) to eliminate Q(0,z) and
Qil (%), the half orbit sum gives

0@ 0) + fVEQE (1) = G+ vVE) + (oo + 1oaVB)Q(0.0)

+ (o1 + 01VA)Qoa + (10 + v10VA)Q10, (8.2.20)

where the p and v are all polynomials, and

VA = \/t; (23 —4) — 2wt + 1. (8.2.21)

Unfortunately (8.2.20) still cannot be separated directly, as VA is a Laurent series of x and
Q5 (2) is a series of 1 with unknown coefficients. Then the [z”] part of \/A(2)Q§ (1) involves
an infinite number of unknowns. This also happens for non-interacting Kreweras walks. As
before, we use the canonical factorization as per Lemma 7. In our case, A has one root which

is a power series in ¢ and two which are not:

X = 4t% + 32t° 4 448t% + O(t') (8.2.22)
Xo =71+ 2612 — 2% 4 5172 — 1667 4 2L413/2 _ 99448 4 T23419/2 4 O(¢11) (8.2.23)
Xy =t7t —2tV/2 — 22 — 517/2 — 167 — BL413/2 _ 99448 — T23419/2 4 O(¢11) (8.2.24)
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with relations

X1 XoX3 =4 (8.2.25)
X1 X0+ Xo X3+ X1 X3 =12 (8.2.26)
X1+ Xo4+ Xg=2t71, (8.2.27)
The canonical factorization is then
Ag = t* X2 X3 (8.2.28)
AL =(1-2/X5)(1—x/X3) (8.2.29)
1
A_=1-X~ (8.2.30)
xr
so that
1
=1 +to + 22 + 32% + t*(62 + 2*) + O(¢°) (8.2.31)
VAL
1 12
VAAL =1 —-22= — 43 — 2= 4 O(£%). (8.2.32)
xr A

The algebraic solution of reverse Kreweras walks

We now take (8.2.20) and divide by /A;. Each p term, divided by /AL, produces only non-
negative powers of x. Each v term, now multiplied by /AgA_ only, produces only finitely
many non-negative powers of x. It is thus possible to compute the positive and negative parts
with respect to z. Doing so, rearranging a bit and sending x — % in the second equation gives
the expressions

Ux70Px70Q(.’L‘, 0) =0+ 0'070Q(0, 0) + 00,1Q0,1 + 0'170@170 (8233)
T8 P Q5 () = 7 + 10,0Q(0,0) + 101Qo.1 + T1,0Q1.0, (8.2.34)

where

P.o = (a*t* + 2 — ax — atz® + a*ta?)(2abt* + 22 — ax — bx — atx® — btx? + 2abtzr?) (8.2.35)
P = (—at + a*t + © — ax + d®t?2?)(—bt + b’t + x — b + b*t%2?) (8.2.36)

and the 7 and o coefficients are algebraic functions of ¢ and z (and (a, b, ¢)).

Now observe that (8.2.33) is in the form of a kernel equation. The unknown function Q(z,0)
is a formal power series of ¢ with polynomial coefficients in = according to its definition. We
can thus again apply the kernel method [60].

The kernel P, o has two quadratic factors. The roots are

C FVA4aM + 403 +a? —2a+1+a—1

1'172 2at(a — 1) (8.2.37)
 F/(a+b—2)2—8abt3(2ab—a —b) + a+b—2
w34 = S50 —2 =) . (8.2.38)

If a > 1 (resp. 0 < a < 1) then 1 (resp. x2) is a formal power series of ¢ and converges as t — 0.
Similarly, if @ +b > 2 (resp. 0 < a + b < 2) then z3 (resp. x4) is a formal power series of ¢ and
converges as t — 0. For given a,b we thus get two equations with unknowns Q(0,0), Qo and
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Q1,0.- The values of a and b only affect which roots we are choosing. Unless a =1 or a +b = 2,
they will not affect the number of roots we find here.

We can likewise view (8.2.34) as a kernel equation. The kernel Pg again has two quadratic
factors, leading to two pairs of roots

FV—4at3 +4a3t3 + a2 —2a +1+a—1

_ 8.2.39

5,6 2a2t? ( )
T T - e R |

g = v + 2;;:2 riehl (8.2.40)

If a > 1 (resp. 0 < a < 1) then x5 (resp. xg) is a formal power series of ¢t and converges as
t — 0. Similarly, if b > 1 (resp. 0 < b < 1) then z7 (resp. z3) is a formal power series of ¢ and
converges as t — 0. So for given a,b, (8.2.34) also provides us two equations with unknowns
Q(0,0), Qo,1 and Q1.

For any a,b > 0 with a # 1,b # 1 and a + b # 2, we thus get a set of four equations of the
form

0= ¢+ §HQ(0,0) + (1 Qo1 + C1)Qu0 = Hi, (8.2.41)

where ¢ indicates which z; root has been used in (8.2.33) or (8.2.34).

For simplicity assume a,b > 1, so that ¢ € {1,3,5,7}. The final question, then, is which
combination(s) of these equations, if any, give a solution. That is, for which 4,7,k is the
determinant

Diji = GoalthSin — Coosoton — Soncsato +6adinton + adtadod — Ciiatiitoo
(8.2.42)
non-zero? It appears that Dq 35 = 0 while
16a%b*c2(a — 1)(a — 2)(a — b)%(ab — 1)t'° 1

D = 2.4
13,7 P — +0(t) (8.2.43)
Di57 = —8a%*c*(a — 1)%*(b—1)*(a — b)*(ab — a + 1)t** + O(t'") (8.2.44)

1 714 .2 -1 201 1 2 _ 1\2 -1 10

Dysq = — 20 bc (a—1) (;’er)_(; b= DT oy (8.2.45)

(These determinants depend on the choice of 0, and 7§ from (8.2.33) and (8.2.34). What
is important is whether they are 0 or not.) Later in Section 12.3, we will prove that for the
determinant obtained from an equation in the form of (8.2.20), we at least have D 37 # 0.

Choosing one of the valid combinations gives algebraic solutions to Q(0,0), Qo1 and Q1.
By back-substitution into (8.2.33) we then get the solution to Q(z,0), and then by symmetry
Q(0,z) (and hence Q(0,y)). Finally, the original equation (8.2.2) yields Q(z,y).

Some special cases

There are some special cases where things appear to break down, namely a = 1, b = 1 and
a+b=2. When a+ b= 2 the second factor in P, loses its  term. As a result, neither z3
nor x4 are valid power series roots of P, (, and we lose one of our equations in Q(0,0), Qo,1 and
Q1,0. However, if (a,b) # (1,1), the remaining three equations are still valid, and the solution
still emerges.

When b = 1, the system simplifies dramatically. One finds that the coefficient o1 of Q1
vanishes. The two equations then obtained (either H; and Hs, or He and Hy, depending on
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a) are linearly independent, and the solution follows. Naturally the a = 1 case is then just a
reflection.

In addition to using the [#~] and [x<] parts of (8.2.20), the [2°] part also provides an equation
(say, Hp) with unknowns Q(0,0), Q1,0,Qo,1. This is not in a kernel form (it has no dependence
on x or y), but it can be combined with the other equations discussed above. It turns out that
the equation sets formed by {Hs5, H7, Hy} or {H1, Hs, Hyp} have non-zero determinants, and can
thus also be used to generate the solutions.

8.2.2 Kreweras walks

We now turn our attention to Kreweras walks, and attempt to obtain the solution using a
similar method. We still use the algebraic kernel method, but the process is different because
some symmetries have changed.

The functional equation and the symmetry group

For Kreweras walks, the allowed steps are { 7, ], < }. The functional equation (6.1.3) becomes

K@) =1+ 1 (a=1-2) Qw0+ (5-1-2) Qo

1
+ %(ac + bc — ab — abc)Q(0,0). (8.2.46)

where
K(z,y) = <1 _t <xy + % + ;)) (8.2.47)

The symmetry group is

{(af,y), (xlyy> : (y ;y) ,(y, ), (xlya;> : <a: ;y) } : (8.2.48)

It is the same as for reverse Kreweras walks.

Full-orbit sum
Again by the algebraic kernel method, we have
K(z,y)Q =MV + C. (8.2.49)
Here Q and V are as per (8.2.6) and (8.2.7), while C is just the constant vector of
(—ab + ac + bc — abc)Q(0,0) N 1

abe c

5 (8.2.50)
: : 1 1 1 1
and M is as per (8.2.8) but now with A'(z,y) = 2(a —1 — tay) and B'(z,y) = (b —1—1tby).
For Kreweras walks, we still have det(M) = 0, which means we can find a linear combination
of these equations that cancels all variables in V. The nullspace is spanned by the vector

(at +x —ax)(bt +y — by)(1 — a + atzy)(1 — b+ btzy)
—L(at + 2 — az)(bt + x — bx)(bt + y — by)(1 — a + atzy)
1(at +z — az)(bt + = — ba)(at +y — ay)(1 — b+ btzy)
—(bt + x — bx)(at + y — ay)(1 — a + atxy)(1 — b + btay)
(bt + 2 — bx)(at +y — ay) (bt +y — by)(1 — a + atwy)
—%(at—i—af —ax)(at +y — ay)(bt +y — by)(1 — b+ btzy)

(8.2.51)
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As with reverse Kreweras, left-multiplying by N gives
K(z,y)NQ = NC. (8.2.52)

But now, the difference becomes apparent. For reverse Kreweras, we had NC = 0, but for
Kreweras walks, we have

3Lig—b)(x—1vy) (22y —1) (xy® — 1) [ab — (ab — ac — be + abe
Ne - Dagla =0 —y) (e — 1) (ay® — 1) [ab - (ab be + abe)Q(0,0)]

(8.2.53)

C

This is no longer zero. We may recall the similar situation we met in Section 8.1.2. Following
the same process, we divide (8.2.52) by the kernel and take the [y°] part. After simplification
by boundary relations, the left hand side is a linear equation of the form

1IN = -+ a0sQ0.0) + 20,Q(0.2) + az0Q(w.0) + a0 (1 ) +atei (1) 250

where the « coefficients are Laurent polynomials in x and ¢. For the RHS, since NC does not
contain Q(0,y), it can be regarded as a polynomial of y. Thus, by Theorem 6 again, we may
write it as

NC
[y"] (K(x y)> = (v_1/Y1 +vg + 1Yy + 02 Y§ + v3Y) (8.2.55)
=1+ 10,0Q(0,0) (8.2.56)

where the n coefficients contains v A, which is

¢ 2
A= <1 — > — 4t%z. (8.2.57)

x

We next take the [27] parts of (8.2.54) and (8.2.56). The former is straightforward, and results
in an expression of the form

27y’ INQ = B+ B2.0Q(x,0) + Bo.2Q(0, 2) + Bo,0Q(0, 0) + 51,0Q1,0 + B2,0Q2,0 + B3,0Q30 (8.2.58)

where the 3 coefficients are Laurent polynomials in ¢, x.
For the latter, we simply write them as

>, 0 NC —
1] (g ) =0+ 000Q00.0) (8.2.59)
Here 6 = []n involves the calculation of [z”]v/A. by Theorem 10, 6 and 6 ¢ are D-finite but
not algebraic. This means we introduce a non-algebraic terms into the full orbit-sum. This is
similar to what we have met in Section 8.1.2. However, the full orbit-sum still has not given
us the solution. Equating (8.2.58) and (8.2.59) gives an equation relating Q(z,0) and Q(0,z) —
the equivalent of (8.2.13). Unlike reverse Kreweras walks, the [z<y] part of the full-orbit sum
will give the same result as (8.2.58) and (8.2.59), not a new relation around the diagonal.

Half-orbit sum

Following the same process as for reverse Kreweras walks, we now take the half-orbit sum. We
will also have equations similar to (8.2.15), and (8.2.16) in this case. The half-orbit sum is

K(2,9)Q = M2V + Co (8.2.60)
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where

Vy = . (8.2.61)

We have two vectors spanning the nullspace. The one we choose is

(at +x — ax)(1 — b+ btxy)
—1(at +z — ax)(bt + = — bx)
0
0
i(bt—%—x —bz)(at +y — ay)
0

N2

(8.2.62)

and then
N>C,
K(z,y)

N,Q, = (8.2.63)

We take the [yY] term of (8.2.63) analogously to the reverse Kreweras case, and end up with
the equivalents of (8.2.19).

FINAQ = 3+ 600Q(0.0) + 6:0Q(0.0) + 80,Q0.0) + 8305 (1) (8200
] <I1(\I(2xcy2)> =€+ €0,0Q(0,0) + €,,0Q(x,0) + €2 Q(0, z). (8.2.65)

As with reverse Kreweras walks, the § coefficients are rational functions of x,¢ and € contains
VA. (The absence of Q¢ (1) in (8.2.64) is why we did not need to take the [z<y°] part of the
full-orbit sum.)

We then equate (8.2.64) and (8.2.65) and use (8.2.58) and (8.2.59) to eliminate Q(0, x). This
leads to an equation of the form

0@ 0) + 1 VEQE (1) = i+ 5VE) + (o + r0aVE)Q(0.0)

+ (10 + 1.0VA)Q10 + (2,0 + 120V A)Q20 + (30 + v30VA)Q30, (8.2.66)

where the p and v coefficients are polynomials in ¢, 2 and the & and ¥ coefficients are D-finite
functions, being polynomials in ¢,z, and 6 or 6y o respectively.

We next apply the canonical factorization to A. There are three roots, of which two are
Puiseux series which converge at 0 and one is not:

Xi =t 42572 4 6t + 21412 1 807 4+ 12T17/2 11344410 4 O(21/2) (8.2.67)
Xo =t — 262 4 6t — 21411/2 1 807 — 1ZT417/2 | 1344410 4 O(#21/2) (8.2.68)
X3 =2t72 — 2t — 12¢* — 160t" — 2688¢10 + O(¢!1) (8.2.69)

Following Lemma 7 we then define

Ay = 4t* X3 (8.2.70)
AL =1-2/X3 (8.2.71)
A =(1-X/z)(1 - Xy/z) (8.2.72)
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so that
1

=1+ 2t%z + 6t*2 + 16t°z + O(5) (8.2.73)
VAL
1 3 41 5 12 6
VAA_ =1 —t= —4t3 —2t*= — 2= 4+ O(19). (8.2.74)
X X X

As with reverse Kreweras walks, we next divide (8.2.66) by /A and extract the [x~] and
[z<] parts. Unfortunately this has the side effect of introducing Q4,0 as another unknown. We
get two equations of the form

02,0P:,0Q(x,0) = 6 + 60,0Q(0,0) + 01,0Q1,0 + 02,0Q2,0 + 03,0030 + 04,0Q4,0 (8.2.75)

T8 P QY (x) = 7 + 70,0Q(0,0) + 71,0Q1,0 + T2,0Q2,0 + 73,0Q3,0 + T4,0Q4,0 (8.2.76)
where
P,o = (ta — ta® — = + ax — t?a*x®)(tb — th* — x + bx — t2b%2?) (8.2.77)
x (ta +tb — 2tab — 2x + ax + b — 2t*aba?)
P = (t2a® + = — ax — taz® + ta®2?) (12 + & — bx — tha® + tb*z?), (8.2.78)

the o and 7 coefficients are algebraic functions of ¢,z (in fact 040 and 740 are polynomials),
and the ¢ and 7 coeflicients are D-finite functions of ¢ with non-negative powers of x.
The roots of P, o are

FV—4da*t3 +4a3t3 + a2 —2a+1+a—1

T2 = 50272 (8.2.79)
VA A + 2 —20+1+b—1
3.4 = i 375 (8.2.80)
2b%t
F/(a+b—2)2 — 8abt?(2abt —at — bt) +a+b— 2
- 8.2.81
5,6 4abt? ( )
and the roots of Pg are
FV—da*t3 +4a3t3 + a2 —2a+1+a—1
= .2.82
v 2at (a — 1) (8.2.82)
T4 433 + 02 — 20+ 1 +b—1
= . 2.
Z9,10 26t (b— 1) (8.2.83)

If a > 1 (resp. 0 < a < 1) then x; and z7 (resp. x2 and zg) are formal series in ¢; if b > 1
(resp. 0 < b < 1) then z3 and xg (resp. x4 and x10) are formal series in ¢; and if a + b > 2
(resp. 0 < a + b < 2) then x5 (resp. z¢) is a formal series in ¢.

For any a,b > 0 with a # 1,b # 1 and a 4+ b # 2, we thus get a set of five equations of the
form

0= ¢D + ¢RQ0,0) + ¢(2Qu10 + Q20 + (0Q30 + (i) Qu0 = Hi, (8.2.84)

where 7 indicates which x; root has been used in (8.2.75) or (8.2.76).

Unfortunately, the determinant of the corresponding 5 x 5 matrix of coefficients appears to
be 0. We can even include a sixth equation (say, Hy), by taking the [z%] part of (8.2.66), but
there is still no set of five linearly independent equations.
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Figure 8.1: Examples of reverse Kreweras and Kreweras walks ending at the origin.

Incorporating the solution to reverse Kreweras walks

To get the final solution of Kreweras walk, we appeal to the solution of reverse Kreweras walks.
Reverse Kreweras walks and Kreweras walks have a kind of geometric symmetry,

Lemma 18. For Kreweras walks, the generating function Qoo = Q(0,0) is algebraic for all
(a,b,c).

Proof. 1f we just reverse the direction of each step of a Kreweras walk starting from the origin
and ending at the origin, we get a reverse Kreweras walk. So Q(0,0) is the same for these two
models. Thus Q(0,0) for Kreweras walks is algebraic. See Figure 8.1. O

This property does not hold for general @); ;. But it is already enough for our purposes.
By Lemma 18, the generating function Q(0,0) is the same for Kreweras and reverse Kreweras
walks. Since we have solved reverse Kreweras walks, Q(0,0) is actually known. We substitute
it into (8.2.84) and then we have six equations with four unknowns, and hence 15 different
equation sets.

As with reverse Kreweras, some of the equation sets yield a non-zero determinant and some
do not. Those that do are

Do137 = 16a"2b°ct(a — 1)3(a — 2)(b— 1)°(a — b)*(ab — a — b)*t*2 + O(t*3) (8.2.85)
Do 179 = 16a*26°c¢*(a — 1)3(a — 2)(b — 1)*(a — b)*(ab — a — b)*t*2 + O(t*3) (8.2.86)
16a2b°c*(a — 1)3(a — 2)(b — 1)%(a — b)*(ab — a — b)(2ab — a — b)>t?°
Drans - (2= e =20~ Da -1 X PR o
(8.2.87)
Di379 = —16a"2b%c*(a — 1)%(a — 2)(b — 1)*(a — b)*(ab — a — b)(2ab — a — b)t*5 + O(t*")
(8.2.88)
16a'265¢*(a — 1)3(a — 2)(b — 1)%(a — b)*(ab — a — b)(2ab — a — b)5t%6 97
D1,5,7,9 - = (a +b— 2)4 + O(t )
(8.2.89)

(As with reverse Kreweras walks, these determinants depend on the the choice of o, and 7.)

Any set of equations with a non-zero determinant then leads to a solution for Q1,0, Q2,0, @3,0
and Q0. Back-substitution yields Q(z,0), and by reflective symmetry, Q(0,y). The original
functional equation then gives Q(x,y). If a < 1 or b < 1 then the roots which are not power
series in ¢t can be replaced as required, and the resulting determinants remain non-zero.
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Since d%,éfg,g‘?j& and Ci% are algebraic while ¢(®) + C(%Q(0,0) is D-finite, the resulting
solutions to Q1,0, Q2,0, @3,0 and Q4,0 are D-finite. By back-substituting we find that the same is
true for Q(z,0),Q(0,y) and Q(z,y). So we finally get a special result for Kreweras walks with
interactions. The functions Q(z,y),Q(x,0),Q(0,y) are D-finite but not algebraic over z,y,t.
All Q; ; are also D-finite but not algebraic, except i = j = 0. In that case, Q(0,0) is an algebraic
function.

Special cases

The special values of a,b work in much the same way as for reverse Kreweras. When a + b = 2
the third factor in P, loses its = term, and as a result z5¢ are not longer valid kernel roots.
However, there remain three combinations which do not use these roots, and the solution can
be obtained from any of those.

If b=1then 039 = 040 = 730 = 74,0 = 0, and we thus only need two independent equations
to solve for the two unknowns @19 and Q20. Using H; and Hy (or Hy and Hg) suffices.
Naturally a = 1 is just a reflection of the b = 1 case.

When a = b, note that (8.2.53) vanishes, and hence n = ngo = 6 = 0y = 0. As was the case
for reverse Kreweras walks, all coefficients in (8.2.66) are then algebraic, and it follows that the
resulting solution is too. Note that this has already been established for the ¢ = ab case in [7].

8.3 Half symmetry D, Models

Now we go to Models 5—16. In previous results of D-algebraic models, only those models which
are simultaneously symmetric about x,y axes were solved exactly with boundary interactions.
For the remaining D-algebraic models, they were only partly solved with the condition a =
1,c =0b. We will show these models are all solvable in this section.

8.3.1 Models 5 and 15

Let us begin with the model with simplest allowed steps (Model 5). Model 15 will be simul-
taneously considered. These two models are the reverses of each other. Without interactions,
the generating functions of these two models are both D-finite. Let us first consider Model 5.
The allowed steps are { 7, N, ]}, The functional equation can be written as

K(z,9)Q(x,y) = — (bc (—C;t ta— 1) Q(,0) + ac (—biy b 1) Q(0,y)

abe

+ (be — a((b— 1)e + 0))Q(0,0) + ab) (8.3.1)

where

K(z,y)=1—1t <xy + % + ;) . (8.3.2)
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The roots are

x— =423 — A2x + 22

Yy =

2 (tz? 4+ t)
v — x + V—4t223 — 4825 + 22
e 2 (ta2 4 t)
s L (8.3.3)
(= +1 2t (z© 4+ 1
Yo=t+ ( ) & (2 )+O(t6)
x x
(23 +2)° 260 (a3 +2)°
t(x2+41) 23 (22 +1) x® (22 + 1)

The symmetry group is

{(:c,y), (iy) : (:n (xj;)y) , <313 W) } (8.3.4)

We first try the algebraic kernel method. Apply the symmetric transformation and write

the equations into a matrix form
K(z,y)Q =MV + C

where

and

and

0 A y(ﬂc}kl))

/ 1
B (%@)

(8.3.5)

(8.3.6)

(8.3.7)

o O

: (8.3.8)

11
(z y(x+%))

where A'(z,y) = L(—1+a—(at)/y) and B'(z,y) = $(—14b—(bty)/z). We find det M # 0. This
means we cannot find a linear combination that eliminates all line boundary terms. Imitating
what we did for the half orbit-sum of reverse Kreweras walks in Section 8.2.1, we leave Q(z,0)
in Co. Then, the equation is again written as

K(z,y)Q = MaV3 + Cs. (8.3.9)
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Here M3 is a 4 x 3 matrix. We can always find an N2 in the nullspace such that

NyM, N,C, N;Cs
N->Q = + = 8.3.10
=Ty T Ky~ K@y (8.3.10)

where

1
Ny,Cy = 7E[bt(x2 —1) (2% -z + ¢?)

(athy — abtzy? — abtz — abty® + abxy + atxy? + atx + aty® — axy — bry + $y)]

1
+ @t(xz — 1) (2*y* — z + y?) (abc + ab — ac — be)
(abtzy — abtz?y? — abtz — abty® + abxy + atxy? + atz + aty® — axy — by + acy) Q(0,0)
(b—1)bt(2? — 1) (2?y* — 2 + ) (at — ay + y) (atz®y + aty — az + z)
ax
(b—1)bt(2? — 1) (2?y* — = + y*) Q(z, 0)(at — ay + y) (atz®y + aty — az + z)

(8.3.11)

axr

We take the [y°] part of (8.3.10), simplify the boundary terms by boundary conditions and
rearrange the terms in the equation. We finally have

Q(1,0) (abt> —bx+z) b(az?+a—2?) Q(x,0)

at a(z?+1)
(b— )bt (2? — 1) (a®t?z® + a*t*x + at*a? + 2at*a? + at* — aa? — t*a* — 2*2? — t* + 2?) Q(x,0)
axy/—4223 — 422 + 22

0=51+ SQQ(0,0) +

(8.3.12)

where S; and Sy are functions in R(xz,t,v/A). A is defined as per (5.1.2). Tt is related to the
discriminant of zyK (z,v). Notice that the coefficient of Q(x,0) is in the form p+¢v/A. Taking
the [27] terms of (8.3.12) is no longer useful. This is because, if 1/v/A is expanded as series of
t, it is the same time a Laurent series of « with infinite [z~] and [x<] part. Thus, if we expand
(p+ ¢v/A)Q(z,0) as a formal series of ¢, we have

(7] <Z anfc”> Q(z,0) = Z anQitn- (8.3.13)

Here a, and g;1, are both unknowns and we have introduced an infinite number of them. The
algebraic kernel method stops here.

For the obstinate kernel method, things are even simpler. We apply the group elements
(z,y) and (1/x,y) to the functional equation and eliminate Q(0, Yy), obtaining

0 @ (3.0 abt(z® — 1)Y2
x cx (—at + aYy — Yy) (btYy — bz + x)
t(x? — 1)YZ(abe + ab — ac — be)Q(0,0) ~ (btzYy —b+1) Q(z,0) (8.3.14)
cx (—at + aYy — Yp) (btYy — bx + ) btYy — bx +x ' o

The equation (8.3.11) is actually the same as (8.3.12). The obstinate kernel method also stops
here.

Now we can see that the problem is the coefficient p + gv/A is not a formal series of z or %
This is actually the same problem we met when dealing with Kreweras and reverse Kreweras
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walks. VA is a series with infinite [z>] and [#<] part. We can factor VA as /A_vAgy/Ay
and separate the [2~] series and [2<] apart. But p+4 ¢v/A cannot be factored directly. However,
we have Theorem 15. By some suitable multiplication by z*¢!, a function f can be factored as

f-fofy and log(f) = log(f-) + log(fo) +log(f+)-
Now we can factor the coefficient of (8.3.14). By simplification (8.3.14) can be written as

1
P+ PooQ(0,0) + P oQ(z,0) + P1 ,Q (x, O> =0, (8.3.15)
where
po_ 202420 + b2 + 0% — 3ba? —3b+ 222 + 2 (b— 1)b(x? — 1)\/—z (41222 + 42 — x)
w0 2 (b2t2 + b223 — 2023 — bx + 2% + 1) 2x (b2t2 + b2x3 — 2bx3 — bxr + 23 + 7)
P%,O — E
(8.3.16)

And P, Py have the form p + gV A. If we let

(b—1)b(x? — 1)/~ (4222 + 442 — )

L =log (—(2b2t23: + b?x? + b — 3bx® — 3b+ 222 +2) —
x

(8.3.17)
and write L as L_ + Lo+ L, then
oLt oloel—

Po=— .
0 2(b%t2 + & — bx + x3 — 2ba3 4 b%x3)

(8.3.18)

Besides e”, the cubic factor in the denominator is also important since it provides singularities.
We denote the roots of b*t? + x — bz + 23 — 2ba® + b%23 = 0 as X1, Xo, X3, and their series
expansions are

1 b2 3ttt 66 105558

X = — _ _ tg
==t esw spo1pE  2p-1  imspone oW
242 444 646 848 10410
P R L AR ;S L LTS
Jo—1  2-20 Bb-1p7 2b—12  128(b-1)52 2(b 1)
b2t2 b6t6 3b10t10
X3 = .
s s e VU

Notice that the series expansions of X7, Xo both contain constant terms. Thus X% and )% can
also be expanded as formal series of t. This implies

1 -1 -1 z \"
— — 8.3.20
r—X12 Xip(l-x5)  Xio zn: <X1,2> ( )

is still a formal series of t. So x_IX and _1X can be expanded as formal series of ¢ with
2 x 1

coefficients in R(z). X3 does not contain constant terms, so it cannot be expanded as a formal

series of ¢. Thus
1 1 1 X3\"
= == ik .3.21
x— X3 z(l — X3/x) azzn:<x> (8:3.21)

It can only be expanded as a formal series of ¢t with coefficients in R[%] Now we can see (:Ele:;)

and e’~ in the coefficient of Q(x,0) cannot be expanded as series of ¢ with coefficient in R[z],
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Thus, if we multiply (8.3.15) by @627)_(3), then each term in the equation can be separated into
[#7] and [#<] and [2°] terms. We have

el+elo(z — X3)Q(x,0)
(b2t% + x — bx + x3 — 2ba® + b2a3)

Q(07 0) - 2 + [$>}(xe_L)(3)POOQ(07 0)

+ [x>]7(x e_LXg)

—Q(0,0) + [x<]<me_LX3)P00Q(O, 0) + [x<](xe_LX3)Pc =0  (8.3.23)

Q(0,0) — Q(0,0) =0.  (8.3.24)

P.=0  (83.22)
(z — X3)Q (2,0)

el-z

Now, we have obtained the equation of Q(x,0) and Q(0,0). This is a kernel form equation. If we
can find X; that cancel the coefficient of Q(z,0), we can solve Q(0,0). However, the coefficient

of Q(x,0) is % There are two = values that make this factor equal 0. First, x = oc.
Clearly, this root is of no use. Second, the root that e’+ = 0. But e’+ cannot be 0 as well.
This is because if e/+ — 0, L, — —oo. Then the expansion L = LTLyL_ is illegal. Thus, we
cannot find the root.

