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Foreword

A little over 100 years ago, Hardy and Ramanujan used complex integrals to estimate
the number of partitions of a large integer. This gave an inkling of a deep connection
between something elementary (counting) and something deep (complex variable
theory). The counting problem yields a generating function; coefficients of this
generating function can be computed or approximated via Cauchy’s integral formula.
For many decades Hardy and Ramanujan’s work, built on ideas of de Moivre,
Bernoulli, Euler, and Dirichlet, stood as a lone tour de force. Enumeration continued
to appear elementary and isolated from the rest of mathematics.

In the 1950’s Hardy and Ramanujan’s circle method (integrate over a circle
approaching the singularities of the generating function) was systematized somewhat
by Hayman. A few decades later, Flajolet and Odlyzko distilled the process of
singularity analysis to a set of effective transfer theorems, allowing almost automatic
derivation of asymptotics. Notably, over this span of seventy years, none of the
analyses exceeded the technical difficulty of Hardy and Ramanujan’s.

This book introduces a beast of quite a different color: Analytic Combinatorics
in Several Variables (ACSV). Generating functions in more than one variable can
be quite powerful. They capture joint distributions of combinatorial features, for
example the size of the ground set of a permutation as well as its number of cycles,
or the location and orientation of a domino in a random tiling, along with the size of
the tiling. Transferring the ideas of the Hardy-Ramanujan analysis to the multivari-
ate setting, however, turns out to summon mathematics from the four corners of the
known mathematical world. Starting with a Cauchy integral, this time in several vari-
ables, one is led in simple cases to saddle point integration. More complicated cases
require some harmonic analysis and singularity theory (inverse Fourier transforms
of homogeneous rational forms). Sometimes there is a nontrivial choice of where to
put the contour; this invokes algebraic topology and stratified Morse theory. Making
all of the steps effective requires computational algebra and homotopy methods.

The story is beautiful but also difficult and eclectic. Melczer finds a way to tell it
understandably and simply. Indeed, for Melczer, computation drives understanding.
To quote from Knuth, “Science is what we understand well enough to explain to a
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viii Foreword

computer.” And so, drawing from the author’s expertise in computer algebra, every
part of the story is told from the viewpoint of effective computation.

The book contains deep theorems, yes, but it embodies much more: a tutorial
in computer algebra, expertly conceived illustrations, and a very rich collection of
examples. Among the examples one finds Kronecker coefficients, rational period
integrals, and models from statistical physics. The author’s background in lattice
walk enumeration keeps the book grounded in yet another source of compelling
examples. As the title implies, this book succeeds where our own arguably has not,
in making this material inviting. Those taking up the invitation to ACSV will be
expertly guided into beautiful new territory.

February 2020, Robin Pemantle and Mark Wilson



Preface

If you ask a mathematician what they love most about mathematics, certain answers
invariably arise: beauty, abstraction, creativity, logical structure, connection (be-
tween disciplines and between people), elegance, applicability, and fun. This book
can be viewed as a humble attempt to show that combinatorics is the branch of
mathematics best situated to embody and illustrate all of these virtues. Our core
subject is the large-scale behaviour of combinatorial objects, with a focus on two
goals: the calculation of approximate asymptotic behaviour of sequences arising in
combinatorial contexts, and the derivation of limit theorems describing how the pa-
rameters of combinatorial objects behave for random objects of large size. We begin
with a simple idea, that to study a sequence we should look at its generating function
(the formal series whose coefficients are the sequence of interest). Algebraic, differ-
ential, and functional equations satisfied by the generating function then represent
data structures which encode the sequence, with more complicated sequences requir-
ing more complicated encodings. These encodings can be used to computationally
manipulate the sequence and, in many cases, determine its underlying properties.

The field of analytic combinatorics studies the asymptotic behaviour of univari-
ate sequences by applying techniques from complex analysis to their generating
functions. The universality of many properties of analytic functions often allows for
an automatic asymptotic computation, with much of the theory now implemented
in computer algebra systems. In this sense the study of analytic combinatorics for
univariate sequences is somewhat classical; it is captured in glorious detail by the
book Analytic Combinatorics of Philippe Flajolet and Robert Sedgewick. More re-
cently, in the early twenty-first century, Robin Pemantle and Mark Wilson (later
joined by Yuliy Baryshnikov) combined methods from complex analysis, singularity
theory, algebraic and differential geometry, and topology to form a theory of analytic
combinatorics in several variables (ACSV). The textbook Analytic Combinatorics in
Several Variables, by Pemantle and Wilson, provides a comprehensive overview of
the subject, but its use of advanced constructions coming from the various mathemat-
ical disciplines conscripted into their work makes it suitable mainly for researchers
with strong mathematical backgrounds across several domains.
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The aim of this book is to provide a more accessible introduction to this vast
and beautiful area of combinatorics. There are several (potentially overlapping)
audiences: mathematicians interested in the behaviour of functions satisfying cer-
tain algebraic, differential, or functional equations; combinatorialists interested in
learning the theory of analytic combinatorics and analytic combinatorics in several
variables; computer scientists interested in the computational aspects of these sub-
jects; and researchers from a variety of domains with an interest in the resulting
applications. Our presentation is calibrated for an audience of math and computer
science graduate students and researchers, although advanced undergraduates and
those from adjacent research areas shouldn’t be scared away. Previous knowledge
of sequences and series, at the level of an advanced calculus course or first course
in analysis, is the main prerequisite. Of all the advanced mathematical topics en-
countered, a familiarity and comfort with the basics of complex analysis (analytic
functions, residues, the Cauchy integral formula) are the most crucial, although
the necessary complex analytic background is reviewed in an appendix. Additional
knowledge from commutative algebra, singularity theory, algebraic and differential
geometry, and topology can help put certain results in context but are not assumed.
Applications from numerous mathematical and scientific domains are given, in-
cluding many illustrations of the various techniques on lattice path enumeration
problems. We put a strong focus on computation, and the companion website to this
text contains computer algebra code working through the examples contained here.

Because it draws from so many different areas of mathematics, analytic combina-
torics in several variables has a reputation of being powerful yet impenetrable. My
deepest wish is that this work illuminates the vast riches of ACSV and opens up the
area to new researchers across disciplines.

Acknowledgments First and foremost, I owe a great debt to the three architects
of analytic combinatorics in several variables, Robin Pemantle, Mark Wilson, and
Yuliy Baryshnikov, for their support and guidance over the last several years. This
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Pennsylvania and the Université du Québec a Montréal, and I thank all the students
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text, helping to improve its presentation and fix many typographical errors. Marcus
Michelen, Shaoshi Chen, Chaochao Zhu, Manuel Kauers, Alin Bostan, and Marc
Mezzarobba gave feedback on various versions of the manuscript, along with my
summer students Keith Ritchie and Andrew Martin. I would also like to thank Persi
Diaconis, Jessica Khera, Erik Lundberg, and Armin Straub for suggesting problems
which appear here. I originally became interested in analytic combinatorics as an
undergraduate student, under projects (some of which inspired problems in this text)
supervised by Marni Mishna, Alin Bostan, and Manuel Kauers, and I hope this text
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conveys a sense of the wonder I experienced under their supervision. In addition
to those mentioned above, some of the work presented here originally appeared
in papers coauthored by Mireille Bousquet-Mélou, Julien Courtiel, Eric Fusy, and
Kilian Raschel, all of whom taught me a great deal about combinatorics. Thanks
also to Peter Paule for encouraging me to write this book and agreeing to be its
mathematical editor, and Martin Peters and Leonie Kunz at Springer.

Finally, this book is dedicated to Philippe Flajolet and Herb Wilf, two inspirational
mathematicians—on both personal and professional terms—whom I never had a chance
to meet. I would like to thank Ruth Wilf for welcoming me to Philadelphia during
my time there and sharing stories of Herb. I also thank my family (my parents, Laura,
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Chapter 1
Introduction

For it is unworthy of excellent men to lose hours like slaves in
the labor of calculation which could safely be relegated to
anyone else if the machine were used.

— Gottfried Wilhelm Leibniz

To count is a modern practice, the ancient method was to guess.
— Samuel Johnson

A fundamental problem in mathematics is how to efficiently encode mathematical
objects and, from such encodings, determine their underlying properties. As an
illustrative example, imagine encoding the elements of different algebraic structures
on a computer.

* Aninteger can be encoded in its binary representation together with a bit indicating
its sign.

* A rational number can be encoded as a pair of integers representing its numerator
and denominator.

* An algebraic number over the rationals, @ € A, can be encoded by its minimal
polynomial m,(z) € Z[z] (defined by a finite list of integers) and an isolating
region of the complex plane (defined, for instance, as a disk in the complex plane
with rational radius and a centre with rational real and imaginary parts).

Although the first two representations here are somewhat explicit, the third is implicit:
we can view the integer polynomial m, as a ‘data structure’ storing a, from which
information about @ can be computed as desired. On the other hand, since the field
of complex numbers C is uncountable its elements cannot even be listed. Thus, there
is a nesting of algebraic structures of increasing complexity

ZcQcAcC

going from a ring whose elements can be encoded and manipulated directly to a field
where almost nothing can be decided for a general element.

In this text we examine questions of computability (the study of what can be
decided) and computational complexity (the study of how fast something can be
decided) in enumerative combinatorics, with a focus on the limiting behaviour of se-
quences and large discrete structures. Examining different encodings of increasingly
complicated classes of sequences, we will see how current questions on these topics
focus around sequences defined by multivariate rational functions. At the heart of
this work is the new field of analytic combinatorics in several variables (abbreviated
ACSYV), and the majority of this text is dedicated to the development and exposition
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of this theory. In addition to providing tools for the study of univariate sequences,
ACSYV also allows for an analysis of multidimensional sequences encoded by series
expansions of multivariate functions. This allows for striking results, such as limit
theorems for various combinatorial objects.

At each stage of our study we focus on effective methods and implementable
algorithms, with links to necessary software packages given at the textbook website,

https://melczer.ca/textbook/

This website also contains code working through every computational exam-
ple in this textbook. The majority of the examples are worked through in the
Maple [1] and Sage [51] computer algebra systems, although other software (such
as MAGMA [15]) is used occasionally when specific packages are required. Of
particular importance for this text is the Maple gfun package of Salvy and Zimmer-
mann [48] and the Sage ore_algebra package of Kauers et al. [33]. Links to the most
up to date versions of this software are given on the book website.

1.1 Algorithmic Combinatorics

Given a sequence (f,,) = fo, fi» /o - - -, the generating function of (f;) is the series

F)= ) fad"

n>0

We typically consider the case when the f;, are complex numbers, although generating
functions can be defined formally over more general rings in a manner described in
later chapters. Wilf [53] famously described a generating function as a “clothesline
on which we hang up a sequence of numbers for display,” aptly summarizing their
role as data structures. Assuming the terms of ( f;;) are complex numbers which grow
at most exponentially, i.e., there exists K > 0 such that | f;,| < K" for all n € N, the
generating function F(z) can be viewed as the power series expansion of a complex-
valued function at the origin. A sequence can thus be encoded by equations satisfied
by its generating function.

As an example, consider the following classes of functions which appear fre-
quently in combinatorial contexts.

e Apolynomial F(z) € Q[z] canbe encoded as a finite sequence of rational numbers.

* A rational function F(z) € Q(z) can be encoded as a pair of polynomials in Z[z],
corresponding to its numerator and denominator.

» Say that F(z) is algebraic if there exists a non-zero polynomial P(z, y) € Z[z, y]
such that P(z, F(z)) = 0. The algebraic functions we consider can be encoded by
such polynomials P(z, y) together with initial terms of their power series at the
origin to uniquely determine them among the roots of P with respect to y.
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e Say that F(z) is differentially finite (D-finite) if it satisfies a non-zero linear
differential equation with coefficients in Z[z]. A D-finite function can be encoded
by an annihilating linear differential equation and a finite set of initial conditions.

e Say that F(z) is differentially algebraic (D-algebraic) if there exists d € N and
a non-zero multivariate polynomial P(z, z1,. . ., zg) With coefficients in Z such
that F and its derivatives satisfy P(F, F’,..., F (‘1)) = 0. A D-algebraic function
can be encoded by the polynomial P and a finite set of initial conditions.

Sequences coming from closely related combinatorial problems often have generat-
ing functions which share similar properties—for example, the generating function
of any sequence satisfying a linear recurrence relation with constant coefficients is
rational, while the generating function of any sequence satisfying a linear recurrence
relation with polynomial coefficients is D-finite—and many amazing methods have
been developed to go from a combinatorial enumeration problem to an encoding of
the relevant generating function.

Given a generating function specified by one of the above encodings, there are
many natural questions that can be asked, including

e Can a simple! closed form of the term f;, be determined as a function of n?

* Can the asymptotic behaviour of f, be determined as a function of n directly from
this encoding? Can it be determined from any encoding?

* How else can this generating function be encoded, and how can one convert to
these other encodings? What is the “simplest” encoding possible?

The asymptotic behaviour of a sequence f, describes how it behaves as n — oo.
Frequently, the asymptotic behaviour of a sequence can be more revealing than
cumbersome exact enumeration formulas and is often easier to determine.

Example 1.1 (Exact vs. Asymptotic Enumeration for Unlabelled Graphs)

Wilf [52, Ex. 3] conjectured in 1982 that the number f;, of unlabelled graphs on n
nodes cannot be computed in polynomial time with respect to n. This conjecture is
still open, although it has long been known? that f;, 22‘—,2',) — lasn — oo,

1.1.1 Analytic Methods for Asymptotics

Our main tools for asymptotic enumeration come from analysis, and the systematic
use of analytic techniques to study the asymptotic behaviour of sequences is known

1 Of course, the notion of a “simple” closed form expression is subjective, and thus open to
interpretation. We do not touch on this delicate topic here, but refer the interested reader to
Wilf [52], Stanley [49, Section 1.1], and Pak [40] for interesting meditations on the subject.

2 Asymptotic behaviour of unlabelled graphs follows from the fact that there are 2(3) labelled
graphs on n nodes, almost all of which have no automorphisms; see Noy [14, Ch. 6] for details.
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as the study of analytic combinatorics. The main results of analytic combinatorics
illustrate strong links between the singularities of a generating function (roughly,
points where the function ‘behaves badly’) and asymptotics of its coefficients, starting
with the Cauchy integral formula. When the generating function of (f;;) represents
a convergent power series in a neighbourhood of the origin, the Cauchy integral
formula implies that for any n € N the term f;, can be represented by a complex

contour integral
1 dz
=— [ F(z)—,
fn 271_1 ‘/y (Z) Zn+1

where vy is a counter-clockwise circle in the complex plane sufficiently close to the
origin. This equality relates the power series coefficients of F' to an analytic object,
and allows one to determine asymptotics of f;, by applying classical results on the
asymptotics of parametrized complex integrals.

Unless the terms f,, decay too fast (faster than any exponential function), a
complex-valued function defined by the series F(z) will admit at least one singularity
in the complex plane. In Chapter 2 we will see how knowledge of the function F(z)
near its singular points closest to the origin, known as dominant singularities, directly
translates into explicit asymptotic formulas for f;,. The first major result of analytic
combinatorics is that the location of the dominant singularities in the complex
plane determine the exponential growth p = limsup,,_,, | fal /™ of the coefficient
sequence, the coarsest measure of its growth. After finding the dominant singularities
of F, giving the exponential growth of f;,, full asymptotic behaviour can be deduced
by studying F near these points. For most examples encountered in applications it
is sufficient to determine the type of each dominant singularity (roughly, if it comes
from a division by zero, substituting zero into an algebraic root or logarithm, etc.)
together with small amount of additional analytic information which can then be
substituted into known formulas.

Example 1.2 (The Catalan Generating Function)

The power series coefficients (¢, ) of the Catalan generating function

1-+v1-4z

=1+z+22 457 +---
27

C(2) =
count an incredible number of combinatorial sequences, including the number of
rooted binary plane trees (trees where each node has at most two children). Because
z = 1/4 is a singularity of C(z) due to a square-root vanishing, and there are no
other? singularities of C(z), the techniques of analytic combinatorics (in particular,
Proposition 2.11 in Chapter 2) immediately imply that the nth power series coef-
ficient ¢, behaves like 4"n 3272712 as n — co. Stanley [50] gives an extensive
account of this sequence and 214 (!) different combinatorial objects it counts.

3 Although there may appear to be a problem at z = 0, where the denominator of C(z) is zero, this
is not the case: the numerator of C(z) also vanishes at z = 0 and the limit of C(z) as z approaches
zero exists and is finite.
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Finite Automata

Rational Pushdown Automata

Algebraic Turing Machine

Rational Diagonal

D-Finite Q
D-Algebraic A
C

Fig. 1.1 The classes of generating functions, models of computation, and numerical constants
discussed here, including the generating function class of rational diagonals which is central to
analytic combinatorics in several variables.

Methods in analysis are flexible, giving some freedom when setting up cal-
culations, and this flexibility often allows for an automated asymptotic analysis*.
Automatically determining properties of a generating function from an encoding is
the domain of algorithmic combinatorics. As we will see, asymptotic expressions
for sequences with rational or algebraic generating functions can be determined au-
tomatically from the encodings discussed above. In contrast, it is undecidable to take
a general D-algebraic function with rational power series coefficients, encoded as
above, and determine whether or not its coefficients grow exponentially. Although
much is known about the asymptotics of sequences with D-finite generating func-
tions, the decidability of determining such asymptotics is an open problem; D-finite
functions thus lie at the boundary of decidability in enumeration.

When discussing decidability results it is interesting to compare our classes of
generating functions to families of objects in theoretical computer science. A finite
automaton is the simplest model of computation used for pattern recognition, and
counting the strings of patterns recognized by a fixed automaton by the number
of symbols they contain always results in a rational generating function. Similarly,
algebraic generating functions appear when enumerating patterns recognized by
certain ‘pushdown’ automata. Because finite and pushdown automata are relatively
simple models of computation, it is not surprising that many properties of rational
and algebraic generating functions can be decided. On the other hand, it can be
shown [30] that universal Turing machines can be simulated by solving D-algebraic
systems! As Turing machines are powerful, it is thus not surprising that D-algebraic
functions are hard to get a handle on. The increasingly complicated classes of

4 We will see several examples in this text. For an early example of an automated system to
determine asymptotics of sequences, implemented in CAML and Maple, see the Lambda-Upsilon-
Omega (ATQ) system of Flajolet et al. [26, 27].
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Fig. 1.2 Lattice walks of length 500 restricted to the quadrant N? using the step sets S =
{(£1,0), (0, 1)} (left) and S = {(0, —1), (=1, 1)} (right). Note the walks have self-intersections.

generating functions, models of computation, and numerical constants are displayed
in Figure 1.1; these connections are further explored in Chapters 2 and 3.

1.1.2 Lattice Path Enumeration

Much of the theory of algorithmic combinatorics appears in the rich field of lattice
path enumeration, which forms the main source of combinatorial applications in this
textbook?. Roughly speaking, a lattice path model is a combinatorial class which
encodes the number of ways to “move” on a lattice subject to certain constraints.
More precisely, given a dimension d € N, a finite set of allowable steps S C 74,
and a restricting region R C Z4, the integer lattice path model taking steps in S and
restricted to R is the combinatorial class consisting of walks: finite sequences of steps
beginning at some fixed point of R which must always stay in R (see Figure 1.2). We
may also restrict the class further by adding other constraints, such as only admitting
walks which end in some terminal set.

In addition to a large number of applications, discussed in Chapter 4, lattice path
problems form an interesting ‘combinatorial playground’ to develop new methods
for dealing with a wide range of generating function behaviours. For example,
the generating functions of two-dimensional models restricted to the quadrant N2
with step sets S c {+1,0}? already exhibit a wide variety of behaviour: they
admit generating functions which are rational, algebraic, transcendentally D-finite,

5 Of particular use to us will be the extreme effectiveness of analytic combinatorics in several
variables for solving lattice path enumeration problems. It is interesting to note that the development
of complex analysis in a single variable was greatly inspired by the study of elliptic functions, while
the theory of complex analysis in several variables suffered due to lack of concrete problems. To
quote the opening sentence of Blumenthal [13] from 1903, translated from the German, “If, in
contrast to the widely and highly developed theory of functions of a single complex variable, the
theory of functions of several variables has lagged behind, this is due essentially attributed to the
absence of suitable interesting examples which could lead the general theory.” The methods of
ACSV rely heavily on complex analysis in several variables.
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non-D-finite but D-algebraic, and non-D-algebraic. Progress has been made on the
study of these quadrant models over the last several decades using tools from the
theory of algebraic curves, formal power series approaches to discrete difference
equations, probability theory, computer algebra, boundary value problems, potential
theory, differential Galois theory, the study of hypergeometric functions, and several
branches of complex analysis. Many of the decidability issues discussed above arise
naturally in this context.

Example: D-finite Decidability Problems in Lattice Path Enumeration

Consider the sequence a, counting the number of walks restricted to N> which
begin at the origin and take n steps in S = {(x1,0), (0, £1)}, illustrated on the left
of Figure 1.2. Using results from Chapters 3 and 4, it is possible to show that the
generating function A(z) of (a,) satisfies the linear differential equation

24z - D)4z + DA (2) + 2z(4z + 1)(162 — 3)A” (1)

) (1.1)
+2(1122% + 147 — 3)A'(1) + 4(162 + 3)A(r) = 0,

a result originally conjectured by Bostan and Kauers [17] and proven by Bostan
et al. [16]. Using techniques discussed in Chapter 2, it is possible to automatically
translate such a differential equation to a linear recurrence relation satisfied by a,,,

(n+4d)(n+3)apsr2 —42n +5)ays — 16(n+ 1)(n + 2)a, = 0. (1.2)

Because this is a linear recurrence, the set of all sequences which satisfy (1.2) form
a complex vector-space, and because such a sequence is uniquely determined by
its first two values this vector space has dimension two. Furthermore, the methods
of Chapter 2 allow us to describe a basis of this vector space consisting of two
elements, ¥ (n) and W;(n), whose asymptotic expansions

3 9
Yi(n)y=4"n"[1-=—+--- and  Wo(m)=(-4)"n> [1-=—+---
2n 2n
as n — oo can be computed to any fixed accuracy. Because ¥; and ¥, form a basis
for all solutions of (1.2), there exist constants A;, A, € C such that our lattice path
counting sequence, which is one particular solution of (1.2), satisfies

a, = A1 ¥1(n) + 22 Ya(n).

Although it is currently unknown how to compute the constants A; and A, directly
from (1.1) and initial terms of A(z), we will see how to use numeric analytic
continuation to rigorously approximate them to any desired accuracy. Heuristically,
one could also exploit this recurrence to efficiently compute the term ap for a large
index N, say N = 1000, and use this result to approximate 1; ~ ap /%¥1(N). In this
case we can obtain a numerical approximation
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a, =(1.273.. )¥i(n) +(5.092...)¥2(n) ~ (1.273... )4"n_1

with rigorous error bounds on the numeric constants, giving asymptotics up to a
multiplicative constant which can be determined to high accuracy. Among other
things, we will see that this asymptotic growth directly implies that A(z) is not
algebraic and thus cannot be encoded by a polynomial equation.

In contrast, let b,, count the number of walks restricted to N2 which begin at the
origin and take n steps in S = {(0,-1),(-1,1),(1, 1)}, illustrated on the right of
Figure 1.2. Now the generating function B(z) satisfies a linear differential equation
of order 5 whose coefficients are polynomials of degree 16, from which it is possible
to show that b, satisfies a linear recurrence relation of order 6 with polynomial
coeflicients. This linear recurrence has a basis Wi(n), ..., W¢(n) whose expansions
as n — co can be computed to any fixed accuracy, where

Wil = 22 (140

and all other terms grow exponentially slower than 3" as n — oco. As the ¥; form a
basis there are 4y, . . ., Ag € C such that the lattice path counting sequence b,, satisfies

bn = /l]‘l‘] (n) + /12“1"2(71) + e+ /16\1’6(1’1). (13)

Since ¥ (n) is the asymptotically dominant basis element it appears that b,, grows
like A; 3" /+/n. However, perhaps surprisingly, numerically approximating 1; shows
that it equals zero to many decimal places. In fact, we will see that the number of
lattice walks on n steps has exponential growth 242, and its dominant asymptotic
behaviour depends on the parity of n.

In general, it is not known whether one can examine decompositions like (1.3) for
sequences satisfying linear recurrences with polynomial coefficients and determine
which coeflicients are identically zero. The issue is that although one can show these
constants to be zero to large accuracy, a priori there are no lower bounds on how small
they can be when they are non-zero (in fact there is not even a tight characterization
of the ring of numbers in which these constants lie). This issue, lying at the heart
of effective asymptotic methods for sequences with D-finite generating functions, is
discussed in detail in Chapter 2.

Going back to lattice paths, a full and rigorous asymptotic analysis of models
restricted to the non-negative quadrant stubbornly resisted several attempts. Bostan et
al. [16] gave differential equations satisfied by the generating functions of all quadrant
models with step sets S ¢ {+1,0}?, and expressed these generating functions in
terms of explicit hypergeometric functions. Although these representations give
strong information about the sequences involved, it is still difficult to prove the
conjectured asymptotics. For instance, those authors show [16, Conjecture 2] that
the constant 4; in (1.3) is exactly zero if and only if the integral
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1/3 (1 _3v)l/2
‘/0‘ {VS(I +V2)l/2

1+(1-10v3) X, Fy (3/4’5/4'64\/4)

1

4,7/4 2 4
+6V3(3 = 8v + 14v?) x o F) 3471 6| - =+ = tdv
2 v3i o2

equals 1, where » F| denotes the hypergeometric series

2F1( ‘ ) Z(a)n(b)nz’ (Op =x(x+1)---(x+n-1).
¢ (C)n n!