This also happens to the Q (%, 0) equation. The coeflicient of () (%, 0) equals 0 when x = X3

or &% =0. But @ ()%’ 0) does not converge when ¢t — 0, while there is no valid solution to
EL% = 0. The @ (%,O) equation cannot give the solution either. The [2°] equation is 0 = 0.
Currently, we have gone through all three parts of (8.3.18) and we still cannot get the solution.
Furthermore, if we take the [z!] part of (8.3.18), the equation will contain Q1 o as an extra
unknown. We cannot find a relation between Q(0,0) and Q1 by boundary conditions.
To solve (8.3.18), we again apply the same tactics as we did when solving Kreweras walks.
Let us consider Model 15, the model with allowed steps {, \;1}. The functional equation

reads

K(z,1)Q(z,y) = ﬁ (—H)c <—at (“T + xly) ta-— 1) Q(x,0)

Yy
abct

+ac (—Z +b— 1) Q(0,y) + <bc —a((b—1)e+ b)xy> Q(0,0) + ab> . (8.3.25)

where
1 x
K(a:,y)zl—:‘f(—l——i—y). (8.3.26)
Ty oy

The formal series root of K(x,y)! is

41253 — 442 2 _
Yo = — VoAt G (8.3.27)
2tx

1 1 2 6
Yy =t <x + ) +¢3 <x2 + =+ 2) + 10 <2:n3 + 5 462+ ) +O(t"). (8.3.28)
X x x X

The symmetry group is the same as Model 5,

1 (er%) 1 (m+%)
{(m,y),<x,y>,<x,y),<x,y >} (8.3.29)

'We do not use the other root Y7 in our calculation so we do not write it here or in the remaining models.
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By the algebraic or obstinate kernel method, we can get an equation

z)

1
P+ PpQ(0,0) + P; ¢Q(x,0) + P1 (Q (m 0) =0, (8.3.30)

where

;202w + b%a? + b% — 3ba? — 3b + 227 + 2 (b= 1)(2? — 1)y/—z (4t222 + 442 — 2)
=07 2ab (b2t2 + b2a3 — 2ba3 — b + 13 + x) 2ax (b2t2 + b2x3 — 2ba3 — br + 23 + 1)

;o 1
Log— ™ y
) abx

(8.3.31)

and P!, Py have the p + ¢v/A form. If we let

2622z + b2 + 0% — 3ba? —3b+ 222 +2 (b 1)(2? — 1)\/—z (41222 + 42 — x)
Ly =log - )
b T
(8.3.32)
then

) ela+ oloo Lo

207 T 2a(bH2 + x — ba + 43 — 2ba® + b2a3)

(8.3.33)

We can see that if P, is written as p + VA, then Pa/:,[) is —p 4+ gv/A, the conjugate of P, .
The denominator of Pa/:,O is still b2t2 + b?23 — 2b23 — bx + 23 + . So the roots are still X1, Xo, X3
as we saw for Model 5. Just as what we did in Model 5, we multiply both sides of (8.3.30)
by 5’;%;{‘ and separate the [z~], [#<] and [2°] terms. This time, the [#°] term is no longer 0 = 0
but a useful equation. We have

T + TQQ(Oa 0) + TOOQ(Ov 0) + T3Q(07 0) =0, (8334)
where

o= X3,

Ty = [z] Lo P, (8.3.35)
r— X

Ty = [xo]eT_?’Pgo (8.3.36)
Too = [ ]eLT 107 "5 (8.3.37)

0 Xz,
T3 = [z] o Py o- (8.3.38)

Fortunately the [2°] equation only has one unknown, Q(0,0). We can solve Q(0,0) directly:

Ty

0,0))=———7"—.
Q( ) Too+ 1o + T3

(8.3.39)
Substituting Q(0, 0) back into the equation of 7], we solve Q(x,0). Now recall that the allowed
steps of Model 15 are just the reverse of those of Model 5. Thus, each path starting from
(0,0) and ending at (0,0) in Model 15 corresponds to such a path in Model 5. That is,
Q(0,0) of these two models are the same. Substituting (8.3.39) into (8.3.22)—(8.3.24), we solve
Q(z,0) of Model 5. We can also multiply (8.3.30) by all factors in the denominator and use
the technique in solving reverse Kreweras and Kreweras walks to solve Q(0,0).
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As before, we discuss the properties of Q(z,0) and Q(0,0) of Model 15. Model 5 can
be discussed similarly. P} , is rational. P;, Py, Py o are in the form p + gVA and they are

algebraic. Lo is in the form log(p + ¢v/A). By Theorem 16, Loy, Ly_, Lo are all D-finite
over z,t in the convergent domain. Notice that ae;% = el2+ a§;+ and ae;f * = eL2+6g%. By
induction, an(;;f * and angf,l% are polynomials of derivatives of Lo, times e% ', Thus el2+ s
D-algebraic. The same idea can be applied to e®2~ and e’20. By definition, T}, T, T3 and Ty
are all D-algebraic over ¢ since they are the [2°] terms of D-algebraic functions. Thus, Q(0,0)
is D-algebraic over t. Similar consideration can be applied to all terms in (8.3.14) and (8.3.30).
Thus Q(z,0) and Q(z,y) are D-algebraic.

For Q(0,0) to be D-finite, Too, T2, T3 must be algebraic. This implies e’2-, X3, P}y, P}

Lo

Pro
must be rational. e’2- being rational implies Pg’&0 does not have a v/A term. This implies b = 1
and z — X3 vanishes. Under this condition, Q(z,0) is D-finite over = by (8.3.30). P}, = 0

requires a = ¢. Thus, for Q(0,0) and Q(x,0) to be D-finite over ¢, we require b =1 and ¢ = a.

8.3.2 Models 6 and 16

The following few sections are all about the other Dy models with half symmetry. They can be
solved in the same way as Models 5 and 15. So we will go through them quickly.

For Models 6 and 16, first consider Model 16. The allowed steps are {<, /", N\, —,1}.
The functional equation reads,

K(2,9)Q(x,y) = ﬁ (bc (—at (Z" 4 ;y) ta- 1) Q(x,0)

1 1 bet
+ac <—bt ( + ) +b— 1) Q0,y) + <bc —a((b—1)c+b) + ac) Q(0,0) + ab> ,
Ty x xy
(8.3.40)
where
T 1 1
K(x,y)zl—t(—l——f—x—l—-f—y). (8.3.41)
y xy x
The formal series root is
tz? + \/(—t:v2 —t+z)? e (—ta? —t)+t—ua
Yo=-
2tx
t(a2+1) | 2(22+1)° B @2 +1)° (@2 +a+1) #1224+ 1)° (2 + 32+ 1)
Yo = + 2 + 3 + 4
x x x x
o (22 +1 3 zt + 623 + 42?2 + 62+ 1
+ ( ) — )4 O(t%).
(8.3.42)

The symmetry group is

1 T+ 1 1 z+1
{(.’E,y), <$’y> ) (%, y) ) (.T’ y > } (8343)

By the algebraic or obstinate kernel method, we get the following equation

1
P+ POOQ(O; 0) + Px,OQ(xv 0) + P{oQ (xa O> = 07 (8344)
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(b= 1)(a? = 1)/ (~ta? — t + 2)° + dta (~ta® — 1)

P$ = — - B
07 2ax (0242 — b2ta? + b2aB + bta? + bt — 2623 — br + 1° + 1)
—2b21222 4+ b2t + b2t — b22® — b2z — btx* — 2btx? — bt + 3bad + 3bx — 225 — 22 (8.3.45)
2abx (bt — b2tz + b2a3 + bta? + bt — 2bx® — b + 23 + x)
1
P.i,= .
ERC—

And P,, Py are in the form p + ¢gv/A. By previous experience, we next consider the polynomial
factor in the denominator of Py o. It is (b*t? — b*tz? + b%a3 + bta? + bt — 202> — b + 23 + z).
The series expansions of its roots of are

1 212 b’t3 (Bvb—1+4)p")t*  (2vb—1+1)0)¢°

X = — — _
b1 T 2(b —1)3/2 8(b—1)2 2(b — 1)5/2
b0 (4b+ 15vb — 1)) ¢
GRS
8(b—1)3
o — L b2t N b33 N (Bvb—1—4)p*t* (1 —-2Vb—1)b°¢°
2T T =1 2—20 20— 1) 8(b— 1) 20— 1)5/2
15v/b — 1 — 4b) b5
( ) +0O(t")
8(b—1)3
bt b2t? bt 26510 b7t -
X3 = b1 -1 b=1) + G172 + b=1p +O(t").
(8.3.46)
Let

L= log ( —20%t%0® + bt + 0%t — b2a® — b2 — bta* — 2bta® — bt + 3ba® 4 3bx — 225 — 2

2abx
(b—1) (a2 — D)3/ (—ta? — t + ) + 4tw (—ta — )
— \/ . (8.3.47)
2ax
Then
Ly L_ Lo
e“te e
Pyo= . 8.3.48
0 (b—1)2(z — X1)(z — X — 2)(x — X3) ( )
Multiply (8.3.44) by xe_L)fd, and then take the [zY] term of this equation. We get
T
0,0) = 77—+, 8.3.49
Q0.0 = 7—7 (8.3.49)
where
T — X
T = [xﬂ] Py SPC
x— X
T2 = [ZL‘O] I_ 3P00
xe_ \ (8.3.50)
T3 = [xo] eL— 3Px70
z— X
TOO = [$0] eL, 3P%’0



Next we consider Model 6. The allowed steps are {N\, <, |, —, 7}. The functional equation
reads

K(,9)Q(x,y) = ﬁ <bc (—‘;t ta- 1) Q(x,0)
+ac (—bt (i + i) +b— 1> Q0,y) + (be — a((b— 1)e + b))Q(0,0) + ab) . (8.3.51)
where
K(g;,y):1—t(‘;+;y+x+;+y). (8.3.52)

And the formal series root is

—tx? — \/(—taz2 —t4x)? + Atx (—ta? —t) —t+x
2 (tx? +t)

£ 1) | £ 1) (@ e t) +t4(x2+1)2(x2+3x+1)
2

Yo =

Yo=t+

x x a3
MG 1)? (2* + 62 + 422 + 62 + 1) Gt 1)? (2% + 1023 + 1222 + 102 + 1)
xt x®
ARG 1)? (25 + 150 + 332* + 3523 + 3322 + 15z + 1)
26

+0O(t").
(8.3.53)

The symmetry group is

1 1 11
{(a:,y), ($y> , (az M) : (x M) } (8.3.54)

By the algebraic or obstinate kernel method, we have

1
Pl 4 BloQ(0.0) + PLoQ(.0) + P o0 (x 0) o, (8.3.55)
where
;o 2024222 + b2tz + b2t — 223 — bP2x — bta* — 2btax? — bt 4 3bx3 + 3bx — 223 — 22
20~ 2 (b22 — b2tx? + b2a3 + bta? + bt — 2ba3 — b + 23 + )
(b= 1)b(a? — )/ (—ta? — t +2)° + At (—ta? — 1)
22 (262 — b2ta? + b2a3 + bta? + bt — 2ba3 — bx + 2 + x)
/ _
20 g

(8.3.56)

And P/, P}, are in the form p + gv/A. We find P} is still the conjugate of Py . Let

2021222 + b2ta* + b*t — b2ad — b2 — btat — 2btx® — bt 4 3baxd + 3bx — 223 — 2z
Ly =log o
(b—1)b(x2 — 1)1/ (—ta? — t + 2)* + dta (—ta? — t)
— \/ o . (8.3.57)
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Then
oL+ pLoopLa-
B0 = 012 - X))@ - Xo) (e — X)
where X1, X2, X3 are the same as (8.3.46). Now we multiply both sides of (8.3.55) by (z —
X3)/el2- and separate the [z~], [z<], [z°] terms. We get three equations similar to (8.3.22)-
(8.3.24). The [2Y] part of (8.3.55) is 0 = 0. The roots of the coefficient of Q(x,0) in the [27]
equation are not formal series of t. And the roots of the coefficient of @ (%,0) are not series
with } terms. So we cannot solve (8.3.55) directly. We must again use Q(0,0) of Model 16 to
solve it.

For the properties of Q(0,0) and Q(z,0), we again assert they are D-algebraic by the same
discussion in Section 8.3.1. For Q(0,0) to be D-finite, we first require P, to not have VA
terms, which implies b = 1. Then Ty, 75, T3 need to be algebraic. This further require a = c.
Thus, we conclude Q(0,0) is D-finite when b =1 and a = c.

(8.3.58)

8.3.3 Models 7 and 11

For Models 7 and 11 we first consider Model 11. The allowed steps are {,//,],\,1}. The
functional equation is

K(z,9)Q(,y) = ﬁ (bc (—at (‘; + Ly ;) fa— 1) Q(z,0)

Ty

+ac (—Z +b- 1) Q(0,y) + <bc —a((b—1)c+ b)ﬁj) Q(0,0) + ab) , (8:3.59)
where
K(m,y):l—t(x—i-l-l-y—i—l)- (8.3.60)
y oy y

The formal series root is
V—4t2p3 — 41202 — 420 + 22 —
2tx

2 1 3 (2 12 9245 (42 1)? 7 (2 1)
YOZt(x + 2+ )+t (2 +z+1) L2 (22 +z+1) +5t (2> +z+1) o).

x 22 3 x4
(8.3.61)

Yo =

The symmetry group is

1 x+1+% 1 x—l—l—i—%
{(-rvy)a (l”y) > <xa y) ) <x, y> } (8.3.62)

By the algebraic or obstinate kernel method, we get the following equation

1

P+ PooQ(0,0) + P oQ(z,0) + P1 @ (1:, 0> =0, (8.3.63)
where
P (b—1)b(x? — 1)\/—z (4222 + 422 + 442 — 1)
P07 0 (b212 + b2 + b222 — 2bx® — 2bx? — br + 23 + 22 + )
- 20%t22 + b?2? + 20%x + b? — 3ba? — 4bx — 3b+ 222 + 27 + 2 (8.3.64)
2 (0?42 + b2x3 + b222? — 2023 — 2022 — br + 23 + 22 + x)
1
P%70 - 5,
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and P,, Py are in the form p4+¢v/A. The factor (b2 + 223 + 0222 — 2023 — 2b2® —br+ 23+ 22+ 2)
in the denominator of P, has three roots. We can check that X; and X5 are formal series of
t with constant terms. X3 is a formal series of ¢ without constants. Thus m cannot be
expanded in R(x)[[t]]. (The series are too complicated so we do not write them here. See the
Mathematica file.)

Let

X

1
-3 (20*%z + %2 + 2%z + b® — 3ba® — dbz — 3b+ 227 + 2 + 2) ) . (8.3.65)

Then
Ly L__L
e“te et
P.o= 8.3.66
"0 B X~ o)~ X) (8:3.00)
Multiplying (8.3.63) by ”e_L)f:”, we can then take the [2°] part of this equation and get
11
0,0) = ——— 8.3.67
@(0,0) Too+ 15 + T3 ( )

where 17,715, T35 and Ty are defined as in Section 8.3.1.
Now we consider Model 7. The allowed steps are {{, 7, 1,’\\}. The functional equation
reads

K(,y)Q(x,y) ﬁ <bc (“yt ta- 1) Q(z,0) + ac (biy - 1) Q(0,y)
+ (be — a((b— 1)e + b)Q(0,0) + ab), (8.3.68)
where
K(z,y)=1—1 (azy + % Fy+ ;) : (8.3.69)

The formal series root is

v V4223 — 41222 — 422 + 22
0 2 (ta? +tx +t)
3 (m2+x+1) 2P (3:2+:U+1)2 5t7 (x2+x+1)3
+ 2 + 3
x x x

(8.3.70)

Yo=t+ + O(t%).

The symmetry group is

1 1 1 1
{(:c,y), (xy> , <x ?/(WrHi)) : <x M) } (8.3.71)

By the algebraic or obstinate kernel method, we have

1
Pl + PyQ(0,0) + P, oQ(x,0) + P1 (Q (x 0) =0, (8.3.72)
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where

;o 20%a 4 b%a? 4 2020 + b — 3ba? — 4bw — 3b+ 227 + 21 + 2
20~ 2 (6242 + 0223 4 b2x2 — 2ba3 — 2ba2 — br + 23 + 22 + 1)
(b—1)b(z? — 1)/ —x (4222 + 422 + 442 — x) (8.3.73)
2z (b%t2 + b2 + b2a? — 2bx3 — 2022 — bx + 2 + 22 + 1)
, 1
20 g

and P!, P}, are in the form p + ¢v/A. We find P, is still the conjugate of Py . Let

1
Lo = log [ ~3 (2b2t2x + b%2% 4+ 20%x + b? — 3ba? — 4bx — 3b+ 222 + 2z + 2)

(b= Db —1)y/—x ;it%? + 42 + 417 — 1')] (8.3.74)

Then

/ elat L20 pLo-

Pro= (b—1)%(x — X1)(x — Xo)(z — X3)

(8.3.75)

where X1, Xo, X3 are the same as in Model 11. The same process shows that the [z°] part of
(8.3.72) is 0 = 0 and the [z~], [#<] equations do not have the valid roots. So we cannot solve
(8.3.72) directly. We again use Q(0,0) of Model 11 to solve it.

By the same discussion as per in Section 8.3.1, Q(0,0), Q(z,0) are still D-algebraic. And
Q(0,0) is D-finite when b =1 and a = c.

8.3.4 Models 8 and 12

For Models 8 and 12 we first consider Model 12. The allowed steps are {«+, /", |, \,, —,1T}.
The functional equation is

K(z,9)Q(@,y) = — <+bc <—at (; + Ly ;) ta-— 1) Q(z,0)

abc Ty
1 1 abct
tac| bt —+—=)+b—1)Q(0,y)+ (bc—a((b—1)c+b)+ — ) Q(0,0)+ab |,
Ty T LY
(8.3.76)
where
1 1 1
K(x,y)zl—t<x++x++y+>. (8.3.77)
y oy x Y

The formal series root is

v t:n2+\/(—txz—t+ac)2+4tac(—tac2—t:):—t)+t—x
0= —

2tx
1 1 1 1 2 5
Yo=t(o+-—+1)+3 (2P + S +x+-+2)+83 (23 + = +202+ S 452+ 45
z 2 T 3 x2 x

1 4 10 15
+tt (2t + — 440+ =+ 1027+ 5 + 15+ — + 18 ) + O(89).
x4 x3 x2 x
(8.3.78)

102



The symmetry group is

1 $+1+% 1 x+1+%
{($7y)7 (l”y) > <l‘, y) ) <x, y> } (8.3.79)

By the algebraic or obstinate kernel method, we get the following equation

1
P.+ Py@Q(0,0) + Py oQ(x,0) + P1 ,Q (x 0) =0, (8.3.80)

where
1
2x (20212 — b2tx? — 2b%tx + b2x3 + b2 4 bta? + 2btx + bt — 2bx3 — 2ba? — bx + 3 + 22 + x)
x (—4b?t22? + b2t 4 20223 + 2%t 4 b2t — b2x® — 2072 — b2z — btxt
— 2bta® — 2bta® — 2btx — bt 4 3ba® + 4bx? + 3bx — 223 — 227 — 21)

P:z:,OZ

(b—1)b(z? — 1)\/(—753:2 —t+z)? + dta (—ta® — tx — t)
2x (2022 — b2tx? — 2b%tx + b2a3 + b2a? + bta? + 2btx + bt — 2bx3 — 2ba? — b + 23 + 22 + x)

+

1
Pigy=—.
x

8=

,0
(8.3.81)

Fe, Poo, Pr, P1 ) are defined similarly as before in Section 8.3.1. When the kernel becomes
more and more comphcated the coefficients P., Py, Py0, P1 0 also become more complicated.
So we do not list them all here. See the Mathematica file for checking. We still bear in mind
that P1  is normally set to constant and Py o, Poo, P are in the form p~+qvA. The polynomial
factor in the denominator of Py is (b2t — b*ta? + b3 + btw? + bt — 2023 — bx + 23 + x). One
of its factors ﬁ cannot be expanded as formal series in R[z,¢]. We further let

L =log (Pz70(b2t2 — b’tz? + b2 + bta® + bt — 2bx3 — bz + 2° + z)) . (8.3.82)
Then
Ly L_ L
e“te e
P.qg= 8.3.83
0SB 1P - X - K)o - Xa) (538
Multiplying (8.3.80) by xe_L)f“, we can then take the [2°] part of this equation and get
T
0,0 - 8.3.84
Q(0,0)= Too + T2 + T3 ( )

where 17,715, T3, Tyo are defined as before.
Then we consider Model 8. The allowed steps are {N, <+, ], —, /'}. The functional equa-
tion reads

abe

K(z,9)Q(x,y) = — <bc (—y ta- 1) Q(z,0)
+ac (b(—t) (i + ;) b 1) Q(0,1) + (be — a((b — 1)c + b))Q(0,0) + ab> . (8.3.85)

where

1 1
K(x,y)zl—t(my—l—i—l—x—i—m—l—y—i—y), (8.3.86)
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and the formal series root is

—th—\/(—t:UQ—t+x)2+4tx(—tx2—t:v—t)—t+;1:

Y, =
0 2 (ta? +tx +t)
2 (x24+1) a4+ 23+322+2+1 8.3.87
Yooy PG Pt ) (8:357)
X X
t4 (28 + 32° + 62% + 623 + 622 +3x + 1
+ ( e )+O(t5).

The symmetry group is

1 1 1 1
{(az,y), <xy> : (x M) : (gj y(ff+1+i)> } (8.3.88)

By the algebraic or obstinate kernel method, we have

1
Pl PlQ(0.0) + PLoQ(r,0) + P ,Q (x 0) o, (8.3.89)

z)

Here P;’O is the conjugate of P, and the polynomial factor in denominator of P;é,o is still
(bt + 20%1? + x — bx + 2btx — 26tz + 2?2 — 2ba® + bPa? + bta? — bia? + a3 — 2ba + b%2?), the
same as Model 12. And L, is still written as

Ly = log ((bt + 20%t? + x — bx + 2btx — 20%tx + 22 — b+
b*a® + bta® — b’ta® + 2 — 2ba® + b°2%) P, ) . (8.3.90)

Then

, €L2+ eLQO €L2_

o0 = 512 — X @ - Xa)(@ — Xa) (8:3.91)

where X1, Xo, X3 are the roots of (bt 4 2b*t? + x — bx + 2btx — 2b*tx + 22 — 2bx? + b?2? + bta? —
b ta? + 23 — 2bz3 + b?23). Then the same argument as before will show that we cannot solve
Q(0,0) directly. We still use Q(0,0) of Model 12 to solve Model 8.

Q(0,0) and Q(x,0) are still D-algebraic by the same discussion in Section 8.3.1. The condi-
tion for Q(0,0) to be D-finite is still b =1 and a = ¢.

8.3.5 Models 9 and 13

We next consider Models 9 and 13. For these two models, first consider Model 13. The
allowed steps are {//,\,{, /,"\\}. The functional equation reads

K(z,y)Q(z,y) = % <bc (—at <j; + acly + ;) +a— 1> Q(x,0)
+ac (bt (y + 1> +b— 1) Q0,y) + <bc —a((b—1)c+b) + abct> Q(0,0) + ab> ,
r xy ry
(8.3.92)
where
K(x,y)zl—t<xy+x+1+y+1>. (8.3.93)
y ry x Yy
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The formal series root is

x— /22 —4(—ta? —t) (—ta? — tx — 1)

Yo = 2 (t22 + t)
t(@2+a+1) H@2+1) (2 +2+1)
Yo = + :
2t5x2 1)? (22 1936’ 567 (22 + 1)° (22 1) (8:3.94)
L2 ) ) )
i i
3
n 5 (xQ + 1) (m4 + 623 + 422 + 62 + 1) N O(t6).

d

The symmetry group is

1 r+1+1 1 z4+1+1
{(a:,y), (ﬁy) : (a: (in)y) : <$W/> } (8.3.95)

By the algebraic or obstinate kernel method, we get the following equation

1
P.+ Py@Q(0,0) + Py oQ(x,0) + P1 ,Q (x 0) =0, (8.3.96)

where
Pm,O =
20%1222 4 b223 + 20202 + b2x — 202t — 3ba® — 4bx? — 3bx — 2b + 22* + 223 + 42 + 22 + 2
B 2 (0212 + b2zt + b2a3 — 2bxt — 2ba3 — 2ba% — ba + 2t + 23 + 222 + . + 1)
(b—1)b(2? — 1)V —4t22* — 4t223 — 81222 — 4t2x — 412 + 22
©2(b22 + b2t + 223 — 2bat — 2023 — 2022 — bx + at + a3 + 222 + 2 4+ 1)
Pig=1.

(8.3.97)
The polynomial in the denominator of coefficient of P, ¢ is
(V*1% 4+ b2 + b2 — 202t — 202 — 2b2% — b + 2t + 2® + 222 + 2 + 1) (8.3.98)
so let
L =log ((0** + b%x* + b*a® — 2b2* — 2b2® — 2b2% — bx + 2? + 2% + 227 + x + 1) Pyp) .
(8.3.99)

This time the polynomial has 4 roots. By calculation, we find that the series expansions of all of
the roots contain constant terms. This means (

1
b2t2+b2x4+b2 23 —2bx* —2bx3 —2bx2 —br+xt+x3+222+3+1)
can be expanded as a formal series of ¢ with coefficients in R[z]. Thus, we only need to divide

(8.3.96) by el—. The coefficients P, and P1  can be chosen so that we do not have Q1 o in the

equation when we take the [2°] part of the equation. Then dividing (8.3.96) by e/~ and taking
the [2°] part of this equation, we have

Ty
0,0) = 5+—F—5> 8.3.100
@(0.0) Too + 1o + 13 ( )
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where

1
T, = [xo];Pc
1
Ty = [2°]——Poo
61 (8.3.101)
T3 = [LI,'O]eLi_Px’Q
1
Ty = [2°]——P1 .
4 [w ]eL— %,0

Next we consider Model 9. The allowed steps are { ,,\, 1, /", \¢}. The functional equation
reads

1 x 1
K(z,y)Q(z,y) = be <bC <—at <y + a:y) +a— 1) Q(z,0)
1 bet
+ac (—bt (y + ) b 1) Q(0,y) + (bc —a((b—1)e+b) + “) Q(0,0) + ab) ,
T Ty Ty
(8.3.102)
where
1
K(x,y)zl—t<xy+x++y+y>. (8.3.103)
) Ty €
The formal series root is
v x— /22 —4(—tax? —t) (—ta? —tx — 1)
0= 5
2 2§tx2+tl’—;—t)2 . . ; (8.3.104)
t(xx+1 tP(x+ 1) (z+x+1 200 (x+ 1) (v 4+x+1
o ) P @ e r) 2 @) R e )

x 3 0

The symmetry group is

{(m,y), <iy> : (ac M) : (; m> } (8.3.105)

By the algebraic or obstinate kernel method, we have

1
P+ BlgQ(0,0) + PLoQ(r.0) + PL,Q <m 0) 0. (8.3.106)
Here Pg/c,o equals the conjugate of P, . The polynomial in the denominator of Pé,o is the same

as the previous case. It has four roots all of which can be expanded as formal series of ¢ with
coefficients in R[z]. Let

1
Ly =log (2(b — D)b(x? — 1)/ — 4224 — 4223 — 81222 — 423 — 412 + 22

1
=5 (2072 + %% + 26%07 + b — 2ba" — 3ba® — 4ba® — Bby — 2+ 20 + 207 + da® 4 2w + 2)) .
(8.3.107)
Then

, €L2+6L206L2_
P,,= . 8.3.108
0T -1 - Xa)(z - Xo)(z — X3)(z — Xa) ( )
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As we did for Model 13, we divide (8.3.106) by e’2- and separate the [z], [2°], [z<] terms.
This time, the [2°] term of (8.3.106) will directly give the result,

T/
0,0)= ——1 8.3.109

where

ela-"¢
/ 0 1 /
Ty ="}, Foo .
o (8.3.110)
Ty =1l - Pao

1
/I _ 1,0 /
T4 - [$ ]€L27 %’0'

Here Q(0,0) and Q(z,0) are D-algebraic as before in Section 8.3.1. For Q(0,0) to be D-finite,
the condition is still b =1 and ¢ = a.

8.3.6 Models 10 and 14

For Models 10 and 14 we first consider Model 14. The allowed steps are {,/, \,{, /N, <
,—}. The functional equation is

1 T 1 1
K =—|(+b ) -+ —+- -1
Q) = i (+e (a0 (24 4 D) va1) @0
Y 1 1 abct
+ac|—bt(=4+—+—)+b—-1)Q(0,y) + (bc—a((b—1)c+b) + —)Q(0,0) +ab |,
T Ty T Ty
(8.3.111)
where
1 1 1
K(x,y):l—t<xy+x++y+x++>. (8.3.112)
y ry r vy
The power series root is
, —tx? —t+x— \/(—tx2—t+x)2—4(—tx2—t)(—tx2—tx—t)
0~ 2 (t? + )
t(x2+:n—i—1) tQ(x2+1)(1:2+x+1) t3(x2+1)(:n2+:v—|—1)(2x2—|—x+2)
Yo = + 2 + 3
x x T
(22 4+1)% (22 + 2+ 1) (422 + 3z + 4
L ) ) o
(8.3.113)

The symmetry group is
1 +1+1 1 z+1+1
(.’L‘, y)7 (72/) | T 13711, I 1:71:0 . (83114)
r (z+3)y e (z+3)y
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By the algebraic or obstinate kernel method, we get the following equation

1
P + POOQ((): 0) + Px,OQ(xu 0) + Pl,OQ (CE’ 0) =0, (83115)

where

Pa:,O
B 1

T 2(0242 — b2ta? 4 b2t + b2a3 + bta® + bt — 2bat — 2ba3 — 2022 — bx + 2t + a3 + 222 + 1 4+ 1)
x (202222 — b?tat — b2t 4 b2 + 2072 + b2 + bt + 2bta® + bt — 2bx"
— 3ba® — 4ba® — 3bx — 2b + 22t 4 223 + 42 + 22 + 2)
B (b—1)b(x? — 1)/ =3t22* — 41223 — 61202 — 4t27 — 3t2 — 2txd — 2tz + 22

2 (b2t2 — b2ta? + b2a* + b2a3 + btaw? + bt — 2bx* — 2023 — 2b2? — bx + xt + 23 + 222 + x4+ 1)
Piy=1.

(8.3.116)
The polynomial in the denominator of P, g is
(V12 — b*ta® +- 02" 4+ 022> + bta® + bt — 20z — 2ba® — 2b2? —br+ 2t + 23 2202 2 +1). (8.3.117)
It is quartic and the series expansions of all of the roots contain constant terms. Thus, let
1
L =log <—2(2b2t2332 — b*tat — b2t + b2 + 20222 + bPa + bta?

+ 2btx? + bt — 2bx* — 3ba® — 4ba® — 3bx — 2b + 22t + 223 + 42 + 22 + 2)

1
—§(b — 1)b(a® — 1)V —3t22* — 41223 — 61222 — 412z — 3t2 — 2a® — 2Ax + a:2> . (8.3.118)

Dividing (8.3.115) by e*~, and taking the [2°] part of the equation, we have

Ty
0,0) = ——, 8.3.119
Q.0 = (3:3.119)
where
0 ].
T1 = [.’If ]eLi_Pc
1
T = [%'O]TPOO
81 (8.3.120)
T3 = [I‘O]TP:E’O

1
TOO = [:Bo]eLi,P%,O'

Model 10 can be studied in the same way. The allowed steps are { 7,N\, T, =, -, \, "}
The functional equation reads

K(z,9)Q(x, y) = ﬁ <bc (at <; 4 ;y) fa— 1) Q(x,0)
+ac <—bt (i + xly + i) Q0,y) +b— 1) + (be—a((b—1)c+b) + ij)@(o,o) + ab> ,

(8.3.121)
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where
T 1 Y 1
K(zy)=1-t(ay+-+—+=+z+-+y|. (8.3.122)
Yy Ty T

The formal series root is

—tx? — \/(—th—t+x)2—4(—tx2—t)(—tx2—tx—t) —tta

Yo= 2 (ta? + ta + t)
2,1 2 (.2 12 3 (.2 1222 9
YO:t(x—l—)+t(x2+)+t(:v+)(3x +1+2)
X X X
t4 (22 +1)° (422 4) (22 4+ 1) (92 + 1023 4+ 2022 + 1
N (2 +1) (xf + 3z + )+ (22 +1) (9x+;)5:1:+ 0% + 0x+9>+0(t6).
(8.3.123)

The symmetry group is

1 r+ 1 1 x4+
($7y)7 (7y> ) x7(—x)1 ’ 7’(—1‘)1 . (83124)
z y(z+1+1) 'y (z+1+1)
By the algebraic or obstinate kernel method, we have
1
P, + PyQ(0,0) + P, oQ(x,0) + P1 ,Q <x 0) = 0. (8.3.125)

Let

1
Ly = log | (b~ Db(z? — 1)/ —3t2at — 4223 — 61222 — 4t2x — 32 — 2ta3 — 2tz + a2
1
- 5(217%2952 — b*tat — b2t + b2 4 2022 + bPa 4 btat 4 2bta® + bt

— 2bat — 3ba® — 4bx? — 3bx — 2b 4 22 + 223 + 4a% + 22 + 2)|.
(8.3.126)

Divide (8.3.125) by el2- and separate the [z~], [x<] and [2°] terms. The [2°] terms will directly
gives the result, still written as
7y

0,0) = =4———— 8.3.127

where T7, Ty, Ty, T, are defined as before in Section 8.3.1. Q(0,0) and Q(z,0) are still D-
algebraic over x,t. For Q(0,0) to be D-finite, the condition is still b =1 and a = c.

8.4 D-algebraic D3 models

There are two models associated with the group Ds that were not solved in previous work,
Models 18 and 21. Model 21 is the double Kreweras model. It is algebraic without inter-
actions and was only solved with a = b = 1. Double Kreweras walks need further techniques
so we postpone it to Section 10.2. Here we solve Model 18. Model 18 is D-finite without
interactions.
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8.4.1 Model 18
The allowed step of Model 18 is {1, <, |, \,, —}. The functional equation reads

K@;@Q@g@zzik@m(—w<§—%;>+a—1>Q@;m
+w<—w<i+;>+b—1>way+@o—aw_1x+mqum+a@,(&4@
where the kernel is

T 1 1
K@W%:L%<+y+x++y+>. (8.4.2)
y x Yy

The formal series root is,

—ta? — \/(—15902 —t4x)? —A(t(—x) —t) (—ta® —tx) —t +x
2tx + 1)
2z +1) (22 +1) N Ba+1) (et +2° +42? + 24+ 1) (8.4.3)
x x2
N (@ + 1) (2% + 325 + 92* + 623 + 92 4 3z + 1)

3

.Y(]:

Yo=t(z+1)+

+O(t9).

The symmetry group is

Y x 1 =z y 1 11
{(xay)v (772/) ) (-’B, > ) <7 > ) <7 ) ) (7 - . (844)
x Y Yy x'x y' x
By the algebraic kernel method or the obstinate kernel method, we can find an equation
1
P, + PyQ(0,0) + P, oQ(z,0) + P07;Q (0, x> =0. (8.4.5)

Here we choose P1 , = m%, Then as usual, let us consider P, .
o

b(a — b) (ta* + 2tad + 2tz +t — 2?)
FPao = ( B 2ax?
x (2a°0%t° + a®b*t* + a®b? — 2a%b + a® — 2ab® + 3ab — a + b* — b)

x \/2at — 41223 — 61202 — 42z + 12 — 2tad — 2w + 22 + Co(x, t))

1 (8.4.6)
X
(2a2t? 4+ a?tx? — 2atx + a?2? — atx? + 2atz + at — 2a2? — ax + 22 + )
1
X
(2622 + b2tx? — 2b%tx + b2x? — bta? + 2btx + bt — 2bx? — bx + 22 + 1)

1
X
(b2t222 + 202822 + b2t2 + b2ta? + b2t — bta? — bt — bx + x)’

where Cy(x,t) is a rational function. P, has three polynomial factors in the denominator
(ignore the monomial factor). They are

(2a%t? + a*ta? — 2d*tx + a®2® — ata® + 2atx + at — 2ax* — ax + 2% + 2)
(2022 + bPtx? — 20%tx + b2x? — btx? + 2btx 4 bt — 2bx* — b 4 2% + ) (8.4.7)
(V22?4 20720 + b*1% 4 b2 ta® 4 b*t — bta® — bt — bx + ).
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We list the series expansions of all their roots in order:
at a’t? a’t? a*(a+ Dt*  ad(3a — 1)t
X1 = + + 5+ ( >2 + ( 3)
a—1 a—-1 (a—1) (a—1) (a—1)
1 (a—2)at a®(a>—=2)t*  (a—2)2a% o' (a® — 20 +4a —4)t!

+ O(t%

X, = - _
2 aor T (am a1y (a—1)yp
a® (3a* — 10a® 4 12a® — 8a + 4) t°
_ 16
bt b2t? b3t b+ 1)ttt b3 (30— 1)t° 6
=gttt eome T wonz T oy O
PP bt b (0 —2)t*  (b—2)%%3 bt (b —20% +4b—4) ¢
YT ho1 T (-1 (b—1)3 (b— 1) (b—1)5
b° (3b* — 100 + 126 — 8b 4 4) ¢° 6
- G- 10 + O(t%)
V2o o+ )2 br(3b— 1)t b (202 + 204 3) t°
P T T b-1)? o-1z oW
xoo L, 1 b(b*=2)t  (b—2)%22 b (b* —20° +4b—4) ¢3
STt T1—b  (b—1)2 (b—1)3 (b—1)*
bt (3b* — 100% + 126> —8b+ 4) t* b (2b° — 6b* + 7% — 8% + 12b — 8) 1 o)
(b—1)° (b—1)6 :

(8.4.8)

Among all these roots, we see X1, X3, X5 are formal series of ¢ without constant terms.
Thus, we let

L = log[Py0(2a*t* + a*ta® — 2a*tx + a*a® — ata® + 2atx + at — 2az”® — ax + 2% + x)
x (20%t% + btx? — 2b%tx + b?x? — btz® + 2btx + bt — 2bz® — b + 2 + )
x (bP122? + 20%8x + b2 + b*ta® + b*t — bta® — bt — br + )]  (8.4.9)

and multiply (8.4.5) by (m_Xl)(xe_L)f'“‘)(x_XS). Then the coefficient of Q(z,0) is a formal series of
t with coefficients in R(x). The [2~], [z°] and [2<] terms of this equation can be separated. We
finally have

Ty
Q0,0) = (8.4.10)
where
T =[] (z —Xi)(= e—LX:a)(ﬂ? — XS)PC
T = [o9) (z —X1) (= —LX3)($ — XS)POO
e (8.4.11)

Ty = 2] (z — X1)(z 6—:(3)(?3 - X5)Px70
Too = [2°] (z —Xi)(z e—LX:a)(?C - X5)P$70_

The generating functions are still D-algebraic over z,y,t. For Q(0,0) to be D-finite, first L
should not contain v/A, which implies a = b. Secondly Fy,0 should not contain VA. This
further requires b — 2¢ + bc = 0. Thus Q(0,0) is D-finite if a = b and ¢ = ﬁ.
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8.5 Results for all models with a finite symmetry group

Currently, Models 21 and 23 have not been discussed. These two algebraic walks (without
interactions) have special properties. We will discuss them in Chapter 10. Now we list the
results of all 23 models associated with a finite group, which is a refinement of Table 6.1. The
results of Models 21 and 23 will also be included. We also list the properties of functions
Q(x,0),Q(0,y) and Q(x,y) over x,y and Q(0,0) over t. The DF Condition and Alg Condition
refer to the conditions that make Q(0,0) D-finite and algebraic over ¢.

Model T,y DF Condition Alg Condition Group
abc+ ab—ac—bc=0 et 1
1 T—]l— DF | DAlg oAbl — 4: (1,y), (z, y)
31 71~ | DF | DAlg c=ab = & (Ly) (@)
c = ab and 1 1

Table 8.1: These four models are the symmetric Do models. The generating functions are D-
algebraic over ¢t and further D-finite over x,y. Comparing Table 6.1 and Table 8.1, we can see
Q(0,0) of Model 2 being D-finite in Table 6.1 is just a special case of the result in Table 8.1
(D-finite — DF, D-algebraic — DAlg, Algebraic — Alg, v'— fully proved, X— hypothesis).

Model z,y t DF Condition | Alg Condition Group

5 N DAlg | DAlg | c=a and b =1 _ 1 (L,y), <x (Hl%)y)

6| ~<d=/ |DAlg|DAlg|c=aandb=1 _ 1 (L,y), <:c (x+1%)y>

7 N DAlg | DAlg | c=aand b=1 - 1 (L,y), (:1: (Hllﬁ)y)
8 PR — DAlg | DAlg | c=aand b=1 - 4: (%7?/)7 (5137 (x+11+%)y)
9 | W\ |DAlg|DAlg|c=aandb=1 - 4 (Ly), (ac (mfjjl)y)
10 | N\~ | DAlg | DAlg | c=aand b=1 - 4 (3:9), (x (xffé)y)
11 N DAlg | DAlg | c=aand b=1 - 4: (Ly), (x (x+1+ %)%)
12| M\~ | DAlg|DAlg|c=aandb=1 - 4 (3,9), (w (@+1+3)y
13| <IN | DAlg | DAlg| c—aandb=1 - £ (Ly), (=, f;jf);)
14 | R/ 1N | DAlg | DAlg | c=a and b =1 - 1: (L y), (=, f:jj;y)
15 N\ DAlg | DAlg | c=a and b= 1 - 1: (Ly), (x (x+ 1)L
16| T\~ |DAlg|DAlg|c=aandb=1 - £ (Ly), (v @+ D)

Table 8.2: Models 5 to 16 are the generally D-algebraic Ds cases. The generating function
is D-algebraic over z,y,t (D-finite — DF, D-algebraic — DAlg, Algebraic — Alg, v'— fully
proved, X— hypothesis).
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Model x,y t DF Condition Alg Condition Group
17 Ny DF DAlg | ab— ac —bc+ abc =0 - 6: (Z,9). (2, 7)
18 | =)\~ | DAlg | DAlg b aiﬁz b:C N 0 _ 6: (L), (z, %)
19 —l DF Alg — All 6 (%, y), (z, %y)
20 W Alg | Alg — All 6: (2.y) («, 2)
21 |t 1— 7 | DAlg? | DAlg? — a=b=1 6 (%, ), (z, %y)

Table 8.3: The D3 cases. Q(0,0) of Kreweras and reverse Kreweras are still algebraic. When
considering Q(z,0), Q(0,y) and Q(x,y), reverse Kreweras walks are still algebraic, but Kreweras
walks are D-finite over x,y,t. The other special case, double Kreweras walks, will be discussed
later in Section 10.2. We will solve it with condition a = b (D-finite — DF, D-algebraic —
DAlg, Algebraic — Alg, v'— fully proved, X— hypothesis).

Model x,y t DF Condition Alg Condition Group
22 | "\ | DF | DAlg | 07 o chlabc =0 - 8 (L,y), (2, 2)
23 | /=, | DAlg | DAlg? - b=1 8: (5 ¥): (% 32;)

Table 8.4: The final two cases associated with D4 group. We will prove that the generating
function Q(z,y), Q(z,0) and Q(0,y) of Gessel’s walks is D-algebraic over z,y in Section 10.1
(D-finite — DF, D-algebraic — DAlg, Algebraic — Alg, v/'— fully proved, X— hypothesis).

Something interesting in the solutions of quarter-plane lattice walk models with interactions
is that when Q(z,y) is D-algebraic over x,y, the models cannot be solved directly if it does not
have a " step. This happens for all Do models as well as Kreweras walks. It brings a special
property for Kreweras walks. @Q(0,0) is algebraic but all other @); ; are D-finite. We currently
cannot give an explanation for this phenomenon.

8.6 An alternative way to derive the results

Besides the kernel method introduced in this chapter, We have an alternative way to derive the
results of the models with interactions a, b, ¢ via previous results of models with interactions
a,b,ab. This method works for the models which were completely solved with interactions
a, b, ab, for example, Models 1-4. For Models 5-16, we only have the results with interactions
a,1,a previously. We may extend the previous results to models with interactions a, 1, ¢, but
for general results with arbitrary a, b, ¢, we still need to use the kernel method discussed in this
chapter.

Here in this section, we specify Q(0,0), Q(z,y) of the models with interactions a,b,c as
Q(0,0,¢) and Q(z,y,c). Q(0,0),Q(x,y) of the models with interactions a, b, ab are denoted as
Q(0,0,ab) and Q(x,y, ab).

Consider the generating function of first-return F'(0,0). We may define F'(0,0) as walks
starting from the origin, ending at (0,0) and only arriving at (0,0) once. Further, we do not
count the interaction of the last step ending at (0,0). Thus, F(0,0) is independent of the
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interactions at the origin. We have the following two equations

Q(0,0,ab) = 1+ abF(0,0) + (abF(0,0))% + (abF(0,0))3... (8.6.1)
Q(0,0,¢) = 14 cF(0,0) + (cF(0,0))? + (cF(0,0))3....

These two equations show that the generating functions of walks ending at the origin are
composed by walks returning once, twice and n times etc. Now we have

1
1- < (1 - é) ’
ab Q(0,0,ab)

A similar idea can also be applied to derive Q(z,y). We denote R(z,y) as the generating
function of excursions, which are the walks starting from the origin and never returning to
(0,0). R(z,y) is also independent of the interaction at the origin. We have

Q(0,0,¢) = (8.6.3)

Q(z,y,ab) = Q(0,0,ab)R(x,y) (8.6.4)
Q(z,y,c) = Q(0,0,c)R(z,y) (8.6.5)
(8.6.6)
Thus, we have
O,y ) = =200 (8.6.7)

Q(0,0,ab)Q(z,y, ab)
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Chapter 9

A general discussion of the kernel
method

For most of the models we discussed above, we may apply either version of the kernel method to
solve them. In this chapter, we discuss the difference and relation between these two methods.
We will also discuss the limitations of the kernel method.

9.1 The general process of the kernel method

Obstinate kernel method
1. Substitute the root Yy which is a formal series of ¢ in to the functional equation.

2. Apply the group elements to the functional equation. Choose those equations in which
Q(g(z), g(Yo)) converges when ¢ — 0.

3. Use a linear combination of the equations. Find an equation only containing unknown
functions of x (or y).

4. Use the canonical factorization to factor the coefficients vA or p+¢v/A. Then, find a way
to separate the [2°], [z], [x<] parts of this equation and use the original kernel method
to solve it.

Algebraic kernel method

1. Apply the group elements to the functional equation. Find a linear combination (full
orbit-sum) that eliminates the line boundary terms.

2. Take the [y°] (or [2°]) part of the full orbit sum. The full orbit sum may give trivial
information 0 = 0 or some information about reflection symmetry or directly the same
result as Step 3 in Obstinate kernel method.

3. If Step 2 does not give the same result as Step 3 in Obstinate kernel method, we
then take the half-orbit sum and substitute the reflection symmetry into it. We get an
equation only with unknown functions of x (or y).

4. Find a way to separate the [2°], [#”], [z<] parts of this equation and use the original
kernel method to solve it.
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Step 4 of both methods are the same. For different models, we apply different tactics. We
have seen that for some models, separating the [x~], [2°] and [z<] terms of the equation will
directly give the solutions. For some models, this operation will introduce more unknowns and
we need to use the original kernel method to solve the problems. For half symmetric models,
we sometimes need to use the Q(0,0) of the reverse walk to solve Q(z,0).

We can see that in every step described above, we only use elementary operations on the
functional equation. It contains substitution, factorization, linear operations and taking certain
exponents of the functional equation. These operations are closed in some field. The field is
generated by a transcendental extension of some non-algebraic terms. This implies that if the
solution is not in this field, we cannot solve it by the kernel method. And the solution is rational
over this field and is thus D-algebraic.

9.2 Comparison of the obstinate kernel method and the alge-
braic kernel method

We have demonstrated that most solvable models can be solved by both methods. However the
obstinate kernel method and the algebraic kernel method sometimes give different information.
Here we want to discuss the relation and difference between these two methods. To compare
these two methods, we use Kreweras walks with interactions as an example.

Recall the functional equation (8.2.46),

<l—t<xy+;+;>>62(z,y)=i+i <a—1—ty“> Q0+ 3 (b—l—f) Q(0, y)

1
+ %(ac + bc — ab — abc)Q(0,0). (9.2.1)

We denote this equation as Fk,. Recall the symmetry group (8.2.48)

(&) (o) (2)) oo

The two roots of kernel are

VARB F2 —dAr 22—t + t? 1
Yo = v =t+—+t*( 5 +z)+0("
9t? @ ? 9.2.3
v, VA3 442 —x + a2 —t+x 1 1 ; t2+t3 1 +O(th 23
= =T T —5 - a7 ’
! 2tx? tr a2 x 2

Now, let us first apply the obstinate kernel method to Fk.,.. We substitute Y into this equation
and the LHS cancels. This gives
O pu—
be (—% +a-— 1) Q(x,0) +ac (=2 +b—1) Q(0,Yp) + (be — a((b— L)e +b))Q(0,0) + ab

x

abe
(9.2.4)

Then let us directly apply the algebraic kernel method to Fk,: divide the RHS by the kernel
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and take the [y°] part of this equation. This gives:

VAQ(x,0)
ac (=% +b—1) Q(0,Yp) + be (—% +a-— 1) Q(x,0) + (be — a((b—1)c+ 0))Q(0,0) + ab

abe

(9.2.5)

Notice that (9.2.4) and (9.2.5) both give a relation between Q(0, Yp) and Q(z,0). They are actu-
ally the same because of (5.2.9). Therefore, in this case, the obstinate method and the algebraic
kernel method are equivalent. The equations 5(x7y)EKT, (5(y7w)EKr, 6(ﬁ’z)EKT, 5(1’$)EK,,« have
the same properties as Ex,. The equations obtained from the algebraic kernel method and the
obstinate kernel method are the same.

Let us have a look at another case. Apply the group element (;%y? y) to Ek, first and then

apply both methods. The obstinate kernel method gives us:

0=
be (—% ta— 1) ) (Lyo) +acQ(0, Yo) (—btaYy + b — 1) + Q(0,0)(be — a((b — 1)c + b)) + ab

abe

(9.2.6)

We substitute Yy in to the transformed functional equation. Note that although ﬁ is not a

formal series of ¢, ) (i, Y0> actually is by the same discussion in Section 5.2.2.

By the relation between Y and Y7, we can write (9.2.6) as
0=

be (fg;—f] ta— 1) Q (Y1,0) + acQ(0, Yo)(—btzYo + b — 1) + Q(0,0)(be — a((b — 1)c + b)) + ab

abe

(9.2.7)

The obstinate kernel method gives a relation between Q(Y1,0) and Q(0, Yp).
Next, consider the algebraic kernel method. Divide the RHS by the kernel and take the [y]
part of the equation, by Theorem 6 and Lemma 5, we have,

1
Vaai(3) =
be (—;{ ta— 1) Q (%0) +ac(—btzYy +b—1)Q (0, Yo) + (be — a((b— 1)c + 5))Q(0,0) + ab
abc '
(9.2.8)
: 0 Q(ﬁ’()) — 1 H_ L ; .
Notice that [y"] Ryl = \/ZQ(xYl ,0). By the relation between the roots, we have
VAQL (1) =
Q)=
bc (—% +a-— 1) Q (Yp,0) + ac (=btzYp +b—1)Q (0,Yp) + (bc — a((b—1)c+b))Q(0,0) + ab
abc '
(9.2.9)
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The algebraic kernel method gives us a relation between Q(Yp,0), Q(0,Yp) and QF (2). For
group elements (x—ly, v), (v, xiy), we have similar results.

This is the first difference. For the obstinate kernel method, Q(0,Y7) appears in the equa-
tions. We may use the relation between two roots to get a relation between (0, Yy) and Q(0, Y1)
and simplify the final equation. For example, for Kreweras walks without interactions, we have

YotQ(¥o,0) - VitQ(¥1,0) . 21Q(x,0) + 232

Yo— 11 B VA ’
where the LHS of (9.2.10) is a symmetric function of Yp, Y7. It can be expressed by a polynomial
of Yo+ Y7 and YyY;. By (5.2.9), they are both functions of %

However, this idea is not effective for reverse Kreweras walks. Since for reverse Kreweras
walks,

(9.2.10)

1
Yo+Y=— <x - >
t (9.2.11)

1
YoY1 = —.
x

So P(Yp) + P(Y1) cannot be simplified to a series of z with finite L part or series of 1 with finite
x part. This makes it hard to solve reverse Kreweras walks by the obstinate kernel method.

For the algebraic kernel method, we introduce a new unknown function QS(%). By calcula-
tion (linear combination of (9.2.7) and (9.2.9)), we find

VAQH (1) = a3Q(0.%) — i Q0.1 (9.2.12)

The series Q3(2) for Kreweras walks is a function of Q(0,Y7) and Q(0,Yp). We can substitute
QS(%) as a function of Q(0,Y7) and Q(0,Yp). And any process through the obstinate kernel
method so far can be changed into a process of the algebraic kernel method. In reverse, we can
also change the process from the algebraic kernel method to the obstinate kernel method. For

example, for reverse Kreweras walks without interactions, we actually have that

1 —txQ(Yp,0) — tzQ(0,Ys) + txQ(0,0)
VA

is a formal series of % But normally, one can not get this result without the help of the algebraic
kernel method.

Until now, the algebraic kernel method and the obstinate method do the same thing. Now
the following equation from the algebraic kernel method provides a relation that does not have
any correspondence in the obstinate kernel method:

1 1 1 ta 1

d

) = S -1 = = _

Ql <:c) CY1 + aY1 <a Y1> Q (:L’Y170>

) 1 Q(0,0)  Q(0,0)
+bY1(b—1—tb:vYo)Q(OaY0)+b(b_1)< i Y% )

(9.2.13)

+ bt (ac+ bc — ab — abe)Q(0,0). (9.2.14)

This relation comes from the transformed equation (5( 1 y)EKT. We multiply 5( 1 y)EKT by %
xy’ xy’

and then take the [y°] part. We get an extra relation between the off diagonzﬂ Q‘f(%) and
Q(Y0,0), Q(0,Yp).
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This operation is not valid for the equation d(, ,Ek,. Suppose we analogously do this
operation to d(, ) Exr. The LHS becomes [yo]iQ(a:, y) = [y]Q(z,y). We get a relation between

[y1Q(x,y) and Q(z,0),Q(0, Yy). However, this relation does not contain new information. We
can get the relation between Q(z,0) and [y']Q(x,y) by the geometric property of the walk.
And combining the relation obtained from ¢, ) Ex, with the geometric relation, we get (9.2.4)
again.