It is not clear how to prove this identity.

Here we will follow work of Melczer and Mishna [37] and Melczer and Wil-
son [39] to determine asymptotics of these, and many more, lattice path models by
encoding their generating functions using a new data structure: multivariate rational
diagonals. Although a linear differential equation encodes a vector space of solu-
tions, from which the desired generating function is specified by its initial terms, this
representation directly encodes the generating function of interest. Asymptotics can
then be determined using the methods of analytic combinatorics in several variables.

1.2 Diagonals and Analytic Combinatorics in Several Variables

Diagonal representations encode sequences using multivariate series expansions.

Given a d-variate complex function F(z) = F(zy, .. ., zqg) With power series
F(z) = Z Ji,.. ’dzl ld
(i1, riq)END

at the origin, we define the main diagonal of F(z) as the univariate function obtained
by taking the coefficients of this series where all variable exponents are equal,

AF)2) = " fund"

n>0

More generally, one can define the r-diagonal of F(z) for any r € R as

(ArF)(Z) = Z fnrzn = Z fnrl,...,nrdzn,

n>0 n>0

where the coefficient f,; is considered undefined when nr ¢ N9, Our methods also
apply to more general series expansions whose exponents contain negative integers.

Although the theory we develop works for more general classes of functions, we
focus mainly on series expansions of rational functions so that tools from computer
algebra can be used to automate the necessary computations. Rational diagonals are
studied extensively in Chapter 3, where we will see that each r-diagonal is D-finite
and every algebraic function can be realized as the main diagonal of a bivariate
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rational function. Because the ring of multivariate rational diagonals lies between
the class of algebraic functions, where coefficient asymptotics can be determined
automatically, and the ring of D-finite functions, where this problem is still open,
they make a prime subject on which to study effective asymptotics. Chapter 3
discusses how diagonals arise naturally in combinatorics (lattice path enumeration,
irrational tilings of rectangles, Kronecker coefficients), probability theory (random
walk models), number theory (binomial sums such as Apéry’s sequence, used in his
proof [2] of the irrationality of £(3)), physics (statistical mechanics and the Ising
model), and many other areas. Just as Bernoulli [11] used linear recurrence relations
to approximate roots of univariate polynomials in the early eighteenth century,
asymptotic behaviour of the r-diagonals of a rational function 1/H(z) encodes deep
information about the algebraic set defined by H(z) = 0.

1.2.1 The Basics of Analytic Combinatorics in Several Variables

In order to study the asymptotics of rational diagonal coefficient sequences we
make use of complex analysis in several variables. Suppose F(z) = G(z)/H(z) is a
multivariate rational function, where G and H are coprime polynomials with integer
coefficients. When H(0) is non-zero, F admits a power series expansion

F@)= > faiad 2 (1.4)

(i1,-.riq)EN?

in some open domain of convergence O around the origin. As in the univariate
setting, there is a strong link between the singularities of F'(z), which are the elements
of the singular variety 'V = {z € C? : H(z) = 0}, and asymptotics of the r-diagonal
sequence f,r as n — oo. A singularity is called minimal if no other point in V has
coordinate-wise smaller modulus. The minimal points are the singularities which are
closest to the origin in C4, similar to dominant singularities in the univariate case,
and they play an important role in determining asymptotics.

The study of analytic combinatorics is more delicate in several variables. Al-
though many® univariate functions admit a finite number of dominant singularities,
in dimension two and greater there will always be an infinite number of minimal
points unless F(z) is a polynomial. For a fixed direction r, the goal is still to de-
termine a finite number of singularities of F(z) where the local behaviour of F(z)
allows one to determine asymptotics of f,,;. The fact that this is not always possible
is a reflection of the pathologies which can arise when dealing with the singularities
of multivariate rational functions.

¢ For instance, any rational, algebraic, or D-finite function has a finite number of singularities in
the complex plane.
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Critical Points

Fix r € N¢ with positive coordinates. The starting point of a multivariate asymptotic
analysis is a generalization of the Cauchy integral formula to several variables,

1 dzy---dzgq
Jor = W‘/CF(Z)W, (1.5)

where C is a product of circles sufficiently close to the origin. Using standard integral
bounds, we will show that every minimal point w € V gives an upper bound

T

| (1.6)

p<lwy d

on the exponential growth p = limsup,,_,, | furl'/" of the diagonal sequence. To
find a set of minimal points where a local singularity analysis of F(z) determines
asymptotics, it makes sense to look for the minimal points minimizing this upper
bound, as those are the only ones around which the integrand of (1.5) could have the
same exponential growth as the diagonal sequence.

Suppose first that the denominator H and its partial derivatives never simultane-
ously vanish. In Chapter 5 we show that frequently the minimal points giving the
best bound in (1.6) satisfy the algebraic system of smooth critical point equations

H@) =0, r'z1H,(2) =" =r;"24H,,(2),

where H;; represents the partial derivative of H with respect to z;. When H and its
partial derivatives never simultaneously vanish, any solution of this system is called
a critical point of F(z).

The condition that H and its partial derivatives never simultaneously vanish
implies that the singular set V forms a manifold, meaning V looks like C¢~! around
each of its points. When the algebraic set V is not a manifold, one must partition
V into a collection of manifolds called strata and define critical points on each
stratum. In Chapter 9 we discuss how the critical points on any stratum can always
be specified by a system of polynomial equations. Thus, in practice it is usually easy
to characterize the critical points of F(z), which are encoded by algebraic equations,
but much more difficult to decide which (if any) are minimal, as minimality is
a semi-algebraic condition (it relies on inequalities between moduli of variables).
When there are minimal critical points where the singular variety is locally a manifold
such points must minimize the upper bound (1.6) on the exponential growth p, but
this may not hold for non-smooth minimal critical points.

Asymptotics
Asymptotic behaviour is determined by deforming the domain of integration in the

Cauchy integral (1.4) to be close to the singularities of F(z), without changing
the value of the integral, then performing a local singularity analysis. Intuitively,
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minimal points are those to which the contour C can be easily deformed, as they are
the singularities closest to the origin, while critical points are those where such a
singularity analysis can be deformed to determine asymptotics. As in the univariate
case, the nature of the singular variety at minimal critical points is important to the
determination of asymptotics, and now the local geometry of V plays a large role.

The easiest case is when V admits a single minimal critical point w, around
which YV is a complex manifold. Assuming some minor extra conditions typically
satisfied in applications, diagonal asymptotics can be obtained by computing a uni-
variate residue integral followed by an d — 1 dimensional integral whose domain
of integration can be made arbitrarily close to w. When V has a finite number of
such minimal critical points, diagonal asymptotics are determined by applying the
so-called saddle-point method to each of the d — 1 dimensional integrals. Under con-
ditions which can be automatically verified, there are explicit formulas for diagonal
asymptotics depending only on the minimal critical points involved and evalua-
tions of the partial derivatives of G(z) and H(z): see, for instance, Theorem 5.1 in
Chapter 5.

The next simplest case occurs when V admits a minimal critical point w around
which V is the finite union of manifolds whose tangent planes are linearly indepen-
dent; such a point w is called a transverse multiple point. Under certain conditions
which often hold, and which are sufficient for our applications, diagonal asymptotics
can again be computed through explicit formulas. Although we discuss how to per-
form a singularity analysis when V has a more exotic geometry, our results in these
cases rely on more complicated techniques and are thus less explicit. Ultimately,
the goal of this program is to automate as much as possible, perhaps proving the
decidability of asymptotics for multivariate rational diagonal sequences.

Multivariate Generating Functions and Central Limit Theorems

Instead of simply viewing a multivariate function F(z) as a data structure for a
single r-diagonal sequence, we can also view F(z) as a truly multivariate generating
function whose coefficients enumerate different parameters on combinatorial objects.
In this case we want to know coefficient behaviour for all r-diagonals. Our results
show that for ‘most’ directions (in a manner to be made precise) asymptotics behave
in a uniform manner as r varies, and in many situations we are even able to prove
limit theorems about the coefficients of interest. For example, if for each n € N
we let [z/}]F(z) denote the terms in the series expansion of F(z) containing z; then
the results of Chapter 5 give automatically verifiable conditions under which the
coefficients of [Z]j]F (z) approach a multivariate normal distribution as n — oo.
Figure 1.3 illustrates two examples, which we return to in Chapter 5.
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Fig. 1.3 Left: The coeficients of z" in 1/(1—z—xz>—yz>) approach a bivariate normal distribution
as n — oo (n = 200 is pictured). These coefficients enumerate certain permutations of {1, ..., n}
by the number of two and three cycles they contain, part of a family studied by Chung et al. [18]
due to a connection to random perfect matchings in bipartite graphs. Right: Let ei_,, denote the
number of pairs of polynomials (r, g) over the finite field of prime order p such that g is monic,
n = degqg > degr, and Euclid’s ged algorithm applied to (r, g) takes k steps to terminate. The
methods of Chapter 5 imply ex, , approaches a normal distribution as n — oo. Pictured is a
frequency count of divisions performed when running Euclid’s algorithm on 10 000 random pairs
of polynomials with deg g = 500 and p = 3, compared to the limiting distribution.

1.2.2 A History of Analytic Combinatorics in Several Variables

Using the binomial theorem, coefficient sequences of multivariate rational functions
can often be represented as sums of non-negative terms which are amenable to classi-
cal asymptotic techniques covered, for instance, in de Bruijn [19]. Early work on truly
multivariate analyses of generating functions came from a probabilistic examination
of their coefficients. Starting in the 1970s, Bender [7] derived local and central limit
theorems for coeflicients in the bivariate case, which Bender and Richmond [8] gen-
eralized to any number of variables, followed by related work by those authors and
collaborators [10, 29, 9]. Additional work in the 1990s further examined limit the-
orems for coefficients of bivariate generating functions [28, 25, 21, 22, 23, 31, 32].
Near the end of this probabilistic work, a new approach arose which used multi-
variate complex residues to determine coefficient asymptotics for functions whose
denominators are products of linear factors [35, 12] and for bivariate functions [36].
Although the theory developed in these early approaches was applied in a some-
what ad hoc manner, much of the modern approach was present; for example, the
queuing theory work of Kogan and Yakovlev [34] derived asymptotics using residue
computations to reduce questions of asymptotic behaviour to an analysis of saddle-
point integrals. Egorychev’s book [24] on combinatorial identities contains a small
number of results using multivariate integrals.

More recently, Pemantle, Wilson, Baryshnikov, and collaborators, have brought
together results from several different mathematical disciplines in order to develop a
large-scale systematic theory of multivariate asymptotics for combinatorial purposes.
Perhaps the first work in this program is Pemantle [41], which studies coefficient
sequences of multivariate rational functions whose asymptotic expansions terminate
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(and thus uniquely determine the sequences of interest). In the early 2000s, Pemantle
and Wilson [42] gave a method for determining asymptotics when the singular set V
is a complex manifold and there are minimal critical points. Soon after, those authors
extended their results to cover a larger set of singular behaviour [43]. Raichev and
Wilson [46, 47] gave a method to determine higher-order asymptotic terms.

These early results follow the ‘surgery’ approach to ACSV, meaning they use
simple and explicit deformations of the multivariate Cauchy residue integral. Later
work of Baryshnikov and Pemantle [6] used more complicated deformations of the
domain of integration in the multivariate Cauchy integral to extend these results.
This approach, extended in the textbook of Pemantle and Wilson [44] and recent
papers of Baryshnikov, Melczer, and Pemantle [5, 4, 3], shows how the methods of
ACSV fit into the very general framework of stratified Morse theory, allowing the
use of advanced homological methods.

Our presentation of analytic combinatorics in several variables focuses more on
explicit calculations, including the derivation of effective algorithms working in a
large variety of situations. DeVries et al. [20] gave a general algorithm for bivariate
asymptotics when V forms a smooth manifold and Raichev [45] developed a Sage
package which helps with some of the computations necessary in an asymptotic anal-
ysis. More recently, Melczer and Salvy [38] gave algorithms and complexity bounds
for the analysis of multivariate generating functions in any number of variables, with
an accompanying Maple implementation. Links to this software can be found on the
website for this textbook.

1.3 Organization

This textbook is split into three parts.

Part 1

Part I covers the background and motivation for analytic combinatorics in several
variables, including a thorough treatment of univariate techniques. We take a compu-
tational viewpoint, and our presentation of univariate methods is structured to help
guide intuition in the more advanced multivariate setting. Part I begins in Chapter 2,
which describes in detail the underpinnings of univariate analytic combinatorics.
After some background on generating functions and combinatorial classes, we intro-
duce the main tools of analytic combinatorics through an extended example looking
at alternating permutations. This serves as a lead-in to the general theory. The ana-
lytic, algebraic, arithmetic, and asymptotic properties of rational, algebraic, D-finite,
and D-algebraic power series are also detailed.

Chapter 3 serves as an introduction to the theory of complex analysis in several
variables, and the use of multivariate generating functions. After providing the tools
necessary for the multivariate singularity analysis which lies at the heart of analytic
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combinatorics in several variables, we give a full treatment of rational diagonals and
their connections to other classes of generating functions. Algebraic tools for the an-
alytic study of multivariate rational functions are described, such as the connection
between so-called amoebas and convergent Laurent expansions. Crucially, the sin-
gular set of a multivariate rational function encodes not only information about the
asymptotic behaviour of the main diagonal sequence of a rational function’s power
series expansion, but also information about all r-diagonals of the power series ex-
pansion and information about diagonals of other convergent Laurent expansions
of the rational function. Thus, a good understanding of these topics helps illustrate
why certain behaviours occur when applying the methods of analytic combinatorics
in several variables. We show that the different convergent Laurent expansions of a
rational function are strongly linked, and study different operators on multivariate
expansions which will be useful for our combinatorial applications. Chapter 3 ends
by describing several domains of mathematics and the sciences where rational diago-
nals arise. In addition to showing the importance of rational diagonals, the examples
discussed here are used to illustrate the methods of ACSV in later chapters.

Part I ends in Chapter 4, which contains a presentation of the kernel method ap-
proach to lattice path enumeration. Beginning with the easy case of unrestricted lat-
tice path models, the mechanics of the kernel method are built up for one-dimensional
walks restricted to a half-space and two-dimensional walks restricted to a quadrant.
After describing this incredibly effective machinery, which naturally results in ratio-
nal diagonal expressions for the generating functions involved, we survey results in
lattice path enumeration using this approach. We will return to problems in lattice
path enumeration multiple times in the text, using the increasingly sophisticated
analytic techniques we develop to continually derive more general results.

Part I

Part II covers the theory and applications of ACSV when the singular set of the
function under consideration forms a manifold, known as the smooth case. It begins
in Chapter 5, which describes the basics of analytic combinatorics in several variables
and shows how to obtain asymptotics for many rational functions which admit
singular varieties that are complex manifolds. After an extended example, which
concretely illustrates the methods of ACSV in the smooth case from start to finish,
the general theory is developed. Many examples are given and general strategies for
applying the tools of analytic combinatorics in several variables are demonstrated.

Chapter 6 describes how to use the methods of ACSV to enumerate lattice path
models in a general orthant N when the set of allowable steps is symmetric over
every axis. This analysis uses the results of Chapters 4 and 5 and provides the first
illustration of a principle that will arise multiple times in the text: structures which
exhibit nice combinatorial properties, such as a large number of symmetries, can
often be encoded by generating functions which have nice analytic properties. The
enumerative results derived are quite general, and illustrate the power of analytic
combinatorics in several variables.
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Finally, Part IT ends in Chapter 7 with a study of effective algorithms for analytic
combinatorics in the smooth case. After developing some necessary background on
symbolic-numeric computation and methods for encoding solutions of multivariate
algebraic systems, we develop rigorous algorithms and complexity results for rational
diagonal asymptotics in any dimension, under assumptions which are often satisfied
in applications. A large number of examples are worked through using a Maple
package of Melczer and Salvy, which implements the theory presented here.

Part II1

Part III generalizes the methods of Part II to allow for the analysis of more general
rational functions. First, Chapter 8 gives a thorough treatment of rational functions
whose denominators are products of real linear factors. Although the singular vari-
eties under consideration may not be manifolds, they will be unions of hyperplanes,
allowing for a deep analysis to be performed.

Chapter 9 describes a general theory of analytic combinatorics in several variables
when the singular variety is no longer a manifold. We extend the analysis of Chapter 8
to get explicit asymptotics for rational functions whose singular variety looks locally
like the union of hyperplanes near minimal critical points. We also detail a new
approach inspired by Morse theory which gives powerful structure theorems for
asymptotics, and provide algebraic criteria that certify when such results hold. This
approach has strong implications for the development of effective algorithms and
yields one of the most promising techniques for resolving computability questions
about sequences with D-finite generating functions.

Chapter 10 uses these new analytic methods to derive deeper and more general
results on lattice path enumeration, resulting in enumerative results for lattice paths
in the orthant N whose step sets are symmetric over all but one axis. A selection of
other lattice path problems are surveyed, giving a large selection of exercises for the
reader.
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Part I
Background and Motivation






Chapter 2

Generating Functions and Analytic
Combinatorics

Since there is a great conformity between the Operations in
Species, and the same Operations in common Numbers . . . |
cannot but wonder that no body has thought of accommodating
the lately discover’d Doctrine of Decimal Fractions in like
manner to Species . . . especially since it might have open’d a
way to more abstruse Discoveries.

— Issac Newton

This book is concerned with the study of sequences and their generating functions.
We work over a field K, typically the field of rational numbers Q or the field of
complex numbers C. The basic properties of rings and fields which we use can be
found in any standard reference on abstract algebra, such as Dummit and Foote [38],
although in most cases one can simply view an abstract ring as the ring of integers Z
and an abstract field as Q or C.

Definition 2.1 (sequences and formal power series) A (univariate) sequence (a,) =
(ag, ay, ap, . . .) over a field K is a mapping from the natural numbers to K. A formal
power series over K in the indeterminate z is any formal expression

o

Az) = Zanz" =ag+a1z+at + -
n=0

with coefficient sequence (ay,) in K. We write [7*]A(z) for the term a, in A(z).
If A is an integral domain (a commutative ring with no zero divisors) with field of
fractions K, we write A[[z]] to denote the elements of K[[z]] with coefficients in A.

Given two formal power series A(z) = X an2" and B(z) = X, bn2" over the
same field, we may define addition of A(z) and B(z) term-wise as

o)

A(z) + B(2) = Z an?" + i bp" = i (an +bn) 7",
n=0 n=0

n=0

and multiplication of A(z) and B(z) by the Cauchy product

A(2)B(z) = (i anZ") (i an") = i (znl akbn—k) 7"
n=0 n=0 n=0 \k=0

The word ‘formal’ in the term formal power series refers to the fact that we do not
consider whether a formal series converges, or define what it means to substitute an
element of K into z.

21
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Lemma 2.1 The collection of formal power series over a field K in the indetermi-
nate z forms an integral domain under term-wise addition and the Cauchy product,
called the ring of formal power series over K and denoted K[[z]].

Problem 2.1 asks you to prove Lemma 2.1, and Problems 2.2 to 2.5 ask you to derive
basic properties of formal power series: they form a complete metric space, any
power series with non-zero constant can be inverted, and if F(z) and G(z) are formal
power series such that G(z) has no constant term then the composition F(G(z))
is well defined. Because we deal almost exclusively with power series over fields
K c C which define analytic functions, we do not go into much detail on the formal
theory. Additional results about K[[z]] can be found in Stanley [112] or Henrici [65].
When a formal power series over K C C converges for complex z in a disk around
the origin, our formal constructions are consistent with the classical definitions for
complex functions.

Example 2.1 (Formal vs. Analytic Power Series)

Let
F(z) = Z 7" and G(z) = Z nlz"

n>0 n>0

be formal power series in Q[[z]]. Then

(1-9F@) =1+ ) (1= =1,

n>1

so that F(z) = (1 — z)~! is the multiplicative inverse of 1 — z in Q[[z]]. Note that

1
2,7 =7

as complex-valued functions when |z| < 1, so we can apply results from analysis to
study the series F(z). Because n! grows faster than z” for any fixed z the series G(z)
does not converge for any z # 0, but we can still work formally with G(z).

We use power series because their coefficients can encode interesting information,
such as the number of objects in a combinatorial structure.

Definition 2.2 (combinatorial classes and generating functions) A combinatorial
class is a countable collection of objects C together with a size function |-|: C - N
such that the inverse image of any natural number under | - | is finite (there are a
finite number of objects of any fixed size). The counting sequence (c,) of C is the
sequence ¢, = #{x € C : |x| = n} counting the number of objects in C of each
size. The generating function of C is the formal power series C(z) = 2,50 ¢n2",
which can be viewed as an element of Q[[z]] with natural number coefficients. More
generally, given a sequence (a,) over any field K the generating function of (a,) is
the formal power series A(z) € K[[z]] whose coeflicient sequence is (aj,).
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Example 2.2 (Compositions and Partitions)
The class of integer compositions consists of the set of all positive integer tuples,
C = {(ki,....ky): 1 € Nsg, k; € Noo},

and the size function that maps a tuple to its sum: |(ky, ..., k)| = k1 + - - - + k. The
number ¢, of objects of size n in C is the number of ways of writing n as a sum of
positive integers. For instance, there are 4 compositions of size 3 since

3=14+1+1=1+2=2+1.
To determine the number of integer compositions of size n, consider the expression
INON NORERNON!

consisting of n ones and n — 1 symbols ©. Replacing each ® with a plus ‘+’ or a
comma °,” gives a tuple of elements adding up to n, and conversely every tuple of
size n is obtained in this manner. Thus, ¢,, = 2"~ and

=3 e T e o

n>1 n>0

either formally or as a convergent power series when |z| < 1/2. Similarly, let
P={(ki,....k;):r €Nso, kj €Nug, k1 2 ko > -+ 2k, }

be the class of integer partitions, containing all non-increasing positive integer tuples
where the size of a tuple is again its sum. Although similar to integer compositions,
integer partitions are much harder to analyze. In 1748, Euler [40] gave the generating

function expression
1
— n _
P(z) = E PnZ —| |1_Z,,,

n>0 n>1

which follows from the definition of power series multiplication after expanding
each term as a geometric series. Using analytic methods, Hardy and Ramanujan [63]
famously! determined asymptotic behaviour of p,, from a study of P(z).

The theory of generating functions, where a series is studied to understand its co-
efficients, can be traced back to de Moivre [32], who found correspondences between
various properties of a power series and its coefficient sequence; Euler [39], who
gave the first explicit definition of formal series and wrestled with their implications;
Laplace [75], who created a formal calculus of power series; and Cauchy [20], whose

! In one of the rare instances of pure mathematics breaking through to Hollywood, the 2015 film ‘The
Man Who Knew Infinity’ includes a dramatic scene where Ramanujan reveals an approximation of
P200 to Major MacMahon, who had recently calculated p»y exactly by hand after much effort.



24 2 Generating Functions and Analytic Combinatorics

work finding analytic expressions for power series coefficients underlies most of an-
alytic combinatorics. The work of many major figures in analysis in the eighteenth
and early nineteenth centuries had an impact; Ferraro [44] gives a detailed account
of the theory of series during this time period.

Although there are many large and beautiful frameworks which allow one to
go from a combinatorial description of a class to a specification of its generating
function, we do not discuss these in detail here. Instead, we typically assume that
we already have access to a generating function specified in one of the manners
discussed in the rest of this chapter. Those wanting to learn more about how to
derive generating function expressions can refer to the Symbolic Method of Flajolet
and Sedgewick [50] and the Theory of Species described by Bergeron et al. [6]. A
nice introduction to such ‘generatingfunctionology’ can be found in Wilf [125].

2.1 Analytic Combinatorics in One Variable

Unless explicitly stated, we now work only with power series over a field K ¢ C
so that we can apply methods from complex analysis. The appendix to this chapter
recalls some basic facts and notation from complex analysis which we make use of.
Additional background can be found in any standard reference for complex analysis,
such as Henrici [65]. The key idea of analytic combinatorics is to use an analytic
function to encode the sequence formed by its power series coefficients.

Definition 2.3 (power series coefficients) A complex-valued function F(z) is an-
alytic at a € C if F(z) is represented by a convergent power series on some open
disk centred at a. Given a function F(z) which is analytic at the origin, we call the
coeflicients (f;;) of a power series representation

F(2)= ) fu

n>0
valid in a neighbourhood of the origin, the power series coefficients of F.

From now on we slightly abuse notation and write F(z) to refer both to the original
function and the power series. There is no harm in making this identification, since
the original function and the series both define analytic functions which agree on an
open disk containing the origin and the series representation is unique. In this way,
we also refer to the complex-valued function F(z) as a generating function of (f;,).

We first recall a few basic facts from complex analysis, which follow from the
background results discussed in the appendix. Definitions for the complex analytic
terms used here can also be found in the appendix.

Deforming Curves of Integration: If C and C’ are simple closed curves
such that C can be continuously deformed to C” while staying in an open set
where f(z) is analytic, then
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‘/Cf(z)dz = /C, f(z)dz.