In our previous calculations, this new relation appears as a part of the orbit sum. chl(x)
appears in the orbit sums of both reverse Kreweras walks and Kreweras walks with interactions.
For reverse Kreweras walks, we use the relation between Q4(x) and Q¢(z) obtained from the
full orbit-sum to simplify the half-orbit sum. For Kreweras walks, this extra relation is not
pivotal. In the following calculation for Gessel’s walks, we will demonstrate how important this
new relation is.
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Chapter 10

Application of the general form of
the kernel method

In this chapter, we apply the discussion in Chapter 9 to discuss the two unsolved cases, Gessel’s
walks and double Kreweras walks. Because of the complexity of the calculation, we currently
cannot solve them explicitly. Instead, we find the polynomial equation that Q(z,0) satisfies.
This will show that Q(z,0) is D-algebraic with respect to the variable x.

10.1 An alternative method for solving Gessel’s walks with bound-
ary interactions

For the solution of Gessel’s walks without boundary interactions, one can recall Section 5.3.2
or [17]. The idea for solving Gessel’s walks with interactions is still to find a polynomial equation
P(Q(x,0),Q;,z,t) = 0 and apply Bousquet-Mélou’s theorem [19]'. We will also attempt to
follow this strategy.

10.1.1 The functional equation and symmetry group

For Gessel’s walks, the allowed steps are { 7, /, —, < }. The kernel is

1 1
K(m,y):l—t(—i—x—i—xy—i—), (10.1.1)
x Ty

A= <t <x + ;) - 1>2 — 4t% (10.1.2)

(10.1.3)

with discriminant

The roots of the kernel are

x —t— tx? —wx/Z
2tx?
t

1 1 3 1 6
=—+t <$2+1> + ¢ <x3+$+x> +t <$4+x2+x2+6> + O(#%) (10.1.4)

T

Yy =

"We will discuss this theorem in Chapter 12.
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and

_z—t—tz*+aVA

% 10.1.5
] ST ( )

1 1 t 1 1 3
= — —— 1)+t (- -1 BPl-—=—z-= 10.1.6
t <x2 ) z <x2 >+ (:):3 v w) ( )

1 6
The relation between the two roots is
Yo+Y = 1 ! + ! (10.1.7)
0 1= tr 22 o
1

Yoy, = o (10.1.8)

By (6.1.3), the functional equation is

K(,9)Q(x, 1) —i+i(a—1—;‘;> Q.0+ (b—l—tb (;ﬂ,;ly)) Q(0, y)

1 t
+ (abc(ac + bc — ab — abe) + J:y) Q(0,0). (10.1.9)

The symmetry group for Gessel’s walks is
1 1 1 1 5 11 1 1,
{(xay)v —Y], x?T ) ':CyaT s\ T Y s\ N2 s T Y }
zy ey T2y z Ty Y Y

which is isomorphic to Dy.

10.1.2 Full-orbit sum

The first step is the same as Kreweras and reverse Kreweras. We apply the symmetries to the
functional equation and write them in a matrix form,

K(z,y)Q =MV + C, (10.1.11)

where Q, V and C are

Q= (2 xzy) , (10.1.12)
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Q(0,y)
Q(1/z,0)
@ (0.3%)
Q(0,2%y)
v=| 0 (0, %) , (10.1.13)
Q(%.0
Q(zy,0)
Q(3:0)
Q(z,0)
(2900 1 9(0,0)(be — al((b— 1) + b)) + ab]
[abctQ(0,0)x + Q(0,0)(be — a((b — 1)c + b)) + ab]
[abct@(0,0)xy + Q(0,0)(bc — a((b —1)c+ b)) + ab]
c_ 1 [abctQ(0,0)x + Q(0,0)(be — a((b — 1)c + b)) + ab] (10.1.14)

abe | [24200 1 Q(0,0)(be — a((b — 1)e +b)) + ab]
[abetQ(0,0)xy + Q(0,0)(be — a((b— 1)c + b)) + ab]
(2200 4 (0, 0)(be — a((b — 1)c + b)) + ab]

(#4200 1 Q(0,0)(be — a((b — 1)+ b)) + ab]

Here M is the coefficient matrix. For Gessel’s walks, we still have det M = 0. The nullspace is
spanned by the vector,

(at—az+z)(atry—a+1)(btzy+btx—b+1) (btaz2y+bt7bxy+xy)
o2
(—at+azx—z)(atxy—a+1)(—bty—bt+bry—zy) (btr2y+bt—bxy+xy)

xy3
(—at+azr—z)(—at+azy—axy)(btry+btx—b+1) (btx2y+bt—bazy+azy)

zy3
(—at+azr—z)(—at+ary—zy) (btry+btax—b+1) (bta:2y+bt—ba:+a:>

1 p
N = ﬁ (atz—a—H)(atzy—a-l—l)(btygfbt—b:cy—&—:cy)(bt$2y+bt—b$+z) ’ (10115)

o2
(atz—a+1)(—at+azy—zy)(—bty—bt+bry—zy) (btmgy+bt—bx+m)
3
Ty
(atz—a+1)(at—azy+zy)(btzy+btz—b+1) (bt:vzerbtfberx)
2
Yy
(atz—a+1)(atzy—a+1)(bty+bt—bry+zy) (bta:2y+bt7bmy+xy)
3
Yy

We still have
K(z,y)NQ = NC, (10.1.16)

where

a’(b—1)°(2* = (y — 1)(2*y* — 1) (a®y — 1) (b — ©)Q(0,0) — b)

NC = —
cxly3

(10.1.17)

Since NC # 0, this is the same case as Kreweras walks. Following the process of the algebraic
kernel method we divide the RHS of (10.1.16) by K (z,y) and take the [y°] term. We find

W NC _ Cd?(b—1)(z = 1) (2t2® + 2t — x) VA((b — ©)Q(0,0) — b)
Y K(z,y) 2cr?
2 2 2,4 2,.2 2 3 2
_d’(b=1)(a® = 1) (2% + 2% —|—2t26;33tx — 3tz + 2?) ((b— ¢)Q(0,0) — b)' (10.1.18)
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We observe that [y°] Kl?xcy) can be written as a function f(z+ 1) times (z — 1). The coefficients

[2%][y°] Kl?mcy) and [27%[y°] Kl?mcy) have the same absolute value with opposite signs. Thus, we
write NC )
0
— =P - P - . 10.1.1
) ey = PR@ - PR3 (10,119
Here PR(z) and PR(L) are the [z”] and [2<] series of [’ Klzlxcy). If we write PR(z) = f(z) +

9(2)Q(0,0) then f and g are D-finite and non-algebraic by Theorems 10 and 14.

Remark 6. For brevity, for the remainder of this section we will keep PR(x) as defined above,
and in particular, dependent on @Q(0,0). Since Q(0,0) appears separately in virtually every
equation anyway, this does not conceal any complexity.

After some calculations (take the [y°z>] terms of the full orbit-sum and use boundary rela-
tions to simplify the equation), we find the LHS of the full-orbit sum contains Q(z,0), Q4(z), Q% (x),
Q(0,0), Q1.0, Q2,0,Q3,0,Qo1- The [y°z>] part of (10.1.16) can be written as

4 1Q% () + az aQa(x) + r0Q(2,0) + Apther = 0. (10.1.20)

Since we have too many boundary terms @; ; (and we will introduce more in later calculations),
we put all the unknowns which are not related to x into agper. When we are dealing with z,
such as taking the [#~] or [#<] terms, the unknown functions of ¢, Q;; are not involved. So we
treat them all as constants until Section 10.1.6. In Section 10.1.6, we will discuss these Q;;.
Notice that a,¢per also contains PR(x), the non-algebraic term of x.

If we apply the transformation z — % to (10.1.20), we will also get the relation between
Q%(1),Q4(L) and @ (2,0). This is actually the [y°2<] part of (10.1.16). The full orbit sum

thus provides two equations with x — % symmetry.

10.1.3 The diagonal relation

Unlike the procedure for Kreweras and reverse Kreweras walks, the next step is not taking the
half-orbit sum. We first give an explanation for why the half-orbit sum is not effective.

Consider the half-orbit sum. By calculation, we get an equation with Q4(z), Q4(x), Q(z,0)
and QS(%), Q‘f(%), Q (%, O). The coefficients of Q3 (x), QS(%) and Q¢(z), Q‘f(é) are polynomials
and the coefficients of Q(z,0) and @ (%,0) are in the form p + ¢v/A. If we substitute the
equations we obtained from the full orbit-sum and eliminate Q(z) and Q{(1), the half orbit
sum will provide us an equation with unknown functions Qg (x), QS(%) and Q(z,0),Q (%, 0).
Notice that in (10.1.20), all o except appner are polynomials. So when we do the substitution, we
cannot eliminate the v/A in the coefficients of Q(z,0) and Q (%, 0). Thus in the final equation,
we have v/A in the coefficients of both an unknown formal series of z (Q(z,0)) and an unknown
formal series of % (Q (%, 0)). Meanwhile, Qf () and QS(%) are still in the equation and their
coefficients are polynomials without v/A. We cannot take the [2>] or [x<] of this equation.

The problem with the half orbit-sum is that it is too symmetric. Even if we got rid of
the v/A in the coefficient of Q(z,0), we still cannot solve the equation. If we simultaneously
eliminated v/A in the coefficients of Q(x,0) and Q (1,0) but leave both Q§(z) and Q3(2) in
the equation, when we take the [z7], Q4(z) and Q(z,0) are still both in the equation and they
are both formal series of x. We still need some equations that help us to separate these two
functions.

Thus, we want to find an equation that is not symmetric. If we do something to the [z<]
part, the [2~] part must not behave the same way. We want an equation that has Qd(z) in the
[2>] part but does not have @3(1) in the [#<] part. Then we can separate Q4(z) and Q(z,0)
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apart. We will first get a relation between Q4(z) Q(z,0), and Q(,0). Then in Section 10.1.4,
we get rid of @Q4(x) and find an equation of Q(x,0) and Q(%,O). Finally in Section 10.1.5, we
will find an equation with Q(z,0) only.

The first step is to consider the diagonal relation. Let

Sy (F(z,y)) = F(2',y) (10.1.21)

and continue to denote the functional equation as E. First taking the [y°] part of \/Zé( L) (%)2,
zy’

the diagonal relation reads

1 2y, - —bx%(a — )Y

VAol (L) = vYo (ac — abc + abctx — bx*(a — ¢)Y;)Q(0,0)
c abcYy

(1 — b+ btr + btxYy)Q(0,Yy)  2%(1 — a + atz)YoQ(xYp,0)

- - . (10.1.22
b, - ( )

We have three unknown functions Q‘f(%), Q(0,Yp), Q(2Yp,0). The [1°] parts of VAE and
\/Z(S(L ) (E) can help us to eliminate Q(0,Yp), Q(2Yp,0). They are respectively

xy’

<\/Z—|— l1—a —Z ata:Y0> Q(z,0) 1 N (abct — (ab — ac — be + abe)xYy)Q(0,0)

abcxYy
(bt + (bt + = — bx)¥p)Q(0, Yo)
— 10.1.2
by, (10.1.23)
and
1 1 (ab—ac— bc+ abe — abetz)Q(0,0)
d — — —
\/KQD (x) c abc
(A -b+btx —i—bbtach)Q(O, ) (I-a+ atw)@(xYo,O)‘ (10.1.24)
a

A simple linear combination of (10.1.22), (10.1.23), (10.1.24) will give us a relation between
QX % )7@8(%) and Q(z,0). Applying the transformation z — % we get the relation between

Qi(x), Q5(z) and Q (3,0):

x

1
Y. d Q8 (2) + Y2.a1Q% (x) + 7%706,2 < ,0> +7 =0. (10.1.25)

Combining (10.1.20) and (10.1.25) together, we eliminate Q{(z) and finally get an equation
with respect to Qf(z), Q(x,0) and Q (£,0):

1
05Q5 () + 02,0Q(z,0) + 01 ,Q (x 0) + 0. = 0. (10.1.26)
By calculation, these coefficients are

08 = —2ax (t(x — 1)* — 2) (t(z +1)* — 2) (a(tz — 1) + 1)
x (b2t + bt (22 — 1) — bz +z) (bt — b (t (2 — 1) +2) +2) (10.1.27)

2We apply the relation (10.1.8) between the two roots in the following calculations to simplify the equations.
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01, =22*(atz — a + 1) (b°ta® — bta® + bt — bz + z)
x (ab’t’zt + abt? — ab’tz® — ab*tx — abt®x* + 2abt®xz? — abt® + 3abta®
+ 3abtx — atz® — atx — ax® — b*tad — V*tx + b2x? — 2022 + 222)VA  (10.1.28)

020 = (ta* — 2tz +t —z) (ta® + 2tz +t — ) (at — az + z) (b*t + bta® — bt — bz + z)
X (ab2t$2 + ab’t — abtx® — abt — ax — b*x + 2b;)
+ x(at — ax + x) (bzt + bta® — bt — bx + )
x (ab?t%z* + ab®t? — ab*ta® — ab’tz — abt®z* + 2abt’z? — abt?

+ 3abtz® 4 3abtx — atx® — atx — ax? — b*tad — b*tx + b2x? — 2022 + 222)VA. (10.1.29)

The remaining term 6. is a linear function of PR(x) with coefficients in R(z,t,Q; ;). The
expression is too complicated so we do not write it here. One can check it in the Mathematica
file.

This equation is not symmetric. It only has @(2,0) in the [z<] side. However, we cannot
directly separate it, because the coefficient of Q(z,0) in (10.1.26) is p+¢v/A and the coefficient
of Q (i, 0) is ¢v/A. The coefficient of Q3(z) is a polynomial.

Applying the transformation z — %, we get the corresponding % form of (10.1.26):

1 1
i Qp <$> +1714Q (xo> + 10Q(x,0) + e = 0. (10.1.30)

Here 19 is a polynomial, 7, ¢ is a polynomial times VA and N1 g is in the form of p + VA,

We have achieved half of our objective. The equations (10.1.26) and (10.1.30) are not
symmetric. But their [#”] and [x<] parts cannot be separated directly. Our next step is to find
a way to separate Q3(z) and Q (%, 0) with the help of these two equations.

10.1.4 An equation with Q(z,0) and Q(%,O) only
The general idea

The idea of eliminating Q3 (x) from (10.1.26) is very similar to that in [17], which is a common
technique to deal with these kind of symmetries. The idea is to square the equation and
eliminate the v/A. Then use the z — i symmetry to deal with the Q(z,0)Q (%, 0) terms.

First notice that v/A only appears in 6. and the coefficients of Q(z,0) and Q (%,0) in
(10.1.26) and (10.1.30). Let us first write (10.1.26) as

1
03Q0 () + (9;,;,0,0 +0,,. ﬂ\/ﬁ) Qz,0)+61 5 xVAQ <$ o> +H0ec+0, xVA =0. (10.1.31)

Then move the VA to the RHS and square the equation, we have

2 1 2
(92@8(.1}) + 0x,07cQ($7 0) + 96,6) =A <9a:,0,\/ZQ(x7 0) + 0%,0,\/ZQ <:L‘7 0) + 66,&)

(10.1.32)
Expand (10.1.32). The terms on the LHS are all products of formal series of z, including
products of Q3(z), Q(x,0) and PR(z). The terms on the RHS are products of Q(x,0), Q (1 0),

x?
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PR(zx). Let us denote the coefficient of each of these terms as h, (10.1.32) can be written as
(note that this time we explicitly write the PR(x) terms too)

1 \? 1 1
ha(z0p@ (m,o> + ho(1.0)0w0@ <x0> Q(,0) + hppayg(1 o) PR()Q <$70>
1
tho10)@ (m’ 0) + hQa,02Q(x,0)* + th(I)Q(z,o)Qg(ﬂc)Q(% 0)

+ hpR@@)Q.0) PRE)Q(%,0) + ho 0)Q(, 0) + hgi ()2 Q6 (2)?

+ hppiyod o) PRE)QY (%) + hga(1)Q6 () + hpry» PR(x)? + hpp PR(x) + he = 0.
(10.1.33)

Notice that in (10.1.33), Q3(z) only appears in the [z>] part. Thus if we take the [x<] part of
this equation, Qg(x) disappears and we achieve our objective.

Separating the [7”], [+°] and [z<] series

Our aim is clear. However, there are two terms preventing us from separating the positive and

negative parts. The first is h Q(1.0)Q(, o)Q (1 0) Q(z,0). It is a term with z — i symmetry

. . . . . 1
if we have suitable hQ(;,o)Q(x,o)' Currently, we put this term aside. We will use the z —

symmetry to deal with it later.
The second problem is fipp ) Q(L0 )PR( z)Q (%, 0). Here PR(z) is a series of z but Q (%, 0)

is a series of 2. The [z>], [z°] and [z<] parts cannot be separated directly. However, by the
full-orbit sum we have (10.1.19), and so we may write
1 NC 1 1
PR —0) = (@ PR( - —,0). 10.1.34
w0 (0) = (g 7 (3)) 2 (G0) - s

Substituting (10.1.34), (10.1.33) becomes

1 \? 1 1
ho(Lo)e(to)? (ﬂ’) Tho(Lo)een @ <x0) Qw, 0) + VAh (1 0)Q <x°>
/ 1 1 , 1
+ hPR(%)Q(%,O)PR (m) Q (x,O) + hQ(%,O)Q <$,O) + hQ(x70)2Q<I',O)2
+ th(z)Q(z,O)Qg(x)Q(:E’ 0) + hPR(:v)Q(x,O)PR(x)Q(wv 0) + hQ(I,O)Q(x O) + th 2620( )

+ hpReyi o) PRT)QY () + hga(1)Q6 () + hpry» PR(x)? + hpp PR(x) + he = 0.
(10.1.35)

. 1 _
We have introduced a new PR (E) Q (w O) term into this equation, and we have hPR( Ja(1o) =

hPR(:c)Q(%,O)' Notice also that the coefficient of @) (5, O) now becomes hQ(%,o) different from
hQ(l 0) in (10.1.33), since [y°] Klfmcy) is in the form of p + ¢v/A. We eliminate PR(x)Q (1,0)

in (10.1.35) but another problem vAh 1 @ (%,0) appears. The factor VA cannot be
\/EQ( 0) T

separated directly.
We calculate \/Zh\/ZQ(l O)Q (1,0) as follows: Recall (10.1.26) and (10.1.30). We treat

VAQ(z,0) as a single term in these two equations and eliminate it by linear combination. This
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gives

1 1
ps3 @y (x) +P5%Q8 (m) +p52,0Q(2,0) +ps1 o AVAQ <$7 0) +ps1,Q(x,0)
1
+ pspr) PR(T) —|—psPR(l)PR (:1:) +psc =0. (10.1.36)

In (10.1.36), besides ps1 0 \/Z\/ZQ (%, 0)7 we do not have v/A multiplying an unknown function

of  any more. All other terms can be separated directly. Take the [z<] part of (10.1.36), we
have

¥Iosy ,/3VEQ (.0) = 1] (psio) + 1548 () + pouoQe.0)

T
1
—|—pslon(az, 0) —f—pSpR(z)PR(.T) +p3pR(l)PR (x> +pSc> . (10.1.37)
We express [z<]|ps1 \/E\/ZQ (1,0) by calculating other terms in the [z<] part of (10.1.36).
Now, by multiplying (10.1.33) and (10.1.36) by suitable scalars, such that

1. p8%70,ﬂ:h\/§Q(%’o>, and

2. hQ(%,O)Q(aj,O) has the z — 1 symmetry.

Then we can calculate the [x<]h VAQ (1,0) by (10.1.37). The second condition will
\/ZQ( 0) T

1
be used in Section 10.1.4. :
For the RHS of (10.1.37), the calculation of [z<]ps3Qg(x), [z<]ps1 Q] (), and [z=]ps; 0Q(x,0)

is straightforward. However, the remaining terms involving PR(z) and PR (%) are more trou-
blesome. Although PR(x) does not involve unknown functions of x, it is not algebraic. The
coefficient of this term, pspp(,) contains VA and we can not explicitly separate [z~]vAPR(x).
To deal with this situation, we rewrite (10.1.18) as

2

2cx
VA= S a2(b—1)(22 — 1) (2ta? + 2t — ) ((b— )Q(0,0) — b)

a®(b—1)(22 — 1) (2622 + 2622 + 262 — 3t2® — 3tz + 22) (b — ¢)Q(0,0) — b)]
B 2cx3 '

PR() - PR} )

xT

(10.1.38)

Then we can express VA by PR(z) — PR (1). Now using (10.1.38) to rewrite VA in
PSPR(x): PSpR(1) and ps., we find that (10.1.36) becomes

X

1 1
pseQ5 () + psiQf ( ) +P52,0Q(2,0) + ps1 g xVAQ <x,0> +ps1,0Q(2,0)

1 1\?
+p$,PR(x)PR(x) +pS,IJR(1)PR <$> +p8;3R(m)2PR(x)2 ‘|‘P5,PR(1)2PR (x)

z x

1
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The new coefficients with / are all polynomials without v/A now. The [z<]ps’, r(zyPR(x) is just
a polynomial and [mﬂps}) R( )PR (%) is ps;R( 1 )PR (i) minus some polynomial. The only

1
term that we cannot express explicitly is ps’P R PR(xz)PR (%) However, we find it is a

(z)PR(1)
term with x — % symmetry. It can be handled later together with hQ(%,O)Q(x,O)Q (%, 0) Q(x,0).

We just leave it as [=]ps’, , PR(z)PR () for now.

(z)PR(1)

z

Using the z — % symmetry

By the previous calculations, we can obtain the [z<] part of (10.1.35). We write it as G + G2+
G35 = G4. These four parts G1,Go, G3, G4 are,

G =] (”quom(;,o)Q (N) a0 PR (1) @ (240) + hog? <1O)>

Gy = [z7] (hQ(x,O)2Q($7 0)® + hpRr)Q@.0) PR(2)Q(2,0) 4 hgs0Q(x,0)
+ M i (0)0(2,0) @0 (#)Q(, 0) + hp (i (o) PR(2) QG (%) + ha ()2 Q6 (2)?
+ th(I)QS(x) + hPR(ac)QP‘R(x)2 + hPR(m)PR('T) + hc)

Gy = — [o7] <ps§c28<x> +ps3Q3 (i) + 15:.0Q(2,0) + ps1 ,Q(x,0)

1 1\?
—i—ps},R(x)PR(x) —i—ps’PR(%)PR < ) + ps’PR(x)2PR(x)2 + ps'PR(i)QPR <x> +ps’c>

x

Gi = —[a] <hQ($7O)Q(i7O)Q(x, 0)Q Cﬁ 0) — DSy () PRPR <i>> ,
(10.1.40)

where

1. G contains @) (%, 0) as an unknown function.

2. (9 is just polynomial, since the [x<] of a series of = has only finitely many terms.

3. G35 comes from h\/ZQ(l 0) VAQ (%, 0). We expressed it by (10.1.37). Since [z<]ps$ Qg (%)
is ps‘i QS (%) minus some polynomial, we still have Qg (%) in this part. Fortunately, it

only contains linear terms of Qg (%) and we can eliminate them by (10.1.30). Then this
part only contains @) (%, O) as the unknown function of z now. The disadvantage is we
again introduce v/A back into the coefficient of the equation because of (10.1.30).

4. G4 contains the unknowns with x — % symmetry.

Thus, except G4, (10.1.40) has only one unknown function of z, @ (%,0). We denote
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(10.1.35) as

2
n(G)e(o) +n(B)rm(E)e(Go) e (2) e (G)
x x x x x T x
2
() )
x x x T x

= —[z<] (hQ(:c,O)Q(i,O)Q(x’ 0)Q <i,0> —ps'PR(x)PR(%)PR(x)PR <;>> . (10.1.41)

Applying transformation x — % to (10.1.41), we get the corresponding equation

r1(2)Q(x,0)* + ra(x) PR(2)Q(,0) + r3(2)Q(x, 0) + ra(x) PR(x)* + r5(x) PR(x) + 16 ()
1 1

= —[27] (hQ(x,o)Q(i,O)Q(x’O)Q (:c’()) —ps;R(m)PR(%)PR(x)PR <m>> . (10.1.42)

Similarly, the [z°] part of (10.1.35) is written as
N h 1 0 i h PR 1 ! 0)+nh 1 0
= P 0p@50) Hheryeo) PR L)@ 50) Thon@| &

+ [2] (hQ(x,on(% 0)% + hpR(x)Q(,0) PR()Q(x,0) + ho(r0Q(,0)
+ hgd (2)0(,0) @0 () Q(2, 0) + o p ) g () PR(2)QF () + Py ()2 Q5 ()
+ ha (@0 () + hpr(y2 PR(x)? + hpp) PR(2) + hc)

1
— [2"] (pSEZQS(w) +ps1Qf <$> +ps20Q(,0) (10.1.43)
1
—i—ps%’O’\/Z\/KQ (x,O) —|—p3%7OQ(x,O)
1
1\2
+pS/PR(x)2PR(x)2 +pS;R(%)2pR (ZE) +p8/c>

= —[2"] <hQ(w,0)Q(i70)Q(x’ e <:1c 0) ~PSpraypr() PROPR <1>> '

X

All terms in the LHS can be calculated directly. We denote it as [(¢).
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We know that
2] (hQ(%O)Q(;,O)Q(x,O)Q (io) = PSpripr(t) PR ( >>
+ [z7] (hQ(x7O)Q(;7O)Q($a 0)Q <;70> - Ps'pmmm 1P z)PR <:1c>>
[z<] <hQ(zﬁo)Q(i,0)Q(%0)Q <i 0) ~PSpppr(t) PR i))
- (%(mO)Q(LO)Q(‘”’O)Q (alco) " Porwpa(y) PREPR (ﬂf)) '

For the LHS of (10.1.44), the [#7], [z<] and [2°] terms are calculated by (10.1.41), (10.1.42)
and (10.1.43). So (10.1.41) 4 (10.1.42) + (10.1.43) finally gives an equation only with unknowns
Q(z,0) and Q (%, 0). We denote this equation as,

K| =

(10.1.44)

1(t) +r1(2)Q(x,0)% + ro(z) PR(2)Q(x, 0) + r3(x)Q(x,0) + r4(x) PR(z)? + r5(x) PR(2) + r¢(x)
e (D)o (o) () rr(D)e(bo) +n (2o (2
OORE >PR<i> 1€ )

(10.1.45)

We have now successfully eliminated Q4(z) and Q4 (%) We do not need to worry about how to
separate Q4 (r) and Q(x, 0) any more. The only problem in (10.1.45) is hQ(x 0Q(L O)Q(a:, 0)Q (i, 0).
We will deal with it in next section. :

10.1.5 An equation with Q(z,0) only

By the previous calculations, we obtained an equation with unknowns @Q(x,0) and Q (%, 0), We

also have vVA (v/A is introduced into the equation by the third part of (10.1.40)), PR(z) and
PR (%) in this equation. The following calculation largely depends on the explicit expression
of ri(z) in (10.1.45).

To simplify (10.1.45), we first want to get rid of v/A. We still use the same trick as we did
0 (10.1.37).

We express /A as a function of PR(x) — PR (1). Substitute it into (10.1.45), and eliminate
VA. Then we get a new equation in the same form of (10.1.45). We still use 7;(x) to denote
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the coefficients. The new equation is written as

1(t) + r1(2)Q(x,0)% + ro(x) PR(2)Q(x, 0) + r3(x)Q(x,0) + r4(x) PR(x)? + r5(x) PR(2) + r¢(x)
n(2)o(bo) en () en(2)eta)on(2)e(2o)

+ 74 <i> PR (;)2 + 75 (;) PR (;) + 76 <i)

4 r7(x) PR (i) Q(x,0) + 17 (i) PR(x)Q (i o>

1 1
= (hQ(%O)Q(%’O)Q(x,O)Q (:U’O) —ps’PR(Z)PR(%)PR(x)PR <$> :

(10.1.46)
We again introduce PR (1) Q(z,0) and PR(z)Q (2,0) into the equation. Notice that,
a2 (bt — B24 12)2
r(z) = (at +x — ax)* (bt ;)4t x + bx — btz®) (10.1.47)
1 tz —a+ 1) (b*ta? — bta® + bt — bz + )’
r () _ (atr —at 1) (Bt 2:1: z+7) (10.1.48)
x x
2at(at — b2t + bta® — bt — b
rale) = ——otlat —az @) (B b v+ 1) (10.1.49)
3z (a?t?x + a’ta? + a’t — atx? — at — ax + x)
1 2at(atz — a+ 1) (b?ta? — btw? + bt — b
p (L) = _20tate —a+1) (VPta® — bta® 4 bt — ba + 7). (10.1.50)
3(a?t?x + a’tx? + a’t — ata? — at — ax + x)
We also have . )
T1($)T1 <SU> = (hQ(m,O)Q(%,O)> . (10.1.51)
We let
72
0) = 10.1.52
Q@ 0) (at — ax + z) (b2t + btz? — bt — bx + 1) ( )
atzC(z)PR(x)
R(x,0
. ( (z,0) + 3 (a?t?x + a®ta? + a’t — atx? — at — ax + x)
1 T
o) = 10.1.53
Q<:r’ ) (atx —a + 1) (b%tx? — bta? + bt — bx + x) ( )

1 atxC (l) PR (l)
x[R|{=,0)+ L L
x 3 (a*t?x + a’tz? + a?t — atz? — at — ax + )

for some functions R and C. Thus after substitution, (10.1.45) becomes

R(z)*+R(z)R <i>+R (i>2+fo(a:)+fiR (i) +f <PR(w), PR (i) ,:z:,t) 0, (10.1.54)

where f(PR(z), PR(%),z,t) are all the other terms without R(z). The coefficients f, and f1
are

_ atz ((C(5) = 1) PR(3) +2(C(z) — 1) PR())
fl‘ N 3(a2t2x =+ a’tx? + a2t — atx? — at — ax + .TL‘) + Pl (10155)

atz (2 (C (%) —1) PR (%) + (C(x) — 1) PR(z))

_ Py, 10.1.56
fa 3(a2t?x + a’tx? + a’t — atx?® — at — ax + x) T ( )
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where Py and P, are polynomials of z, ¢, Q;;. We can see that if C(z) = C (%) =1, PR(z)R (%)
and PR (i) R(x) disappear in f, and f1.

To decompose R(z)R(2) in (10.1.54)1, we multiply (10.1.54) by R(z) — R(2) + f, — fi. We
have, :

R(xB)—R<i>3+psz(x)2—pizR <i>2+pxR( ) le< >+f(PR( ), PR <i) ,x,t) = 0.

(10.1.57)
If py, py2 are polynomials or series of x and P1,p 12 are polynomials or series of <. we can separate

the [z7] and [x<] series of (10.1.57). So we check their expressions. Flrstly, p,2 satisfies our
requirement. For p,, we have

a?t?z? (3C(z)* — 6C(z) + 2)

Pz = QPR(I)2
9 (a?t?x + a?tx? + a’t — atax? — at — ax + x)
2a%t% 22 1
are PR(2)PR ( )
9 (a?t?x + a?tz? + a?t — atx® — at —ax + ) x
1

242,.2 2
- 7R (3)
9 (a?t?x + a?tz? + a’t — atx?® — at — ax + ) z
at(b—1)t3(2? — 1) (2t%2* + 2t%2% 4 2t — 3ta® — 3tz + 2?) ((b— ¢)Q(0,0) — b) PR <1>
9cx (a2t2x + a2ta? + a2t — ata® — at — ax + x)°

T

(10.1.58)
Here Pj is the coefficient of PR(x); it is a rational function of z,¢. We denote all the remain-
ing terms without PR(z) and PR (%) as P;. We also have that Py is a rational function of
x,t. We have PR (%), PR(x)PR (%) and PR (%)2 in p,. To get rid of these terms, we apply
(10.1.19) for the third time. Since (10.1.18) provides us a way to express VA as a function of
PR(z)— PR (1), we can square the equation and get a relation between A and PR (1) PR(z).

Therefore, we express PR (1) PR(z) by PR(x)?, PR (%)2, PR(z) and PR (%). Notice that in
(10.1.58), the coefficients of PR (i)2 and PR(z)PR (1) are in a square form. When we substi-
tute PR(z)PR (1) as a function of PR(z)?, PR (%)2, PR(z) and PR (1), we simultaneously
eliminate PR (1)® and PR (1) in (10.1.58). Thus, p, reads

a*t?z? (C(z) —1)2

PR(z)? + P,PR(z) + P.. 10.1.59
3 (a22x + a®tx? 4 a2t — ata® — at — azx + z)° (@) sPR(@) + By ( )

Pz =

We do not have PR (%) any more. We further find C(x) = 1 will also eliminate PR(x)? and
make p, simpler. Then p1 can be handled in the same way. The term f'(PR(z), PR (%) , x,t)
does not have unknown functions of x so it can be separated. We have PR(z)PR (i) terms
in f as well. We use same techniques as above and change PR(z)PR (%) to a linear function
of PR(z)?, PR(z), PR (%)2 ,PR (). Then, we can explicitly write down the [z”] series using
positive powers of PR(x).

Now pg, pa2, p1 and p_1 ! all satisfy our requirement. We substitute Q(x,0) back to (10.1.57)

and multiply (10. 1 57) by a suitable scalar to clear the denominator. Then every unknown
function in (10.1.57) only contains polynomial coefficients. The [2~] and [x<] terms of (10.1.57)
can finally be separated. The [2”] terms of (10.1.57) form a polynomial equation of Q(z,0),
PR(x), z, t, Q; j, written as

Pos(Q(x,0), PR(x),z,t,Q; ;) = 0. (10.1.60)
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Recall the definition of PR(x). PR(z) is the [z”] terms of (10.1.18). We may write it as
f(x) + g(x)Q(0,0), where f(z) and g(z) are two D-finite functions. Thus, PR(x) is a linear
function of Q(0,0) and Pos(Q(z,0), PR(x),z,t,Q; ;) is a polynomial of Q(0,0). We finally have

Pol(Q(z,0),z,t,Qi ;) = 0, (10.1.61)

a polynomial equation of Q(x,0) and its boundary terms @; ;. By Bousquet-Mélou’s theorem
in [19] (which we will discuss in Chapter 12), we can solve Q(x,0) and @Q;; if we can find enough
roots x; of this equation. And the solutions are algebraic. However, the expression of the
polynomial is too complicated and we cannot handle it. Our calculations currently have to stop
here. We can only have the conclusion that Q(x,0) is D-algebraic over x since all coefficients
are D-finite.

10.1.6 Algebraic specialization

For Gessel’s walks the D-finite term that appears in (10.1.61) is PR(z). PR(x) depends
on a,b,c. If PR(x) = 0, then Gessel’s model becomes algebraic. By (10.1.18), we notice
that if b = 1, the full orbit-sum equals 0. Then we let b = 1 and still run through Sec-
tions 10.1.4 and 10.1.5. We again get (10.1.57). By calculation, we find this equation contains

Q(0,0), Q1,0,Q2,0,Q3,0, Q1,0, Q5,0, Qo,1, Qo2 as unknown series of t. The equation is still too
complicated and we can not solve it. We may conclude that Q(z,0) is algebraic over z in
current stage.

10.2 An alternative way of discussing double Kreweras walks
with interactions

As with Gessel’s walks, we only give a polynomial equation for Q(z,0) and do not attempt to
find an explicit solution. The allowed steps for double Kreweras walks are {«, ", |, —, 7 1}.

The functional equation reads
1 1 1 1
— —b=1—-tb|—+—
y))@(x,0)+ b( (x +xy)>c2(o,y>

11 1
K(%?J)Q(%?/):C‘l‘a<a—1—ta<w+

+ L( +bc —ab — b)+1ti Q(0,0), (10.2.1)

abcac cC—a abc o ,0), 2.

where . . .
K(x,y)zl—t<xy+~l—x+~l—y+>. (10.2.2)
xry x Y

As usual we denote the main functional equation (10.2.2) by Eyk,. The discriminant of K (x,y)
is

A= (t <:c + i) 0+ 2t)>2 _at(1 + 31) (10.2.3)
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and the roots of the kernel are

_:c—t—ta:2—x\/5

Yo = 10.2.4
0 2tz (1 + ) ( )
tr+1 t2(x+1) (22 +1 Bla+) (2t +22+422+2+1
_tetl) )2( ), B+ . ) (10.2.5)
T T T
tHae+1) (28 +32° + 924 + 623 + 922+ 32 + 1
a ) i ) +O(t°)
—t — ta? A
V=2 4 aVA (10.2.6)
2tz (1 + )
1 —z?2 -1 t(-x—1)
_ 10.2.7
t(a:+1)+x(x+1)+ x ( )
a+1) (22 +1) Ba+1) (a2t +2° +42® + 2 +1)
- 2 B 3
tfae+1) (25 +32° + 92+ + 623 + 922 + 32 + 1
Bl 7 ) +0().
T
The relation between the two roots is
r4+i-1
Yo+Y=— A 10.2.8
0+ X1 1+ ( )
1
Yo = —. (10.2.9)
T

The symmetry group is

{(x,y), (;yy> , (y ;y) (y,z), <$1yx) : (m ;y) } : (10.2.10)

10.2.1 The obstacle of the obstinate kernel method and algebraic kernel
method

It is natural to try the algebraic kernel method first. The equation set is written as

K(z,y)Q =MV + C, (10.2.11)
where
1 1 1 1\\"
Q = <Q(x7y)a Q <xay> 7Q <2/7 > 7Q(y7x)7 Q (,I’) 7Q <$, )) (10212)
Yy Ty Ty Ty
and
1 1\\"
V- (Q(x,0)7Q(0,y),Q(07w),Q(y, 0).Q <my0) 0 <0, w)) (102.13)
and
Alz,y)  Bl(zy) 0 0 0 0
0 B (L,y 0 0 ) A (ﬁy) <0 )
0 0 0 Ay, L 0 B (y, L
M=1 0 Bae)  Awn 0 o | (10239
0 0 B (xiyx) 0 A’ éx) 0
SCE I 0 0 0 B(nd)
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where A'(z,y) = 2(a—1 - ta(% + 1)) and B'(z,y) = 3(b—1—tb(L + ﬁ))

By calculation, we unfortunately find det M # 0. We cannot find a linear combination of
these equations such that all the unknown functions of = on the RHS are cancelled. There is
always one unknown left. Let us choose this unknown function to be Q(z,0). From the full
orbit sum, we divide both sides by K(z,y) and take the [y°] term. After simplifying the LHS

has the form
1 1
Pro@(a0) + PoQO.0) + LG (3 ) + L@t (3) + oo (10215)

where Py ., Pf, and Pld 1 are polynomials while P,y and P, are in a form of A + BVA. The

only unknown in P, is CT?(O, 0). We may try to factor Py, divide by the negative series and
separate the [2~], [#°] and [2<] terms. However, this is not practicable. This is because we
have Py ,Q(0,x) in the equation, and Py, is a polynomial (Q(0,x) only appears in LHS). This
term belongs to [z7] series. If we divide it by a [¢<] series, then it cannot be separated. The
full orbit sum gives no further information.

The obstinate kernel method also fails. The pair (i, Yp) is not valid, since

1 - o
@ <33Y0Y0> =D GignYIYgt" = Y qiin(YoY1)! (V1) e, (10.2.16)

Z’jin Z?-]?n

Notice that double Kreweras walks contain paths formed by only — or 1 steps, thus n > |i — j|.

We can find an infinite number of 4, j such that n = |i — j|. Thus Q ( Yy ) is not convergent.

1
zYp’
This is also true for @ (Yo, x—%,o) The only available pairs are (x,Y)) and (Yp,z). These two

pairs are insufficient.

10.2.2 Diagonal relations

We need to find some more equations another way. We initially proceed as before, dividing the
functional equation by K(x,y) and taking the [y°] terms. We find three different equations.
The first comes from E g, or 6(36 1 )(EdKT):

Yry

Q(0,0) (abct — abexYy — abxYy + acxYy + bexYy)
abexYy
Q(z,0) (atz + at — axYy + zYy)  Q(0,Yp) (btYy + bt — bxYy + 2Yp) 1

- — -=0. (10.2.17
awa biEYb * c ( )

We can also get this equation by substituting Yy into Eyx, (or Y7 into 5(1 L)(EdKr))-
YTy

The second equation comes from 6, ;) (Eax) or 5(; ;E)(EdKr):
zy’

Q(0,0) (abct — abexYy — abxYy + acxYy + bexy)
abcxYy
B Q (Y0,0) (atYy + at — axYy + xYy)  Q(0,z) (btx + bt — bxYy +xYy) 1

— - =0. (10.2.18
azrYy bxYy + c ( )

We can also get this equation by substituting Yy into 6, »)(Ear,) or Y1 into 5(; x)(EdKr).
xy’
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The third equation comes from §,, 1 \(Egxy,) or 6,1 (Eqxr):
(Y:25) (2%
Q(0,0)(abctx — abc — ab+ac+bc)  Q (Yo,0) (atzYp + atx —a +1)
abc a
Q(0,Y0) (btaYyo +btw —b+1) |tz +1) (2Y7 — 1) Qf (3)

+ + 120 (10.219)
b xYp c o

This gives a relation between QS(%) and Q(0,Yp), Q(Yo,0). Notice that normally we have v/A in

the equation. Since VA = %/(%:;0), we substitute this in to make the equation more symmetric.

Combining these three equations, we get a relation between QS (%) ,Q(z,0),Q(0,x),
o <1> _ 2YQ(0,2) (atxYy + atx — a + 1) (btw + bt — bxYy + 2Yp)
\z) bt(z+ 1) (zY@ — 1) (atYy + at — azYy + xYp)
~ 2YpQ(z,0) (atz + al — azxYy + 2Yp) (btaYy + blw — b+ 1) (10.2.20)
at(z 4+ 1) (zY@ — 1) (btYy + bt — bxYp + zYp)

+ L1(Q(0,0); Yo, , 1)

We use L1(Q(0,0); Yy, z,t) to describe a linear function of Q(0,0) with coefficients in R(Yy, z, t).
The coefficients of Q(z,0) and Q(0, z) are both in the form of A+ B+v/A. And they are different.
We currently cannot do anything to this equation. Note that we can also derive (10.2.20) by a
combination of the full orbit-sum and the half orbit-sum via the algebraic kernel method.
Now we consider the off-diagonal Q?(%) Take 5( %) (Eqx,) and divide by yK(x,y), then

1
zy

extract the [y°] term. This gives

Q(0,0) (—abctz + abc + abz¥{ — ac — bexY) _ 2YoQ (Y0,0) (atxYp + atx —a +1)

abcYy a
v 7 —b+1) t 1) (zY2 —1) Q¢ (L Y;
- Q (0,Yy) (btxYy + btx — b+ 1) n (z+1) (x 0 ) Q5 (m) + T _ (10.2.21)
bYy Yo ¢

A linear combination of this equation together with (10.2.17) and (10.2.18) gives something
similar to (10.2.20):
Q! 1y _ _:UQYOQQ(O, z) (atxYy + atz —a + 1) (btx + bt — bxYy + xY))
"z bt(z + 1) (zYF — 1) (atYo + at — azYy + zY))
zQ(x,0) (atz + at — axYy + xYy) (btxYy + btx — b+ 1) (10.2.22)
at(z + 1) (xYF — 1) (btYy + bt — bx¥p + xYp)
+ L2(Q(0,0); Yy, z, t).

As before, La(Q(0,0); Yy, x,t) is a linear function of Q(0,0) with coefficients in R(Yp, ,t).
From the above equations we obtain relations between Qg4 ( L ), Q¢ (%) and Q(z,0) or Q(0, x):

0! <1> Q) _ zQ(0,0)
x Y] act(x + 1)1 (btxY1 + bt — bz + x)
(abctx — abetYy + abtz®Y; + abtx — abxYy
— actx + actYy + azx¥; — betz®Yy — betx + bexYy — cxYr)
22Q(z,0) (atxYy + atY] — a + 1) (btaxYy + bt — bY] + Y7)
at(x + 1)Y7 (btxYy + bt — bx + x)
22 (btxYy + bt — bY; + Y1)
 ct(z+1)Y; (btaYy + bt — bz + z)

X

(10.2.23)

136



and
o <1> Q)
x Yo
xQ(0,0)
bet(x + 1) (atYp + at — axYy + xYp)
X (abcthYo + abet®x — abcta?2Y02 — abctz®Yy — abet + abexYy — abta:2YO2 — abtz?Y,
+ abtYy + abt + actm2Y02 + actz®Yy — acxYy + bctaczYO2 + betx®Yy — betYy — bexYy + crYp)
zQ(0,x) (atxYp + atx —a + 1) (btx + bt — bxYy + xYp)
B bt(x + 1) (atYy + at — axYy + zYp)
az (Yo + 1) (z*Yy — 1)
c(x +1) (atYy + at — axYy + xYp)

_|_
(10.2.24)

10.2.3 Application of diagonal relation

To make use of (10.2.23), (10.2.24), (10.2.20) and (10.2.22), we check their symmetries. The
equation (10.2.23) is a relation between Q¢ (%) , Q4 (%) ,Q(x,0). We use the relation YyY; = %
and change Yj in (10.2.23) to be Yj. Similarly, the equation (10.2.24) is a relation between
QY (2),Q5 (1),Q(0,z). We can see in the RHS, the coefficient of Q(x,0) in (10.2.23) and the
coefficient of Q(0,z) in (10.2.24) are partly symmetric by the transformation a — b, Yy — Y7,
while other terms do not have symmetric properties.

By geometric properties, we know that double Kreweras walks have reflection symmetry
about the line y = z. If we reflect the 1 step by —, + step by | and exchange the x,y axes,
we get the same walk. If we do this to the generating function Q(z,y), we are exchanging x
and y and exchanging a and b. The generating function Q(z,0) does not change. This implies
the asymptotic behavior, or the singularities do not change. The generating function should
have paired singularities which are also symmetric about a <+ b. By the previous discussions of
other models, we notice that the singularities come from the zeros of coefficients of Q(z,0) and
Q3 (1) in the equation when we separate the [z”] and [2<] terms. So if we want to separate the

[7] and [x<] terms of the equation, we need to have a symmetric coefficient before Q(x,0). A
simple idea is the product of (10.2.23) and (10.2.24). We have a symmetric term Q(z,0)Q(0, x)
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and the coefficient is symmetric about a <> b. The equation reads

(Q? (4)-« (i)) (Qg (1)< <;)> _
x Yi T Yo
23 (atxYo + atx —a + 1) (atxYy + atYy — a + 1) (btw + bt — bxYy + xYp) (btzYy + bt — bY; + Yl)Q(O 2)Q(x,0)
abt?(x + 1)2Y7 (atYy + at — axYy + xYy) (btaYy + bt — bx + ) ’ ’

23Q(0, ) (atxYy + atx — a + 1) (btz + bt — bxYy + xYy) (btzYr + bt — bY; + Y1)

bet?(x + 1)2Y7 (atYo + at — axYy + xYo) (btaYy + bt — bz + x)
2? (Yo + 1) (22Yp — 1) Q(z,0) (atzYy + atYy — a + 1) (btaYy + bt — bY; + Y1)

ct(z + 1)2Y7 (atYy + at — axYy + 2Yy) (btzYy + bt — bx + x)
22Q(0,0)Q(0, ) (atzYy + atx — a + 1) (btz + bt — baYy + xYp)
abet?(x + 1)%Y) (—atYy — at + axYy — zYp) (btzYy + bt — bx + x)
X (abctx — abetYy + abtz®Y, + abtz — abzY; — actx + actYy
+ azxY; — betx®Yy — betx + bexYy — cxYy)
23Q(0,0)Q(x,0) (atzYy + atY; —a + 1) (btaYy + bt — bY; + Y1)
abet?(x + 1)%2Y7 (atYy + at — axYy + 2Yy) (btxYy + bt — bx + x)
X (abctzng + abet®z — abcto:zYO2 — abctz®Yy — abet + abexYy — abtz2Y02 — abtz?Yy + abtYy + abt
+ actaczYo2 + actz’Yy — acxYs + bctx2Y02 + betz?Yy — betYy — bex Yo + cxYyp)
+ P1(Q(0,0); Yo, Y1, 2, t).

+

(10.2.25)

Here P;(Q(0,0);,Yp, Y1,2,t) is a polynomial of Q(0,0) with coefficients in R(Yp, Y7, ,t). To
study (10.2.25), first consider the LHS. Expanding the product in the LHS, we find three [z<]
unknown terms, Q¢ (%)2, Qg (%)2 and Qf (%) QS (%) Notice that the LHS is a symmetric
function of YpY;. By (10.2.8), the coefficients of these terms are rational functions of z, t.
Then consider the RHS. By expansion, we find five [x”] unknown terms, Q(x,0)Q(0, ),
Q(z,0)Q(0,0), Q(0,2)Q(0,0), Q(x,0) and Q(0,z). The coefficients of these terms are not
symmetric about Yy and Y7 so we have v/A in these coefficients. Except Q(z,0)Q(0,z), the
coefficients of the other terms are not symmetric about (a,Yp) <+ (b, Y1) and they do not equal
to the coefficient of Q(z,0)Q(0,x). We cannot directly factor the coefficient of Q(x,0)Q(0,x).
For brevity we introduce some more notation. Denote (10.2.23) as R; and (10.2.24) as Rs.
Then denote 77 = Y1 Ry and Ty = YyRe. The product (10.2.25) is denoted as Rjx2. We can
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write

1 Q4 (L

R =Qf <x> - OY(lx) = (MR, 2.0 + NRy.20VA)Q(x,0) + Cr, 00Q(0,0) + Cr, .
1 Q4 (L

Ro=@t (1) - B = o b0V B00.0) + Orw@0.0)+

1
Ty = Y1Q4 (:1:) - Q3 ) = (M1, 2.0 + 171 20VA)Q(2,0) + C1y 00Q(0,0) + Oy

1
;
Ty = Yo Qf < ) - Q) <316> = (m1y,0 + 175,0.VA)Q(0,2) + C1,,00Q(0,0) + Cry

= (o (3) - 42) (o () - 42)

= (MR 2,200 + NR1x2,,000Y A)Q(x,0)Q(0, z)
+ (MR 2,0,0,00 T TR 0,2,0,00V A)Q(2,0)Q(0,0)
+ (MR 50,2,00 + TR 50.2,00V A)Q(0,2)Q(0,0)
+ (MR 2.0 + MRy 20V A)Q(T, 0) + (MR, 0.2 + MRy 20,2V A)Q(0, 7)
+ CRyyac
(10.2.26)
Now consider the following linear combination

Rixo + )\R(Rl + RQ)Q(O, 0) + )\T(Tl + TQ)Q(O, 0) (10.2.27)

In (10.2.27), the coefficients of Q(z,0)Q(0,x), Q(z,0) and Q(0, z) are not affected by Ag or Ar.
We can adjust Agr and Ap to modify the coefficients of Q(z,0)Q(0,0) and Q(0,z)Q(0,0). Our
aim is to find Ar and Ay such that

AR(MER, 20 + Ry 20V A) + AT (M7 20 + N1y 2 0VA) 4+ (MR 0.2.0,00 + MRy 02,000V A)
= 111 (MRy 20,000 + NRixa,00aVA)  (10.2.28)

and

AR(MRy 0.2 + MRy 02VA) + AT (M1 00 + 11502 VA) + (MR, 50.2,00 + TR 002,00V A)
= V(MR 102,000 T MR1xow002VA)  (10.2.29)

for some p; and .
If we require A and A7 to be rational functions of z, ¢, (10.2.28) and (10.2.29) are equivalent
to the following equation set,

)\Rle,m,O + >\TmT1 2,0 T MR 22,000 = 1R 5,2,0,0,2
)\Ran,m,O + )\TnTl,z,O + "Ry 42,2,0,00 = H1MR; «,2,0,0,x (10 2 30)
ARMR, 0,0 + ATNT, 0,0 + MRy 5,0,2,00 = VIR, 5,2,0,0,

ARNRy 0,2 T ATV, 0,0 + MRy 42,0,2,00 = V1MR) x2,2,0,0,2-
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To calculate this equation set, we consider the determinant,

MRy,z,0 MTyz,0 MRix2,4,000 0

MRz PMhe0  TRixew00s 0 . (10.2.31)
MRy,0,x MT,0,z 0 MPR1%2,2,0,0,5

NRy,0,x NT1%,0,z 0 NR1%2,2,0,0,x

Suppose Y; = p+ ¢V A and Yy = p — ¢v/A. By definition,

MTy 20 = PRy 2,0 + GANR, 2.0 My 00 = PRy 0z — (AR 02  (10.2.32)
N7y ,2,0 = MRy ,2,0 + PRy 2,0 NTy,0,2 = ¢MRy,0,c — PNRy,0,x (10.2.33)
MRy «2,2,0,0c = MRy ,2,0MR,,0,c T+ Aanyw,OanO,x (10-2-34)
MRy 522,00, = MRy ,z,0MRy,0,c + TRy ,2,0MR,0,2- (10-2-35)
So the determinant can further be written as
mpgr, PmMg, +qAng, mpgr,mgr, + Ang ng, 0
nR, MR, T PR,  MRNR, + NR MR, 0 (10.2.36)
MR, MR,P — qANR, 0 mp, MR, + Ang,ng,
NRy PNRry, — qMRPRy 0 MR NRy, + MR MR,

where we have suppressed some subscripts.

This determinant equals ¢ (mg,ng, + mr,ng,) (Ank, —m% ) (mf, — Ang, ).

If (mpy,npr, + mp,nR,) =0, Ry 40 is the conjugate of Ry . This cannot be true since the
coefficient of Q(z,0) in Ry and the coefficient of Q(0,z) in Ry are not completely symmetric
about Yy < Y7. If (An%l — m%l) = 0, then (\/Zan — le) or (\/Ean + le> equals 0.
This is not true since m,n are rational functions. Thus the determinant does not equal 0 and

the equation set always has solutions.
Similarly to (10.2.27), consider the combination

Rix2 +nr(Ry + R2) + nr(T1 + T3) (10.2.37)

Similar consideration holds for (10.2.37). We want the coefficient of Q(x,0) and Q(0,x) in
(10.2.25) to be proportional to m1x24.0,02 + anZ,m,O,O,x\/Za which implies

NRMRy 2,0 + NTNTy 2,0 + MRy 42,2,0,00 = H2M R, «2,2,0,0,x
NRMR;,2,0 + NTNTy 2,0 + TRy y2,2,0,00 = H2T Ry y5,2,0,0,z (10.2.38)
NRMRy,0.2 + NTMTy,0,2 + MR12,0,2,00 = V2T R10,2,0,0,
TRM R0, + NTNT5,0,6 + TRy 2,0,2,00 = V2TR; y5,2,0,0,2+
The equation set (10.2.38) has the same determinant as (10.2.30). It always has solutions.
Now we can combine (10.2.27) and (10.2.37), and we have

Rixo + Ar(R1 + R2)Q(0,0) + Ar(T1 + T2)Q(0,0) + nr(R1 + Re) + nr(Th + T2)
= (le «2,2,0,0,z + anxg,w,O,O,x\/K)

X [Q($7 O)Q(O7 CL’) + ,UJQ(I', O)Q(07 O) + VlQ(Oa IE)Q((), O) + #ZQ(‘T"’ 0) + VQQ(()? LL')]
+ CRr T

(10.2.39)

where Cr 7 are the terms independent of Q(z,0) and Q(0,z). The [z~] unknown series of the
RHS now all have coefficient (mpg,,,.2,0,0,z + anX27$7070,x\/K). Other coefficients 1, o, v1, 1o
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are rational functions and can be easily changed to polynomials. We factor (mp,, ;4002 +
MRy 02.00:VA) as eFreloel= as per Section 8.3 and divide both sides by e’~. Then we can
separate the [z7], [#°] and [z<] parts of the RHS.

Now consider the LHS of (10.2.39). The LHS is a symmetric function of R, R. Since the
LHS of Ry and Ry are symmetric by Yy <» Y7, the LHS of (10.2.39) is a symmetric function of
Yy, Y1. So the coefficients are rational functions of z,¢. To write it explicitly, the LHS reads

(1)) () )

) (w)als
() - m+wet (5)] ewo) (10.2.40)
2 €

oot (- (e
— _2Q8 (x) (Yo £ 1)Q! (;)] |

The unknown series are all [z<] terms and the coefficients are rational functions of z, ¢ and can
be changed to polynomials. After dividing e~ we can separate the [2>], [+<] and [z"] parts of
the LHS.