Cauchy Residue Theorem: Suppose f(z) is meromorphic in a domain Q
and v is a positively oriented loop in Q2 on which f is analytic. Then

1
i | 10 = 3 ke /0

where W is the (necessarily finite) set of poles of f inside .

Maximum Modulus Integral Bound: If f(z) is continuous on a curve 7,

then
/ f(z)dz
Y

The methods of analytic combinatorics work because of deep connections be-
tween analytic properties of a function and asymptotic properties of its power series
coefficients. The basis for this is the Cauchy integral formula, which gives an analytic
expression for power series coefficients.

< length(y) x max | f(z)|.
zey

Theorem 2.1 (Cauchy Integral Formula for Coefficients) Let y be a positively
oriented circle around the origin and F(z) be a complex-valued function analytic
inside and on vy. If F(z) is represented in a neighbourhood of the origin by the
convergent power series F(z) = 3,50 fuZ" then, for any n € N,

1 dz
fn= 7z /yF(Z) g 2.1

In order to talk about asymptotics we introduce some notation.

Definition 2.4 (asymptotic notation) If f, and g, are sequences, and g, # O for n
sufficiently large, then we write

fu =0(gn)  if there exist M, N > O such that | ;| < M|g,| foralln > N,
Jfn = o0(gn) if the limit of f;,/g, goes to 0 as n — oo,

fu~ gn if the limit of f;,/g, goesto 1 as n — oo,

Jn = é(gn) if fu = O(gn logk |gn!) for some k € N.

We now work through an example in detail, showing the ease with which complex
analysis allows one to derive powerful results, before discussing the general theory.
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Fig. 2.1 The integral I,,, over the circle |z| = 2, grows exponentially slower than the coefficients
of tangent. Introducing this integral allows us to determine asymptotics by computing residues at
the singularities z = +7/2 of tangent.

2.1.1 A Worked Example: Alternating Permutations

An alternating permutation, also known as a zigzag permutation, of size n = 2m + 1
is an ordering (71, . . ., T+ ) Of the numbers 1,2, ..., 2m + 1 such that consecutive
numbers alternate between increasing and decreasing:

m <M, My >m3, n3<7y, E€lC.

Let a,, denote the number of alternating permutations of size n, where a,, = 0 whenn
is even. In 1879, André [1] discovered the marvelous fact that if (z,,) denotes the
power series coeflicients of tan z then a,, = n!t,;, meaning

a
tanz = Z thzt = Yy 2"
n!

n>0 n>0

for z in a neighbourhood of the origin. See Problem 2.12 for a derivation of the
generating function; further historical details can be found in Stanley [111].

To determine asymptotics of g, it is sufficient to find asymptotics of #,. Since
tan z = (sin z)/(cos z) the tangent function is meromorphic in the complex plane,
with simple poles at the roots {£7/2, +37/2, ... } of cos z and no other singularities.
In particular, Theorem 2.1 implies

i 1 i d
t, = Res (&) — / e @2 (2.2)
z

z=0 \ "1 cosz) 27 Jj;=s cosz 2*]

for any 0 < & < 7/2. The analysis proceeds in two steps.
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Step 1: Introduce an Exponentially Smaller Integral

Let
1 sinz dz

= 2ni |o|=2 €cOs Z z*1

and note that 7/2 < 2 < 3x/2. Since tan z is analytic on the compact set C; =
{z € C : |z| = 2}, there exists M > 0 such that |tanz| < M for |z| = 2. Thus, the
maximum modulus integral bound implies

|I,| < length(Cy) x max =2Q2n) ——— =0(2™).

tan z
(2 ) n+l1 (2 )2n+1

We will soon show that I,, grows exponentially smaller than #,,, and its introduction
allows us to simplify the Cauchy integral through residue computations.

Step 2: Compute Residues

Since tan z is meromorphic, and in the disk {|z| < 2} only has poles at 0 and +7/2,
the Cauchy residue theorem (Proposition 2.24 in the appendix) implies

sinz sin z sin z
I, =Res|—— |+ Res | ——— |+ Res [———].
z=0 \z"*lcosz) z=n/2\z"*cosz) z=—nj2\z"*lcosz
The residue at the origin is the power series coeflicient #,,, so after some simplification,
and using the fact that |I,,| = O(27""), we obtain

2\"*! sinz 2\"*! sinz n
th=—|— Res —--- Res oQ2™).
T z=m/2 \COS Z Vs z=—1/2

Lemma 2.4 of the appendix shows that the residue of any fraction p(z)/q(z) at a
point z = a where g(a) = 0 and p(a), g’(a) # 0 equals p(a)/q’(a). Using this fact,
or simply computing the Laurent series of tan z at z = +/2 in a computer algebra
system, shows that the residues of tan z at z = +7/2 have value —1, and

n+l n+l
Iy = (;) + (—i) + 0(2771).

n+1
Thus, almost magically, we have proven that a,, ~ 2 (%) n! when n is odd. Recall

that a,, = 0 when #n is even.

Notes

We can come away from this example with several important observations.
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. The only property of the domain of integration {|z| = 2} used in our argument

was that the circle {|z| = 2} separated the poles of tan z closest to the origin
from the remaining poles. In particular, the domain of integration of I,, can be
deformed to any circle {|z| = 7} where n/2 < T < 37/2 without changing the
value of I,,. Thus, our argument shows the stronger statement that

2 n+1 ) n
a—":tn=2 — +0||—+¢
n! b/ 3n
for all € > 0 and n odd.

In fact, one can integrate over any circle {|z| = 7} with7 # 2k+1)n/2fork e N
to obtain an expression for #,, as a sum of residues with an error term. As T grows
the residues of tan z at additional poles will be added to the sum while the error
gets exponentially smaller. For example, taking 37/2 < 7 < 57/2 gives

a, 2 n+1 2 n+1 2 n
m-z(z) *2(5) *0((5))

for n odd. Note that we may use an error with exponential growth 2/57, instead
of 2/5m + &, because the next asymptotic term is again given by a simple pole.
Taking T — oo even gives a convergent series expansion

a2\ 1
n! T\n S 2k + 1)+l

for odd n. Proving this infinite series representation requires uniformly bounding
| tan z| away from its poles, for which it is more convenient to integrate over
squares than circles; see Problem 2.13 for a proof strategy.

. In this way, every singularity of tan z gives an asymptotic contribution to the

power series coefficients #,. The most important part of this contribution, its
exponential factor, is determined by the location of the singularity. As each
singularity in this example is a simple pole, the sub-exponential factor at each
point is a constant.

Instead of simply introducing the integral I,, it can be instructive to imagine

expanding the domain of integration in the Cauchy integral (2.2) away from the
origin while staying where the integrand is analytic, as in Figure 2.2. The domain can
be expanded freely until it becomes locally ‘stuck’ in two places near the singularities
at z = +m/2. One can compensate for pushing the domain of integration past these
singularities by adding a contribution from each, determined by their residues. The
domain of integration can then be expanded again, until getting ‘stuck’ on the next
singularities. Since the Cauchy integrand decreases exponentially as the domain of
integration moves away from the origin, the contributions from these singularities
get successively smaller.
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o
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Fig. 2.2 Starting with a small circle at the origin, one can imagine pushing the domain of integration
in the Cauchy integral away from the origin: this deformed curve gets ‘stuck’ near the two poles
of tan z closest to the origin. Deforming past these singularities is possible if one adds integrals
around each, which can be computed using residues.

This mental picture of sliding around domains of integration will be useful in the
multivariate setting, when things are much harder to visualize, and helps guide the
analysis in the presence of non-polar singularities such as algebraic branch points.

2.1.2 The Principles of Analytic Combinatorics

We now discuss the general theory of analytic combinatorics, which closely follows
what we observed in the preceding example. Because we only consider power series
representing analytic functions, the series coefficients of interest can grow at most
exponentially. This makes their exponential growth the most significant component
of their asymptotic behaviour.

Definition 2.5 (exponential growth) The exponential growth of a sequence (f;,) is
the constant
p =limsup | f,|'/".
n—oo

The reason for the limsup is that different subsequences of (f;;) can have different
growth; for instance, in combinatorial contexts there may be periodicities in the
underlying counting problem. When (f;,) is the coefficient sequence of an analytic
function at the origin then p s finite and is the coarsest measure of sequence behaviour
(it may be zero, in which case f;, decays faster than any exponential function). The

classic root test on series convergence immediately implies the following.

Proposition 2.1 If ., .o fu2" is a power series with finite radius of convergence
R > 0 then the exponential growth of (f,,) is p = 1/R.

Furthermore, Cauchy’s integral formula links the radius of convergence of a power
series and the singularities of the analytic function it represents at the origin. The
proof of the following result is Problem 2.16.
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Proposition 2.2 Suppose F(z) is an analytic function represented in a neighbour-
hood of the origin by a power series with finite radius of convergence R. Then F
admits a singularity on the circle |z| = R.

Consequently, the exponential growth of F’s power series coefficients is 1/R,
where R is the minimum modulus of a singularity of F. This motivates the first of
two Principles of Coefficient Asymptotics?.

First Principle of Coefficient Asymptotics: The location of a function’s
singularities dictates the exponential growth p of its power series coefficients.

Definition 2.6 (dominant singularity) A singularity of minimum modulus is called
a dominant singularity of F.

The dominant singularities of a function are those which influence dominant asymp-
totics of its coefficient sequence. In many applications, F' admits only a finite number
of dominant singularities; for instance, this occurs whenever F is meromorphic.
When the power series coefficients (f;,) of F have exponential growth p then
fu ~ p"0(n) as n — oo, where 6(n) is a function which grows at most sub-
exponentially (or decays). As in Section 2.1.1, one can imagine expanding the
domain of integration in the Cauchy integral representation of Theorem 2.1 until it
gets locally stuck near singularities of F. Each isolated singularity of F will give
some asymptotic contribution to the power series coefficients f,,, with the type of the
singularity (pole of a given order, algebraic branch point, logarithmic branch point,
etc.) determining 6(n). This leads to the second principle of coefficient asymptotics.

Second Principle of Coefficient Asymptotics: The nature of a function’s
singularities determines the associated sub-exponential growth 6(n).

The simplest case occurs when the dominant singularities of F' are poles. The
asymptotic contributions of each singularity can then be determined by a residue
calculation analogously to the computation in Section 2.1.1, giving the following.

Proposition 2.3 Suppose that F(z) is analytic on the circle |z| = R and is analytic in
the disk |z| < R except at a finite number of (distinct) polar singularities oy, . . ., O,
none of which are zero. Then there exist polynomials Pi(n), ..., P,,(n) such that

fo= D Peo" + O(R™),
k=1

and the degree of Py is one less than the order of the pole of F at 7 = 0.

2 As laid out by Flajolet and Sedgewick [50], the analytic combinatorialist’s bible.



2.1 Analytic Combinatorics in One Variable 31

Proof If we define the integral

1 F(2)
I, = dz
n (27Ti)" -/|;|=R Zn+l z

then the maximum modulus bound implies 7, = O(R™™) and the Cauchy residue
theorem gives

F S F L F
I, = Res (2) + Res (2) =fo+ Res (@) .
2=0 ZVH—I — 7=0% Zn+1 i 7=0% Zn-+—1

As shown in Lemma 2.4 of the appendix, if z = oy is a pole of order r then

r—1
Res (F(Z)) _ lim d ((z - o-k)’F(z)z_"_l) ,

=a \ 7| T (r = 1) z>0ox dz7!

which is a polynomial in n of order r — 1. O

When F(z) admits non-polar singularities, asymptotics can be computed using
more nuanced methods. In the nineteenth century, Darboux [30] investigated co-
efficients of functions with algebraic singularities; see Section 2.3 below for more
details. In the 1930s, Jungen [67] showed that when F(z) behaves near a singularity
z = p like a sum of terms of the form

C(1—z/p)*log"

1-z/p

with r € N, then each term with @ € C\ N makes an explicit asymptotic contribution
to the power series coefficients of F' which begins

-n —a-1 r c
p"n™ log"(n) o)
where I' is the Euler gamma function, whose definition is recalled at the end of the
appendix. A similar formula is available when @ € N and r > 0, the only other
situation in which F has a singularity at p. We shall see below that this statement
encapsulates the singular behaviour of large classes of generating functions.
Flajolet and Odlyzko [48] coined the term singularity analysis for the process of
translating local behaviour of a function at its singularities to asymptotic information
about its power series coefficients. Those authors gave a modern and uniform treat-
ment of such transfer theorems, considering types of singularities beyond those we
encounter. See also the survey of Odlyzko [87], or the extensive treatment in Flajolet
and Sedgewick [50], for additional details on these methods. Further information on
classical methods for determining asymptotics can be found in de Bruijn [31].
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2.1.3 The Practice of Analytic Combinatorics

Let F(z) be analytic at the origin with coefficient sequence (f,). If the dominant
singularities of F are known, and they fall into one of the large number of types whose
asymptotic contributions have been determined, then one can ‘read off” dominant
asymptotics of f,, by looking up precomputed transfer theorems. In practice, most
of the work in an asymptotic argument thus goes towards the determination and
classification of dominant singularities.

Because we deal mainly with power series whose coeflicients are non-negative,
the following result greatly simplifies the determination of dominant singulari-
ties. It has been attributed by various authors to Pringsheim, Borel or Vivanti;
see Hadamard [61] and Vivanti [120] for historical context and Titchmarsh [113,
Sect. 7.21] for a proof.

Proposition 2.4 (Vivanti-Pringsheim Theorem) Suppose F(z) is represented at
the origin by a series expansion with real coefficients which has a finite radius of
convergence R > 0. If this series expansion contains only a finite number of negative
coefficients then z = R is a singularity of F(z).

Thus, when the series coefficients f,, of F(z) are non-negative, and do not grow
or decay super-exponentially, their dominant asymptotics can usually be determined
by the following steps:

1. Find the smallest real r > O such that z = r is a singularity of F(z);

2. Find all other singularities on the circle |z| = r;

3. If F admits a finite number of singularities on this circle, try to determine the
asymptotic contribution of each by examining the local behaviour of F (see
Propositions 2.11 and 2.17 below);

4. Add the results to get dominant asymptotics of f;,.

Example 2.3 (Asymptotics of Surjections)

A surjection of size n is a map from the set [#] = {1,2, ..., n} to any set of the form
[r] ={1,2,...,r} which covers [r] (all elements of [r] have a preimage). Using the
Symbolic Method of Flajolet and Sedgewick [50], it is an easy exercise [50, p. 109]
to show that if s, denotes the number of surjections of size n then the generating
function F(z) of s, /n! satisfies

1
Fo)= ) "= o—— = 1+ 2+3(2/2) + 13330 + -+ .
= n! 2—e*

The singularities of F(z) form the set {log2 + 2xik : k € Z}, with the smallest real
positive singularity equal to log 2. There are no other singularities of modulus log 2
and F(z) has a simple pole at z = log 2 with corresponding residue —1/2, so

n!
" 2(log 2yt

Sn
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We now discuss in detail several important families of generating functions: ra-
tional, algebraic, D-finite, and D-algebraic series. Each successive family in this
list contains the previous families, and thus represents an increasingly complicated
collection of sequences. For instance, although the power series coefficients of a ra-
tional generating function can be written as a finite sum of algebraic quantities which
can be described explicitly, it is undecidable to determine several basic properties
of the coeflicients of a general D-algebraic function. We characterize the coefficient
sequences corresponding to each class, describe how they can be manipulated, and
identify possible asymptotic behaviour.

2.2 Rational Power Series

We begin with the class of rational power series.

Rational Functions and C-finite Sequences

In his pioneering eighteenth-century work, plausibly the first use of generating
functions, de Moivre [32, 33] used rational generating functions to study sequences
satisfying linear recurrences with constant coefficients.

Definition 2.7 (C-finite sequences and linear recurrences) Given r € N, a se-
quence (f;;) over a field K (not necessarily a subset of C) satisfies a linear recur-
rence relation of order r with constant coefficients over K if there are constants
co, . - ., Cr—1 € K with ¢g # 0 such that

fn+r = Cr—]fn+r—l + Cr—2fn+r—2 +-o+ COfn (2.3)

for all n > 0. Any sequence satisfying (2.3) is uniquely determined by its first r

terms fo, ..., fr—1, called the initial conditions of (f,;). A sequence that satisfies a
linear recurrence relation over K is called constant recursive, or C-finite, over K.

Remark 2.1 The set of sequences satisfying (2.3) forms a K-vector space of dimen-
sion r: if f,, and g, satisfy (2.3) then so does f;, + 1g, for any 2 € K.

De Moivre showed that a sequence is C-finite if and only if its generating function
is rational.

Theorem 2.2 The sequence (f,) satisfies the recurrence (2.3) if and only if its gen-
erating function F(z) satisfies

F(z) = Z £ = p(2)

— —_ e — r
n>0 I=crz oz
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for some polynomial p(z) € K[z] of degree at most r — 1.

The polynomial p depends on the initial conditions of (f;). Given a rational func-
tion ' whose numerator has degree greater than or equal to its denominator, polyno-
mial division gives F as the sum of a rational function of this form and a polynomial,
which only affects a finite number of coefficients. If K is not a subset of C, the rational
function can be viewed as a multiplicative inverse in the ring of formal power series.

Proof For any n > 0, the coefficient [z"*"|F(z) (1 — ¢,—1z2 — -+ - — coz") equals
[Zn+r] (Z fnzn) (I=crogz—--- = COZr) = fasr = Cr—1 Jur—1 =" = 0 fu-
n>0
Thus, F(z) (1 —c,—1z2— -+ —cpz") is a polynomial of degree at most r — 1 if and
only if (f;,) satisfies (2.3) for all n > 0. O

Linear recurrence relations have applications in an astounding number of scien-
tific and mathematical fields, including combinatorics, probability, number theory,
dynamical systems, theoretical computer science, economics, biology, and more.
In computer algebra, fast computation with linear recurrence relations is used as a
basis for other algorithms [121, Sect. 12.3]. The text of Everest et al. [41] is dedi-
cated to C-finite sequences and their applications. Bostan et al. [14, Ch. 4] study the
complexity of generating terms in C-finite sequences.

Examples of C-finite Sequences

Our first, and most famous, example of a C-finite sequence has transcended academia
to appear in popular literature.

Example 2.4 (Virahanka-Fibonacci Numbers)
The Virahanka-Fibonacci numbers (v,) satisfy the recurrence v,1o = vy41 + v, with

initial conditions vy = v; = 1, and have generating function

1
V(z)=1_—Z2=1+z+2zz+3z3+5z4+~~~.

r—

C-finite sequences occur naturally as generating functions of combinatorial
classes whose elements are built out of a finite set of fixed objects3. Although

3 For instance, traditional Sanskrit prosody is built from short and long units containing one or two
syllables, respectively. As described by the Indian prosodist Virahanka around the 7th century AD,
the number of long-short syllable sequences containing n syllables thus satisfies the Virahanka-
Fibonacci recurrence v, 42 = vy 41 + v, (simply consider whether the final unit has 1 or 2 syllables).
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satisfying a C-finite recurrence is a strong condition, some surprisingly complicated
sequences can be C-finite.

Example 2.5 (Look-and-Say Digit Sequence)

Conway’s look-and-say sequence (1), beginning
I, 11, 21, 1211, 111221, 312211, 13112221, ...

is obtained by starting with 1 and recording the result of reading the previous blocks
of digits from left to right (the first term contains ‘one 1’ giving the second term
11, the second term contains ‘two 1s’ giving the third term 21). A term of the form
X" xy® - x™ with distinct consecutive bases is followed by my xi ma xp - - - my xg.

The look-and-say digit sequence d,, counts the number of digits of appearing

in [,,, beginning with the terms
1,22 4668, ...

Conway [29] proved the miraculous fact that (d,) is C-finite, and gave the rational
generating function

G(z) l+z+---+187"7-12778
H(z) 1—z+---=97714+6772 "

D(z) =

If the starting term ‘1’ is replaced by any natural number other than the fixed point
‘22’ the resulting generating function will still be rational with denominator H.

Rational generating functions appear often in the study of lattice walks, which
will be discussed in Chapter 4. Additional examples come from counting integer
partitions whose summands come from any finite set, non-negative solutions to many
linear Diophantine equations and inequalities, integer points in convex polyhedral
cones and scalings of convex rational polytopes, walks on finite digraphs, words in
Coxeter groups, and many other combinatorial objects. See Stanley [112], Bousquet-
Mélou [18], and Flajolet and Sedgewick [50] for these and other examples.

The class of C-finite sequences is also closed under several natural operations.

Proposition 2.5 (Closure Properties) If (f,,) and (g,) are C-finite sequences then
so are the sequences

(fn + gn)nZO
(Zhizo fe8n-k) us0
(fn gn)nz()

® (fumsk)nsoforanym e Nand0 < k <m

Singh [107] gives a historical account of the Virahanka-Fibonacci numbers focused on the early
contributions of Indian poets and mathematicians.
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Proof If F(z) and G(z) are rational generating functions of the sequences (f;)
and (g,), then the generating functions of (f, + g,) and (X7_, fign—k) are the
rational functions F(z)+G(z) and F(z)G(z), immediately giving the first two cases of
Proposition 2.5. The operation taking F(z) = X, 50 fa2" and G(z) = 3,50 8,2 and
returning (F © G)(z) = 2,0 fngnz" is known as the Hadamard product of F and G.
C-finiteness of ( f;,£5), and thus rationality of F ©G, follows from Theorem 2.3 below.
The Hadamard product of F(z) and the rational function z%/(1 — z™) has the form
7KH(z™), where H(z) is rational and equals the generating function of ( £k )n>0.0

N-Rational Series

The following class of rational series arise frequently in combinatorial applications.

Definition 2.8 (N-rational functions) The collection of functions containing the
constant 1 and the variable z which is closed under addition, multiplication, and the
pseudo-inverse operation f +— 1/(1 — zf) forms the set of N-rational functions.

Series expansions of N-rational functions have deep importance in computer science
as the generating functions of regular languages counted by length, equivalent to
the class of languages recognized by deterministic finite automata#*, a well studied
model of computation (see Rozenberg and Salomaa [95, Ch. 2] for details).
Although every N-rational function is a rational function with natural number
power series coefficients, there are rational power series with natural number coeffi-
cients which are not N-rational. Of particular interest for asymptotics is the following
necessary condition of N-rationality given by Berstel [9], whose proof is Problem 2.9.

Proposition 2.6 If F(z) is an N-rational function and o is a dominant singularity
of F(z) then o /|| is a root of unity.

Example 2.6 (A Non-N-Rational Series)
Consider the rational function

2(1 + 3z)? 1/2 1/2 1

F(z) = = — + — + s
@ (1-92)(1 + 14z +81z%2) 1-9ze%0 1 -9z¢720 1-9z

where @ = arccos(1/3). Then F(z) is not N-rational by Proposition 2.6 as ¢*¢

is not a root of unity. Since the denominator of F has a constant term of 1
the coefficients of F(z) are integers. In fact, basic algebraic manipulations imply
[Z"]F(z) = 9" (1 + cos(2n8)) = 0 so F(z) has natural number coefficients.

4 A finite automaton over a finite set A is a directed multigraph (V, E)) whose edges are labelled
by elements of A, where one vertex v € V is chosen as an initial vertex and a collection Q C V
of vertices are chosen as accepting vertices. A sequence (ay, ..., a,;) € A" for some r € N is
recognized by the automaton if there is a path in the automaton from v to an element of Q whose
consecutive edges have labels ay, . . ., a,.
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Soittola [109] gave a characterization of N-rational functions based on singularity
analysis. Barcucci et al. [5], building on Soittola’s work, gave an algorithm which
takes a rational function F(z), tests for N-rationality, and, if this test is positive,
returns a regular language whose counting sequence is the coefficient sequence of F.
In the words of those authors, this allows one to “reverse-engineer a combinatorial
problem from a rational generating function.”

As a meta-principle, generating functions of combinatorial classes seem to be
N-rational. In the proceedings for the 2006 International Congress of Mathematics,
Bousquet-Mélou [ 18] writes that she “never met a counting problem that would yield
a rational, but not N-rational, GF.” Koutschan [71] gave a Maple implementation of
the algorithm of Barcucci et al. and tested “about 60” sequences of combinatorial
significance with rational generating functions, finding all functions to be N-rational.
As we will soon see, this means certain deep open problems about the behaviour of
rational function coefficients can be avoided for combinatorial enumeration prob-
lems. Trying to generalize characterizations of N-rationality to coefficient sequences
of multivariate rational functions is an open problem, discussed in Chapter 3.

Asymptotics

In addition to characterizing C-finite sequences in terms of their generating functions,
de Moivre also studied their closed-form solutions, as did Bernoulli [8] and Euler [40,
V. 1 Ch. XIII] around the same time period>. The following result gives an exact
closed-form representation for terms of sufficiently large index.

Theorem 2.3 Suppose F(z) = G(z)/H(z) € Q(z) is a rational function with G and H
coprime polynomials and H(0) # 0. Let d denote the degree of H and o7, . . ., 0
be the distinct roots of H(z) in the complex plane. Then there exist polynomials
Pi(n,x),..., Pyun, x)inQ[n, x], whose degrees in x are at most d, such that for all n
larger than some fixed natural number the power series coefficients of F(z) satisfy

fo= Y Py o™, (2.4)
j=1

The degree of Pj(n, x) in n is one less than the order of the pole of F(2) at z = ;.
Conversely, if (f,) has a representation of the form (2.4) then the generating func-
tion F(z) is a rational function.

Proof Theorem 2.3 is Proposition 2.3 specialized and strengthened in the case
when F(z) is rational, and their proofs are analogous. In particular, when R > 0 is

5 For instance, Euler advocated the use of partial fraction decomposition to find the general term
of a series with rational generating function.



38 2 Generating Functions and Analytic Combinatorics

large enough so that all roots of H(z) lie in the disk |z|] < R the Cauchy residue
theorem and maximum modulus bound imply

fn+ 3 Res (F(Z)) =

= z=07; Zn+1

(2.5)

1 / F(2) ‘ max|g =g |F(2)]
5= dz| < .
2ri lz|=R Zn+1 R"
Because F(z) is rational, there exists k > 0 such that for any R sufficiently large
max ;=g |F(z)| < RK. Thus, whenever n > k the right-hand side of (2.5) goes to
zero as R — oo, giving (2.4). The bounds on the degrees of the P; follow from
Lemma 2.4 in the appendix of this chapter and the fact that each o7 is an algebraic
number of degree at most d.

For any k € Nand ¢, @ € C the generating function of the sequence f, = cn*a" is
the rational function ¢ Ry (az), where Ry (z) is obtained by starting with the geometric
series 1/(1—z) and alternatively taking the derivative and multiplying by z repeated k
times. Distributing the sum in (2.4) then proves the final statement. O

Gourdon and Salvy [58] give algorithms, running in polynomial time in the
degree d, for computing the polynomials P; and determining which terms of the sum
dictate dominant asymptotics of f,,. Calculating the P; can be done symbolically
using resultants and other algebraic tools, while determining which roots of H(z) are
closest to the origin and dictate asymptotics requires numeric algorithms to separate
the algebraic numbers o; and their moduli. These algorithms may be viewed as
special cases of the machinery we develop in Chapter 7 for the multivariate setting.

Example 2.7 (Virahanka-Fibonacci Asymptotics)

The generating function of the Virahanka-Fibonacci numbers can be written

SRS B I E B S
Z_l—z—zz_\/g cl-z/o tl1-z/t)

where o = (=1 + V5)/2 and T = (=1 — V/5)/2 are the roots of 1 — z — z2. Thus,
expanding 1/(1 — z/o) and 1/(1 — z/7) as geometric series gives
V@) = — o = =
v, = [z )=——=0 " ——=1".
" a5 ™5

Similarly, the tools developed in Chapter 7 allow one to automatically prove
that the look-and-say sequence generating function D(z) admits a single dominant
singularity, necessarily real and positive, which is the root 1 = 7671198507 ... of
the denominator H(z). Since the derivative of H does not vanish at A this is a simple
pole of D(z), and the look-and-say digit counting sequence has asymptotic behaviour

~G(Y)

n Wl‘" ~ (2.04216...)(1.30357 ... )".
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An automated analysis of this rational generating function was carried out by Gour-
don and Salvy [58]. Koutschan [72] showed that D(z) is N-rational.

Equation (2.4) is an exact equality, for n sufficiently large, but not every summand
will necessarily contribute to dominant asymptotics. Although this characterization
is explicit there are still significant open problems in the area, due to potentially
complicated interactions between the algebraic quantities involved.

Open Problem 2.1 (Skolem’s Problem) Is there an algorithm which takes a ratio-
nal function with integer coefficients, analytic at the origin, and determines whether
it has a power series coefficient which is zero? Equivalently, is there an algorithm
which takes a C-finite sequence over Q, defined by a linear recurrence and initial
conditions, and decides whether any term in the sequence is zero?

In the 1930s, Skolem [108] showed that if a sequence (f;) of rational numbers®
is C-finite then the set {n : f,, = 0} of indices of zero terms consists of a finite
set together with a finite set of arithmetic progressions, and this problem has es-
sentially been open since then. When the set of zero indices is infinite, meaning it
contains an arithmetic progression, this can be detected [10]. Currently, all known
proofs of Skolem’s theorem use p-adic analysis in a manner which does not give
an upper bound on the potential indices of sporadic zeroes’. Mignotte et al. [84]
and Vereshchagin [119] show Skolem’s problem is decidable for sequences satis-
fying C-finite recurrences of orders 3 or 4. As noted in Kenison et al. [70], the
crucial open case for recurrences of order 5 consists of sequences (u;,) of the form3
up = a(A} +/l_;’) +b(A5 +g) +cp" where |4;] = |A2| > |p| with a, b, ¢ real algebraic
numbers and |a| # |b|. Those authors give a method [70, Thm. 1.2] to determine
when C-finite sequences of any order take the value zero on terms whose indices are
prime powers.

If (f,) is a C-finite sequence, so is the sequence (f?2). Thus, the problem of
detecting zero coeflicients over Q can be reduced to deciding whether every term of
a C-finite sequence is positive. This condition can then be relaxed, motivating the
following problem which is more directly related to our asymptotic setting.

Open Problem 2.2 (Ultimate Positivity) Is there an algorithm which takes a ratio-
nal function with integer coefficients, analytic at the origin, and determines whether
its series coefficients are eventually non-negative (i.e., if there are only a finite

6 Mahler [78] and Lech [76] extended this result to sequences over the field of algebraic numbers,
and any field of characteristic zero, respectively. The theorem does not hold in finite characteristic:
for instance, if F, denotes the finite field of prime order p then the sequence ¢, = (1+x)" —1-x"
defined over K = ), (x) satisfies a C-finite recurrence of order 3, but ¢,, = 0 if and only if n = pr
for some k € N. This counter-example is due to Lech [76].

7 Additional information on Skolem’s theorem can be found in Chapter 2 of Everest et al. [41].

3 An explicit example of such a sequence, given by Kenison et al. [70], is the sequence defined by
Upts = =44 + 9520543 — 1783600, 10 — 17673175u,,41 + 17850625u,, with initial conditions
uo =9, u; = -281, up = 15485, uz = —1135097, us = —30999543.
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number of negative coefficients)? Equivalently, is there an algorithm which takes
a C-finite sequence over Q, defined by a linear recurrence and initial conditions,
and decides whether its terms are eventually non-negative? What if ‘non-negative’
is strengthened to ‘positive’?

Ouaknine and Worrell [89, 88] show that the Ultimate Positivity problem is decid-
able for a rational function with square-free denominator (i.e., when the denominator
and its derivative are coprime polynomials) and for an arbitrary rational function
whose denominator has degree at most 5. Those authors also show that proving
Ultimate Positivity for rational functions whose denominators have degree 6 would
give a method of computing the so-called Lagrange constant for a large collection
of transcendental numbers, a significant breakthrough in analytic number theory.

Ultimate Positivity is exactly the setting in which the Vivanti-Pringsheim Theo-
rem can be applied. Of course, when one is dealing with the generating function of
a combinatorial class then non-negativity of coefficients is guaranteed. Because of
the meta-principle that combinatorial classes always seem to have N-rational gener-
ating functions, in practice asymptotics can be effectively decided for combinatorial
problems and combinatorialists do not need to worry about these pathological decid-
ability issues. In particular, Proposition 2.6 implies that the dominant singularities of
an N-rational function differ by roots of unity, meaning their coefficients have explicit
periodic behaviour: there exists a natural number m such that foreach k =0, ..., m—1
the coefficient sub-sequence ( f;,,,,+« ) has dominant asymptotics of the form Cy, n® pz
where @y is a computable natural number and Cy and py, are algebraic constants with
computable minimal polynomials. Flajolet et al. [49] give a similar characterization
for dominant singularities of combinatorial classes obtained from a large collection
of recursive ‘constructions’.

2.3 Algebraic Power Series

We next examine series satisfying polynomial equations. Throughout this section
we assume that K is an algebraically closed field of characteristic zero, of which the
most important cases are K = A, the field of algebraic numbers over Q, and K = C.
We will see how bivariate polynomials can be used as data structures for algebraic
functions, and how algebraic tools can be leveraged to create algorithms for coeffi-
cient asymptotics. In particular, the potential singularities of an algebraic function
can be characterized, after which asymptotics can be ‘read off” from local expansions
near the singularities. In order to solve algebraic equations we must consider more
general objects than power series.
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Laurent and Puiseux Series Expansions

First, we note that to solve equations such as zF(z) = 1 it is necessary to introduce
series expansions with negative exponents.

Definition 2.9 (formal Laurent series) The field of formal Laurent series over K,
denoted K((z)), consists of formal series with potentially negative integer exponents
bounded from below,

K((z)) = {Z anz" :N€Z aje Kforallj},

n>N
with term-wise addition and Cauchy product.

Problem 2.5 implies that K((z)) is the field of fractions of the ring of formal power
series K[[z]]. In a similar fashion, to solve algebraic equations such as F(z)R = z
using formal series we must introduce fractional exponents.

Definition 2.10 (formal Puiseux series) The field of formal Puiseux series, de-
noted K™ ((z)), consists of the set of formal series

K™((2)) = {Z anz"’® N €Z, R e N, a; € K for allj}
n>N

with term-wise addition and Cauchy product.

The variables appearing in a Puiseux series have rational exponents that are
bounded from below and have fixed denominators, so expressions such as }},,50z7™"
and ), 2!/ are not Puiseux series. Although K((z)) does not include all series
with rational exponents, it is adequate to describe the solutions of any algebraic
equation. The following result dates back to Newton [85] and Puiseux [94]; a proof
can be found in Walker [122, Sect. 3].

Proposition 2.7 (Puiseux’s Theorem) Ler K be an algebraically closed field of
characteristic zero. Then K/™((2)) is the algebraic closure of K((2)).

Definition 2.11 (algebraic series and minimal polynomials) A formal series
F(z) € K((z))is algebraic over K if there exist polynomials py(z), . . ., pa(z) € K|[z],
not all zero, such that

Pa(DF (@) + pa_i(2)F(2)*™" + -+ + po(z) = 0.

If F(z) is algebraic, a minimal polynomial of F is any non-zero polynomial P(z, y) €
K[z][y] of minimal degree in y with coefficients in K[z] such that P(z, F(z)) = 0; this
is unique up to a non-zero multiple of K[z]. The Puiseux series roots of a minimal
polynomial of F are called the conjugates of F. A series which is not algebraic is
called transcendental.
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Just as the minimal polynomial x> — 2 of V2 over Q also admits —V?2 as a root,
a general algebraic series F(z) must be encoded by its minimal polynomial together
with additional information to distinguish F' among its conjugates. Even when F is
a power series its conjugates can contain negative and fractional powers.

Example 2.8 (Rooted Binary Trees)

A rooted binary plane tree is a rooted tree (including the empty tree) where every
vertex has two (possibly empty) ordered binary plane trees as children. From this
recursive definition it can be shown that the generating function C(z) of such trees,
counted by their number of vertices, satisfies P(z, C(z)) = 0 where

P(z.y)=zy" -y +1.

By Puiseux’s Theorem we know there are two formal series solutions to P(z, y) = 0.
Let f(z) = a,z" + - -- for some r € Q with a, # 0 and algebraic coefficients a; € A
to be determined, where *- - - * hides terms with strictly larger exponents. Substitution
into the equation P(z, f(z)) = 0 gives

O=z(arz +- YV =(ad +--)+1= (azzzﬂrl +~~)—(arzr+---)+1. (2.6)
In order for this equality to hold, every term on the right hand side of (2.6) must

cancel. In particular, there must be at least two terms whose exponent of z is minimal,
and these terms must cancel. Thus, either

2r+1=r<0 and a—a =0 (z**! and 7" are minimal)
or 2r+1=0<r and af +1=0 (z%*! and z° are minimal)
or r=0<2r+1 and —a,+1=0 (z" and z° are minimal).
In the first case, r = —1 and a,, = a_; = 1 since a, # 0 by assumption. The second

case cannot occur, but the third can when r = 0 and a,, = a9 = 1. Thus, we have
found the start of two series expansions

fi)=z"+  and  flg)=1+--

such that P(z, fi) = P(z, ) = 0. Substituting these starting terms back in (2.6)
allows one to repeat the process and obtain further terms in the series expansions.
For example, when r = —1 and a_; = 1 then repeated back substitution shows
the next non-zero term is aozo with ap = —1, followed by a;z with a; = —1, etc.
Puiseux’s theorem implies that this process of extending a partial expansion must
succeed, giving solutions

fi) =z =1-2-22-5+---  and  fo(z) = 1 +z+22%+57 + 14z +- -

to P(z, fi) = P(z, f») = 0.
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This computational procedure of extending truncated series solutions can be au-
tomated, a process known as the Newton polygon method (see, for example, Walker’s
proof [122] of Puiseux’s Theorem). The name comes from the use of a polygon
defined by the exponents of monomials in P(z, y) to determine the potential starting
indices of solutions. There are several computer algebra packages that can compute
Puiseux series solutions of equations, such as the gfun package [101] in Maple.

Example 2.9 (Rooted 3-Ary Trees)

A rooted 3-ary plane tree is a rooted tree where every vertex has three ordered 3-ary
plane trees as children. The generating function F(z) of 3-ary plane trees satisfies

P(zF(2))=0, Py =z’ -y+1
There are now three solutions,

11 3z -1 1 372
fl(Z):m_—__"'"'v f2(z)=Z17—§+T+-~-,

2 8
and
@) =1+z+32+1223 +--.

satisfying P(z, f1) = P(z, f2) = P(z, f3) = 0. Even though the generating function f;
is a power series, its conjugates fi and f> have fractional exponents.

When working over the complex numbers there is a useful analytic version of
Puiseux’s Theorem involving convergent series. When moving from formal to ana-
lytic considerations, we account for branch cuts of algebraic functions by considering
series in disks with rays removed (the appendix to this chapter contains additional
details on branch cuts).

Definition 2.12 (slit disks) A slit disk centred at z = w is a disk |z — w| < R centred
at w with aray {w + ta : t > 0} removed, for any R > O and a € C\ {0}.

See Hille [66, Ch. 12] for a proof of the following.

Proposition 2.8 (Puiseux’s Theorem, Analytic Version) Ler P(z,y) € Q[z, y] be
an irreducible polynomial of degree R in y, and let w € C. Then in a sufficiently
small slit disk centred at w there exist R convergent Puiseux series expansions

yi(2) = Z (1 = zJw)R, 1<k<R
n>N

with P(z, yr(z)) = 0 for each 1 < k < R, where the branch of (1 — z/w)"/R is fixed
in the slit disk and all coefficients c,(ik) are algebraic numbers.
The point 7 = w is a singularity of one of the analytic functions defined by these

expansions if and only if the corresponding expansion is not a power series.
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The coeflicients in such a convergent Puiseux series can be determined by applying
the Newton polygon method to the polynomial Q(¢,y) = P(w(l — t), y) to obtain
Puiseux series in ¢ and then substituting t = 1 — z/w. We consider these expansions
to be centred at z = w as they converge in a slit disk centred at w.

Example 2.10 (Puiseux Expansions I)

To find convergent Puiseux series solutions of P(z,y) = zy> — y + 1 centred at
z = 1/4, we can find the Puiseux series solutions of

P((1=0)/4y)=(1-1)y*/4=y+1=0
att = 0, and then substitute ¢t = 1 — 4z. The Newton polygon method gives solutions
24212 42t 4263 4 =242(1-42) 2 +2(1 —42) +2(1 - 422 + .
and

2211242203 4. =2-2(1-42) 2+ 2(1 —42) - 2(1 - 42> + -
Taking the principal branch of the square-root function 7'/2, these series converge
in the slit disk where |1 — 4z| < 1 and z is not a real number larger than 1/4 (so
that 1 — 4z is not real and negative).

An algebraic generating function is encoded by a polynomial P(z,y) € Z[z y],
but P also encodes other algebraic series. We now discuss how to separate a specific
series of interest from the other roots of P.

Definition 2.13 (singular parts and separation orders) Let P(z, y) € Z[z, y] and
suppose f(2) = sy a2 K satisfies P(z, f(z)) = 0. The singular part of f is the
initial partial sum f;(z) = an: N cn 2R, where £ > N is the minimal integer such
that f7 is not equal to an initial partial sum of any other Puiseux series expansion y(z)
with P(z, y(z)) = 0. The separation order of f(z) with respect to P is the integer ¢.

The following result, found in Walsh [123], not only bounds the separation order
but also shows how it can be used to determine the smallest field extension of Q
containing all coefficients of a Puiseux series expansion.

Proposition 2.9 Let P(z, y) € Q[z, y] be an irreducible polynomial in y of degree d,
in'y and degree d, in z, and f(z) = Y,sn cn2™R satisfy P(z, f(z)) = 0. If the
separation order of f with respect to P is € then € < 2d,d,(2dy, — 1) and all Puiseux
series coefficients ¢, CN+1, - . . Of f lie in the finite extension Q(cy, . . ., ce).

Knowing that the coefficients of each Puiseux series expansion lie in a finite extension
of Q is necessary for computation.

Example 2.11 (Puiseux Expansions II)
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The Puiseux series solutions of
P(z,y)=(z+1/4)y* -y +1

begin
2+4i7' /> -8z 4 and  2—4iz' /2 —8z+--- .

Since these series are separated by their truncations at order 2, all coeflicients of
both Puiseux series expansions lie in Q(2, +4i) = Q(i).

Later, in our arguments on lattice path enumeration, we will need to determine
how many Puiseux series solutions of an algebraic equation are fractional power
series (i.e., contain no negative exponents). The following result gives an answer.

Proposition 2.10 Let P(z,y) = po(z) + p1(2)y + --- + pa(z)y¢ € Qz][y] be a
polynomial of degree d in 'y such that p;j(0) # O for at least one index j. Then the
number of series solutions to P(z,y) = 0 in y at z = 0 which are fractional power
series equals the maximum index j such that p;(0) # 0.

A proof of Proposition 2.10, which involves algebraic manipulations of Puiseux
expansions, can be found in Stanley [110, Prop. 6.1.8].

Singularities of Algebraic Curves

We now determine the points where the solution of an algebraic equation can have a
singularity, in order to apply the techniques of analytic combinatorics to determine
coefficient asymptotics. This requires some algebraic tools.

Definition 2.14 (resultants and discriminants) Given polynomials

d e

p(x)=ap+ajx+---+agx and g(x) = by +b1x + -+ bex

over an integral domain R, where a4, b, # 0, the resultant of p and g with respect
to x is
Resultant,(p, q) = a; b H (a - B),
p(a)=q(B)=0
where @ and B run through the roots of p and ¢ in an algebraic closure of R. The
discriminant of p(x) with respect to x is the quantity

(_1)d(d—1)/2

Disc,(p) = Resultant, (p, p’),

where p’(x) is the derivative of p(x) with respect to x.

Problem 2.14 asks you to prove that the resultant lies in R, and gives an algorithm
for its calculation. Note that the resultant of p and ¢ is zero if and only if p and ¢
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share a root in any algebraic closure of R. Thus, the discriminant Discy(p) is zero if

and only if p has a multiple root in any algebraic closure of R. Both the resultant and

discriminant can be calculated by any major computer algebra system using efficient

algorithms [121, Ch. 6] (the cost is not much greater than polynomial multiplication).
Now, let

P(z,y) = pa(2)y? + pa-1(2)y"™ + -+ + po(2)

be an irreducible polynomial in Q[z][y] of degree d in y. For fixed a € C the
polynomial P(a,y) has d solutions for y in the complex plane unless pgy(a) = 0
or P(a, y) has a multiple root in y, meaning Disc,(P) € Q[z] vanishes at z = a.

Definition 2.15 (exceptional sets) The exceptional set of P(z,y) € Z|[z, y] is the
finite set 2 = Z(P) = {z € C : p4(z) = 0 or Disc,(P)(z) = 0}.

For any a € C\ E the polynomial P(a, y) has d distinct solutions in y, and the
implicit function theorem (described in a more general context in Proposition 3.1 of
Chapter 3) implies the existence of analytic functions y;(z),. .., y4(z) defined in a
neighbourhood of z = a such that y(a), ..., y4(a) are the solutions of P(a, y) = 0.

Definition 2.16 (branches and algebraic functions) Each analytic function y;(z)
in the proceeding paragraph defines a branch of the curve P(z, y) = 0 in any simply
connected region of the complex plane where it is analytic. An algebraic function
on a domain Q is any function on Q which is a branch of some algebraic curve.

One immediate consequence of the implicit function theorem is the following.
Lemma 2.2 If z = a is a singularity of a branch of P(z, y) then a € E.

Vanishing of p;(z) corresponds to branches going off to infinity: if ps(a) = 0 then
the collection of Puiseux series solutions to F(z, y) at z = a can contain series with
negative exponents. Vanishing of Disc, (P)(z) corresponds to two branches colliding:
if Disc, (P)(a) = 0 then the collection of Puiseux series solutions to F(z,y) atz = a
can contain series with non-integer fractional powers coming in sets of conjugates.

Example 2.12 (Singularities for Plane Trees)

The generating function for the number of rooted binary plane trees is a branch of
P(zy) =z’ =y +1.
Then Discy(P) = 1 — 4z, so that
E={z:z=0o0r1-4z=0} ={0,1/4}.

We have already seen that one Puiseux series solution of P(z,y) = 0 at the origin
is a Laurent series with negative exponents, which corresponds to the vanishing of
the leading coefficient of y, and that the series solutions centred at z = 1/4 contain
non-integer powers due to the vanishing of the discriminant.

The generating function for the number of rooted 3-ary plane trees is a branch of
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Fig. 2.3 When F(z) behaves like an algebraic branch point near its unique dominant singularity
Z = w, the domain of integration in the Cauchy integral can be deformed around the corresponding
branch cut R (dotted) to obtain an open circle and small lip C; which can be made arbitrarily
close to w (black) together with a collection of points C, whose moduli are bounded above |w |
(gray). The Puiseux expansion of F(z) is a good approximation when C; is sufficiently close to w,
which allows for the transfer of coefficient asymptotics, while the Cauchy integrand is exponentially
smaller than w™" on C,.

Pzy) =z’ -y +1,
which has as its Puiseux series solutions at the origin the power series
1+z+322 41223 +55z% + .-+
together with the fractional Puiseux series

1 3
LI V)

1 3 1

o4 d s VP i Vb
273 +zz+ an Z 2+8Z +2z+
Here Disc,(P) = z(4 —27z), so that both the discriminant and the leading coefficient
of P vanish at the origin. This helps explain the existence of two series with non-

integer powers which are negative.

Asymptotic Behaviour

Suppose F(z) is analytic at the origin and has a single dominant singularity z = w,
where it behaves like an algebraic branch point. The key to determining asymptotics
is to deform the domain of integration in the Cauchy integral (2.1) around the
singularity w without crossing the corresponding branch cut; see Figure 2.3. Away
from the singularity w, the domain of integration can be deformed so that the Cauchy
integrand in (2.1) is exponentially smaller than w™". Near the singularity F' behaves
like its Puiseux expansion, so coefficient asymptotics of F(z) can be determined
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from the terms in its Puiseux expansion. In particular, coefficient asymptotics of a
summand (1 -z/w)® follows from the binomial theorem and Stirling’s approximation
for the gamma function, and these asymptotic expansions can be summed to give
an asymptotic expansion for the coefficients of F(z). A rigorous version of this
argument, yielding the following result, can be found in Flajolet and Odlyzko [48].

Proposition 2.11 (Darboux’s Theorem) Suppose F(z) = Y,50 fu2" is analytic in
some open disk around the origin except for a single dominant singularity w € C\{0}
and points in the ray R, = {tw : t > 1}, such that

F(z) = Z cr(1 - Z/a))k/R

k>N

is a convergent expansion of F in a disk centred at w with R, removed. Then each
summand c(1 — z/w) 'R with k/R ¢ N adds an asymptotic contribution

I'(n—-k/R) n nk/R-1
T(=k/R)T(n+1) T(—k/R)

-n

Crw Crw

to f,, where T is the Euler gamma function. In particular, for all M > 0

o [ Th-k/R) —(M+1)/R
f":l“(n+1) ,;,Ck I'(-k/R) +0(n )

—k . _ -p/R-1 .
where Flf(rik/g) =0ifk/R €N, and f, ~ cpw "% where p is the smallest
index such that ¢, # 0 and p/R ¢ N. If there are a finite number of dominant
singularities, each of this form, then asymptotics of f, are determined by adding the

asymptotic contributions given by each.

Note that Proposition 2.11 only requires the function F(z) to behave locally like an
algebraic function near its dominant singularity (in the sense that it has a convergent
Puiseux expansion).

Example 2.13 (Asymptotics of 2-Regular Simple Graphs)

A graph is 2-regular if every vertex has degree 2, and simple if the graph contains
no loops or multiple edges between any pair of vertices. If g, denotes the number
of 2-regular simple graphs on n vertices where each vertex has a distinct label, then
generating function arguments (found in Wilf [125], for instance) imply

_ _2
F(Z)zzg—nz" =L R
nzOn! )

Because F(z) has a unique dominant singularity at the point z = 1, where its Puiseux
expansion begins F(z) = e3/4(1—z)~'/?>+- - - , Proposition 2.11 immediately implies
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-1/2 -3/4
§n 3 h / e 3/

n! T(1/2) vz
This example is also studied by Flajolet and Odlyzko [48].