Thus, we can separate the [2<], [z°] and [z>] parts of (10.2.39). This gives two equations
involving x. Write them as

+ AR 2@
2@

—A\r

Pos(Q(x,0),Q(0,xz); Q;,x,t) =0 (10.2.41)

Neg <Q? <i> , Q) (i) ;Qi,x,t) = 0. (10.2.42)

Here Pos refers to the [#”] terms and Neg refers to the [x<] terms. Q; refers to Q(0,0), Qo1 or
any function of point boundary terms that may appear during the separation. The coefficients
may contain some D-algebraic terms of x,¢ such as [x>]p+e%7:/z. The LHS of (10.2.42) is a
polynomial function of Qf(1) and Q3(2). We find a relation between Q(z,0) and Q(0,z) and
a relation between QS(%) and chl(%) But currently we cannot decouple them. The attempt to
solve double Kreweras walks ends here.

and

10.2.4 Specializations

We can find some special values such that Q(z,0) is solvable. If Q(x,0) satisfies a linear
equation with D-finite terms, we may solve it in the same way as those D-algebraic cases in
Chapter 8. This implies that we should not multiply Ry, Ry to get a quadratic function. Thus,
the coefficients of Q(z,0) and Q(0, x) should have an a <> b symmetry themselves. This implies
a = b and Q(z,0) = Q(0,z). Now let us return to (10.2.20). We only have Qg(2) as an [z~]
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unknown series and Q(z,0) as an [x”] unknown series. The equation then reads

Qd 1\  2?Q(z,0) (atzY) + at — a1 + Y1) (ataYy + atYy —a+ 1)
0 <> T at(x + 1)Y; (atzY: + at — ax + x)

Yo (2at:1:2Y02 + 2atz?Yy — atYy — at — axYy + :CYO)

ct(x +1) (2Y@ — 1) (atYp + at — azYy + 2Y))

+ (aQCtzng + a’ct’s — 2a20tx2Y02 — a’ctz?Y,
+ a’ctYy — a’ct + a’exYy — 2a2tx2Y02 — 2a°t2?Y
+ a’tYy + a’t + a’xYy + 4actw2Y02 + 3actz®Yy
— 2actYy — 3acxYy — axYy + 2cxYp)
X %o

act(z + 1) (xYF — 1) (atYy + at — azxYy + 2Yp)

T

(10.2.43)

Q(0,0).

We can solve this equation by the same discussion as that in Section 8.3. By some simplification,
(10.2.43) is written as

1
Pu0Q(x,0) + P, 1Q5 <x> + Poo + P = 0, (10.2.44)

where P, 1 =1 and P, can be canonically factored as

1
P —
©0 ™ 90212 1 a2t2? — 22tz + a2x? — atz? + 2atx + at — 2022 — ax + 22 +

1 el+elogl-
X X
(t22% — 4223 — 61222 — 4t%x + 12 — 2ta® — 2tx + 22) (1+2)

(10.2.45)

The factors in the denominator have 7 roots in all, and two of these cannot be expanded as
formal series of t. We denote them as X4, X. Then the solution Q(0,0) is written as

T,
Q(0,0) = — Toot Too T Tys (10.2.46)
where
Tpo = (2] Gl X4)Ei_ Xo) e (10.2.47)
Ty = [2°] Gl X‘*)S_ X6) P00 (10.2.48)
Ty = [2"] - X4)ii__ o) P (10.2.49)
O G X‘*)e(f_ Xo) Pe (10.2.50)

Since Ty 0, To,0, T, 1 are D-algebraic over t, Q(0, 0) is D-algebraic over t and Q(x,y), Q(x,0), Q(0,y)

are D-algebraic functions. Q(0,0) is D-finite when L is either a rational function or a rational
function times v/A. This implies @ = b = 1. In this case, det M = 0 and the generating
functions Q(0,0), Q(x,0),Q(0,y), Q(x,y) are algebraic.
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Chapter 11

Analytic methods

Besides the kernel method, there are also other analytic methods and combinatorial methods
which have been applied to quarter-plane walk problems. We introduce two analytic methods in
this chapter. They can both be found in [33]. The methods are based on Insight 4 in Section 4.2.
We treat the kernel as a Riemann surface, and try to find two meromorphic functions Q(z,0)
and Q(0,y) defined on the Riemann surface. Later in Chapter 12, we will combine the solution
of the kernel method and these two analytic methods to discuss the properties of the generating
functions.

11.1 A probabilistic model

We follow the discussion in [33]. Lattice paths are now treated as a probabilistic model. The
model is generally the same as that discussed in Chapter 6. We consider a lattice walk with al-
lowed steps S € {—1,0,1} x {—1,0,1}. The difference is that a probability p;; (i,5 € {—1,0,1})
is applied to each step. The variable ¢ is omitted from Q(z,y) (or equivalently, let ¢ equal some
fixed value). This means we do not keep track of the length of the walk. We may assume the
walk is ergodic (this can be done by choosing a proper p;;). Then, when the length of the path
is large, the probability of walks ending at an arbitrary point (k,l) is an invariant measure (a
stationary distribution). We denote g ; as the stationary distribution of walks ending at point
(k,1). The generating function of the stationary distribution can still be written in the same
form as (6.1.3). Let

m(z,y) = Z Qk,zxkyl

k1>0
() = _ g0’ (11.1.1)
>0
7y) =Y a0,
720

Here m(z,y), m(z), 7(y) refer to the generating functions of the stationary distributions of walks
ending at arbitrary points, on the x-axis or the y-axis. We then have

K(z,y)r(z,y) = q(z,y)m(z) + §(z, y)7(y) + q0(z, y)mo0, (11.1.2)

Comparing (11.1.2) and (6.1.3), they are both linear function of unknowns. We can find that
the unknown 7(x,y) corresponds to Q(z,y) in (6.1.3). Similarly 7(x) corresponds to Q(z,0)
and 7(y) corresponds to Q(0,y). They are defined as formal series of z,y, analytic in the
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domain {(z,y) € C?: |z| < 1 and |y| < 1}. Also, mgo corresponds to terms of Q(0,0), which
are constants here. The derivation of (11.1.2) is very similar to that of (3.2.4) (or (3.5.2)). In
an equilibrium state, the stationary distribution is an invariant measure. So we have

Gj= Y.  Plmli—mji- (11.1.3)
ZVmE{_17071}
m<i
I<j

Then taking the generating function of ¢; ; gives (11.1.2). The kernel K(xz,y) reads

K(@,y) =13 pija'y, (11.1.4)
and i
zyK (z,y) = a(z)y® + b(z)y + c(z) = a(y)z* + b(y)z + &(y). (11.1.5)

We wish to only consider non-singular models, defined as follows.

Definition 19. A quarter-plane random walk model is called singular if the polynomial xyK (x,y)
is either reducible in R or of degree 1 in at least one of x,y.

If we treat ¢ as a general constant in zyK (x,y) in our model, all 23 models discussed previ-
ously are non-singular. In the probabilistic model, with general p;;, xyK (x,y) is irreducible.'.

By Insight 4 of the kernel?, irreducible equations zY K(z,Y) = 0 and XyK(X,y) = 0
define two multi-valued functions Y (z) (or X (y)), which we consider as two Riemann surfaces
(z,Y(z)) and (X (y),y). These two surfaces are tori with genus 1 and they are conformally
equivalent. We can define a third Riemann surface S,

z(s)y(s) K (z(s),y(s)) = 0, (11.1.6)

with two homomorphisms
hy 1S — Cg, hz(s) = x(s) (11.1.7)
hy : S = Cy, hy(s) = y(s)

which project S onto C, and C,. Since m(x) (Q(z,0)) is analytic inside |z| < 1 and 7(y)
(Q(0,y)) is analytic inside |y| < 1, the analytic domain of 7(z(s)),7(y(s)) on this surface S is
hi1(D) N by ' (D) (D refers to the inner domain of unit circle).

On the surface we have

q(a(s), y(s)m(x(s)) + (@ (s), y()7 (y(s)) + qo((s), y(s))mo0 = 0. (11.18)

The symmetry group of the model defined in Section 3.5 also plays an important role in the
analytic approach. We defined these two involutions ¢, vy as

P(u(x)) = u(x), Vu(x) € C(z) (11.1.9)
_ =) bz)

V(Y (2)) = DY@ - al) Y (x), (11.1.10)

p(w(y)) = w(y), ) Vuw(y) € C(y) (11.1.11)

P(X(y) = = do) __ —Zf(y) - X(y). (11.1.12)

'With some special pij, the walk can be reducible. In that case, (11.1.14) has multiple roots.
2See Section 4.2
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Since 2Y K(z,Y) = 0 and XyK (X,y) = 0 are both conformally equivalent to
X(s)Y(s)K(X(s),Y(s)) = 0, we can regard ¢ and ¢ as two automorphisms on the surface
(X (s),Y(s)). These two automorphisms generate the symmetry group of the model.

To study functions on a Riemann surface, we lift them on to the universal covering C,,. The
universal covering of a torus is the complex plane where each parallelogram in the plane is a

one-one mapping to the torus.

6b
5b
4b
3b

2b

a 2a 3a

4a 5a 6a 7a 8a 9a

(a) Torus (b) Universal cover

Figure 11.1: a and b are two circles on the torus. They are mapped to lines on the complex

plane parallel to the x and y axes. C is the intersection of a, b.

Any meromorphic function on the Riemann surface is a doubly-periodic elliptic function on
the universal covering. Let us denote the two periods as wi, ws. By discussion in Section 2.7,
we may express x,y by the Weierstrass gp-functions as follows. We complete the square of the

equation zyK (z,y) =0 as

4a(z)*y* 4 4a(x)b(x)y + b(z)? = b(2)? — 4a(z)c(z), (11.1.13)

where we define the discriminant as

D(x) = b(z)? — 4a(z)c(z) = dyga* + d3a® + dox® + dix + dy, (11.1.14)

where the roots of the discriminant are z1, xs, 3, x4, which satisfy

—1 <2 <9 <1< a3 < 24, ifdg >0
T < —1< 2 <a9 <1 < 23, ifdy <0

T4 — OQ, ifd4:0.

Since the Weierstrass g-function [4] satisfies

if dy =0, we can write (11.1.13) as

4a(x)?y* + da(z)b(z)

y + b (w)?
b(x)? — da(z)c(x) = 4p(w)3

2

z)

2
— g2p(w)” — gs.

(11.1.15)

(11.1.16)

(11.1.17)

The LHS of (11.1.16) is equal to the LHS of (11.1.13) and the RHS of (11.1.16) is equal to the

RHS of (11.1.13). We directly express z,y in terms of p(w) and ¢'(w
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Ifdy #0,let u= Z,_lm. This moves the largest root x4 to co. Then we multiply both sides

of (11.1.13) by -&. The LHS of (11.1.13) is still a square function and the RHS of (11.1.13)
now is a cubic function of u. Let

4
<muﬂﬂ+m@WMwwuﬂ< ! >=pw¥

T — X4

1 )4 _ dy(z — 21)(x — 22) (1 — 3)

T — x4 (x — x4)3

= 4p(w)® — gap(w)® — gs.
(11.1.18)

wuﬁ—mmwm»(

We can express o(w) in terms of u then in terms of x. The final expression is given by the
following theorem.

Theorem 20 ([33, Chapter 3.3]).
Let D(z) and dg4,ds,da,d1,dy be defined by (11.1.14),

e Ifdy#0, then D'(x4) > 0,

and
D' (z4)p' (w)
2a(z(w))y(w) + b(z(w)) = 2o(@) — 1D (ws)) (11.1.19)
e Ifdy =0, then,
pw) - %
z(w) = a0 3
and
2a(z(w))y(w) + b(z(w)) = —92/2‘;). (11.1.20)

See [33] for a detailed proof. Here p(w) refers to p(w;wi,ws). If not mentioned, we will
always abbreviate p(w;wi,ws) as p(w) for convenience in the following discussion.

By Theorem 20, we can calculate w in terms of x,y. Since p'(w) = dz&w), by (11.1.17) and
(11.1.18), we have

dp(w) oy
/ 2a(x(w))y(w) + b(z(w)) /d (11.1.21)
if dy =0, and
(x — x4)%dp(w) B .
| s e~/ ¢ (11.1.22)

if dg # 0. By (11.1.19), p(w) can be written as a function of z. Thus, w can be calculated as
an integral of an algebraic function of x,¢. It is a D-finite function of z,t.

The symmetry group of the model can also be lifted onto the universal cover. We still use
the notation ¢ and 1 for the automorphisms on the universal cover. We further define § = ¢.
Since ¢ and v are involutions on the torus, ¢? — 1 and ¥? — 1 are both constants on the complex
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plane. A symmetric transformation on the universal cover of a torus is written as a composition
of a reflection and a translation. Thus, ¢, and ¢ have the form

fw) = aw + . (11.1.23)

It has been proved [33, Chapter 3.1.2] that ¢ and ¢ can be defined as

P(w) = —w + w3 (11.1.24)
0(w) =d(w) = w + ws,

where ws, w3 are real and wy is purely imaginary. Now the problem becomes finding the mero-
morphic functions 7(z(w)) and 7(y(w)) on K(z(w),y(w)) = 0 which satisfy

0 = qm + qm + qomoo (11.1.25)
and
Pr) = (11.1.26)
() = T,

where we have abbreviated 7(z) as m and 7(y) as 7.
In [33, Chapter 3.3], w1, w2, w3 are calculated to be

wy = 2 /m du
1 p—
z1 D(l‘)
N 5 T3 dx
2 p—
z2 1/ D(l’)
ws = 2 /I1 dr
3 = .
X(y1) V/ D(x)

Until now, we have first expressed our problem on C,, then onto a Riemann surface and then
on the universal covering. To take advantage of the Riemann surface, we consider the following
lemma (which is Lemma 2.3.4 in [33]),

(11.1.27)

Lemma 21. Let M, and M, be the mean jump vector

My= > jp (11.1.28)
1,j€{-1,0,1}
and
My= > ipi. (11.1.29)
i,j€{-1,0,1}

Let the random walk be non-singular and suppose My # 0. Let I' be the unit circle {z : |x| = 1}.
The algebraic function Y (x) has two branches on T, denoted by Yy(x) and Yi(x), such that
Yo(1) < Yi(1).

1. If My > 0, then |Yo(z)| < 1 and |Yi(x)| > 1 forz € T, and the equality takes place only for
x =1, where Y1(1) = 1. Moreover, Yy(x) (resp. Yi(z)), x € T', describes a real analytic
curve, situated inside (resp. outside) the unit circle of y, for x # 1.
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2. If My <0, then |Yo(z)| <1 for z € T', and equality holds only for x = 1, where Yy(1) = 1.
Moreover, |Yi(x)| > 1 forx € T.

If M, # 0, similar properties hold for the algebraic function X (y), the two branches of which
are denoted respectively by Xo(y) and Xi(y).

We may lift the unit circle onto the Riemann surface K (z(s),Y (z(s))) = 0. Since the torus
K(x(s),Y(z(s))) = 0 can be viewed as two glued tubes parameterized by (z,Yp) and (z, Y1),
we further define

Fo = {lz(s)| = 1} N {ly(s)] < 1}
Iy = {lz(s)| = 13 n{ly(s)] = 1} (11.1.30)
Fo = {lz(s)| <1} N {ly(s)] = 1}
Iy = {lz(s)l = 13 N {ly(s) = 1},

where I'g (I'1) refers to the unit circle of = on the (z,Yy(x)) ((z,Yi1(z))) part of the torus by
Lemma 21. Similarly Ty (I'1) refers to the unit circle of y on the (Xo(y),y) ((X1(y),y)) part of
the torus.

From Lemma 21, we have two important results.

1. Tp, Iy, f‘\a, f; are in the same homotopy class. It is easy to see 'y and I'; are in the same
homotopy class because of the construction of the Riemann surface. If I'y is in a different
homotopy class with T, it will intersect both Ty and I';. However, in Lemma 21, |z| = 1
and |y| = 1 only have one intersection.

2. By definition of 7(x) and 7(y), the boundary of the convergent area of both functions is
inside Foﬂli‘\a. By Lemma 21, the boundary of I'g and f‘\a only intersect at point x = y = 1.
This implies most of the other points are analytic on the boundary. This provides a way
to analytically continue 7(x,y),7(x), 7(y) to the domain h, (D) U h;l(ID)).

These two inferences broaden the analytic domains of Q(x,0) and Q(0,y). To get a further
result, we recall the automorphisms ¢, ). Theorem 3.2.1 in [33] gives the following theorem,

Theorem 22. 7 and 7 can be continued as meromorphic functions to the whole Riemann
surface.

Proof. By the previous discussion, the convergent domain of 7 and 7 is h; (D) N h,, (D) on
the Riemann surface. Now consider the homomorphism . It permutes the two roots Yy and
Yi. And we have ¥(y) = ac((j))y and ¥ (x) = z. We can see that ¥ (y) maps y € D to y € Cp.
We apply ¥ to (11.1.8) and get an equation of 7(¢(y)) and 7(x). This means 7 is also analytic
in ht(D) N h,, L(Cp) (Cp refers to the complement of D) since all other terms including (z)
are analytic in the equation. By the same discussion on ¢, we can analytically continue 7 to
the domain h(Cp) N hy, 1(D). And by the same discussion for §, 7 and 7 are analytic on the
whole Riemann surface except some singularities on the boundary of h (D) and hy, L(D). This

finishes the proof. ]

Now we can see the advantage of Insight 4. It broadens the meromorphic area to the whole
surface such that any element in the symmetry group can be used on the functional equation.

We may lift 7, 7 onto the universal covering, and apply ¢ to (11.1.25). By linear combination,
we eliminate 7 (this is because it does not change under ¢) and finally have

5(m) = fr=qc (11.1.31)
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where 6 = ¥¢, f = ng and ¢. are the functions independent of m. We may do this transfor-

mation multiple times,

5(7‘-) - f7T ={c
§%(m) = 8(fm) = 6(qe)

: (11.1.32)
§'(m) = 8" (fr) = 6" (qe)

When the group is finite and has n elements, we have §” = 1. Restricting to finite groups, let

n—1
=[] & (11.1.33)
=0
and
n—1
=> (). (11.1.34)
=0

We can easily have a rational solution when N(f) # 1:

S 0 Tt 040

NG (11.1.35)
Theorems 4.8.1 and 4.8.3 in [33] give the final solution.
Theorem 23. If N(f) =1, then the general solution of (11.1.26) has the form
ﬂ'zwl—i—wg—i—%, (11.1.36)
where
— 1 - ; (= J i— 1 j i— 1
wl%;(z—n) jl;[ia( HONq) + Ha £)é : (11.1.37)

IS & A ) 11.1.38
qc = qc 2 <Hf:1 5Z(f) ) ( 1. )

n—1 k ~
w=1%" < Tlge) ) B, (11.1.39)
and ® satisfies
i W2\ _ Y1 Y (v
b (w n 7) = L ((wiwrws) = (2 ,wl,W3) , (11.1.40)

where ((w;wi,ws) is the Weierstrass (-function with periods wy and ws (see [4] for a definition).
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The function w is an algebraic function of w and satisfies w = ¢p(w) = Y(w). The function
r s an algebraic function defined by f = 5(7;) and ¢(r) =r.
If N(f) # 1, then

7w =p+ e GTrO)P+S—R)de (11.1.41)

where p is defined in (11.1.35), ® is defined in (11.1.40), x = %ﬁ and

n—1 n—1 n—1
1 )
S = on 2 (i —n) U 5 Hxe) — ¥ 11 5 (x2)
= = = (11.1.42)
n—1
1
= - Z kék(x2)7
n
k=0
where
1
X2 =X — gTT(X). (11.1.43)

The function R is the solution of the homogeneous equations
d(R) =R and ¢(R) = —R (11.1.44)
and 0 satisfies 0 = 1p(0) = ¢(0).

Theorem 23 is the solution without ¢t. We can extend the theorem to the situation when ¢
is introduced. If we treat t as a constant and ¢ < ‘—3?' (1S] is the cardinality of the step-set), the
roots of the kernel with ¢ satisfy Lemma 21. Further when ¢ < ﬁ, the roots of the discriminant
satisfy (11.1.15). By continuity, when ¢ < ﬁ we can always have different real roots.

By the property of K(z,y), we know Yy(x) is a formal series of ¢ without constant terms
and Y (z) contains % in the expansion. When ¢ is small enough, a series of ¢ without constant
terms is always inside the unit circle and a series with % term is outside the unit circle®. Since
¢ and 1 permute the roots, by Lemma 21, for any point (z,Y (z)) where Y (z) is a series of ¢
without constant terms (inside the domain {|z| < 1} N {|y| < 1}) on the torus, ¢ maps it to a
point where Y (z) is a series with } terms (and hence it lies in {|z| < 1} N{|y| > 1}). Meanwhile
¢ maps (X (y),y) to a point where ¢(X (y)) is a series with + term. And § maps (z,Y (z)) (or
(X(y),y)) to a point where X (y),Y (z) are both series with 7 terms (in {|z| > 1} N {|y| > 1}).
The analytic continuation and Theorem 22 still work. We further see that the convergent areas
of (z,y) and d(z,y) do not intersect each other. If x,y are formal series of ¢, then §(z),d(y)
contain % in their expansions for ¢ < %

Thus, Q(z,0) and Q(0, y) can be analytically continued to the whole surface and Theorem 23
follows immediately. Notice that the extra condition for Q(z,0) () to be a solution is that it
is a formal series of z. Since an extra algebraic function w or (R, ) appears in the solution, we
can choose suitable functions to make this satisfied. By choosing the functions, we can get the
explicit result of Q(z,0).

Theorem 23 does not tell us anything about @Q(0,0), or any information about the point
boundary terms of ¢. We still need to solve Q(0,0) ourselves. Fortunately, (11.1.36) is an
equation with kernel form. We can use the kernel method to solve it.

3Note that ¢ and ¢ map the region inside the unit circle to the whole region outside the unit circle, since

o(y) = ac((;))y, (z) = ;((;’))m, and ¢(z), é(y) do not involve ¢.
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By simple calculations, one will notice the condition N(f) = 1 implies that the full-orbit
sum (5.4.1) in our calculation does not contain line boundary terms in the RHS. This is the case
that the solution is D-finite over x. When N(f) # 1, which implies the full-orbit sum contains
line boundary terms, we find the solution of these models is D-algebraic over .

11.2 Riemann boundary value problem

Another analytic method for solving quarter-plane lattice walk problems is by techniques using
singular integral equations. The idea is to reduce the problem to a Riemann boundary value
problem (RBVP). One can refer to [33] for the basic introduction to RBVP. The probabilistic
version of this solution was also proposed in [33]. Raschel [61] extended it into the counting
problem.

Remark 7. We are not going to use this method in Chapter 12. But since it is widely studied
in the research of quarter-plane lattice walk problems, we give a brief introduction here.

The quarter-plane lattice walk problem can be reduced to a problem called the Riemann-
Carleman problem with a shift. Let L* be the domain to the left of the contour L. The standard
Riemann-Carleman problem with a shift is described as follows,

Find a function ®* holomorphic in some domain L™, the limiting values of which on the
closed contour L are continuous and satisfy the relation,

O (a(s)) = G(s)®T(s) + g(s), sel, (11.2.1)
where
1. For any s € L, g and G are Holder continuous on L and G(s) # 0.

2. The function «(s) is an one-one mapping of L — L such that a(a(s)) = s and « is Holder
continuous.

Note that a function f is said to be Holder continuous [56] if for any two points s1, s2 on L, we
can find positive constants A and pu, such that,

|f(s1) = f(s2)] < Alsp — soF. (11.2.2)

Now, we reduce the lattice walk problem to a RBVP. In the following discussion, t is still
treated as a small value such that Lemma 21 holds.

By Insight 2 in Section 4.2, the functional equation holds on the algebraic curve K(X,y) = 0
and we have

q(Xo, y)m(Xo) + ¢(Xo, y)7(y) + qo(Xo,y)m00 =0 (11.2.3)
q(X1,y)m(X1) + ¢(X1,y)7(y) + qo(X1,y)m00 = 0, (11.2.4)

where

—b(y) £ VA _ —b(y) £/ daly —y1)(y — y2)(y —y3)(y — ya)
2a(y) 2a(y)
(assuming the discriminant has four roots 1, y2, y3, y4 and dy > 0). We are treating the kernel

as a quadratic function of x with coefficients in C(y,t). Following the discussion in Lemma 21
and the discussion after Theorem 23, the roots of the discriminant obey (11.1.15) when ¢ is

Xio(y) = (11.2.5)
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small enough (just swap = and y). We may choose ¢ small enough such that y;,ys are inside
the unit circle.

Now first consider the C, U oo plane. The complex plane is cut by the branch cuts y1y2 and
73ya. We define 7175 as the contour above 7173 in right direction and Y1y as the contour below

y1y2 in right direction, where %172 and Y1y refer to the contours in left direction. Notice that

Xo(y) maps a point y € Cy U oo into a point in the C, U co. We consider the contour X(s)
in C; U oo plane where s is on the contour y1y3y1y2. The function X(s) is continuous on y1y3

and y1ys- The values Xo(y1), Xo(y2) are real and single-valued. So Xy(s) is continuous on the
contour Y1y2y192- If s goes around y1y2, Xo(s) is a closed contour on C, U co. The contour is

symmetric about the real axis and only intersects the real axis at two points since v/A is pure
imaginary on 7192 except the two end points. Further, if we denote X(s) as the value of some
point s above the branch cut, the value of the corresponding point s’ below the branch cut will
be Xo(s") = X1(s). Since ¢(Xo) = X1, we have ¢(Xo(s)) = Xo(s') = X1(s).

Consider the value of (11.2.3) and (11.2.4) on yl—ygw We have the following two equations

9(Xo(s), y)m(Xo(s)) + 4(Xo(s), )T (y(5)) + 0(Xo(s), ¥)moo =0, s € yryaynye  (11.2.6)
9(X1(5), )7(X1(5)) + A(X1(5), )7 (y) + a0 (Xa(s), w)moo =0, s € gy, (11.2.7)

where y = y(s). Since y(s) = y(s'), we omit the argument and only write y here. And by the
definition of ¢,

¢(Xo(s)) = Xi(s)

o) = . (11.2.8)

Xo(Y3Ya)

) 7777)\<0(Y1Y2)

YiY2 Y3Ya

Figure 11.2: On the C, plane, Xo(y1y2) and Xo(y3y4) are two circles. On the C, plane, yiy2
and y3y4 are two segments on real axis.

Now (11.2.7) can be written as
9(¢(Xo(s)), y)m(d(Xo(s))) + 4(6(Xo(s)), )7 (y) + go(¢(Xo(s)), y)mo0 = 0. (11.2.9)
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Taking linear combinations, we can eliminate 7(y):
m(6(Xo(5)) — F(&)m(Xo(s) = aels), s € Tdhyrpe. (11.2.10)

Note that (11.2.10) looks like (11.2.1). However, we still need to guarantee 7(Xo(s)) satisfies
the holomorphic condition. The function 7 has been proved to be meromorphic on the Riemann
surface in Theorem 22, so it is analytic on the C, plane except for some singular points. Now
we rewrite (11.2.6) as

a(a, Yo(a))m(a) + dla, Yo ()7 (Yo() + ao(Xo, Yo())moo = 0. (11.2.11)

That is, we substitute y = Yy(z) into (11.2.6) and use the fact that Xo(Yp(z)) = = if we fix the
branch of Yy(z).

We first prove 7 is analytic inside the contour X(y192). Consider the function Yp(x) on
the contour Xo(41y3). It refers to the value on the line 7135 on the C, plane. Thus [Yp(z)| < 1
on the contour since we choose y1y3 in the unit circle on the C, plane. Then we consider the
analyticity inside the circle Xo(1y3). Since on the C, plane, X((y) is analytic except yiy2 and
Y31, Yo(x) is analytic inside Xo(y1y2) if Xo(y192) is inside of Xo(y3y3). (If Xo(ysya) is inside
Xo(y19y2), we let y — 1(y) in (11.2.6) and change all the previous and following discussions
from inside to outside Xo(y192). All results still hold since 7(¢(y)) is analytic when y — o0o.)
So we need to prove that Xo(y192) and Xo(y3y1) do not cross.