Because every algebraic function satisfies the hypotheses of Proposition 2.11, this
gives a strong characterization of their asymptotic behaviour.

Corollary 2.1 Let F(z) = ), ,50 fu2" be a branch of an algebraic equation which is
analytic at the origin and has dominant singularities wop, . . ., Wm-18 where 8 > 0
and |w;| = 1 for each j. Then

B BnnS
T I(s+1)

-1
fn > Gl + 0™,
Jj=0

where s € Q\ {-1,-2,...}, t <, and B, the wj, and the C; are algebraic.

Checking for incompatible asymptotic behaviour of coefficients, or the existence
of an infinite number of singularities, gives a powerful test of function transcendence
which is not available for constants.

Example 2.14 (A Transcendental Series)
If F(z) = (1 —4z)~'/? then a straightforward application of the generalized binomial
theorem implies F(z) = Y,50 (zf)z" and Proposition 2.11 shows (2':’) ~ 4% [\[mn.

2
The function G(z) = Y50 (2:) Z" is also analytic at the origin, but

(2n)2 16"

n mn

so G(z) is not algebraic by Corollary 2.1. See Problem 2.10 for a generalization.

Automated Asymptotics: A Solvable Connection Problem

Let P(z,y) € Q[z,y] and F(z) = },,50 fuZ" be a branch of P which is analytic at
the origin, specified by enough power series coefficients to distinguish it from the
other branches of P. In order to determine dominant asymptotics of f;,, we must
identify the dominant singularities of F' and find its local behaviour near each to
apply Proposition 2.11. Any singularity of F lies in the (finite) exceptional set =, but
we need to be able to determine which elements of E are singularities of F' (and not
singularities of other branches or spurious points where all branches are analytic).



50 2 Generating Functions and Analytic Combinatorics

Fig. 2.4 Plot of the real solutions to zy> —y + 1 = 0 with the values of Z marked. At the origin
one branch of the solution goes to infinity, while at z = 1/4 the two branches collide.

Given a € E we can use the Newton polygon method to compute series solutions
to P(z,¥) = 0 which are analytic in a neighbourhood of a, potentially minus a or
a ray starting at a, and then identify the singular branches at a by finding those
with non-integer or negative exponents. Since we know the series expansion of the
generating function F at the origin, we are thus trying to solve a connection problem:
given series expansions of branches of P(z,y) = 0 around two distinct points, can
we pair up the series in such a way as to be consistent among branches? Since
series expansions capture local behaviour of a function, being able to solve this
connection problem means capturing global behaviour about branches of P from
their local behaviour.

Example 2.15 (Catalan Asymptotics)

Recall again the generating function for the number of rooted binary plane trees,
which is the unique power series root of

P(zy) =2y’ =y +1
at the origin. Near the origin the branches of P(z, y) are represented by the expansions
fi2)=C@)=1+z+22+52 +--- h@) =z -1-z-222+---
while around the point z = 1/4 the branches are represented by the expansions
21(0)=2+2(1-49)" 4. g(x)=2-2(1-49)"7+....

Thus C(z) must have a singularity at z = 1/4, but is it locally represented by g
or g2? If C(z) was represented by g near z = 1/4 then Proposition 2.11 would imply

n—3/2 B qn
(-1/2) w327

which is impossible as ¢, has non-negative terms. Thus, C(z) corresponds to g, and

Cn ~ (2) 4"
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0.2 0.4

-0.5

Fig. 2.5 Real parts of branches of the algebraic curve P(z, y) = y*—2y3+(1+2z)y>—2yz+4z> = 0.
The discriminant of P vanishesatz = 1/4, 0, and z = (~1+V5)/8, corresponding to the intersection
of at least two of the branches.

L n3? 1 L1 1
=2 (r(—1/2>+0(2))=4 (nwvfo(ﬁ))'

In fact, the quadratic formula implies C(z) = 1ovi-dz ‘21;41, SO

4 T(n+1/2)

_(_ n+l1 _ 1/2
cn = (=1/2)[2"](1 - 4z2) =V T

which is simply a restatement of the well known formula ¢,, = ﬁ (2:)

Such heuristic arguments do not always apply, and more involved techniques are
usually required.

Example 2.16 (The Connection Problem for Supertrees)

The generating function F(z) of the combinatorial class of bicoloured supertrees is
the branch y = F(z) of the algebraic curve

P(z,y) = y* = 2y* + (1 + 22)y* - 2yz + 47

whose power series expansion at the origin begins F(z) = 2z + 273 + --- (see
Flajolet and Sedgewick [50, Ex. VI.10] for details). Figure 2.5 shows the real parts
of the branches defined by P(z, y) = 0. The set of potential singularities of F(z),

5= {0,1/4, (—1i\/§) /8},

is defined by the vanishing of the discriminant. Using only local information about F'
at the origin (its initial power series terms look like a quadratic function) we can
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identify F' with the dark curved branch in Figure 2.5. Tracing this branch from the
origin across the positive real numbers shows that F(z) admits a single dominant
singularity at z = 1/4.

Tracing along curves can be formally captured by algorithms for real numeric
continuation, but we now outline a different approach for combinatorial generating
functions which is simpler and more efficient. Because F(z) has non-negative power
series coefficients, the Vivanti-Pringsheim theorem implies one of its dominant
singularities is real and positive. At the origin, the branches have power series
expansions

Al(n)=1-222+-- Ay()=1-2z+---

A3(2)=27+22% + -+ As(z) = F(2) =222 +22 + - .
Note that all branches are analytic even though the branches intersect: intersection
is a necessary condition for singularities of branches not going to infinity, but not a

sufficient one. At the first potential positive singularity, p = (V5 — 1)/8, the branches
have Puiseux expansions

1 V5-+v5 2+VI0-v2 VI0—-4vV2
Bi(2) =5+ 4\/—\/1—2/p+~~-, Byz)= — 7 v T v_(l—z/p)+~~
1 V5-+v5 2-+10 2 V10-4v2
By(2) =5 - 4\/_\/1—2/.0""", By(z) = 4+‘/_+ T \/_(l—z/p)+-~-,
while at z = 1/4 they have Puiseux expansions
_11 1/4 b 1/4
Ci(2) = 5+ 5(1—42) " + GC(2) = 5 - 5(1 -4+
1 i 1 i
=4+ —(1=4p)*+... = (1 =444 ...
G(z) =5+ 5 (1 -4y + Ci(z) = 5 -5 (1 -4y +

Our goal is to determine which of the expansions B;(z) and Cy(z) correspond to F. In
particular, we want to determine whether F corresponds to one of the expansions B,
and B3 which are singular at z = p, or if the dominant singularity of F is z = 1/4.

The key is to use the fact that the real branches of P(z, y) can be sorted at real
points, and their relative orders do not change between elements of =. To begin, we
note that if » > 0 is sufficiently small then looking at the initial terms of the series
expansions of the A; shows

A1(r) > Ax(r) > As(r) > A4(r).

Similarly, if s < p is sufficiently close to p then looking at the initial terms of the
series expansions of the B; shows

By(s) > Bi(s) > Bs(s) > Bu(s).
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Because the real branches of P can only cross at elements of Z, the relative orders
of the branches at z = r and z = s must be equal. Since A(r) and B,(s) are largest
in the orderings, A(z) and B,(z) are expansions of the same branch; the rest of
the branches pair up as (A, By), (A3, B3), and (A4, Bs). In particular, as the series
expansion of F around z = 0 is A4 its series expansion near z = p is the power
series By, and z = p is not a singularity of F(z).

Continuing this process, we take ¢ > p to be sufficiently close to p. Only the
branches B;(z) and By(z) are real for z > p, and examining their initial series terms
shows

By(1) > By(1).

If u < 1/4 is sufficiently close to 1/4 then examining the initial series terms of
the C;(z) shows that only C(«) and C»(u) are real, and that

Ci(u) > Cy(u).

Since F(z) is represented by Bs(z) near z = p, and the relative orders of the real
branches do not change between elements of =, we have determined that z = 1/4 is
the unique dominant singularity of F(z), where it has the convergent expansion

F(z) = Ca(2) = % - %(1 —dgtt g

in a slit disk. Proposition 2.11 then implies the number f;, of bicoloured supertrees
of size n has dominant asymptotics
-1/2 4"

+0(4"n ) =

_ qn ,—5/4
R Y w5480 (3/4)

+0@" 7).

An analysis of bicoloured supertrees using this approach was carried out in the thesis
of Chabaud [21]. DeVries [36] gave an alternative analysis using the multivariate
machinery discussed in Chapters 3 and 5.

This branch sorting algorithm can be applied to any algebraic function F(z) with
non-negative power series coefficients at the origin. As in the example, one sorts the
Puiseux series solutions of an annihilating polynomial P(z, y) = 0 which take real
values between positive elements of the exceptional set E, and uses the fact that their
relative orders don’t change between potential singularities to link local behaviour
of expansions at one point to those at another. Proposition 2.9 allows us to determine
which branches are real, and sorting can be done through a lexicographical ranking
of series by their coefficients since the lower order terms in a Puiseux series dominate
local asymptotic behaviour.

Example 2.17 (Kreweras Lattice Walks)
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Let A(z) be the generating function for the number a,, of lattice walks beginning
at the origin, staying in N2, and taking # steps in S = {(—1,0), (0, —1), (1, 1)}. This
lattice path model was studied by Kreweras [74] in the 1960s, who gave a simple
formula for walks ending at the origin and a more complicated expression for walks
ending anywhere in N2. Gessel [55] proved that A(z) is algebraic (in fact, he proved
the stronger result that the trivariate generating function counting walks by length
and x and y endpoint is algebraic). Bousquet-Mélou [17] used the kernel method,
which we study in detail in Chapter 4, to derive algebraic equations and enumerate
these walks. In particular, the generating function A(z) satisfies P(z, A(z)) = O where

P(z,y) = 223z — 1)*y® + 62* 3z - 1)’y + 22(3z - 1)(1352% — 78z + 14)y*
+47°(3z = 1)(452% — 18z + 4)y° + z(3z — 1)(1352% — 262 + 9)y”
+203z - 1)2722 -2z + 1)y +432% + 7+ 2.

Computing the discriminant shows that the exceptional set of P consists of 0, —1, 1/3,
and the two non-real roots of the polynomial 9z + 3z + 1, so A(z) has a unique
dominant singularity at z = 1/3. The Newton polygon method shows that there are
two Puiseux series solutions of P(z, y) = 0 at the origin which have real coefficients,

2z —1-7z-372+--- and l+z+3z2+7z3+-~~,
and two real Puiseux series solutions at z = 1/3 which have real coefficients,
2V2(1 -3z Y4 —34+... and  -2V2(1 -3z V4 -34....

Since A(z) is the real branch of P(z,y) = 0 which is larger just to the right of the
origin, it is the larger real branch just to the left of z = 1/3, and the expansion of
A(z) in a slit disk at z = 1/3 begins with 2V2(1 = 3z)7 /4, Proposition 2.11 then
implies a, ~ 3"n3/4(2V2)/T(1/4).

More generally, for series with negative coefficients, rigorous numerical methods
can be used. There exist bounds (discussed in the appendix to Chapter 7) on how
close the values of the branches to P(z, y) = 0 can be ata point z = a, depending only
on P and a. Since the series expansion of F(z) at the origin is convergent whenever z
has smaller modulus than its dominant singularities, one can iterate through the
elements of = in order of increasing modulus and numerically approximate F and
the branches near each potential singularity to a sufficient accuracy to decide which
branch corresponds to F. Full details of both approaches can be found in the PhD
thesis of Chabaud [21]. The Sage package of Mezzarobba for numeric analytic
continuation of D-finite functions, discussed in Section 2.4 below, can be used for
the necessary numeric computations.

Once the dominant singularities of an algebraic generating function are deter-
mined, an asymptotic expression for its coefficients can be computed using Propo-
sition 2.11. The decidability issues related to Skolem’s Problem for dominant co-
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efficient asymptotics of rational generating functions are still in play for algebraic
functions, but such pathological considerations do not typically appear in combina-
torial applications.

Examples of Algebraic Series and N-Algebraicity

As briefly seen in the above examples, combinatorial structures which admit a re-
cursive decomposition based on collections of smaller objects of the same type are
those that tend to have algebraic generating functions. There are a wealth of com-
binatorial applications, including the enumeration of many types of lattice paths,
pattern-avoiding permutations, trees, planar maps on surfaces, polyominoes, dissec-
tions of polygons, sequences arising in bioinformatics, and tiling problems. Algebraic
functions over a field of characteristic p have connections to p-automatic sequences
in theoretical computer science and the combinatorics of words. These examples,
and more, can be found in Stanley [110], Bousquet-Mélou [18], and Banderier and
Drmota [4]. Algebraic functions also have many closure properties.

Proposition 2.12 The set of algebraic series forms a field: the sum, difference,
product, and quotient (when the denominator is non-zero) of two algebraic series a(x)
and b(x) is algebraic. Annihilating polynomials for a(x)+ b(x), a(x)— b(x), a(x)b(x),
and a(x)/b(x) can be computed from annihilating polynomials for a(x) and b(x).

Problem 2.15 guides the reader through a proof of Proposition 2.12.
Using resultants to eliminate variables, any component of a solution of a non-
trivial algebraic system of equations is also algebraic.

Definition 2.17 (N-algebraic series) A proper N-algebraic system is a polynomial
system of the form

i =Pi(zyn,...,Ya)

Ya =Pa(zy1,...,¥a)

where each P; has natural number coeflicients, no constant term, and [y;]P; = O.
A univariate series y(z) is N-algebraic if there exists a constant ¢y € N and power
series solution (y1,...,vq) € N[[z]]¢ of some proper N-algebraic system such
that y(z) = ¢o + y1(2).

Just as N-rational series appear as generating functions when counting words in
regular languages, N-algebraic series appear in the study of context-free languages,
a superset of regular languages which are recognized by ‘pushdown’ automata.
Chomsky and Schiitzenberger [23] proved that the generating function counting
words in any non-ambiguous context-free language by length is N-algebraic, and
conversely any N-algebraic generating function counts the number of words in some
non-ambiguous context-free language by length. Flajolet [46] used this enumerative
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approach to easily prove the ambiguity of several families of context-free languages,
a typically hard task. See Chapter 3 of [95] for more details on these topics.

Traces of the modern Symbolic Method, which allows one to convert a combina-
torial description of a family of objects into a generating function specification, can
be found in the Delest-Viennot-Schiitzenberger (DVS) methodology [34]. The DVS
methodology, dating back to Schiitzenberger’s work on formal language theory,
states roughly that to enumerate a combinatorial class one should try to: construct
a bijection to a context-free language, determine a context-free grammar generating
that language, then deduce an algebraic equation for the number of objects under
consideration using the rules of the grammar. This approach and the techniques it
has inspired have been extremely influential in enumerative combinatorics.

Banderier and Drmota [4] classify the dominant asymptotic behaviour of N-
algebraic series, giving a tool for disproving N-algebraicity of generating functions.
Subdominant asymptotic terms can be harder to get a handle on, a consequence of
the fact that every algebraic power series with integer coefficients is the difference
of two N-algebraic series [4, Prop. 2.6]. Currently, a complete classification of
N-algebraicity is not known.

Open Problem 2.3 (Decidability of N-Algebraicity) Is there an algorithm which
takes an algebraic series with natural number coefficients, specified by an annihi-
lating polynomial and initial terms, and determines whether it is N-algebraic?

2.4 D-Finite Power Series

We now turn to a class of generating functions encoded by linear differential equations
over a field K of characteristic zero. Just as polynomials are data structures for
algebraic series, differential equations are data structures for these series.

Definition 2.18 (D-finite series and functions) The derivative of a formal power
series F(z) = Y,s0 /2" is the formal series d%F(z) = Yasi(nf)zl We
call F(z) differentially finite (D-finite) over K if there exist agp(z), ..., a,(z) € K[z]
with a,(z) # 0 such that

r r—1

4D F@) + 4, E F@) + -+ ao@F() =0, (27)
dz" dz" !

If K c C then an analytic function F(z) is called D-finite if it satisfies an equation
of the form (2.7) when defined. If d is the maximum degree of the coefficient
polynomials a;(z) then we call (2.7) a D-finite equation of order r and degree d.
Equivalently, F(z) is D-finite if and only if all derivatives F, F’, F”,F’”,... form
a finite dimensional vector space over the field of rational functions K(z). We often
write F) for the rth derivative %F (2).

Example 2.18 (D-finite Transcendental Function)
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The function F(z) = e* = }},592"/n! is not algebraic (for instance, because its
asymptotic growth does not satisfy the conditions of Corollary 2.1) but satisfies
F’(z) - F(z) =0, so F is D-finite.

Remark 2.2 Suppose F(z) satisfies a non-homogeneous D-finite equation of the
form L(F) = ¢(z), where L(F) = a,(2)F")(z) + - - + ap(z)F(z) and ¢(z) € K[z].
Then c(z)dizL(F ) — ¢’(z) L(F) = 0, so any function satisfying a non-homogeneous
D-finite equation of order r also satisfies a homogeneous equation of order r + 1.

D-finite equations are often manipulated in computer algebra systems by encoding
them as elements of a non-commutative ring.

Definition 2.19 (Weyl algebra) The Weyl algebra W over K is the K-algebra
K(z,8)/{6z — z6 — 1), consisting of K-linear combinations of monomials containing
powers of z and ¢ such that z and 6 don’t commute but satisfy 6z = z0 + 1. We let the
elements of ‘W act on K[[z]] by defining z- F = zF and 6 - F = F’; the commutation
rule for z and ¢ was chosen to make this action well defined, since

(02) - F(z) =6 - (zF(2)) = diz (2F(2)) = 2F'(z) + F(z) = (1 + 26) - F(2).

Any element P € ‘W can be uniquely written P = p,(2)6” +p,_1(2)6" ' +- -+ po(z)
for polynomials p;(z) € K[z], meaning

r r—1

P- F(Z) = pr(Z) d F(Z) +pr_1(z)F

dz"

F(z) + -+ + po(2)F(z).

D-finite equations over K are thus in bijection with the elements of W .

Coefficient Properties

The coefficient sequence of a D-finite function satisfies a linear recurrence rela-
tion with polynomial coefficients, generalizing the C-finiteness of rational function
coeflicients.

Definition 2.20 (P-recursive sequences) A sequence (f,) is polynomially re-
cursive (P-recursive) if there exist polynomials co(n),...,c,(n) € K[n] such
that co(n), ¢, (n) # 0 and

Cr(n)fn+r + Cr—l(n)fn+r—l R CO(n)fn =0 (2.8)

for all n > 0. If the coefficient polynomials c;(n) have highest degree d, then we
call (2.8) a P-recursive relation of order r and degree d. As in the differential case
above, if (f;,) satisfies a non-homogeneous P-recursive relation of order r then it also
satisfies a homogeneous P-recursive relation of order r + 1.
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Definition 2.21 (shift algebra) The shift algebra S over K is the K-algebra
K(n,S)/(Sn — (n + 1)S), consisting of K-linear combinations of monomials con-
taining powers of n and S, such that #n and S don’t commute but satisfy Sn = (n+1)S.
We let the elements of S act on the set of sequences over K by defining n-(f,,) = (nf,)
and S - (fn) = (fu+1); the commutation rule for n and S was chosen to make this
action well defined, since

(Sn) - (fa) = 8- (nfu) = ((n + Dfps1) = (1 +1)S) - (fo).

Any element Q € S can be uniquely written Q = g, (n)S” +g,_1(n)S" ™' +- - -+ go(n)
for polynomials ¢;(n) € K[n], meaning

Q- (fu) = (@) forr + @r-1(0) frar—1 + -+ + qo(n) f) -

P-recursive relations over K are thus in bijection with the elements of S.
Both the Weyl algebra and shift algebra are examples of Ore algebras, and are
implemented in the Sage ore_algebra package [69].

Proposition 2.13 Let F(z) = 3,50 fn2" € K[[z]].

1. If F(z) satisfies a D-finite equation of order r and degree d then (f,) satisfies a
P-recursive relation of order at most r + d and degree at most r.

2. If (f,,) satisfies a P-recursive relation of order r and degree d then F(z) satisfies
a D-finite equation of order at most d and degree at most r + d.

Proof Since [2*]F")(z) = (n+r)n+r—1)---(n+ 1) fys, forr € N, and

1k fo-k :0<k<n

[')e F(Z)_{o k>n
for k € N, if F(z) satisfies a differential equation of the form (2.7) then its coef-
ficients satisfy a linear recurrence with polynomial coefficients, where derivatives
of F can increase the coefficient degree of the recurrence and both derivatives and
multiplications by z can increase the order of the recurrence.

Conversely, let 9, = zd% be the operator that differentiates by z and then multiplies
the result by z, and for any k& € N let F<x(z) be the polynomial F<;(z) = fo + fiz +

-+ + fiz*. Then
F(z) - F<(z
3t = PO Fa©
Z
n>0
and repeated differentiation gives

Z (njfm_k) M= (F(z) —kng(z)) .

n>0 z

Thus, if (f,,) satisfies a linear recurrence of the form (2.8) then multiplying by z”* and
summing over n gives a linear differential equation satisfied by F(z). Problem 2.11
asks you to prove the stated degree and order bounds. O
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Note that it is automatic to translate between D-finite equations satisfied by a series
and P-recursive relations satisfied by its coefficient sequence. This is implemented,
for example, in the Maple gfun package and the Sage ore_algebra package.

Example 2.19 (Central Binomial Coefficients Squared)

Let f,, = (2:)2 and recall that the asymptotic growth of (f,,) implies the generating

function F(z) = ¥,50 fu2" is not algebraic. Using Pascal’s identity, that (') +
(a—l

b—l) = (Z) for all positive integers a and b, light algebraic manipulation shows

(n+ 1) fur1 —4Q2n+ 12 £, =0

foralln > 0. Thus, F(z) is D-finite. Following the proof of Proposition 2.13 translates
this to the differential equation
d? d
2(1=162) = F(z) + (1 = 322)——F(z) - 4F(z) = 0.
dz dz
The generating function F(z) can be written in terms of an elliptic integral by solving
this differential equation, providing a second path to proving transcendence.

Recall from Section 2.2 that the solutions of a linear recurrence of order r with
constant coefficients form a K-vector of dimension r (adding two solutions or multi-
plying by a constant yields another solution). Because (2.8) is still a linear recurrence,
its solutions still form a K-vector space, but when the leading coefficient ¢, (n) van-
ishes at non-negative integers the dimension of this vector space may be greater than
the order r of the recurrence. To account for this, let B be the set of non-negative
integer solutions to ¢,(n) = 0 and

I1={0,....,r—1}U{b+r:beB}.

If (f,) is a solution of the linear recurrence (2.8) then the values of f;, forn € I
uniquely determine (f;). Furthermore, if N = max /7 and fy,..., fy satisfy (2.8)
for n < N — r then this finite list always extends to a unique infinite sequence
satisfying (2.8). Thus, the finite sequences which satisfy (2.8) for n < N — r form
a vector space A whose dimension can be computed by linear algebra and equals
the dimension of the vector space of all solutions to (2.8).

Definition 2.22 (generalized initial conditions) The values of f,, when n € I are
generalized initial conditions for a sequence (f;,) satisfying (2.8).

Remark 2.3 By Proposition 7.7 in Chapter 7, the elements of B are at most one larger
than the maximum absolute value of the coefficients of ¢, (n).

Example 2.20 (A Large Solution Space for a Linear Recurrence)
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Consider the linear recurrence relation n(n—2) f20— fur1—(n—1)f, = Oover K = Q.
Here the order r = 2 and B = {0,2} so I = {0,1} U {0+ 2,2 +2} = {0,1,2,4}
with maximum element N = 4. In order for (fp, . . ., f1) to be the start of a sequence
satisfying this recurrence it must be that

~fi+fo=0 (n=0)
--£L=0 (n=1)
-A-f£=0 (n=2=N-r)
meaning
Jo

1-10 00\|A

00 -1-10]]|fa|=0.

00 -1-10/1|£

— /s
M

Since M has rank 2, the rank-nullity theorem implies the vector space of solutions to
this matrix equation has dimension 3. A sequence ( f;;) satisfying this recurrence is
uniquely determined by fp, f>, and fs, and any assignment of values to these terms
can be extended to a full sequence by setting fi = fy and

_ fn+l + (n - 1)fn
fn+2 = —I’l(}’l — 2)

for all n ¢ {0,2}. Thus, the solution space of this recurrence forms a Q-vector
space of dimension 3 (even though the recurrence has order 2). Any assignment
fo=fi=a, o =b,and f; = cfor(a, b, c) € Q forms a generalized initial condition.

Bostan et al. [14, Ch. 15] study the complexity of generating terms in P-recursive
sequences.

Examples of D-finite Functions

Many common functions are easily seen to be D-finite, including exponentials, loga-
rithms, (arc-)sine and (arc-)cosine functions, generalized hypergeometric functions
(including common special functions like the Bessel and Airy functions), rational
period integrals, and more. Furthermore, the class of D-finite functions contains all
algebraic functions.

Proposition 2.14 If f(z) is an algebraic function of degree d over a field K of
characteristic zero then f(z) is D-finite over K, and is annihilated by a D-finite
equation of order at most d.