Suppose these two circles intersect at x,. First assume x, is not real. By symmetry there
must be another intersection at the conjugate point T,. Suppose z, is in the upper half plane
of C, U oo, then

K (xp,y) = a(y)z, + b(y)zp + &(y) =0 (11.2.12)

has one root ys5 in 1y and one root yg in y3ys. The following two equations

Rla 2+ b T, + ¢ =0
[~(?/5,6) v ~(2,15,6) p ~(y5,6)] (11.2.13)
Slalys,e)ry, + b(yse)rp + E(yse)] = 0
hold for ys, ye. If we write x, = u + tv, then
~ 2 2 7 ~
a u“ —v°)+b u+C =0
(y5,6)( ) ~(3/5,6) ~(ys,ﬁ) (11.2.14)
2a(ys,6)u + b(ys6) =0

Notice that these two equations are both quadratic equations of y, so if they have two iden-
tical roots, one is a constant multiple of the other for general y. But we do not have ¢(y) in
the second equation. This means ¢é(y) can be expressed as a linear combination of a(y) and

b(y). Thus a(y),b(y),é(y) are linearly dependent with real coefficients. The curve Xo(y) =

—b(y)— ig(g()j;%(y)d(@ can be expressed by a function of g((z)) Note also that _Z((Z)) = Xo(y) +
X1(y), and R(Xo(y) = — 325,
Now we choose a real value k such that R(Xo(y)) = _zbz.%/;) _ k. We can solve this equation

which has one or two roots. Notice that we are considering the intersecting case. When

k = R(zp), we have two roots. Thus for general k, _22%)) = k should have two roots vy, yp.

If (k,0) is inside the contour Xo(y1y2), it always has a root y, such that R(Xo(ys)) = k.
Furthermore, this is an equation with real coefficients. When one root is real, the other is real.
We always have another root y;, such that y, € ysys. But in fact as we saw earlier, Xo(y) is
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det E )) = 2k which is the same for y, and yp, so Xo(ya) = Xo(yp). Hence the
two circles intersect at a point whose real part is k. But k& was arbitrary, so we must conclude

that the two circles actually coincide. )
*b(yp)*\/ A(yp)
2a(yp)

Y12, y3y4. We immediately have A(y,) = 0, so we must have y, = y; for some i € {1,2,3,4}.
Suppose at xp, the two roots are y; and y3, we have

oo b)) b(ys)
U 2a(n) 24y
b(y1)? — 4a(y1)e(y1) =0

b(y3)? — 4a(ys)&(ys) = 0.
The first equation shows that y;,y3 are two roots of the equation 2z,a(y) = b(y). The second

and third equation can then be written as
2

Now instead assume z, is real. Notice that x, = Xo(yp) = and y, is real on

(11.2.15)

11.2.16)
11.2.17)

a(y1) = e(y1)
(y3) = ¢(ys)-

Thus, y1,ys are two roots of z2a(y) = &(y). Note thate 2z,a(y) = b(y) and z2a(y) = é(y)
are both linear or quadratic functions of y. They have identical roots if and only if they are
exactly the same. We again have that &(y) is a linear combination of @(y) and b(y). By the
same discussion as the previous case, we conclude these two circles coincide.

We return to the question of analyticity. Since Yp(z) is analytic inside Xo(y1yz2), by the
maximum modulus principle, all Yy(z) inside Xo(y1y3) are less than 1. Therefore, 7(y) is
holomorphic inside the contour Xo(y1y3). Then in (11.2.11), the only singularities of (z)
come from the singularities of ¢(z, Yp(z)) and the zeros of ¢(z, Yo(z)). To make it holomorphic,
suppose we have r; as singularities of 7, and let

T :WH(x—m). (11.2.18)

8

(
(

<}

P
2
Tp

Then we have

m2(¢(s)) = fa(s)ma(s) = gac(s),  (2(s),y(s)) € (Xo(y12), y112)- (11.2.19)

Now we find an equation on the complex plane C,, satisfying (11.2.1) on the contour Xo(y1%3),
and holomorphic in Xg(y1y2)". We can check that fo(s), gac(s) are Holder continuous on the
contour (Xo(y192), y1yz) for lattice walk problems, since they are just polynomials of x,y. Also
d(¢p(s)) = s. Thus, we have reduced the lattice walk problem to a RBVP. When dy < 0 we
choose 23 and y4y1 to be the branch cutting lines. When the discriminant has three roots,
we choose 71y and 4303 to be the branch cutting lines. All discussions will be the same as
previously discussed.
The solution follows Proposition 11.6.2 in [33]:

Theorem 24. Given the functional equation (6.1.3) with a = b =c =1, for x € LT(t), we
have

Az, 0)Q(z,0,1) — A(0,0)Q(0,0,4) = —— [ 2o, 4) Ew(zt)

d 11.2.2
2mit Jp, w(z,t) — w(z,t) = ( 0)

where w(z,t) is the solution of
w(d(z),t) —w(z,t) =0, telL (11.2.21)

and Q(0,0,t) can be calculated by the roots of A(z,0). The function w(z,t) is called the con-
formal gluing function.
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Remark 8. Theorem 2/ is valid for non-interacting cases or probabilistic models. For walks
with interactions, we need to first change A(z,0) to 1(a — 1 — taA(z,Yp)). Then, in order to
satisfy the condition that ®*(s) is holomorphic in L™, we need to multiply the singularities into
the integral as we did in (11.2.18). This may make *(a — 1 —taA(z,Yy)) a bit different from
the original 2(a — 1 — taA(z,Yy)) in the functional equation.
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Chapter 12

Algebraic, D-finite, D-algebraic, and
hyper-transcendental properties of
the solution

In previous chapters, we focused on how to find the solutions (generating functions) of quarter-
plane lattice walks with boundary conditions. For some of the models, we currently cannot solve
Q(0,0) explicitly. Are we really unable to solve them by the kernel method or it is just that we
have not found the right way? Besides, with interactions, some of the solutions are algebraic,
some of them are D-finite and some of them are D-algebraic. The kernel method provides a
good way to calculate them and a good expression for further study. But can we detect these
properties before explicitly solving the models?

We appeal to other methods for help. In Chapter 11, we introduced two powerful analytic
methods. Theorem 23 gives solutions to all walks associated with finite groups and Theorem 24
is a unified approach to all models, even for walks with infinite groups or for singular walks. With
the help of Chapter 11 we are now able to detect the algebraic, D-finite, D-algebraic properties
of Q(x,0), Q(0,y) and Q(x,y) as functions of x,y without explicitly solving them. Actually
Kurkova and Raschel have already discussed some of the properties via RBVP in [61, 48|.
Because of the probabilistic background, these discussions are mostly about the properties over
x and y.

When we begin to consider ¢, things become mysterious. The solutions in Chapter 11 all
contain integrals, which make Q(0,0) hard to solve. However, for physicists, Q(0,0) is more
important. For example, if we are counting the configurations of a polymer growth, we are
interested in the surface tension under which the polymer will have an absorbed phase (that is
the polymer tends to stick to the surface). If we model the polymer growth as a quarter-plane
lattice walk, the problem becomes determining the interacting force which causes the walk to
stay at the origin. This relies on the asymptotic behavior of Q(0,0). This is the motivation
for finding the explicit result of Q(0,0). If Q(0,0) is hard to solve, we at least want to find its
singularities. This also means we want to find the homogeneous part of the linear differential
equation it satisfies when it is D-finite, or the algebraic equation when it is D-algebraic.

In this section, we are going to discuss the properties of generating functions Q(z,0), Q(0,y),
Q(x,y) over x,y of our quarter-plane lattice walk models via the solution form of (11.1.36).
Recall that

T=w +ws+ — (12.0.1)
T
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where

wi= 53— | [] 808 @)+ | [0 @ | | (120.2)
n—1 k
o 1R (Y pans

n—1
1 5k(QC) T
wy =~ S (Hk 3, (12.0.4)
and ® satisfies

@ (w + %) = %C(w;wl,wg) — %C (%;wl,w:;) , (12.0.5)
where ((w;w1,ws) is the Weierstrass (-function with periods w; and w3 (see [4] for a definition).

The function w is an algebraic function of w and satisfies w = ¢(w) = ¥(w). The function
r is an algebraic function defined by f = % and ¢(r) =r.

Combining the result of Theorem 23 and the kernel method, we are going to extend the
results for properties over z,y to properties over the three variables z,y,t. The discussions
and theorems in this section work for all models whose solutions can be written in the form
(11.1.36). So we do not specify it is a model with or without interactions.

12.1 The criteria for Q(z,0), Q(0,y) and Q(z,y)

The following theorems are valid for quarter-plane lattice walks with unit step length following
the definition in Chapter 8. By the discussion after Theorem 23, the solutions of the probabilistic
model discussed in Section 11.1 can also be applied to our interacting quarter-plane lattice walk
models. We use the solutions in Theorem 23 to prove the criteria. To match the solution of
Theorem 23, we use most of the notations of the probabilistic model in Section 11.1. One can
go to Section 11.1 for the definition of the universal cover C,,, transformation §, multiplication
trace N(f), periods wy,ws and functions w,w;, wa, ® etc. But we still write Q(z,0) for the
generating functions of walks ending on the z-axis instead of m and Q(0,y) for the generating
functions of walks ending on the y-axis instead of 7 to show that we are considering a counting
problem and not a probability problem. We require ¢ to be small enough so that we can use
the properties of the roots in Lemma 21. The definitions and properties of elliptic functions are
introduced in Chapter 2. Recall from Section 3.5, for each model, we can find two involution
¢ and v such that the kernel remains the same under these two involutions and these two
involutions generate the symmetry group of the model.

The proof of the criteria for Q(x,0), Q(0,y) and Q(0,0) is based on the following lemma
(Lemma 4.73 in [33])

Lemma 25. Consider a meromorphic function on the universal covering C, of (11.1.8). It
has periods w1, w2, where wy is pure imaginary and we is real. Let § be as defined in (11.1.24).
That is §(w) = 0(w + ws) where ws is real. Then any solution of the equation

w = §(w) (12.1.1)

is algebraic over x if the symmetry group of the model is a finite group.
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Proof. (12.1.1) implies w(w) = w(w+ws) by (11.1.24). And w is an elliptic function with periods
w1, ws, where w; is pure imaginary and ws is real. Any elliptic function with periods wi,ws can
be written as a rational function of the Weierstrass functions p(w;wi,ws), ' (w;wiws).

When the group is finite, §"p(w) = p(w + nws) = p(w + mws) for some integer m relatively
prime to n. So nws = 0 mod wy. Then w3 = Tws. wi,ws,ws can be calculated by (11.1.27).
The value of m depends on the group, which is calculated explicitly in [61]. However, since
we are proving the properties of the generating functions, it is enough to know m and n are
integers. We can express p(w; w1, Zws) by an algebraic function of p(w), ¢’ (w)" (see (12.2.13) or
[58]). And by the uniformization (11.1.19), we know the functions p(w) and @'(w) are rational
functions of x,y. Then since y is an algebraic function of x, we have w algebraic over x. O

Remark 9. By Lemma 25, we immediately know % in (11.1.36) is algebraic over x. wy is

algebraic by definition. Thus, the problem left for us now is the mon-elliptic terms. Further,
we can see that when the walk is associated with an infinite group, w is not algebraic over x.
Otherwise, we can always find 7> such that w3 = wo and this implies the order of the group is
finite.

Theorem 26. Let N(f) be as defined in (11.1.33). Consider a quarter-plane walk whose sym-
metry group is a finite group.

1. If N(f) =1, Q(z,0), Q(0,y) and Q(x,y) are D-finite over x,y.
2. If N(f) = 1 and the full-orbit sum (5.4.1) equals 0, Q(z,0), Q(0,y) and Q(x,y) are

algebraic over x,y.
3. If N(f) # 1, then Q(x,0) Q(0,y) and Q(z,y) are D-algebraic over x,y.

Proof. We only prove the theorem for Q(z,0). The result for Q(0,y) can be proved similarly
and Q(z,y) follows by the functional equation. Apply the solution (11.1.36) and (11.1.41). =«
in these two equations can be written as Q(z(w),0).

First consider the case N(f) = 1. One can also find the proof of this case in [34] (Corollary
2.3). Notice that except wy, all terms are algebraic function of w in (11.1.36). By Theorem 20
they are algebraic over x.

Now consider wy. The non-algebraic term is ®. @ is a linear function of ¢(w,w;,ws)? and
((w/2,w1,ws). The derivative of a (-function is a p-function, and p(w,w;,ws) is an elliptic
function with periods wy,ws. By Lemma 25, p(w,w1,ws) is algebraic over x. Another term in
the derivative is p(%,wi,ws3). By the addition theorem (12.2.21), p(%,w1,ws) is an algebraic
function of p(w,wr,ws) and thus an algebraic function of p(w). Thus the derivative of P is
algebraic. ® is D-finite. Further, the ¢(-function is not an elliptic function and thus ® is not

algebraic. We conclude that Q(z, 0) is D-finite over 2. If 1 - Zk:o (HS (qj)( )) = 0, the coefficient

of the ® term is 0 and Q(z,0) is algebraic.
If N(f)# 1, we apply (11.1.41). Rearrange the equation as

Q(x,g)—p — JGTr)®+S-R)dw (12.1.2)

First take the logarithm of (12.1.2) and then take derivatives with respect to z. The RHS then
becomes (2Tr(x)® + S — R)%2. As we discussed above, all terms in (277(x)® + S — R) are

L o(w) refers to p(w;wr,ws).
2See Chapter 2 for a definition of ¢ function.
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algebraic except ®. @ is D-finite. g—‘; is algebraic since x can be written as an algebraic function

leg Q(I»GO)—P

of p(w) by Theorem 20. We thus have that ———f— is D-finite over x. The LHS is
/ / 9/
(Q(JU’O)H _ ) ) (12.1.3)
Q00 +p 0
This implies that Q(z,0) is D-algebraic over x. O

Theorem 26 works for all models associated with finite groups. For Models 5-16 and
Model 18 without interactions, N(f) = 1. With interactions, N(f) # 1. This explains why
they become D-algebraic with interactions.

12.2 The criteria for Q(0,0)

The algebraic, D-finite, D-algebraic property of Q(x, 0) over x has been widely discussed in many
works (for example [34, 48]). However, Q(z,0) as a function of z,t has not been considered.
The crucial variable is Q(0, 0), the generating function of walks ending at the origin. If we know
the algebraic, D-finite, D-algebraic property of Q(0,0) over ¢, then we know the property of
Q(x,0). Earlier we used the kernel method to explicitly solve lattice walk models and discuss
the properties. The results are listed in Table 8.1. Unfortunately, we still have some unsolved
cases and we cannot determine the property of Q(0,0) over t.

We try to find some way to determine the property of generating functions over its variables
before explicitly solving it. This may prove our explicit results, and may provide a way to judge
the unsolved cases. The idea is based on transcendental extensions. In the kernel method,
we substitute the roots of a quadratic factor into the numerator of the equation. This can be
treated as working in a field extension of the numerator. By Proposition 5.3 in [49],

Proposition 3. Given a field K and elements (x) = (z1,...,%n) in some extension field,
assume that there exist n polynomials f; with coefficients in K such that:

1. fi(x) =0, and
2. det |8fl/6x]| #0
Then K(x) is separably algebraic® over K.

We can determined the properties of Q(0,0) over ¢ by the coefficients in (11.1.36).

To understand how Proposition 3 works for lattice walk problems, we take reverse Kreweras
walks as an example. We may treat the unknowns Q(0,0),Q1,0,Q0,1 as x;, ...z, in Proposi-
tion 3. Recall (8.2.33) and (8.2.34). We substitute roots of P, g, P into these two equations
and get equations independent of Q(z,0). These equations are the f;(x) = 0 in Proposition 3. If
we can find enough linearly independent equations, then the second condition det |0f;/0z;| # 0
is satisfied. We can then solve the unknowns Q(0,0), Q1,0,Qo,1 and the solution is separably
algebraic over K. Proposition 3 can also be adapted to the D-finite or D-algebraic case. We
add transcendental terms T3, T, (which appear as coefficients in the equation, see Section 8.1)
into K. Then K can be written as R(¢,71,7%). Then our solution is separably algebraic over
R(t,T1,T) and is thus D-algebraic.

3This means the minimal polynomial of each x; can be factored into linear terms in the extension field.
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In [19], Bousquet-Mélou and Jehanne give a general strategy for proving and solving
certain functional equations. The aim is to find solutions F'(u) and Fy, Fs ... Fy (functions of
t) satisfying some certain polynomial equation,

P(F(u), F1,Fy...F,t,u) =0, (12.2.1)
where F'(u) is a function of u,t and Fy, Fy. .. Fy, are functions of t. We may

1. Differentiate the equation with respect to u

oP OP
—(F(u), F1,Fy. .. Fy,t,u) +
a350( (u), F1, Fy kst ) s

F'(u) (F(u),Fy,Fy... Fy,t,u)=0.  (12.2.2)

2. Find U; = U;(t), i = 1,2... k that satisfy

oP
L (F(u),Fi,Fy...Fyt,u) =0. (12.2.3)
81‘0
Then
oP
(F(u),Fy,Fs...Fy,t,u) =0 (12.2.4)
OTpq2

automatically holds.
3. If we find k distinct U; such that (12.2.3) holds, then we get 3k polynomial equations

P(F(U;), Fr, Fy...F,t,U;)) =0
oP
Ao

oP
al’k+2

(F(U3), F1, Fy... Fy, t,U;) =0 (12.2.5)

(F(U:), Fy, Fy ... Fy, t,U;) = 0.

If these 3k equations are independent, then these 3k equations characterize 3k unknowns
(Ui, F;, F(Uy),i=1,2,...,k). We can solve F; and F(u) follows.

The key point is that we need k distinct roots otherwise the equation set (12.2.5) does
not have full rank. An explicit theorem for the algebraic case with conditions was proved in
Theorem 3 in [19].

Theorem 27 ([19]). Let P(yo,y1,---Yk,t,v) be a polynomial in k+ 3 variables with coefficients
in field K. Consider a function

F(u) = Fo(u) 4+ tP(F(u), AF(u), AYF(u), ... AV F(u), t,u), (12.2.6)

where Fy(u) is a polynomial in u and

AF(u) = F(U);F(O) (12.27)
and AW s obtained by applying A i times
. F(u) — F(0) — wF" - .. — &=L p(i-1)
() - S (12.25)
ul

Then the formal power series F(u) is algebraic over K(u,t).
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Proof. One can directly go to [19] to see the detailed proof. The basic idea is to construct
a Vandermonde determinant so that the second condition of Proposition 3 is satisfied. By
Proposition 3, we can prove all the solutions F(u) and A® F(u) are algebraic over K(u,t). The
solutions of A F(u) provide equations for F(¥) and these equations form another Vandermonde
matrix. Thus we can solve F(!) and they are algebraic over K(u,t). O

Remark 10. The form of (12.2.6) arises with Kreweras, reverse Kreweras and Gessel’s walks
without interactions. The equations of some D-finite and D-algebraic cases also have this form.
Normally it is not hard to get an equation in the form of (12.2.6) if it is a model generated
by the recurrence relation of one variable x (for example, directed lattice paths [2]). However,
for the two-variable quarter-plane lattice walk models, (12.2.6) does not always work for an
equation derived by the kernel method. For example, although we know reverse Kreweras walks
are algebraic, the unknowns we have in (8.2.33) and (8.2.34) are Q(0,0),Q1,0,Qo,1 and these
do not satisfy (12.2.7).

The basic problem when applying the general strategy of Bousquet-Mélou and Proposition 3
is whether we can always find enough roots for (12.2.1). If we can, then we may assert that
Q(0,0) is D-algebraic over t. With the help of Proposition 3, Theorem 23 and the general
strategy, we obtain the following theorem,

Theorem 28. Let N(f) be as defined in (11.1.33).
1. If N(f) =1, Q(0,0) is D-algebraic.

2. If N(f) = 1, and further the full orbit-sum* does not contain Q(0,0), then Q(0,0) is
D-finite.

3. If N(f) =1, and further the full orbit-sum equals 0, then Q(0,0) is algebraic.

We demonstrate how to apply Proposition 3 first in Theorem 28. That is, how to find the
fi(x) in Proposition 3. Then later in Theorem 29, we will prove the property of the field K(x).

Proof. We still use the solution form (11.1.36). Now w, w1, ws contain (0,0) as an unknown.
We want to apply Proposition 3 to show that the solution is separable algebraic over the field
generated by the coefficients. The advantage of (11.1.36) is that it only has @Q(0,0) as an
unknown function of ¢ so we only need to find one equation to satisfy the first condition in
Proposition 3. Now we apply the idea of the kernel method approach. (11.1.36) is in a kernel
method form. In the kernel method approach, the LHS is Q(x,0) (7(x)) and we substitute the
roots of the denominator of the RHS into the numerator and let it equal 0. This implies that
we need to find an x( such that,

e 1, is a formal series of .
e 1 is a singularity of RHS of (11.1.36) (A root of the denominator of the RHS).

By the kernel method, if zq is a pth order singularity satisfying these two conditions, we have,

lim (2 — 20)? (w1 +ws + E) = 0. (12.2.9)
Tr—xQ T
The solution is algebraic over the field K generated by the coefficients in (11.1.36).

So what we need to do is to prove that this zy always exists. To do this, first notice Q(x,0)
is a meromorphic function on the torus K(x(s),y(s)) = 0°. It has at least one singularity,

“See (5.4.1) for the definition.
5See Chapter 11.
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otherwise it would be a constant of z. So we at least have x; as a singularity. We further
ask where these singularities come from. By the explicit solution form (11.1.36), there are four
places that the singularities may appear:

1. First, [[*_, 6/(f), k € {1,2...n}, which appears in denominator of w; and wy. This term
is unchanged by d.

2. Second, .
3. Third, w.
4. Fourth, r.

The first, third and fourth terms are algebraic with coefficients in C(¢). If they have singularities,
their singularities are roots of some algebraic functions of  with coefficients in C(t). ® is an
integral of an algebraic function. The singularities of ® are also algebraic roots. Thus z is
algebraic over t. We further need to prove we have a singularity that is a formal series of ¢.

Let us consider r first. Since 7 is defined as f = r/(r), the zeros of r are also the zeros of
f- Then the singularities of the fourth case are contained in the first case. We discuss them
together with the first case.

The first and third cases have the property d(w) = w. This implies that if x is a singularity
of w, 6(x) is as well. By Theorem 6, Yy and Y7, Xy and X; have opposite valuations in ¢. By
the discussion after Theorem 23, § maps a point outside the disc |z| < 1 to a point inside the
disc. Thus if the singularity x; has valuation —1 in ¢, then 6(x) is a formal power series of t.
So if 1 comes from the first or third cases, either z; is a formal series of ¢ or §(z1) is.

For the second case, ® = (wy w1, w3) — =((5;wi,ws3). The ¢ function has the following

property [4],

271'2

(w4 wiswi,wsz) = ((wywr,ws) + 2¢ ( wl,wg) i€{1,3}. (12.2.10)

2’
If 2 is a singularity of ¢(w;w1,ws), suppose it is the point wy, = p~1(x). By (12.2.10),

Cwps wi,ws) = C(wr + ws;wi,w3) — 2¢ ( 3 wl,wg) (12.2.11)

If wy is the singularity of ((wg;wi,ws), wk + w3 is the singularity of ((wg + ws;wi,ws). This
implies §(z(w)) = x(w + w3) is also a singularity. Besides by the definition of ¢(w;wi,ws),

1 w
= — . 12.2.12
C(w;wn,ws) + m;;é() (w — mwy — nws + mwy + nws + (mw + nw3)2> ( )

Any singularity of ((%;w1,ws) is also a singularity of ((w; w1, ws). The singularities of {(w; w1, ws)
are actually the same as the singularities of @(w;w1,ws). Thus, if = is a singularity of ®, 6(x)
is also a singularity of ®. One of them must be formal series of ¢.

We have proved that if the singularity z; is not a formal series of ¢, we may choose z¢ = §(z1)
to be the required singularity. Now we can use (12.2.9) to solve the equation. The solution
is algebraic over the coefficients in the equation. We will later prove that all coefficients in
(11.1.36) are D-finite over ¢ in Theorem 29. Then we conclude Q(0,0) is D-algebraic. Further,
if the coefficients of ® in wy do not contain Q(0,0), then the coefficients of Q(0,0) in (12.2.9)
are polynomials and @Q(0,0) is D-finite by direct calculation. O
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With the help of Theorem 26 and Theorem 28, we can have a better understanding of
Gessel’s walk. By the full orbit-sum (10.1.16), we know that N(f) = 1. Thus, Q(z,0) is D-
finite and Q(0,0) is D-algebraic. Further when b = 1, the full orbit-sum equals 0. In that
case, Q(z,0) and Q(0,0) are algebraic. Here are the results of Theorem 26 and Theorem 28 for
N(f) =1 cases.

Model T,y t DF Condition Alg Condition Group
abc+ab—ac—bc=0 _ et 1
1 Pl DF | DAlg ra—b—1 4 (5)s (2, )
2 ’\\/\,1/‘ DF DAlg c=ab - 4: (%7 y)’ (‘T7 %)
3| T\/I\.," | DF | DAlg c=ab = & (Ly) (@)
c = ab and 1 1
17 =N\ DF | DAlg | ab—ac — bc+ abc =0 — 6: (£,y),(z,7)
19 —l DF | DAlg| b+ (=1+b)c=0 a=b 6: (55-) (2, 7))
20 T — Alg | Alg - All 6: (wiy, y), (x, 711;)
22| R\ | DF | Dalg | T betabe=0 - 8 (L), (z,2)
23| +,— | DF | DAlg - b=1 8: (55 ¥): (@, 227)

Table 12.1: The DF condition and Alg Condition refer to the conditions under which @(0,0)
becomes D-finite or D-algebraic. There are some differences between this table and the tables in
Chapter 8. Here, we can only get the Q(0,0) is D-algebraic for Kreweras walk (Model 19), but
in Chapter 8, we solve the model and prove that Q(0,0) is actually algebraic. For Gessel’s walk,
we get the result that Q(x,0) is D-finite and (0, 0) is D-algebraic, which is an improvement.

Theorem 29. If we accept the solution of Q(z,0) in the form of (11.1.36) and further require
Q(xz,0) to be a formal series of t, then there exist wi,wa,w,r, such that the following three
conditions are satisfied.

1. wi, the coefficient of ® in we, and r are algebraic over t.
2. & is D-finite over t.
3. w is D-finite over t.

Note that we treat Q(0,0) as a constant coefficient here.

Proof. The first condition is satisfied by the definition of wy,ws and r in the derivation of
(11.1.36). When we derive (11.1.36), we ignored the condition that Q(z,0) must be a formal
series of t. We further make Q(z,0) a formal series of ¢ by the third term % where w is an
algebraic function with w = §(w) (see below for further conditions on w). By definition, wy,
the coefficient of ® in wy and 7 are rational functions of z, y,t. Since y is algebraic over x,t,
these terms are algebraic over ¢.

In the second condition, ® is expressed by ¢ (w,w1,w3) and (¥, wr,w3). The derivatives of
these are p(w; w1, ws) and %p(%, wi,w3). We are going to prove that p(w; w1, ws) and p(%;wi,ws)
are algebraic over ¢ and then ((w) will be D-finite.

We first consider p(w,wi,ws). Since we are talking about lattice walks associated with a

finite group, (¥¢)" = 6" = 1. By Lemma 25, §(w) = (w + w3) and w3 = Twy when the group
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is finite. We can write p(w;wi,ws) as a rational function of p(w;wi,ws). To do this, we first
write p(w;wr, “2) as a function of p(w). Remark 16 in [47] gives an explicit expression

p(w wi, ) +n§:[ < hw?) o (T) ] (12.2.13)

h=1

hwa

hw?) ©'(™2) via the addition formula

where @ (w + %) can be expressed by p(w) and p(

(12.2.19) [4]. p’(%) can further be written as an algebraic function of p(hm). So (12.2.13)
expresses p(w;wy, “2) by an algebraic function of p(w) and its special values p(hw? ).

We apply (12.2.13) in several ways. First, we can write p(w;wi,w2) as a function of
p(w; w1, mwe) and p(e;; wi, mws). We denote e;, e, ¢; for different special values (we do not spec-
ify e;, ej,e;). Then we can write p(w; w1, ws) = p(w; w1, rw2) as a function of p(w; w1, mws) and
p(ej; w1, mwe). Thus, p(w;wi,ws) is an algebraic function of p(w;wq, mwe) and p(e; wr, Mwa).
Since we are talking about ¢, we still need to prove all p(e;;wi, mws) are algebraic over t.

Next, we try to express p(e;;wi, mws) as functions of p(e;; w1, ws). To achieve this, we first

consider p(e;; mwy, mwy) By the standard definition of p(w;w1, ws),

1 1 .
pw)=— + [ —— — 2} : (12.2.14)
“ (p,q)#(0,0) (W = pwr — qwa) (pw1 + qw2)

olsw) = 55+ 3 [(S ! - ! ]:;p(w;?,m). (12.2.15)

— — 2 2
a0 L3 T 1= 1) (e gs)

Thus, for any e;, p(e;,wr,ws) = m2p(me;; mwy, mws). For the relation between p(e,;wl,mwQ)
and r?p(e;; mwy, mws) we again use (12.2.13). This time we use the corresponding “* form:

p(w; %,wz) = p(w) +:§ [p (w + hwl) —p (2‘”)} : (12.2.16)

Thus, we can express p(w; w1, mws) as function of p(w; mw, mwe) and p(e;; mwy, mws). We sub-
stitute e; in to (12.2.16), and have that p(e;; w1, mws) is an algebraic function of p(e;; mwy, mws).
Again by (12.2.15), we know p(eg; mwi, mws) = #p(%;wl,wg). We finally change all the co-
efficients into values of p functions with periods w1, ws. So our problem becomes whether these
specific values of p(w) are algebraic or not.

Notice that e; is written as awq + Swo where o and (8 are rational numbers. We prove that
any value with the form p(aw; + Sws) is algebraic over t. First, by the property of Weierstrass
p-function, we know p(w) satisfies the equation

o' (w) = 4p(w)® — gap(w) — g3. (12.2.17)
And the roots of
4p(w)® = gap(w) — g3 =0 (12.2.18)
are p(3w1), p(3ws), p(5(w1 +ws2)). By the uniformization relations (11.1.19) and (11.1.20), we
know (12.2.18) corresponds to the discriminant of kernel K (z,y), thus g2 and g3 are algebraic
over t. The roots are also algebraic. By the addition theorem of p-functions [4],

2
plutv) = ] — p(u) — p(v), (12.2.19)



1
1 o) o) |=0, (12.2.20)
1

and

(12.2.21)

e (o0r=5 () (s601- 0 (R4 )

We can express p(aw; 4 Bws) as an algebraic function of p(4), p(%), p(4 (w1 +ws)) and their
derivatives. Thus, they are algebraic over t.

Now, we have proved p(w;wi,ws) can be expressed as an algebraic function of p(w) and
p(awr + Bwsz). And we have proved p(aw; + fws) are algebraic functions of ¢. Thus p(w; w1, ws)
is algebraic over z,¢. This means ((w,wi,ws) is D-finite over x,t and further has algebraic
singularities. A similar proof can be applied to ((%;wi,ws). Thus, the second condition is
proved.

Now comes the final term w. This is an arbitrary function satisfying

o) Z (12.2.22)

By the definition of ¥ and ¢, the first equation means w is a rational function of p(w;wi,ws)
and p'(w;wi,ws). The coefficients are arbitrary functions of ¢. We have proved p(w;wi,ws) is
algebraic over x,t. Thus, w is an algebraic function over x. Without any further requirements,
w could be any kind of function of ¢ since the coefficients can be chosen arbitrarily. We can
choose coeflicients that are algebraic over ¢t and make w algebraic. However, since we require
m (that is, Q(x,0)) to be a formal series of x and ¢ in some small disc around ¢t = 0, these
coefficients cannot be chosen arbitrarily.

To find a suitable w, we expand the RHS of (11.1.36) as a series of ¢ in some suitable annulus.
Since w; and wo have singularities of both formal series of ¢ and series with %, we can separate
w1, wsy into [r<] and [z=] parts using partial fractions (similar to the idea of Theorem 6). Since
both w; and ws have [z<] parts if we expand them as formal series of ¢, the coefficients in %
should be chosen such that % cancels the [<](w; + wy).

>

Let us write % as [x=]% 4 [2=]% in the same annulus. To satisfy the condition that Q(z,0)

is a formal series of z, [x<]% = —[z<](w; +w2). We have proved that (w; 4+ wz) is D-finite over
t and their singularities are both algebraic over ¢. So [#<]% also has this property. In [£<]%,
both w and r provide singularities. We have proved that r is algebraic in z,¢ and it provides
algebraic singularities. So w must also provide algebraic singularities for [x<]%. We have
d(w) = w. Since 6 maps a singularity which is a series in ¢ with valuation 1 to a singularity of
series in t with valuation —1 (see the discussion after Theorem 23), the singularities of §([z=]%)
are also algebraic over ¢. Since the coefficients in [x<](w; + w2) are D-finite, we can choose

suitable coefficients in w independent of the singularities and make w D-finite over t. O
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Remark 11. Theorem 28 says when the full orbit sum equals 0, Q(0,0) is algebraic. But we do
not reject the possibility that Q(0,0) may be algebraic when the full orbit-sum does not equal 0.
Our result in Theorem 29 is that wy is algebraic and wq, w are D-finite. Following the general
strategy of the kernel method, if we substitute the root xy in the numerator of (11.1.36), the
non-algebraic terms may be cancelled in the calculation. This may lead to the case of Kreweras
walks, where Q(0,0) is algebraic but the full orbit-sum is not 0 and the generating function

Q(z,0) is D-finite.

Following the same idea in Theorem 29, we can also prove that p,S and Tr(x) in (11.1.41)
are algebraic over ¢. We know that R has algebraic roots. To make Q(z,0) a formal series
of z,t, we still want the [x<]ef(%TT(X)¢+S_R)dw to cancel the [x<] part of p. Since [z<]p is

D-finite with algebraic singularities over ¢, [ ]ef (7 Tr()%+S—R)dw
ef LTr(x)®+S—R)dw

is also D-finite with algebraic
singularities over t. The coefficient [z] can be calculated by first expanding
%Tr(x)é 4+ S — R into a series and then taking the exponent. The final expression depends
on the singularities of %Tr(x)i) + S — R. Since all singularities are algebraic roots, the final
expression can only be a D-finite function of z, t and the coefficients in the integral. These
coefficients should also be D-finite since [z< ]ef RTr00®+S-R)dw jisolf is D-finite. Tr(x) and
S are deﬁned as D-finite functions. This implies R also has D-finite coefficients otherwise
[x _’]ef nTr00®+S-R)dw cannot cancel [z7%]p. But unfortunately, we cannot apply Proposition 3
since (11.1.41) is no longer a polynomial. We can still use the general strategy to solve it. The
equation may look like

P(Q(0,0),t) + [z7]e(@00H — ¢, (12.2.23)

where P, H are two D-finite functions. Clearly Q(0,0) may not be algebraic over the coefficients.
It may still be D-algebraic over ¢, but we cannot find the D-finite but not algebraic terms and
cannot find the differential equation. However, in Chapter 8, for Models 5 to 16 and Model
18, we directly find that Q(0,0) is related to 11, Too, T2, T3 (see definitions in Section 8.3). We
can definitely prove that they are D-algebraic and find the differential equation by the kernel
method.

12.3 An extension of the general strategy

The solution of Q(z,0) in the form (11.1.36) is powerful. With the help of (11.1.36), we can prove
the D-algebraic, D-finite, algebraic properties of Q(x,y), Q(x,0) and Q(0,0). The disadvantage
of this solution form is that, we cannot directly find the D-finite terms in the solution. These
D-finite but not algebraic terms provide singularities that describe the asymptotic behavior.
In this section, we go back to results got by the kernel method approach in Chapter 8. The
advantage of the kernel method is we can find these terms directly. We can find some equations
of Q(0,0) where each coefficient is known. Nevertheless, we sometimes get more than one
unknown in these equations and the equations may not be solvable. Here, we face this problem.

Theorem 27 was based on the fact that we obtained (12.2.5) from one polynomial equation
(12.2.1). However, when solving Kreweras and reverse Kreweras walks, we met a similar but
slightly different situation. Observe that an irreducible equation of the form

ApApcF(z) = ApeAcVAG (i) +VAA(z,U) + B(z, U) (12.3.1)

arose (namely, (8.2.20) and (8.2.66)). Here,

(i) F(z) and G (%) are series in ¢ whose coefficients are polynomials in 2 and % respectively;
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(i) U = Uy,Us,...,U;. They are unknowns independent of z. A(z,U) and B(z,U) are
linear combinations Uy, ..., Ug. For reverse Kreweras walks, the coefficients are in R(¢, z).
For Kreweras walks, the coefficients can be D-finite over x and ¢;

(ili) Ap =A1... Aas Arg = Aag1... Mg, and Ag = Agq1 ... Ay, where each ); is an irreducible
quadratic function with coefficients in C(t), and each has one root which is a series of
t and one root which is a series with a % term. This property holds since the equation
should be invariant under ¢ : x — % Thus for each quadratic factors, v permutes the
roots. If one is a series of ¢, the other should be a series with %

(iv) A is a Laurent polynomial in C[t,z, %], which becomes a polynomial in ¢,z after multi-
plying by some power of x to clear the % factors. This polynomial is either z times an
irreducible cubic polynomial, or an irreducible quartic polynomial, or a product of two
irreducible quadratic polynomials in x with different roots. It has two roots which are
formal series of ¢ without constant terms (one of which may be 0) and two roots which
are series with a % term. We denote these roots as X1, Xo, X3, X4. The canonical factor-
ization of v/A can be written as vVAgvVA_vVA,, where VA, VA_, VA, are defined as

in Lemma 7.

For both models we then obtained two kernel-like equations by taking either the positive
or negative part of (12.3.1) with respect to z. For reverse Kreweras this led to exactly three
linearly independent equations in U;. And since we have three unknown series, the kernel
method gave the solution. For Kreweras we obtained four independent equations. We initially
had four unknowns, but a fifth boundary term emerged when taking the positive and negative
parts. It was only because we already knew the (algebraic) solution to one of the U; that we
were able to solve the system. This phenomenon also appears in many D-algebraic models.

By the canonical factorization (Lemma 7), we may divide (12.3.1) by v/A} and extract the
non-negative and negative parts of each term with respect to . This gives two equations

F(x) B(z,...)

AFAFG* :G+($)+A+(.’E)+ \/T
+

T (12.3.2)

0= ApcAay/DoA_G (i) — G (2) + VAoA_A(z,U) — A (2, U), (12.3.3)

where

o G () is the [#7] of AFC,vAG\/AOA,G(%) — this can be expressed as a linear combination
of boundary terms of G (%) with polynomial coefficients; and

o A (x) is the [2Z] of /AgA_A(x,...) — this is a linear combination of the unknowns Uj;
with polynomial coefficients.

Note that G4 (x) may contain new unknowns. We put these unknowns together with the Uj;.
Assuming A(z,...) and B(z,...) are polynomials in x, ¢ (for more general cases, see Remark 12),
it will be useful to write

Az, U) = (1,z,...,2™)Mu(Uy,...,Up)"

. (12.3.4)
B(ZL’,U) = (1,.1‘, s 7wm)MB(U17' . 7Uk) ;

where k is the number of total unknowns after separation and M 4 and Mp are matrices which
are independent of x.

We may conclude the difference of the case discussed above in Section 12.3 with the condition
in Theorem 27.
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e We get the equations of (12.2.3) from two related equations (12.3.2) and (12.3.3), which
are the positive and negative parts of (12.3.1).

e The unknowns Q(0,0),Q1,0,Qo,1 are not in the form of (12.2.8). The coefficients of
FU) 5 € {0,1,...i — 1} in (12.2.8) have degree u~(~7+1) in u. We may construct a
Vandermonde determinant from the coefficients of these FU) in the equations of A% F(u)
and it is not 0. In our case, the coefficients of Q)1 o and Qo1 have the same lowest degree in
x since they come from taking [z~] terms of Q(z, 0) and Q(0, z). By the same construction
as (12.2.7), the determinant is not Vandermonde and it may be 0.

We want to extend Theorem 27 to our cases. Similar to Theorem 27, we give some conditions
on the form of (12.3.1), (12.3.2) and (12.3.3).

Theorem 30. Suppose equations (12.3.1), (12.3.2) and (12.3.3) satisfy conditions we discussed
above, and in addition

e The number of unknowns U; in (12.3.2) and (12.3.3) is k and the number of quadratic
factors is .

e There is no common vector in the right null-spaces of M 4 and Mp.

e In (12.3.4), (1,xz,...,2™)M4 does not contain \; for i € [1,[] as a factor and similarly
(1,z,...,2™)Mp does not contain \j for j € [+ 1,7] as a factor. This condition means
we cannot write

B(z,...)— ApApgF(z) = A <P(m)F(m) -> Ri(:n)Ui> , (12.3.5)

where A is a product of some \;, j € [1, 5], and P(x) and R;(x) are polynomials. Similarly,
we cannot write

ApcAaVAG <i> +VAA(z,U) = VAN (P’(x)G (i) - ZR;(x)U,) . (12.3.6)

where A’ is a product of some \j, j € [a+ 1,7], and P'(z) and Rj(x) are polynomials.
For problems where this condition fails and (12.3.5) or (12.3.6) is true, we can rewrite
(P(z)F(z) = Y, Ri(z)U;) or (P'(2)G () = 3, Ri(x)U;) as Fa(x) or Ga(L) and then con-

sider the new equation.

e FEach root of Aj, j € [1,7], or a non-zero root of a factor f(x) of A (over C(t)) cannot be
expressed by a rational function of roots of other factors. Mathematically speaking,

.f;t §é C((L‘it,l'g:, ce ,IE;-EI,J};il, ce ,{L‘,:i:,Xl, XQ,Xg,X4) (1237)
and
X; & C(zy,23,..., 25, X), (12.3.8)

where X is the set of X;, i € [1,4], such that f(X;) # 0.

Then if k > =y, the number of linearly independent equations obtained from (12.3.1) is at least
v. When k <7, any set of k equations obtained is linearly independent, and thus we can solve
Ui, ..., U, and the solutions are algebraic.
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Proof. Denote the roots of the quadratic factor A; by x;ft, so that :1:2+ and 1/x; are power series
in ¢. Substituting x; into (12.3.2) for i € [1, 8] gives

B(z;, U)

0=Gy(af) + Ay (2], 0) + Ao

(12.3.9)

and similarly substituting z; into (12.3.3) for i € [a + 1, ’y] gives

0=—Gy(a7) + VAoA_A(z;,U) — A, (a7, U). (12.3.10)

Here we have denoted A; = A+(aci ) and A_; = A,(:L‘;). If a < B (which means there are
common factors in the coefficients of F(x) and G(1)), then both roots of A; can be used if
j € [a+1,p]. We may choose either of them. For simplicity of the proof, we assume we choose
the ™ roots.

Now, let us choose v distinct equations from distinct factors. Put all these together as a

matrix and write them as C(Uy,...,U;)"T = D, where
a1 +bi1/vVAL E ar g+ big/vVAL
C_ agy+bsa//Byg o agrtbar//Ays _ (12.3.11)
api11 T 0p4110/A(grr) 0 gLk T bgrnky/ B (1)

ay,1 + by 1y A, s ay1 + by /A,

We may first assume k > ~. The coefficient a; j + b; j/+/A+; is the coefficient of U; in the ith
equation (note that for readability, v/Ag has been absorbed into b; ;).
We want to prove that the rank of C is 7. Let C’ be a v X v submatrix of C. We rewrite

the line and column number as 1,2,...,v and let S, be the set of permutations of {1,2,...,7}.
v
det(C') = ) sgn(o) [ [ Cio, (12.3.12)
0ESy i=1
B v
=3 sen(@) ] (am + bm/\/Aﬂ-) I1 <a,j,c,j + bj,ajw/A_j> . (12.3.13)
o€eS, i=1 Jj=B+1

We now rewrite this sum by splitting it into those terms which contain a factor of \/A_; or
/A_; and those which do not. Let P be the set of all ordered pairs (Q, R) where Q@ C {1,..., 5},
RC{B+1,...,7} and QUR is not empty. For o € S, and (Q,R) € P, define

Coor = [ @, II @ I] bace [] broes (12.3.14)

qeQ’ r'eR/ qeEQ reR
where @' ={1,...,0}\ Qand R ={f+1,...,7} \ R, and
VA,
Jor = e VA (12.3.15)
quQ Atg
Then
5
det(C') = Y sgn(o) [ [[aio + D Coorlor (12.3.16)
o€5, i=1 (QR)EP
2
Z sgn(o Hai,gi + Z CorJoR, (12.3.17)
0ESy i=1 (Q,R)eP
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where

Cor =) sgn(0)Coror. (12.3.18)

oSy

Now, we prove that (12.3.17) is not 0.

First, recall from (5.2.18) and (5.2.19) that A_ is a product of factors \/1 — X;/x where X;
is a non-zero root of A which converges when t — 0, while A is a product of factors \/1 — z/X;
where X; diverges as t — 0. By our fourth condition, X;/x; cannot be reduced. Furthermore,
since we require that each x; comes from a different factor A;, no reduction can occur between

any pair of \/A_, and /A, in JoR.
HTGR Vv A_r

For different Jg %, they contain different factors o So all Jg r are linearly in-
qeQ +q
dependent from each other over C(z,t). This means unless all Cgor = 0, the second part

of (12.3.17) does not belong to R(t, z1, 2, ...,z X1, X2, X3), since we always have /Ay in it.
Then it cannot be cancelled by the first term of (12.3.17). So |C'| # 0.

It remains then to show that at least one Cgr # 0. Consider the case Q = {1,..., 5} and
R={B+1,...,7}. Then Cgr = det(C") where

b - b
o= | e by | (12.3.19)

bpr11 -0 Dptiy

b'y,l b'y,'y

From (12.3.9), (12.3.10) and (12.3.4), it follows that
(L], ..., (@f)™M/,

(L ah, .., ()™M

_ al 12.3.20
(L4501 (2,0)™ M (12:3.20)

(Lzs, ..., (23)™)Mp

where M/, (resp. M',) is the matrix formed by the chosen v columns of My (resp. Mp).
Notice that by the third condition, each row (1,zF,...,(z)™)M/, . 5 cannot be the 0
vector itself. Otherwise, there is some 7 € [1, 3] such that z; is a root of (1,z,...,2™)M4 = 0,
or some i € [f+ 1,v] such that z; is a root of (1,x,...,2™)Mp = 0. This contradicts our third
condition. Thus all rows of C” are not O.
Now suppose det(C”) = 0, then there exists a non-zero vector v such that C"”"v = 0. This
implies
(L), ..., ()™M, v =0,
" O (12.3.21)
(Lz; ..., (z;)")Mpv = 0.
Since x; and z; are from different field extensions, v cannot cancel them simultaneously. Thus,
M/,v =0 and M/zv = 0. Then (v,0...0) is in the common right nullspace of M4, Mp. This
is a contradiction of our second condition. Thus, Cg r = det C” # 0. We have found ~ linearly
independent equations. Notice that in the proof, we take the x* roots of \;, i € [« + 1, 3]. The
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x~ roots of \;, i € [@+ 1, f] may provide more linear independent equations. So the number of
linearly independent equations is at least ~.

For the k < ~ case, we change the matrix from v x v to k x k. Then we can get the result
by a similar proof. O

Remark 12. Theorem 30 works for reverse Kreweras walks. For reverse Kreweras walks, we
have rational A(z) and B(z). We can easily change them to polynomials and apply Theorem 30.
We may also extend the proof to the cases that A(x, U) and B(z,U) are D-finite. In this case,
A(z,U) and B(z,U) are written as

Az, U) = (1,z,.. )My (Uy,...,Up)"

B(z,U)=(1,z,... ) Mg(Uy,...,U)" (12.3.22)

The proof will be exactly the same except M4 and Mp are oo X k matrices in this case. For
Models 5-16, we have e~ @t elo®elt (@) in the coefficients of G(%) instead of A. In these

L_ (xzpr,t
I ere (@r,t)

cases, we can see v PRy

. are all linear independent and our conclusion still holds.
qeQ

171



Chapter 13

Conclusion and perspective

13.1 Summary

In the first part of our work, we have worked through the solutions of 23 quarter-plane lattice
walk models with interactions. These are the models associated with finite groups, and we solved
them by the kernel method. For all these models except double Kreweras walks, we found linear
or polynomial equations of = that the generating functions Q(z,0) satisfy. The coefficients of
these equations contain boundary terms @; ;. This implies the generating function Q(z,0) is
algebraic over the coefficients in the equation. For all except double Kreweras walks and Gessel’s
walks, we found the explicit results of all generating functions Q(z,y), Q(z,0), Q(0,y),Q(0,0).
For Gessel’s walks, we obtained a polynomial equation of @(x,0) and point boundary terms
Qi ;. For double Kreweras walks, we found a relation between Q(z,0) and Q(0,z). We also
found the specializations that turn the generating functions from D-algebraic to D-finite or
D-finite to algebraic for all models.

The second part of our work is to discover the properties of the generating functions in a
general view. We have introduced two analytic methods. One is based on homomorphisms on
Riemann surfaces and it can be applied to all 23 models associated with finite groups. The
other is based on Riemann boundary value problems and it is a unified way to solve all models.
We proved the properties of all the 23 models via the solution of the analytic methods.

13.2 Why walks with interactions?

It is natural to assign weights to each step and make lattice walks a probabilistic model like that

in Section 11.1. However, boundary interactions are different from these kinds of probabilities.

Our discussion is mostly about quarter-plane lattice walks with interactions. In Chapter 1,

we proposed that the reason for studying lattice walks with interactions is that they biject to

polymer models in physics. In this section, we give a reason from a mathematical point of view.
Recall Theorem 8, for step set S C {—1,0,1} x {—1,0,1},

K(r,0)Q(.y) = =+ o~ 1~ tad(z,1))Q,0) + 5 (b~ 1 - hB(z,1)Q(0,)

+ ((;)C(ac + be — ab — abe) + tG(x, y)> Q(0,0) (13.2.1)

where K(z,y) =1 —tS(z,y) and S(z,y) = >_; j)es xiyl.
When a = b= ¢ =1, this equation becomes

.TyK(.TJ, y)Q(a:, y) =Y — tA—l(x)xQ(xa O) - tB—l(y)yQ(Ov y) + tG('xa y)wa(Oa 0) (1322)
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In [61], this equation is denoted as

K'(z,y)Q(x,y) = vy + K'(z,0)Q(x,0) + K'(0,5)Q(0,) — K'(0,0)Q(0,0) (13.2.3)

where K'(x,y) = zyK(z,y). We can see (13.2.3) is a linear equation of K'(x,y)Q(z,y) and its
boundary terms K'(x,0)Q(z,0) and K'(0,y)Q(0,y). Since the coefficient of Q(x,0) does not
involve y, the functional equation reveals some linear properties. The transformations act on
each term separately. If we assign probabilities to each step direction then K'(x,y) changes but
K'(z,0) is still a function of 2 and K'(0, y) is still a function of y. The functional equation is still
a linear function of a function of  and a function of y. However, boundary interactions break
this symmetry. Many ideas and methods which work for unweighted models can be directly
extended to the probabilistic ones, while they do not always work for interacting models. That
is why interacting walks need extra study.

13.3 Why the kernel method?

We have used the kernel method to solve the models and used the analytic methods to prove
some properties. One can also use analytic methods to solve the models, since Theorem 23
already gives the solution form with an arbitrary algebraic function w. By Theorem 29, we can
compare the singularities of each term in the solution form (11.1.36) and find a suitable w such
that the solution is a formal series. In [61, 33], the conformal gluing function w(z,t) in the
Riemann boundary value problem approach was solved explicitly and all models have results in
a uniform way.

It seems that the kernel method is not that effective compared with the analytic methods,
but it has its own advantages. We can easily get the linear differential equation of D-finite
functions for D-finite models, which appears to be an open problem in [61]. This is because we
have a good expression for Q(z,0). Comparing with the integral of ® and arbitrary function
w in (11.1.36) or CGF w in (11.2.20), we can see that it is the terms [z”]v/A that makes
Q(z,0) D-finite in the solution via the kernel method. For example, for Model 3, Q(z,0) is
solved by taking the [x~] of (8.1.50), where S; and Sy are known functions. They are both
related to [x>]\/Z If we just consider x, Q(z,0) is a linear function of Sp,Se with polynomial
coefficients in 2. If we know the linear differential equation of [2>]v/A, we can calculate the
linear differential equation of Q(zx,0).

Equation (7.1.10) tells us that if we know the linear differential equation of v/A, then we
know the linear differential equation of [#~]v/A and the linear differential equation of Q(z,0)
follows directly. The D-algebraic cases can be discussed similarly as well since they are rational
functions of D-finite terms. For some of the models, (0, 0) is also written as a rational function
of D-finite terms and we can get the differential equations directly. However, an easy approach
to the differential equation of ¢ for general Q(0,0) is still unclear. For some models, we must
solve Q(0,0) by solving a linear equation set, but the calculation is too complicated. There
is another method based on the idea of decoupling functions, discussed in [61]. That method
is also good at finding the differential equations for an algebraic and D-algebraic Q(z,0) over
x. Currently, that method has only been shown to work for non-interacting or step-weighted
walks.

Another reason for our focus on the kernel method comes from future study in higher di-
mensions, for example, 3D walks in the octant. The lack of knowledge about higher-dimensional
manifolds or 2-dimensional manifolds with genus larger than 1 has restricted the progress on
general lattice walk models via analytic methods. However, the kernel method provides another
route. In [11], Bostan et. al. apply the kernel method to walks in the octant and solve models
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associated with finite groups without interactions. Although the kernel method is only useful for
those walks with specific forms of generating functions, the solutions do not rely on knowledge
about higher-dimensional manifolds. This may give a practical way to solve certain models in
higher dimensions.

13.4 Perspectives

There are still many open questions. For example,

1. Higher-dimensional lattice walks. For physics, two-dimensional lattice walks only model
single-interaction polymers (ie. polymers with surface tension on the wall and inner stress
inside the polymer itself). To go to multiple interaction cases, we must map it to lattice
walks in higher dimensions. This will increase the number of variables in the kernel and the
symmetry group will become a polyhedral group. From the Riemann surface perspective,
the functions are now on a higher dimensional manifold. Some specific walks have already
been solved for non-interacting cases in [11]. However, with interactions or for general
cases, the problems are more complicated.

2. Properties of walks with infinite groups. It has been proved in [29] that except for 9
special walks, the generating series of all non-singular walks with infinite groups are z and
y-hypertranscendental'. The 9 special walks are D-algebraic. While for properties over
the variable ¢, everything is still unclear.

3. Singularity analysis for solved models. First consider x. For those walks associated with
finite groups, the singularities are very clear via the kernel method, since the solutions
are rational functions of terms with known singularities. For the walks associated with
infinite groups, it is an open question in [61]. Considering ¢: for those walks associated
with finite groups, most models are solved with explicit solutions, and the singularities
can be analyzed easily. There are already complete results for all non-interacting cases in
[68]. However, for Kreweras and reverse Kreweras, since we solved the linear equation sets
in the last step, the explicit results contain complicated determinants and we probably
need some other techniques to deal with them.

4. Some extension of Bousquet-Mélou and Jehanne’s theorem [19]. Many lattice walk prob-
lems can be converted to solving an equation in the form of (12.3.1). From an analytic
point of view, (12.3.1) is in the form of (11.2.1), the Riemann-Carleman problem with a
shift. We want to extend Bousquet-Mélou and Jehanne’s theorem to this equation. Al-
though we made some extension in Section 12.3, it is not a satisfactory result. The extra
conditions currently only suit Kreweras and reverse Kreweras walks. So, an improvement
of Bousquet-Mélou and Jehanne’s theorem is our objective.

Quarter-plane lattice walk models have been studied for more than 50 years. Actually,
among all the methods of solving quarter-plane lattice walk problems, the RBVP? appears first
in [32, 53]. This is then followed by the homomorphism on Riemann surfaces [36]. The first
time that the kernel method was applied to lattice walk problem was after the year 2000 [22].
Besides what we have discussed in this work, some new ideas, such as Tutte’s invariants [61]
and differential Galois theory [29] have also been introduced into this topic. The developments
of quarter-plane lattice walk models are not confined to probabilistic or physical models, but

1See definitions in Chapter 2.
2Riemann boundary value problem approach
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extend to the mathematical ideas and methods. The perspectives may be much wider than we
suppose.
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