Proposition 2.14 has been rediscovered by several authors going back to the 19th
century, including Abel, Tannery, Cockle, Harley, and Comtet. Chudnovsky and
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Chudnovsky [25] and Bostan et al. [15] have studied this result from a complexity
viewpoint, giving explicit bounds on the orders and coefficient degrees of annihilating
D-finite equations associated to algebraic functions. In particular, for efficiency
reasons it can be desirable to take an annihilating D-finite equation of non-minimal
order so as to greatly reduce the degrees of the polynomial coefficients involved.

Proof Let P(z, y) be the minimal polynomial of f and write P, (z, y) for (8P /8z)(z, y)
and Py(z, y) for (0P/0y)(z, y). Differentiating the equation 0 = P(z, f(z)) with re-
spect to z implies

0= P,z f(2)) + f'(2)Py(z f(2)).

Because K has characteristic zero and P, is a polynomial in y of degree smaller
than P, which is the minimal polynomial of f(z), it follows that Py(z, f(z)) # 0 and

_ PZ (Z7 f(Z))
Py(z, f(z))

If R = K(z) denotes the field of rational functions over K, this implies f’ lies
in the algebraic field extension R(f) of degree d over R. By induction the d + 1
elements £, f7, ..., f9 all lie in R(f), meaning they are linearly dependent over R.00

f'(@) =

Conversely, it is an interesting problem to prove or disprove algebraicity of a
D-finite function specified by a known annihilating D-finite equation and initial
conditions. Singer [105] gives an algorithm for deciding when all solutions of a
D-finite equation are algebraic, which can be modified to solve this problem, but
a need for factorization in non-commutative rings leads to an impractically large
runtime. An alternative approach, arising in the context of lattice path enumeration,
can be found in Bostan et al. [13].

The class of D-finite functions is also closed under many natural operations.

Proposition 2.15 Let F(z) = },50 fu2" and G(z) = X,s08nZ" satisfy D-finite
equations of orders r and s, and let H(z) be differentiable. Then, when defined,

(1) The product F(z)G(z) satisfies a D-finite equation of order at most rs;
(2) The sum F(z) + G(z) satisfies a D-finite equation of order at most r + s;
(3) fl'—’;(z) and f F(z)dz are D-finite;

(4) If G(2) is algebraic then F(G(z)) is D-finite;

(5) The Hadamard product (F © G)(z) = X.,,50(fngn)Z" is D-finite;

(6) H and 1/H are both D-finite if and only if H' | H is algebraic.

Proof Ttem (1) follows from the fact that the products of derivatives F)(z)GY)(z)
span the K(z)-vector space of the derivatives of F(z)G(z), while (2) follows from
linearity of the derivative. Item (3) follows directly from the definition of D-finiteness
and Item (4) follows from the chain rule and basic field theory [110, Thm. 6.4.10].
Item (5) follows from P-recursiveness of the coefficient sequences and an argument
analogous to Item (1). Item (6) was given by Harris and Sibuya [64]. O

These closure properties are effective: there are algorithms which take annihilat-
ing D-finite equations for F and G and return annihilating equations for their sum,
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product, composition, and Hadamard product, among other operations. In compar-
ison to Item (4), Singer [106] showed that if G(z) is algebraic of genus at least 1
then G(F(z)) is D-finite if and only if F(z) is also algebraic. The Pélya-Carlson
theorem [92] implies that a D-finite series with integer coefficients and radius of
convergence 1 is in fact rational.

P-recursive sequences, and thus D-finite functions, are central to enumerative
combinatorics. In addition to combinatorial classes with rational or algebraic gen-
erating functions, transcendental D-finite functions appear in the study of most
major combinatorial objects including permutations®, graphs!©, tableau [56], and,
as discussed in detail here, lattice path enumeration. Stanley [110] and Flajolet
and Sedgewick [50, Sect. VII.9] contain a large number of additional examples.
Salvy [102] gives an excellent survey of D-finite functions from a computer algebra
perspective.

Automated Identity Proving and Creative Telescoping

Identities involving P-recursive sequences can be proven by verifying that they hold
for a sufficient (finite) number of terms: to prove a P-recursive sequence (c,) is
identically zero it is sufficient to show that ¢y = 0 when k lies in a finite set of
generalized initial conditions. To prove that two P-recursive sequences (a,) and (b;,)
are identical, one can compute a linear recurrence satisfied by ¢, = a, — b, and
verify that ¢, = O for a sufficient number of terms. In fact, given linear recurrence
relations for (a,) and (b;) one can automatically determine a bound N such that
the sequences (ay) and (b,) are equal when their terms agree for all 0 < n < N.
Similarly, to prove two D-finite functions are equal it is sufficient to prove that a finite
number of their derivatives (or power series coeflicients) are equal at the origin.

Example 2.21 (Sums of Squares)
Suppose we want to prove the identity Y.7_, k> = w. Ifa, = Y7 _, k* then
aps1 —anp = (n+ 1)2 and dpo — Apy1 = (N + 2)2,

so subtracting (n+2)? times the first equation from (n+ 1)? times the second equation
gives a second order linear homogeneous recurrence

9 Many well known families, such as Baxter permutations and permutations with bounded cycle
length, have D-finite generating functions. In the 1990s, Noonan and Zeilberger [86] conjectured
that the generating function of permutations avoiding any fixed set of patterns was D-finite (see that
paper for the definition of pattern avoidance). This was recently shown to be false by Garrabrant
and Pak [54], who proved non-D-finiteness for the generating function of permutations avoiding
some set of patterns contained in Sgg. There is some evidence [28] that the generating function of
1324-avoiding permutations may be non-D-finite, which is a large open problem in the area.

10 D-finite generating functions appear in the enumeration of rooted planar maps of fixed genus [19],
k-regular graphs [56] for fixed k, and similar problems.
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(n+ 1) apn — (2n* + 61+ 5)an.; + (n+2)%a, =0 (2.9)

satisfied by (a,). Direct substitution shows that the sequence b,, = n(n+1)(2n+1)/6
satisfies the same recurrence, and it agrees with a, for its first two terms, so the
two sequences are equal for all n. In general (b,,) will also be specified by a linear
recurrence, and one cannot simply substitute. For example, here b, /b,, is a rational
function so b,, satisfies the first order linear recurrence

nn+ 1D)2n+ )by — (n+ 1)(n+2)2n + 3)b, = 0. (2.10)

This implies the sequence ¢, = a,—b,, satisfies arecurrence of order at most2+1 = 3,
meaning the four sequence shifts c,,43, ch+2, Cn+1, and ¢, lie in a Q(n)—vector space
of dimension 3 and thus have a linear dependency. Writing out the c; sequence
in terms of a; and b;, then using (2.9) and (2.10) to eliminate all terms except
for ay+1, an, and b, gives a system of three homogeneous linear equations in four
variables. Computing a non-zero solution of this system shows that ¢, satisfies the
same second order recurrence,

(n+ 1)zcn+2 - (2n2 +6n+5)cy +(n+ 2)20,, =0,

as a,. Note that this recurrence is satisfied when ¢, is the difference of any two
solutions!! of (2.9) and (2.10): working on the level of recurrences allows for com-
putations to be performed in Q(n). Since our specified sequences a,, and b, satisfy
co=aop—byp=0and ¢y = a; — by = 0then a, = b,, for all n.

A powerful technique for proving identities is the creative telescoping frame-
work, introduced by Zeilberger [128, 129], along with Wilf [126], in the 1980s and
1990s based on techniques of Fasenmyer [43] and Gosper [57]. Creative telescop-
ing methods can (among other things) compute integrals of D-finite functions and
sums of P-recursive sequences with free parameters by deducing differential equa-
tions or recurrence relations they satisfy. Proposed identities can then be verified,
or discovered, using the arguments discussed above. The name ‘creative telescop-
ing,” apparently coined by van der Poorten [117] in his account of Apéry’s proof of
the irrationality of £(3), comes from the fact that these methods can be considered
a (vast) generalization of the elementary technique by which certain sums can be
manipulated to have summands which telescope.

Example 2.22 (A Parametrized Integral)

Consider the parametrized integral

! It can be shown that the general solution to (2.9) is A + B b,, for constants A and B while the
general solution to (2.10) is C b,, for a constant C, and indeed A+ B b,, —-C b,, = A+(B-C) by,
is always a solution of (2.9).
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1 1
G(t)=— | ——— dx,
@) 27ri,/yx—x2—t *

where 7 is the positively oriented circle {|x| = 1/2} and |¢| < 1/5, so x — x> —t is
never zero for x on y. The methods of creative telescoping produce the identity

d 1 2 d 1-2x
4 - 1)< + 4 (==,
( )dt(x—xz—t) x—-x2—t dx(x—xz—t)

which can easily be verified by differentiation. Integrating this equation with respect
to x gives

d 1 1 d 1-2
(4t—1)/—(—2) dx+2/—2dx:/—(2—x)dx=0,
yth X—x°—t y X —x*—1 1/abc X —x—t

since y is a closed curve on which x> — x — ¢ is not zero. A minor argument
shows that the derivative % can be moved outside of the integral with respect to x,
so G(t) is D-finite and satisfies (4t — 1)G’(¢t) + 2G(¢t) = 0 with initial condition

G(0) = ﬁ , xﬁ’)‘cz = 1. In fact, solving this separable differential equation shows

G(t) = (1 — 41r)"/? is the generating function of the central binomial coefficients.
This computation is related to the multivariate diagonals discussed in Chapter 3.

Over the last three decades there has been a tremendous amount of research in
the computer algebra community on creative telescoping, extending the framework
to new classes of problems and improving efficiency through several ‘generations’
of algorithms. This work has been some of the most fruitful in modern computer
algebra, leading to practical implementations which find application in a vast number
of mathematical and scientific fields. A listing of such results is outside the scope of
this text, but we briefly return to creative telescoping in Chapter 3 as it allows one
to obtain an annihilating D-finite equation satisfied by the diagonal of a multivariate
rational function. Detailed accounts of the methods and applications of creative
telescoping can be found in recent surveys [91, 73, 27, 22].

Asymptotics of P-Recursive Sequences

Assume now that K = A is the field of algebraic numbers. A classic theorem of
Fabry [42] states that any D-finite equation over the field of algebraic numbers
admits a basis of formal series solutions of the form

oo (p(9)

J

(fj (zl/q) log’ z),

d
=0
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where the f; are power series, P is a polynomial, ¢ € N, @ is an algebraic
number, and logz is a formal term algebraically independent of z with formal
derivative d% log z = 1/z. Analogously, a P-recursive relation has a basis of formal
series solutions of the form

P"'nT(n)P exp (P (nl/q))

J

d
(fj (n_l/q) log’ n),
=0
where the f; are power series, P is a polynomial, g € N, p and « are algebraic
numbers, and 8 € Q. Initial terms of these formal series solutions can be computed
using the so-called Birkhoff-Trjitzinsky method [11, 12]. A nice summary of the
Birkhoff-Trjitzinsky method can be found in Wimp and Zeilberger [127], including a
discussion on the difference between formal series solutions and those representing
asymptotically meaningful series; an implementation of the Birkhoff-Trjitzinsky
method (used for our examples) is contained in the Sage ore_algebra package. We do
not delve into the complicated topic of formal versus asymptotic series because, as
we will soon see, when dealing with combinatorial generating functions which are
analytic at the origin one can always work with D-finite equations and P-recursions
whose formal solutions represent meaningful asymptotic expansions.

Example 2.23 (D-Finite and P-Recursive Bases of Solutions)

The number a,, of lattice walks beginning at the origin, staying in N2, and taking n
steps in S = {(x1,0), (0, +1)} satisfies the P-recursion

(n+4d)(n+3)apsr —42n +5)ay+ — 16(n+ 1)(n + 2)a, = 0.

The solutions of this P-recurrence form a two-dimensional C-vector space, and the
generalized_series_solutions command of the Sage ore_algebra package determines
a basis for this vector space consisting of two elements whose expansions begin

4"n_1 (1_34.) and (—4)"}1_3 (1—2+)
2n

The generating function A(z) of this sequence satisfies the D-finite equation

24z - D)4z + DA (2) + 2z(4z + 1)(16z2 — 3)A” (1)
+2(1122% + 14z = 3)A'(r) + 4(16z + 3)A(r) = 0
whose solutions form a three-dimensional C(z) vector space. Applying the general-
ized_series_solutions command now gives three series expansions
142z +62% + 182° + 60z* + - -
A +27+42 + 1222 +362 + )

2z 4222 +42 + 122 + - ) log(z) - (1/4 +32/2+ 222 +---)
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corresponding to the elements of a basis for the solution vector space.

Our asymptotic results follow from a careful study of how a D-finite equation
determines the singularities of its D-finite function solutions.

Definition 2.23 (singularities of D-finite equations) A point € C is an ordinary
point of the D-finite equation (2.7) if there exist r linearly-independent solutions
of (2.7) which are analytic at z = £. A point which is not ordinary is a singularity of
the D-finite equation (2.7). The exceptional set of (2.7)is E = {z € C : a,(z) = 0}.

A classic argument [124, Thm. 2.2] dating back to Cauchy implies any singularity
of (2.7) must be a zero of the leading coefficient a,(z) and thus lie in the finite
algebraic set =, giving the following.

Lemma 2.3 [f{ ¢ E then any solution of (2.7) which is analytic in a slit disk centred
at { is in fact analytic at (.

To further classify the (potential) singularities of (2.7), we rewrite the equation as

r r—1

d F(z) + br_l(z)d—_F(z) +---+ bo(2)F(z) =0, (2.11)
dz" dz"1

where b;(z) = a;j(z)/a,(z).

Definition 2.24 (regular singular points and indicial polynomials) For any ra-
tional function R(z), let w/(R) be the order of the pole of R at z = £, equal to 0

if R is analytic at . The point { € E is a regular singular point of (2.11) and,
equivalently, (2.7) if

we(br-1) <1, we(br—p) <2, s wy(bo) <.

A linear differential equation with only regular singular points is called Fuchsian.
The indicial polynomial of (2.7) at a regular singular point ¢ is the polynomial

1(9) = (9),, + 01 (e)rfl +-+ 0,

where (0); =00 —1)--- (0 — j + 1) and 6; = lim,,(z = £V by—_j(2).

In the 1860s, Fuchs [52] published a study of linear differential equations, charac-
terizing those which do not admit solutions with essential singularities. Soon after,
Frobenius [51] gave a simplified method for computing a basis of solutions at a
regular singular point, which consists of functions locally analytic in a slit disk'2.
The following result can be found in Wasow [124, Ch. 2].

12 Tn fact, much of this theory seems to be contained in an unpublished manuscript of Riemman
from several decades earlier. A historical treatment of early methods in differential equations is
given by Gray [60].
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Proposition 2.16 Let { be a regular singular point of the D-finite equation (2.7).
Then in a slit disk around {, equation (2.7) admits a C-linear basis of analytic
solutions of the form

m

(=207 (11 =2/ 10gl(1 = 2/0)). 2.12)

j=0

where vy is a root of the indicial polynomial 1(0) and the f; are analytic at the origin.
If 1(8) has distinct roots, no two of which differ by an integer, then there are no
logarithmic terms and a linear basis of solutions is given by functions of the form
(1=z/2) f (1 =2z/0) where f is analytic at the origin.

Given expansion (2.12) valid in a slit disk, we write F(z) ~ C(1 —z/{)* log™(1 —
z/¢) if the ratio C(1 — z/{)*log™(1 — z/{)/F(z) — 1 whenever z — { along any
path in the slit disk. As with our work on Puiseux expansions, we can transfer a series
expansion of the form (2.12) at the dominant singularity of a generating function to
asymptotics of its coeflicients. The following result is originally due to Jungen [67];
a modern proof can be found in Flajolet and Odlyzko [48].

Proposition 2.17 Suppose F(z) = 3,50 fuZ" is analytic in some open disk around
the origin except for a single dominant singularity { € C and points in the ray
Ry =A{t 1 t > 1}. If F(2) has a convergent expansion of the form (2.12) in a disk
centred at { with Ry removed and F(z) ~ C(1 — z/{)*log™(1 — z/{) with @ ¢ N

—a-1 . . ..
then f, ~ C{™ ﬁ(_a) log™ n. If there are a finite number of dominant singularities,

each satisfying these hypotheses, then asymptotics of f, are determined by adding
the asymptotic contributions given by each.

Remark 2.4 When a € N the identity
d @ r a-1 r a-1 r—1
d—Z(l —2)%log(l1 —z)" = —a(l — 2)* " log(l —z)" —r(1 —2)*  log(1 - 2)

can be used to recursively determine the coefficients of (1 — z)®*log(1 — z)". Any
term in (2.12) with @ € N and » = 0 is a polynomial and may be subtracted from
F(z) without changing asymptotic behaviour.

Putting Propositions 2.16 and 2.17 together gives the following.

Proposition 2.18 Assume that the coefficients b;(z) of (2.11) are analytic in a disk
|z| < p except at a unique pole { € E with 0 < |{| < p. Suppose that { is a regular
singular point of (2.11) and that F(z) is a solution to (2.11) which is analytic at the

origin. If none of the solutions «a, . . ., a, to the indicial equation 1(0) = 0 at { differ
by an integer then there exist cy, . . ., ¢, € C such that for any T with |{| < T < p,
r
["1F(2) = D cjAi(m) + O™, (2.13)

J=1
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where Aj(n) = 0 when a; € N and Aj(n) is determined by an effective asymptotic
series whose terms can be calculated to any desired order when a; ¢ N. If a; ¢ N
then the leading term of Aj(n) is

M= (110!

i(n) = +0|-]].

When the roots of 1(0) differ by an integer (including the case of multiple roots) then
dominant asymptotics of [7"|F(z) are given by a C-linear combination of terms of the
form {7"n=% (log n)¢, where o7 is algebraic and € is a non-negative integer. When
there are a finite number of dominant singularities, each satisfying these hypotheses,
then asymptotics are determined by adding the asymptotic contributions of each.

The growth of D-finite series coefficients is less restricted than the algebraic
case: logarithmic powers may be present and the factor n~!~% can be irrational or a
negative integer power. Further discussion of Proposition 2.18, its applications, and
generalizations to irregular singularities can be found in Flajolet and Sedgewick [50,
Sect. VII. 9 and VIII. 7].

Example 2.24 (Central Binomial Coefficients Squared)

As discussed above, the transcendental function F(z) = 50 (2:)21" satisfies the
D-finite equation z (1 — 16z) F"'(z) + (1 —322)F’(z) —4F(z) = 0. Since F(z) doesn’t
decay super-exponentially (it grows) it must have a singularity, and because it is
analytic at the origin this singularity is the regular singular point z = 1/16. We can
compute convergent expansions

A 1 9 )

(Z)—1+—4(1—16Z)+—64(1—16z)+...

B(z) = 1+1(1 16)+9(1 162)* + log(1 16)+l(1 16)+21(1 162)2
Z 4 Z 64 Z g Z 3 Z o Z

in a slit disk at z = 1/16 of functions A(z) and B(z) which form a basis of solutions
for this D-finite equation. The logarithmic factor in B is a reflection of the fact that
the indicial polynomial /(6) = 6 at z = 1/16 has a double root. Since A and B form
a basis of solutions, we can write F'(z) = 1 A(z) +ky B(z) for k1, k; € C. Furthermore,
since A is analytic at z = 1/16 while F and B have singularities there, it must be the
case that x» # 0 and Proposition 2.17 implies

() et 10 (2))

Finding asymptotics of the sequence (zr:l) with algebraic generating function G(z) =
(1-4z)~"/? and squaring the result shows k, = 1/x. We discuss the general problem
of determining such coefficients in the next subsection.
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At an irregular singular point a solution of (2.7) may have an essential singularity,
making arguments more difficult and leading to more general asymptotic behaviour.
Fortunately, a set of powerful results collectively imply that any D-finite power series
with integer coefficients that is analytic at the origin has only regular singularities,
and the corresponding indicial polynomial has only rational roots. In fact, the result
applies to a larger class of power series.

Definition 2.25 (G-functions) A power series F(z) = 3,50 fn2" € Q[[z]] is called
a G-function'3 if F(z) is D-finite and there exists a constant C > 0 such that for all n
both | f,,| and the least common denominator of fj, ..., f, are bounded by C".

Proposition 2.19 (André-Chudnovsky-Katz Theorem) If F(z) is a G-function then
a minimal order annihilating D-finite equation for F is Fuchsian, and its indicial
polynomial 1(0) has only rational roots.

Chudnovsky and Chudnovsky [24, Thm. III] showed that if F(z) is a G-function
then a minimal order annihilating D-finite equation L is globally nilpotent, meaning
that a certain linear operator derived from £ is nilpotent modulo p for all but a finite
number of primes p. A previous result of Katz [68] then restricts the singular be-
haviour of £, giving Proposition 2.19. André [2, Section VI] extended and clarified
these arguments. Note that Proposition 2.19 gives information about all solutions of
a D-finite equation from properties of a single solutions, a powerful result. Translat-
ing back to coefficient asymptotics gives the following, first used in combinatorial
contexts by Garoufalidis [53] and Bostan et al. [16].

Corollary 2.2 Suppose F(z) is a G-function, for instance a D-finite function with
integer coefficients which is analytic at the origin. Then, as n — oo, the power series
coefficients (f,,) of F(z) have an asymptotic expansion given by a sum of terms of the
form C n® ¢ (logn)? where C € C, @ € Q, £ € N, and { is algebruic.

Just as the asymptotic statement in Corollary 2.1 is useful for proving transcen-
dence of functions, Proposition 2.18 and Corollary 2.2 are powerful tools for proving
non-D-finiteness. Another useful technique for proving non-D-finiteness is to show
that a function has an infinite number of singularities.

Example 2.25 (Number of Alternating Permutations is Not P-Recursive)

an n

In Section 2.1.1 we studied the function tan(z) = 3,50 5z", where a, is the
number of alternating permutations of n. Because tan(z) has a singularity at every
7z = m/2 + nwk with k € Z, the tangent function is not D-finite and a,/n! is not
P-recursive. Since the product of P-recursive sequences is P-recursive by Item (5) of
Proposition 2.15 above, and 1/n! is P-recursive, this implies a,, is not P-recursive.

Example 2.26 (Prime Sequence is Non-D-Finite)

13 G-functions were introduced by Siegel [104] in his studies on number theory and elliptic integrals.
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Flajolet et al. [47] prove non-D-finiteness of several generating functions by examin-
ing asymptotics of their power series coefficients, including logarithms, non-integer
powers, and the sequence of primes. For instance, if p,, denotes the nth prime number
then the prime number theorem allows one to deduce the asymptotic estimate

pn =nlogn + nloglogn + O(n),

and the existence of the log-log term proves that the generating function P(z) =
Y us0Pn2" is non-D-finite.

2.4.1 An Open Connection Problem

The interplay between a G-function F(z) and its P-recursive coefficient sequence (f;,)
comes into sharp focus when trying to determine asymptotics. First, studying D-
finite equations allowed for the asymptotic characterizations in Proposition 2.18 and
Corollary 2.2. On the other hand, the Birkhoff-Trjitzinsky method applied to the
P-recursion for f, gives a basis of solutions ¥i(n),..., ¥, (n) for the recurrence
whose asymptotic expansions can be computed. To represent f;, in this basis it is
most convenient to turn back to the D-finite equation for F(z).

Definition 2.26 (connection coefficients) The constants A;,...,4,, € C such that
fu = 4¥1(n) + - - - + A, ¥, (n) are called connection coefficients of f,, with respect
to the basis ¥y,. .., ¥,. Similarly, if Ai(z),...,As(z) form a basis of solutions for
the D-finite equation satisfied by F(z) then the constants Ay, ...,y € C such that
F(z) = 1A 1(2)+- - -+ A3A4(n) are called connection coefficients of F(z) with respect
to the basis Ay, ..., A;.

An exact characterization of connection coefficients for G-functions is currently
unknown, although Fischler and Rivoal [45, Thms. 1 and 2] show that such any
such constant is the evaluation g(1) of a G-function g € Q(i)[[z]] whose radius of
convergence can be made arbitrarily large.

Most importantly, to determine even the scale of dominant asymptotics one must
figure out which connection coefficients are nonzero. At the generating function
level this is a connection problem analogous to the case of algebraic functions:
around each element of = local convergent expansions can be computed for a basis
of solutions, and one needs to express F(z) as a C-linear combination of these basis
elements. If the representation of F(z) in such a basis contains an element whose
local series expansion at { € E contains a non-power-series term, and there is no
cancellation with other basis elements, then z = £ is a singularity of F.

Numeric approximations of connection coefficients can be rigorously computed
to any desired accuracy, allowing one to certify a non-zero connection coefficient and
providing heuristic evidence when connection coefficients are zero. Naive techniques
for computing such continuations were known in principle perhaps as far back as
Frobenius. Efficient algorithms for continuation of D-finite functions, including to a
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regular singular point, were given by van der Hoeven [115] and outlined in previous
work of Chudnovsky and Chudnovsky [26]; the key idea is to use fast evaluation
of a D-finite power series inside its radius of convergence!4. Additional aspects of
this problem have been studied by Mezzarobba [80], who also developed a Sage
package [81] which can compute hundreds (or thousands) of rigorously certified
digits of connection coefficients in seconds when run on a modern computer.

Example 2.27 (A Numeric Connection Solution)

Consider a solution F(z) of the Fuchsian differential equation

5222z = 1)(z = 3)FP(2) + 22(59z% = 139z + 36)FO)(2)

. . - ICAEy
+6(61z° - 80z + 6)F"(z) + 1225z = 11)F’(z) + 36F(z) = 0,

whose coefficient sequence (f;,) satisfies the linear recurrence
3(n+3)(5n +4) fia — (0 +2)(351 + 33) o1 + (10n% +28n + 18)f, = 0.

This recurrence has a basis of solutions consisting of two series

n

Yi(n) = 27 (1 -n'+o0 (n_z)) and Y,(n)=3"" (1 +0 (n_z)) ,

which can be determined automatically to any order by the Birkhoff-Trjitzinsky
method. This means there exists constants 4; and A, depending only on the initial
conditions fj and fi, such that

A 22 4120

fn = /ll‘I’l(n) + /12\112(11) ~ {/12 3n—n A =0 .

To say even if f, increases or decreases, it is necessary to decide whether A; is
zero. To this end, we examine a basis of solutions ®y(z), . . ., ®3(z) to the differential
equation (2.14) defined by their expansions in a neighbourhood of the origin. We
can compute a basis of solutions

Dy(z) = 1-27/2+-- Di(z) = z+ 112/6+ -+
Dy(z) =z +--- <I>3(z)=zl/5(z+11z2/6+~~-),
and matching up initial series terms with F(z) = fy + fiz + --- implies F(z) =

Jo®o(z) + f1P1(z). Note that although we do not know the basis elements explicitly,
we can represent F in the basis using only the first two series terms of each element.

The leading coefficient of (2.14) vanishes at z = 1/2 and z = 3, correspond-
ing to the potential asymptotic behaviour of f,,. For example, there is a basis of

14 Only O(n) terms of a D-finite power series are needed to compute n digits of an evaluation inside
its radius of convergence, with good bounds on the precise number of necessary terms [83, 82].



72 2 Generating Functions and Analytic Combinatorics
solutions T'y(z), . .., 3(z) to (2.14) whose expansions at z = 1/2 are

To(z) =log(z—=1/2)(1 +2(z=1/2) +--+)

[(z) = 1+(8/25)(1 = z/2)° + -+~

[2(2) = (z = 1/2) + (8/25)(1 — 2/2)* + - --

D@ = (=127 =2(1-2/2 + -+,
where I'y(z) contains alogarithmic singularity at z = 1/2 and the other three functions
are analytic. To determine the singular behaviour of F(z) at z = 1/2 we need to
express I in terms of the I'; basis. Since we have expressed F in the @; basis by

examining its behaviour at the origin, it is sufficient to find the change of basis
matrix M such that if ag, ..., as, by, ..., b3 € C and

aoWo(z) + - a3 ¥3(z) = boI'o(z) + - - b3 T3(2)

then . .
(b() by by b3) =M (ao a a a3) .

The analytic_ore_algebra Sage package of Mezzarobba [81] uses numeric analytic
continuation to compute a rigorous numeric approximation

0.50... -1.50... 0.0... -1.37...
Mo |2 SIST ) 283 T 2.0... —2.73...+i(4.33..))
Flo.02...-i3.14..) 1.35...-i(9.42.. ) -4.0... 1.05...-i(8.66...) |’
1.67...-i(6.28...) —4.44 +i(18.84...) 8.0... ~4.408 +i(17.32...)

where the approximation is computed to 2500 certified digits in around 10 seconds
on a modern laptop. The entries of

(bo by by b3) = M (fy f1 00)"

then determine F(z) in terms of the I'; basis. In particular, the coefficient by of Ty
is (0.50...) fo + (=1.50...)f1, where the dots hide 2498 zeroes, strongly suggesting
by = (1/2) fo — (3/2) f1. Since I'(z) has a singular expansion beginning with log(z —
1/2) at z = 1/2, and I', I, and I'; are analytic at z = 1/2, if true this would imply

fu= (—3fl2 ﬁJ) 2 () 403,

Thus, when 3 f] — fy is far from zero it seems reasonable that the coefficient sequence
will grow exponentially and this will be easily detected. When 3 fi — fj equals zero
it seems that F(z) does not have a singularity at z = 1/2, and dominant asymptotics
are determined by repeating the process with a basis of solutions whose expansions
near z = 3 are known. When 3 f| — fj is very close but not equal to zero it seems that
the sequence will grow exponentially, but one could be fooled into thinking this was
not the case. In general the connection coefficients can be transcendental, making
such an analysis difficult.
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For this simple example it can be verified directly that

on (—l)k on ~
\P = — = d \{I = 3 "
1(n) " /;) o2 P an »(n)

form a basis of solutions for the recurrence under consideration, so that

3fi—fo\ 2" 3/0=3/1\ 1-n
2 )n+1+( 2 )3‘

|

Example 2.28 (A Numeric Connection Solution for Binomial Coefficients)

Repeating this process on the differential equation
d? d

z(1-16z) —F(z) + (1 -=327)—F(z) —4F(z) =0
dz? dz

with initial conditions F(0) = 1 and F’(0) = 4, which encodes the generating
function of the central binomial coefficients squared, gives

2 n
(2") _ (3183008861 .. )& (1 +0 (l)) .
n n n

The numerical approximation corresponds to the connection coefficient 1 /7.

Example 2.29 (Simple Lattice Walks in N?)

Problem 4.4 of Chapter 4 asks you to prove that the generating function A(z) counting
the number a,, of lattice walks beginning at the origin, staying in N2, and taking n
steps in S = {(x1,0), (0, £1)} satisfies the D-finite equation

24z - DAz + DA (2) + 2z(4z + 1)(16z2 — 3)A”(1)

(2.15)
+2(1122% + 14z = 3)A'(r) + 4(16z + 3)A(r) = 0,

so that (a,,) satisfies the P-recurrence
(n+4)(n+3)any —42n +5)a, — 16(n+ 1)(2 + n)a, = 0.

This recurrence has a basis of solutions with expansions

\Ill(n)=4”n—1(1—i+--~) and ‘I’g(n)z(—4)"n_3(1—2+~~-),
2n 2n
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corresponding to the singular points z = +1/4 of the D-finite equation (2.15).
Performing the same numeric analytic continuation argument gives

an = (1.273 .. )1 (n) + (5.092.. . )Wa(n) ~ (1.273.. .)4"n"".

In Section 6.1.1 of Chapter 6 we use the methods of analytic combinatorics in
several variables to provide an asymptotic decomposition of a,, which determines
these connection coefficients exactly. In particular, we will see that a,, ~ (4/7)4"n!.

The determination of connection coeflicients is a major open problem in enumer-
ative combinatorics. We discuss methods of attacking this connection problem using
analytic combinatorics in several variables in the following chapters.

Open Problem 2.4 (Decidability of D-finite Asymptotics) Given a G-function F(z),
specified by an annihilating Fuchsian D-finite equation L and enough initial con-
ditions to distinguish F(z) as a solution, is it decidable to determine dominant
asymptotics of F(z)? In particular, is it decidable to determine which singularities
of L are singularities of F(z) and find the corresponding connection coefficients?

2.5 D-Algebraic Power Series

We end with a brief discussion of functions satisfying certain non-linear differential
equations, mainly to highlight how delicate the relevant decidability issues are. As
we do not consider such functions later in the text, we do not go into great detail; a
more robust overview can be found in the surveys of Rubel [97, 98, 99].

Definition 2.27 (D-algebraic functions) An analytic function or formal series F(z)
is differentially algebraic (D-algebraic) over a field K c C if there exists a non-zero
polynomial P(xg, x1, . . ., xq) with coefficients in K such that F and its derivatives
satisfy the algebraic differential equation (ADE)

P(F,F’,...,F(d)) - 0.

For a function or series F, satisfying an ADE is equivalent to the apparently weaker
condition that there exists a multivariate polynomial Q with coefficients in K such that
0 (Z, FF', ...,F (d)) = 0. For n sufficiently large the coefficients f;, of a D-algebraic
function F'(z) satisfy a recurrence of the form

p(n)fn = Qn(fo, s fn—l),

where p and the g, are polynomials which can be explicitly computed from an
annihilating ADE. In particular, a power series solution of an ADE is still uniquely
determined by a finite number of initial terms, and given these initial terms the
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coefficient f;, can be determined in polynomial time with respect to n. A good
discussion of the complexity of basic operations with ADEs, such as extending
known solutions, can be found in van der Hoeven [116].

Examples of D-Algebraic Series

The family of D-algebraic functions includes all generating function classes so
far discussed, and is closed under sum, product, difference, quotient, composition,
and compositional inverse, when defined; components of a system of ADEs are
themselves D-algebraic. Unlike D-finite functions, analytic D-algebraic functions
can have an infinite number of singularities. Examples above such as tan(z) and the
generating function of partitions are non-D-finite but D-algebraic.

Perhaps the most famous combinatorial example of a D-algebraic function is
Tutte’s derivation [114] of the equation

2¢°(1 — q)z + (qz + 10H — 6zH")H" + q(4 — ¢)(20H — 18zH’ + 9z*H") = 0

for the generating function H(z) counting g-coloured rooted triangulations by ver-
tices, for all g € N. Bergeron and Reutenauer [7] show how a large class of ADEs
can be interpreted as the generating functions of certain classes of trees. Solutions
of ADEs have been important in theoretical computer science since Shannon’s anal-
ysis [103] of the Differential Analyzer—an analogue computer designed to solve
differential equations—as a model of computation. In fact, initial value problems of
(first order) D-algebraic systems can simulate universal Turing machines [59]. That
ADE:s capture a wide variety of behaviour is not surprising in light of the existence
of so-called universal differential equations; for instance, Duffin [37] showed that for
any real continuous function g(z) there is a four times continuously differentiable
solution of the ADE

2F////(Z)F/(Z)2 _ SF///(Z)F//(Z)F/(Z) + SF”(Z)3 =0

which approximates g(z) to arbitrary accuracy over the real numbers. The first
example of a universal differential equation was given by Rubel [96].

Non-D-Algebraic Functions

Definition 2.28 (hypertranscendence) A non-D-algebraic function is called hyper-
transcendental or transcendentally transcendental.

Well known examples of hypertranscendental functions include the Euler gamma
function I'(z), the Riemann zeta function, and the ‘lacunary’ series }},-q 22" Im-
portant tools for proving hypertranscendence include theorems related to large gaps
between non-zero power series terms [77], new complexity techniques inspired by
applications in combinatorics [90], and differential Galois theory [118, 62]. In par-
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ticular, differential Galois theory gives a powerful collection of tools for proving
algebraicity, transcendence, and hypertranscendence of functions by reducing such
questions to effectively decidable statements about algebraic groups.

Asymptotics and Decidability

D-algebraic series seem to be on the border between decidability and undecidability,
perhaps tipped to the side of undecidability. There are algorithms to determine when
an ADE admits a formal power series solution, or a smooth C*® solution, but it is
undecidable to determine whether there is an analytic solution at the origin; see
Denef and Lipshitz [35] for details. Compared to D-finite functions not much is
known about D-algebraic asymptotics, and in general not much can be said. Denef
and Lipshitz [35] show that it is undecidable to detect whether a D-algebraic series
which is analytic at the origin has radius of convergence less than one, or greater than
or equal to one. Recast in terms of coefficient asymptotics, this says it is undecidable
to determine whether the coefficient sequence of an analytic D-algebraic function
exponentially grows. Maillet [79] showed that if F(z) is D-algebraic then its power
series coefficients satisfy |f,| < K(n!)® for some constants @, K > 0 and all n.
Popken [93] showed that if F(z) is D-algebraic and its power series coefficients f,
are algebraic numbers then | f,,| > exp (—cn(log n)Z) for some constant ¢ > 0. These
results allow for asymptotic proofs of hypertranscendence for extremely fast growing
or decaying sequences.

Appendix on Complex Analysis

This appendix summarizes the results from complex analysis needed for our asymp-
totic arguments. Because we continually introduce new concepts we do not break
out definitions as in the rest of this text. Full proofs of the results discussed here can
be found in Henrici [65] and Rudin [100].

An open disk centred at a € C is a set of the form D = {z € C: |z —a| < r}
with r > 0. A subset O C C is open if for any a € O there is an open disk centred
at a which is contained in O, while a domain Q is a connected open subset of C. A
neighbourhood of a € C is an open subset of C containing a, and a complex-valued
function f(z) is called analytic at z = a if there exists a neighbourhood N of a
where f(z) is represented by a convergent power series,

f@=) az-a)" (N

n>0

We say f is analytic in the domain Q if it is analytic at each point of Q; this is equiva-
lent to f being complex-differentiable in Q, i.e., that the limit of (f(z) — f(a))/(z — a)
as z approaches a in the complex plane exists for every a € Q.
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Two analytic functions defined on a domain Q which agree on any subset § ¢ Q
containing a limit point (including any non-empty open set) must agree on all of Q.
This uniqueness property, sometimes called the identity theorem, implies that a non-
zero analytic function has a finite number of zeroes in any compact set. If Q; and
Q, are non-disjoint domains and f: Q; — Cand g: Q, — C are analytic functions
which agree on Q N Q, # 0, then one can analytically continue f by defining
analytic F: Q U Qy — C with F(z) = f(z) for z € Q; and F(z) = g(z) for z € Q.
In this case we say g(z) is a direct analytic continuation of f(z) to Q.

Example 2.30 (Analytic Continuation of Series)

The function C(z) = z/(1 — 2z) is analytic in the complex plane, except at the
point z = 1/2. Since C(z) has the convergent power series representation

C(Z) — Z ann — Z 2n—lzn

n>0 nx1

for |z| < 1/2, where (c,) is the counting sequence of integer compositions, we can
view this rational function as a direct analytic continuation of the generating function
of integer compositions from the disk {|z| < 1/2} to C\ {1/2}.

More generally, we say that g is an analytic continuation of f if there exists
a sequence of direct analytic continuations on consecutively overlapping domains
Q1, <, ..., Q, beginning with f and ending with g. The analytic continuation g is
uniquely determined by the sequence of domains Q;.

Complex Integration

A curve y: [a,b] — C is a piecewise continuously differentiable function from
the real interval [a, b] into the complex numbers; when y(t) = y1(t) + iy(¢) for real
functions y; and 7y, this states thaty; and y; are piecewise continuously differentiable
as functions from [a, b] to R. If f(z) is a complex-valued function on 7y then the
complex path integral of f over v is

b
/ )z = / FoOw @,
v a

when this integral exists. If f(z) = u(z) + iv(z) foru,v: C — R then

/y f(2)dz = /y u(z)dz +1i /y v(2)dz.
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The integral is parametrization independent: it depends only on the image y([a, b]),
not on the actual function .

Example 2.31 (A Circular Integral)

The curve defined by y() = e’ for t € [—n, ] describes the unit circle in C. If n € Z
and n # —1 then

b T eit(1+n) |
/Z"dz = / y(@&)"y'(t)dt = / i’ 1+ gy = =0,
Y a -

- L+n|__,

T
/z‘]dz =/ ie?(=Dgt = 27i.
b% -

A curve vy is closed if y(a) = y(b) and simple if vy is injective except for potentially
having y(a) = y(b). Two curves y and y’ with the same endpoints are homotopic in
the domain Q if one can be continuously deformed into the other while staying in Q.
A loop in a domain Q is a simple closed curve which can be continuously deformed
to a single point while staying in Q. A loop divides C into two regions, one of which,
called the interior of the loop, is finite. A loop is positively oriented if the interior
of the loop is on the left when tracing the path of the loop; for example, the loop
defined by y(¢) = e as ¢ goes from —x to  is positively oriented. The domain Q is
simply connected if every simple closed curve is a loop.

The following results are fundamental to complex analysis and form the bedrock
of our asymptotic methods. First, deforming a curve of integration does not affect
an integral as long as the curve stays in a domain where the integrand is analytic.

while

Proposition 2.20 (Path Independence of Integration) Suppose f is analytic in the
domain Q. If y and vy’ are homotopic curves in Q then

‘/yf(z)dz= ‘/7 f(z)dz.

In particular, if y is a loop in Q then /y f(z)dz =0.

The relationship between a function’s power series coefficients and its analytic
behaviour comes from the next result.

Proposition 2.21 (Cauchy Integral Theorem) Suppose f is analytic in the do-
main Qand D = {z: |z—a| <r} Cc Qforsomer > 0. Ify ={z:|z—a| =r} is the
positively oriented boundary of the disk D, w is in the interior of D, and n € N, then

1
f(")(w) — ﬁ / f(2) dz
Y

(Z _ W)n+l ?

where ™ denotes the nth derivative of f, with fO(z) = f(z).
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The following bound comes from the definition of a complex integral and the triangle
inequality.

Proposition 2.22 (Maximum Modulus Integral Bound) If f(z) is continuous on a

curve 'y then
/f(z)dz
Y

where length(y) is the arc length of the curve.

< length(y) - max | f(z)|,
zey

Singular Behaviour

Roughly speaking, a singularity of a function f(z) is a point near which f behaves
badly. Examining local behaviour of a function around such points will be key to our
asymptotic methods. For our purposes we need only consider a few common types
of singularities.

1. Isolated Singularities

The open annulus of radii 0 < r < R < co centred at z = a is the set A, g(a) =
{z € C:r < |z-a| < R}, and a punctured disk centred at a is an open annulus
centred at a with r = 0. We say that z = a is an isolated singularity if there exists a
punctured disk centred at a where f is analytic, but f is not analytic at a and cannot
be made analytic solely by changing (or defining for the first time) the value of f(a).

Proposition 2.23 Let a € C, let 0 < r < R < oo, and suppose f is analytic in the
annulus Ay r(a). Then f can be represented by a unique Laurent expansion

f@= ), az=a) =) calz=a)" + ) calz = a)" (2.16)
n=-—oo n=1 n=0

for all 7 € A, g(a), with uniform convergence on any compact subset of A, g(a).

Suppose the expansion (2.16) is valid in a punctured disk around z = a.
When ¢, =0 for n < 0 in (2.16) then f is analytic at z = a or can be made
analytic there by defining f(a) = cy. Conversely, if there exists n < 0 with ¢, # 0
then z = a is an isolated singularity of f. The coefficient c_; of the expansion (2.16)
is called the residue of f at z = a and denoted Res,=, f(z).

Note that unlike formal Laurent series, convergent Laurent expansions can have
an arbitrary number of terms with negative exponents. There are thus two types of
isolated singularities, characterized by the coefficients ¢, in (2.16) which vanish.

o If there exists M > 0 such that c_p; # O but ¢, = O for all n < —M, then we say
that a is a pole of order M. A pole of order 1 is called a simple pole. When f
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is analytic or has a pole at z = a we say that f is meromorphic at z = a, and
there exists a punctured disk D centred at a and analytic functions g(z) and h(z)
such that f(z) = g(z)/h(z) for z € D. When g vanishes to order s at a € Q and h
vanishes to order r at a, i.e., if

g@=g@==g"%a)=ha)=h@==h"a)=0

but g®*D(a) and h"*V(a) are nonzero, then z = a is a singularity of f(z) if
and only if r > s, in which case z = a is a pole of order M = r — 5. We
say f is meromorphic in a domain Q if it is meromorphic at each point of Q;
a ratio of analytic functions in Q is always meromorphic in Q. Near a polar
singularity, f behaves like a rational function whose denominator is going to
zero. The following result, useful for calculating residues, follows from (2.16)
and repeated term-by-term differentiation.

Lemma 2.4 When f(z) has a pole of order M at z = a then

M-1

1 d
Res 110 = Gy i, o= (2~ " /@)

If f(2) = g(2)/h(z) with h(a) = 0 but h’(a), g(a) # 0 then z = a is a simple pole
of f(z) and Res;=, f(z) = g(a)/h'(a).

¢ If there exist an infinite number of indices n < 0 such that ¢, # 0 in (2.16) then f
has an essential singularity at z = a. Behaviour near an essential singularity is
more complicated than behaviour near a pole: Picard’s Great Theorem states that
in any neighbourhood of an essential singularity f(z) takes on every complex
value, except possibly one, infinitely many times. An example of an essential
singularity is the function f(z) = e'/Z at z = 0, which takes on every value but
zero infinitely many times in any neighbourhood of the origin.

Example 2.32 (Residues of Tangent)

The function tan(z) = sin(z)/cos(z) is meromorphic in Q = C and its singularities
form the set S = {(k + 1/2)x : k € Z} of zeroes of cos(z). The numerator sin(z) and
the derivative cos(z)’” = —sin(z) are non-zero when z € S, so every singularity of
tan(z) is a simple pole and Lemma 2.4 implies

sin((k +1/2)r)

Res tan(z) = — i £ /DM
e W) = e r 1m

Residue computations can be used to evaluate integrals of meromorphic functions.

Proposition 2.24 (Cauchy Residue Theorem) Let f(z) be a meromorphic function
on a domain Q C C, and let y be a positively oriented loop in Q on which f is
analytic. If ay, . . ., a, denote the poles of f(z) interior to 7y then
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1 r
o /y f(o)dz = JZ]] Res /(2).

2. Algebraic and Logarithmic Branch Points

A function with an isolated singularity at z = a is not analytic at a but does have a
convergent series expansion in some punctured disk around a. When dealing with
algebraic and D-finite generating functions we must consider more general singular
behaviour, arising from a need to take inverses of non-injective functions.

Example 2.33 (Square-Root Branches)

Because the function z > z? is not injective, one must carefully define an inverse

function z — 4/z. Given z € C \ R, the principal argument Arg(z) is obtained by
writing z = re'? for real r and —7 < 6 < x, and taking Arg(z) = 6. The principal
branch square-root is the analytic function f: C\ Ry — C defined by

f(@) = Ve = Iz e,

where +/|z| is the usual square-root on R.. One cannot extend f(z) to an analytic
function on any punctured disk around the origin as the limit of f does not exist at
any negative real number:

gim f (sew) = Vee™? = ive # —ive = Vee /2 = glim f (seie)
-7 —-7

for any & > 0, while g™ = —¢ = ge”'*. Removing the set R <o from the domain of f
to obtain an analytic function is called making a branch cut. In fact, removing any
simple curve from the origin to infinity gives a valid branch cut and any continuous
choice of the argument function on the branch cut defines an analytic branch of
the square-root. For any r € Q \ Z the branches of 7z are defined by an analogous
process.

Example 2.34 (Logarithm Branches)

Similarly, the principal branch logarithm is the function defined by
Log(z) = log |z| + iArg(z)

for z € C\R<g, where log |z| is the usual logarithm on R. o and Arg(z) is the principal
argument of z. Different branches of the logarithm can be defined by removing any
simple curve from the origin to infinity and selecting any continuous choice of the
argument function after taking the branch cut. At any z € C, all branches of the
logarithm which are defined at z differ by some integer multiple of 27i.
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A cut disk around a point a € C is a disk around a with a simple curve from a
to the boundary of the disk removed. The function f(z) has an algebraic singularity
or algebraic branch point at a € C if it can be represented by a convergent series

expansion of the form
n
f@= Y e @-a'F)
n>N

in a cut disk D centred at a, where N € Z, R € N, the map ¢ — t1/R is defined by a
consistent branch in D, and there exists ¢,, # 0 where n/R ¢ Z. Equivalently, f(z) is
not analytic at z = a but f(zR + a) is meromorphic at the origin for some R € N .

The function f(z) has a logarithmic singularity or logarithmic branch point
at a € Cif f(z) can be represented by a convergent series expansion of the form

d

(2= )" (Ci() togz - @)Y

J=0

in a cut disk D centred at a, where N € Z, d > 0, the logarithm is defined by a
consistent branch in D, and each C;(z) is analytic at a. Finally, an algebro-logarithmic
singularity is a combination of algebraic and logarithmic singularities, that is, a point
where f(z) can be locally represented in a cut disk by a series of terms containing
natural number powers of logarithms and Rth roots for some positive integer R > 1.

3. General Singularities

More generally, let y be a loop and f(z) be an analytic function on the interior of .
We say that a € vy is a singularity of f(z) if f(z) cannot be analytically continued
to a neighbourhood containing a. When discussing singularities of a generating
function, the interior of the loop y should contain the origin. This definition contains
the singularities discussed above, and many more.

Example 2.35 (Natural Boundaries)

Problem 2.18 asks you to prove that the function F(z) = ¥, z> defined for |z| < 1
cannot be analytically continued outside the unit circle, meaning every point on the
unit circle is a singularity of F' (we say the unit circle is a natural boundary of F).
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The Gamma Function

The Euler gamma function I'(z), arising in our asymptotic results on algebraic and D-
finite functions, is defined by I'(z) = fooo e~'1*~1dt when the real part R(z) > 0 (sothe
integral converges) and is uniquely extended to the complex plane with the negative
integers removed by analytic continuation; it has a simple pole at each negative
integer. Integration by parts shows that I'(z + 1) = zI['(z) and I'(1) = fooo e 'dr =1,
so'(n+1) = n! for any n € N. The gamma function can thus be viewed as an analytic
extension of the factorial function to non-integers. In fact, the gamma function is the
unique analytic extension subject to the additional constraint that log(I'(x)) is convex
for x > 0. The value I'(1/2) = /000 t~'2¢7"dt = \/r and the recurrence satisfied by
I'(z) allows one to calculate the gamma function at any half-integer. Stirling’s formula
gives an asymptotic expansion ['(z) ~ 72 1/2e™2V2m (1 + 271 /12 + 772/288 + - - -)
as |z| — oo with the argument of z fixed in (-, 7). Proofs of these results, and
further details, can be found in Andrews et al. [3, Ch. 1].

Problems

2.1 Prove Lemma 2.1.

22ForF =350 fuz"and G = 3,50 gn2" inK[[z]], define d(F, G) = p-min{n:fi#en}
where d(F, G) = 0if F = G. Prove that d satisfies the strong triangle inequality,

d(F,H) < max {d(F,G),d(G,H)}, forall F,G,H < K[[Z]].

Since d is symmetric, and d(F, G) > 0 with equality if and only if F = G, this
implies d defines a non-archimedean metric on K[[z]].

2.3 A sequence of formal power series (F;,) in K[[z]] is called Cauchy if for ev-
ery € > 0 there exists N € N such that d(F,, Fy,,) < € whenever n,m > N. Prove
that every Cauchy sequence in K[[z]] converges to an element of K[[z]] under the
metric d. This implies K[[z]] forms a complete non-archimedean metric space.

2.4 Suppose F(z) = Y ,s0 fn2" and G(z) = 2,508n2" are elements of K[[z]]
with go = 0. Prove that the sequence (Sy) in K[[z]] defined by Sy = 2,’;’: o Jk G(2)*
converges in K[[z]]. We define the composition F(G(z)) as the limit of this sequence,
F(G(2)) = limy e SN = Yi0 fkG(2).

2.5 Suppose F(z) = Y,us0 [u2" € K[[z]] with fy # 0. Show that F(z) = fo — 2G(2)
for some G € K[[z]], and prove that the infinite series Yo 2 G(z)¥/ fok+1 converges
to I(z) € K[[z]] satistying F(z)I(z) = 1.

2.6 Prove that set of formal series in Q[[z]] which define analytic functions at the
origin is dense in Q[[z]]. In other words, show that for any F € Q[[z]] there is a
sequence of analytic power series whose limit in the metric space Q[[z]] is F.
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2.7 Prove that the coefficient of z!% in the rational function

1
(1 -2)(1 =22)(1 =291 - z%)
gives the number of ways to make change for a dollar using pennies (1 cent), nickels

(5 cents), dimes (10 cents), and quarters (25 cents), and find that coefficient. Find a
recurrence for the number of ways f;, to make change for n cents.

F(z) =

2.8 The Lagrange inversion formula states that if u, R € Q[[z]] satisfy u(0) = 0 and
z = u(z)/R(u(z)) then [z" Ju(z) = %[t"’l]R(t)” for n > 0. Prove this by justifying the
calculation

") = [ () = 5 / w) . - s / R e = i1 1RGey.

Z}’L un

Start by showing you may assume R and u are polynomials. Use the Lagrange
inversion formula to find the coefficients of the power series y(z) satisfying y =
z + zy?, which counts rooted trees where each node is a leaf or has two children.

2.9 Let A c Q[[z]] denote series of rational functions with natural number coeffi-
cients such that if o is a dominant singularity then o /|o| is a root of unity. Prove
that for any a, b € A the functions a(z) + b(z), a(z)b(z), and 1/(1 — za(z)) are in A,
establishing Proposition 2.6. Hint: For the final construction suppose the dominant
singularities of a € A have modulus p > 0 and let ¢(z) = 1/(1 — za(z)). Show
that the equation za(z) = 1 has a unique root r € (0, p), and that z = r is a domi-
nant singularity of c¢(z). Conclude that any dominant singularity 8 of c¢(z) satisfies
6a() = 1 = ra(r) so 6X = rk = || for some k € N.

2.10 Prove that the series F(z) = Y0 (2: )Kz" is transcendental over Q(z) for any
natural number « > 2.

2.11 Prove that if (f;,) satisfies a P-recursive equation of order r and degree d then
F(z) = Xuso0 fu2" € K[[z]] satisfies a D-finite equation of order at most d and
degree at most r + d.

2.12 Let a, be the number of alternating permutations (satisfying 71 > 7, < 73 >
4 < ...) when nis odd and zero when # is even. Let

an ! Dok+1 ey
T(z) = .
@= 2,5 = 2 s i
n>0
* By considering the location of 1 in a permutation, prove that for all k > 1

2k
Aok+1 = Z (j )aja%—j

1<j<2k
Jj odd

+ Using this recurrence, show that T’(z) = T(z)* + 1.
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¢ Solve the differential equation to conclude 7'(z) = tan z.
2.13 For any positive integer B let Sp denote the square in the complex plane with
corners +Br + Bri. Using the hyperbolic trigonometric functions and the fact that

tan(x)” + tanh(y)> _ cosh(y)* — cos(x)?
1 + tan(x)? tanh(y)2  cosh(y)2 + cos(x)? — 1

| tan(x + iy)|2 =

for all x,y € R, prove that if z € Sp for B € N then [tanz| < m < 1.1. Adapt
the argument in Section 2.1.1 to prove that for any n € N and positive integer B the
number a,, of alternating permutations satisfies

a ) n+l B-1 1

n _5(2 — 4+ O0(B)™).

n! (n) ;) @ity OB
2.14 Let A be a commutative ring and

P(z)=put+---+p1z2+po
0@)=gm?" +- -+ qz+qo

be polynomials of degree n and m in A[z]. The Sylvester matrix S(P, Q) of P and Q
is the (m + n) X (m + n) matrix obtained by repeating m times the vector (p,, . . ., po)
with each copy shifted once over, then repeating n times the vector (¢, - . ., o) with
each copy shifted once over. For instance, if n = 4 and m = 3 then

pap3p2prpo 0 0
0 papsp2pipo 0
0 O p4 p3 p2 p1 Po
S(P,Q)=1939291 9 0 0 0
0 3929190 0 0
0 0g392914 0
00 04g3qq qo

Define the resultant Resultant, (P, Q) of P and Q as the determinant of S(P, Q).

a) Show that Resultant, (P, Q) lies in A.

b) Prove that if P and Q share a root @ then Resultant, (P, Q) = 0. Hint: It is sufficient
to prove the existence of a non-zero vector x such that S(P, Q)x = 0.

¢) Suppose that

Pz)=a(z-ay)---(z-a,) and  Q(z) =b(z—=pB1) (2~ Bm)

for a;, B; € C. Prove that Resultant;(P, Q) = R where R = a™b" []; j(a; — ;).
Hint: Consider Resultant,(P, Q) and R to be multivariate polynomials in new
variables «; and ;. Show that R divides the resultant and consider their degrees.

2.15 Suppose a(x) and b(x) are algebraic series satisfying P(x, a(x)) = Q(x, b(x)) =0
for non-zero P(x, y), Q(x, y) € Q[x, y], and let d = deg,(P). Prove that
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ey =a(z) + b(z) is a root of Resultant,(P(x, y — z), Q(x, y)) € Q[y, z]
* y =a(x)b(x) is a root of Resultant, (z¢P(x, y/z), O(x, y)) € Q[y, z]
¢ when a(0) # 0 then y = 1/a(x) is a root of Resultant,(P(x, y), 1 — yz) € Q[y, z]

2.16 Use Cauchy’s integral formula and the maximum modulus integral bound to
show that if f(z) is analytic in a disk |z| < R + & then it is represented at the origin
by a power series which converges in |z| < R. Conclude that a power series admits
a singularity on the boundary of its domain of convergence.

2.17 What is wrong with the “proof”
2
1= VI = VeD)(=1) = V=1V=1 = (\/—_1) -1

218 Let F(z) = Y,502> and € C with [£| = 1. Show that F(z) is unbounded
in any neighbourhood of ¢ inside the unit circle, and conclude that F cannot be
analytically continued outside the unit circle.
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Chapter 3
Multivariate Series and Diagonals

The residues of this kind occur naturally in several branches of
the algebraic analysis and of the infinitesimal analysis. Their
consideration provides simple and easy to use methods which
apply to a large number of diverse questions, and new formulas
which seem to merit the attention of geometers.

— Augustin-Louis Cauchy

They that are ignorant of Algebra cannot imagine the wonders in
this kind are to be done by it: and what further improvements and
helps advantageous to other parts of knowledge the sagacious
mind of man may yet find out, it is not easy to determine.

— John Locke

In this chapter we study multivariate series, because they encode multivariate se-
quences but also because they can serve as efficient data structures for univariate
sequences. For readability we use bold variables to denote multivariate quantities,
typically of dimension d € N, and use multi-index notation to denote multivariate
quantities, so that

zZ=(21,-..,2d) and dz = dz1dz .. . dzg,
andfork € {1,...,d} andi € RY,
i i i N
=27z, 27 = (2o oy Th-1s Thtls - - -5 2d)s i=1z3

Given a (multivariate) differentiable function F(z) we write F;;(z) to denote the
(partial) derivative of F with respect to the variable z;.

Definition 3.1 (multivariate formal series) A multivariate formal power series over
a field K in the variables z is a formal expression

F@= ) fr = D faiaZt o2

ieNd (i],...,id)ENd

with coefficients f; € K. Analogously to the univariate case, we define the coefficient
extraction operator [Z'|F(z) = f; and make the ring of multivariate formal power
series K[[z]] by defining addition termwise

Z fi + Z gz = Z (fi+a)7

ieNd ieNd ieNd

and multiplication by the Cauchy product
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[ ) (3 2] - % 3 s

ieNd ieNd keNd \i+j=k

Note that the Cauchy product is well defined since for each k € N there are only a
finite number of elements i, j € N¢ such thati + j = k.

One could also define K[[z]] iteratively, starting with the univariate formal power
series ring K[[z;]] and taking K[[z]] = (X[[z1, - -, zd-1]]) [[z4]]; our definition is
isomorphic to the iterated one, meaning the iterated definition does not depend on
the ordering of the variables (compare this to iterated Laurent series in Section 3.3).

3.1 Complex Analysis in Several Variables

As in the univariate case, we deal mainly with multivariate series over K ¢ C which
represent analytic functions. We now recap the basics of complex analysis in several
variables, specialized to fit our needs. Standard accounts of complex analysis in
several variables can be found in Héormander [39] and Krantz [44].

Once again, our most basic analytic object is a convergent power series expansion.

Definition 3.2 (polydisks and polytori) Given a point a € C¢ and r € RY_, the

>0
open polydisk D,(r) centred at z = a of radius r is defined as a product of disks

Da(r)={zeC’: |z —ai| <r1,....|za — aal < ra}s

and the polytorus T,(r) centred at z = a of radius r is defined as a product of circles
Tur)={z€C’: |z ~ail =ri,....|za ~ aal = ra}.

Remark 3.1 The polytorus T,(r) is a subset of the boundary 9 Dy(T).

For convenience we often drop the subscript when a = 0, and for an arbitrary
complex vector w € C¢ with non-zero coordinates we let

D(w)={zeC?: |z1| < |wil,..., |zal < |wal}
and  T(w)={zeC’: |z =wil....|zal = Iwal},
denote the polydisk and polytorus with radii r = (|wy|, ..., [wal).

Definition 3.3 (analytic functions and absolute convergence) A series )}, Cn
with complex summands is called absolutely convergent it ), |c,| converges. A
function F: C? — C is analytic at the point a € C¥ if there exists a radius r € R,
such that F(z) is represented by an absolutely convergent power series

Fiz)= ) fz—a) = ) fim—a)" - (za—aa)"

ieNd ieNd
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for z € D,(r). Such a series is said to be centred at a.

At first glance it may not be clear how to sum the terms of a multivariate series.
Helpfully, the terms of an absolutely convergent series can be rearranged without
affecting convergence or changing the value of the series (see Problem 3.1) so
the terms of a power series representing an analytic function can be summed in any
reasonable order. The following result implies our insistence on absolute convergence
is not a large restriction: if a power series converges at w € C then the power series
absolutely converges at any point coordinate-wise closer to the centre of the series.
For convenience we state the result for series centred at the origin.

Lemma 3.1 (Abel’s Lemma) If w € C? is such that sup;ca | iw'| is finite then
Sicna fil converges absolutely for any z € C? with lzj| < |wjlforalll <j <d.

Proof Let C = sup;eyd | fiwl|. The result holds vacuously if w has a zero coordinate.
If z € C¢ is such that the maximum of % for1 < j < dissomet < 1 then
J

i i |Zi| i1+-+i
|ﬁZ|=‘fiW|WSC2‘1 d,

N0 c
i Qp+-+i
iz|<C Z " d=——
ieNd ieNd
is finite. A bounded series with non-negative terms always converges. O

Definition 3.4 (domains, neighbourhoods, and analyticity) A subset O c C¢ is
called open if for all z € O there is an open polydisk centred at z which is contained
in 0. Analogously to the univariate case, a domain in C? is an open and connected
subset of C¢ and a neighbourhood of a € C¢ is an open set containing a. We say F(z)
is analytic on a domain Q ¢ C¢ if it is analytic at every point of Q, and entire if it is
analytic on all of C¢.

The product and sum of two absolutely convergent series are absolutely convergent,
and if f(z) and g(z) are represented by absolutely convergent power series on a
domain Q then the series representations for f(z) + g(z) and f(z)g(z) are obtained
by term-wise summation and the Cauchy product, just as for formal series.

Example 3.1 (A Simple Binomial Sum)

The rational function

F(x,y)=m

is analytic for any (x, y) € C? such that x + y # 1. For instance,

wor-gor-El3r)- 3 ()

n>0 n>0 \k>0 (i,j)eN2
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when (x, y) is sufficiently close to the origin. Note that there is some subtlety
in this derivation, hinting at why we discuss absolute convergence: although the
first equality holds whenever |x + y| < 1, rearrangement is only possible when
the sum converges absolutely. For example, the first series converges when x = 1
and y = —1/2, but many rearrangements of the final series at these values will
diverge. Since ("%/) < 2/ for all i, j € N, the final power series representation is
valid, at least, when both |x| and |y| are strictly less than 1/2.

When F(z) is analytic in a domain Q C C4 anda € Q, fixing
2=(z1,...,2q¢-1)=(a1,...,aq-1) =42

in an absolutely convergent power series representation of F(z) gives an absolutely
convergent power series representation of the univariate function f(z4) = F(&, zq)
for z4 near ag4. An analytic function on a domain is thus analytic in each variable,
when the others are fixed'. This observation allows us to generalize many important
results from complex analysis in a single variable to the multivariate setting by
induction. First is the identity lemma for analytic functions.

Lemma 3.2 (Identity Lemma for Analytic Functions) If f(z) and g(z) are analytic
functions in a domain Q c C% and f(z) = g(z) on a polydisk contained in Q
then f(z) = g(z) on Q.

Thus, as in the univariate case, we can identify a function F(z) which is analytic
at the origin with its power series F(z) = Y fiz' and call f; the power series
coefficients of F(z). The Cauchy integral formula also generalizes to several variables
by induction.

Theorem 3.1 (Multivariate Cauchy Integral Formula for Coefficients) Sup-
pose F(z) is analytic on a domain Q ¢ C? and the closure of a polydisk Dy(r)
lies in Q. If F(z) is represented by the power series

F@) = ) fiz—a)

ieNd

on Dy(r) then, for all i € N9,

.1 F(z)
K= Gy /m) a1

! In fact, the converse holds. In the 1830s, Cauchy defined a multivariate function to be analytic over
adomain O if it was analytic as a univariate function of each variable at every point in D, and this
definition was also used by Jordan. Weierstrass, on the other hand, called a multivariate function
analytic in a domain 9 if it had a multivariate power series representation in the neighbourhood
of any point in the domain (Poincaré also used this definition in this doctoral thesis in 1879).
Perhaps illustrating the difficulties working in several variables, the two definitions were not shown
to be equivalent until work of Hartogs [37] in 1906. See Bottazzini and Gray [18, Chapter 9] for
additional historical information on the development of complex analysis in several variables.
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This is the most straightforward generalization of the univariate Cauchy integral
formula, but not the only natural one in the multivariate setting: there is no mul-
tivariate integral formula which generalizes all major properties of the univariate
Cauchy integral formula. For example, the domain of integration in Theorem 3.1 is
the polytorus T,(r), not the boundary of the polydisk D,(r), so this representation
cannot be easily modified to work with domains other than polydisks. Aizenberg
and Yuzhakov [3, Ch. 1] give a detailed survey of different integral representa-
tions for multivariate analytic functions, which generalize different properties of the
univariate case.

We will also make repeated use of the implicit function theorem, which helps
locally parametrize the solutions of an analytic equation. A proof can be found in
Hormander [39, Thm. 2.1.2].

Proposition 3.1 (Implicit Function Theorem) If f(Z, y) is an analytic function at
w € C4 and the partial derivative fy(w) # 0 then for z in a neighbourhood of W
there is a unique analytic function g(2) with g(W) = wy such that f(Z,y) = 0 if and
only if y = g(2).

3.1.1 Singular Sets of Multivariate Functions

One of the most challenging difficulties moving from one to many variables is the
diverse behaviour of the singular sets which arise. For our purposes it is sufficient to
consider multivariate generalizations of meromorphic functions, whose singularities
are defined (at least in a neighbourhood of each point) by explicit equations. We will
see that increasing dimension allows rational functions to capture more complicated
behaviour, such as that of algebraic series.

Definition 3.5 (multivariate singularities) Suppose g(z) and 4(z) are analytic func-
tions in a domain Q, with A(z) not identically zero, and define f(z) = g(z)/h(z)
when h(z) # 0. Since & is analytic and not identically zero, Lemma 3.2 implies f(z)
is defined at some point in any polydisk. We say that f has a singularity at a € Q
if | f(z)| is unbounded in any neighbourhood of a in Q (where defined).

The denominator 4(z) must vanish at any singularity, but /4(z) may vanish at a point
which is not a singularity.
Example 3.2 (Singularities of Multivariate Functions)

The function e(x, y) = (x + y)/(x — y) has a singularity at every point (x, y) € C?
where x = y. Note that even though the numerator and denominator both vanish at
the origin this is still a singularity, since, for instance,

1 11
e(—+—,—)=2n+1
n n?n
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is unbounded as n — oo. On the other hand, the function f(x, y) = sin(x—y)/(x—y)
has no singularities in C2. Indeed, taking a power series expansion of sin(x — y)
shows

flxy) =

X —

sin(x —y) < (x—y)*(=1)"
y _r;) n!

for all (x,y) with x # y. This series is absolutely convergent for all x,y € C2,
so | f(x, y)| is bounded in any bounded set.

Definition 3.6 (meromorphic functions) A function f(z) is called meromorphic at
a € C? if there exists a polydisk D centred at a and analytic functions g(z) and /(z)
on D, with hnot identically zero, such that f(z) = g(z)/h(z) in D whenever h(z) # 0.
Note that f(z) need not be defined at a, and we say that a is a singularity of f if itis
a singularity of g(z)/h(z). A function f(z) is meromorphic on a domain Q c C¢ if
it is meromorphic at each point of Q.

Thus, a meromorphic function is one that can locally be written as a fraction of
analytic functions, and a singularity of a meromorphic function is a point where this
ratio behaves badly.

By far the most important situation for us is when F(z) = G(z)/H(z) € C(z) is
a rational function, defined and analytic at least on the complement of the zero set
of H(z) in C%. The following result shows that if G and H are coprime polynomials
then the zero set of H(z) is precisely the set of singularities of F(z).

Proposition 3.2 Ler F(z) = G(z)/H(z) € C(z) be the ratio of coprime polynomials
G and H. Then the singular set of F(z) is the set 'V = {z € C? : H(z) = 0}.

Proof We need to show that if H(w) = 0 for some w € C then F(z) is unbounded
in any neighbourhood of w. Without loss of generality, we may assume that w = 0.
If G(0) # O the result is immediate, since the denominator of F approaches zero
as z — 0 while the numerator of F is bounded away from zero. For the same
reason, it is sufficient to prove that any neighbourhood of 0 contains a point { such
that G({) # 0 but H({) = 0. Since G(z) and H(z) are coprime as polynomials, they
are coprime as elements of C(zy, . . ., z4—1)[z4], so the extended Euclidean algorithm
implies the existence of polynomials a, b, ¢ € C[Z] with a non-zero such that

a(2) = b(2)G(z) + c(2)H(2). 3.1)

We claim that for any 2 in a sufficiently small neighbourhood N of the origin there
exists t; € C such that H(Z, t;) = 0. Assuming this, if G(Z, ;) = 0 foreachZ € N then
the non-zero polynomial a(Z) in (3.1) would vanish in a neighbourhood of the origin,
a contradiction. Thus, assuming the claim any sufficiently small neighbourhood of
the origin contains a point ¢ with H({) = 0 and G(¢) # 0, as desired.

It remains only to prove the existence of t; for Z sufficiently close to the origin.
Problem 3.2 asks you to show that after an invertible linear change of variables the
polynomial H(0,0,...,0,z4) is not identically zero. Since H(z) can be considered
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a polynomial in z4 whose coefficients are polynomials in z,. .., z4-1, this implies
pi(zq) = H(Z z4) is a non-zero polynomial in z; whenever Z is fixed and sufficiently
close to the origin. Any root of p3(z4) can be taken as f;, proving the claim. O

Hormander [39, Thm 6.2.3] shows that Proposition 3.2 holds for ratios of analytic
functions, after suitably defining what it means for two analytic functions to be
coprime (in fact, other than preliminary results setting up the local algebraic structure
of analytic functions, the proof in the meromorphic case is very similar). If f(z) is
analytic at a point w € C¢ and f(w) # O then 1/f(z) is also analytic at w. Since
a ratio of polynomials (or analytic functions) can be locally reduced to a ratio of
coprime polynomials (respectively analytic functions), we thus have the following.

Corollary 3.1 Let F(z) be a meromorphic function. Then F(z) is analytic at w € C4
if and only if 7 = w is not a singularity of F(z).

When G(z) and H(z) are coprime and F(z) = G(z)/H(z) is a rational function
with singularity z = a, there are two types of behaviour to consider.

1) If H(a) = 0 but G(a) # 0 then F(z) behaves like a univariate function near a pole:
the limit of |F(z)| as z — a equals infinity.

2) If H(a) = G(a) = 0 then F behaves like a univariate function near an essential
singularity: for any fixed C € C the equation F(z) = C has a solution? in all
sufficiently small neighbourhoods of a.

We will see that finding asymptotics of power series coefficients determined by
singularities of the first type leads to more explicit and easier-to-apply formulas,
although effective methods still exist for the second case. Since any root of a poly-
nomial in at least two variables is not isolated, any singularity of a rational function
in at least two variables is not isolated. Similarly, a zero of an analytic function f(z)
in at least two variables is never isolated?, giving the following result.

Proposition 3.3 If F(z) is a meromorphic function in a domain Q c C% where d > 2
then no singularity of F(z) in Q is isolated.

Proposition 3.3 hints at a major computational difficulty when applying the meth-
ods of analytic combinatorics in several variables: unlike univariate functions, which
typically have a finite number of dominant singularities that can be checked one-by-
one, in the multivariate setting there will always be an infinite number of singularities
to sort through.

2 Note that I(z) = G(z) — CH(z) and H(z) are coprime, so our proof of Proposition 3.2 shows
every neighbourhood of a contains a point where 1(z) is zero and H (z) is non-zero.

3 This follows from the Weierstrass preparation theorem [39, Thm. 6.1], which describes the zero
set of an analytic function f(z) as the vanishing of a polynomial in zz whose coefficients are
analytic functions in Z.
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3.1.2 Domains of Convergence for Multivariate Power Series

In one variable, the domain of convergence of a power series is a disk centred at the
point of expansion. In the multivariate setting, things are more complicated.

Definition 3.7 (domains of convergence) The (open) domain of convergence of
a power series is the set of points z € C? such that the power series converges
absolutely in some neighbourhood of z.

Note that for us a domain of convergence is always an open set. We will make
great use of the fact that domains of convergence are convex subsets of R after
taking coordinate-wise moduli and then taking logarithms.

Definition 3.8 (Relog map and logarithmic convexity) Let C,. be the set of non-zero
complex numbers. The real-logarithm (Relog) map from C¢ to R< is the function

Relog(z) = (log |z1], log|zzl,. .., log|zal).

For notational convenience we occasionally extend the Relog map to all of C¢ by
defining log 0 = —co. A set Q ¢ C4 is called logarithmically convex (log-convex) if
its image under the Relog map is convex. Equivalently, Q is log-convex if a,b € Q
implies

(larl” 161", laal bal' ") € ©

forall z € [0, 1].

Proposition 3.4 Suppose F(z) = Y;cna fiZ' is a power series centred at the origin
with domain of convergence D. Then D is logarithmically convex and a point z € cd
lies in the closure D if and only if the open polydisk D(z) is contained in D.

Proof Lemma 3.1 implies that D is the interior of the set B = {z : sup; | fiz!| finite},
so it is sufficient to prove B is log-convex. Suppose x,y € C¢ satisfy sup; | fix!| < C
and sup; | fiy!| < C for some C > 0. If w = (|xi|" [y1|", ..., [xal" |yal'™") for
some ¢ € [0, 1] then, for any i € N¢,

vl = 1A 1Ay < c,

sow € B and B is log-convex. If z € D and w € D(z) then lfiwl| < |fizl| sow e D
by Lemma 3.1, and D(z) C D. O

To apply the methods of analytic combinatorics in several variables we need to
link the analytic behaviour of a convergent power series centred at the origin to its
domain of convergence. The following result generalizes Proposition 2.2 in Chapter 2
to the multivariate setting; its proof is Problem 3.3.

Proposition 3.5 Suppose F(z) is a meromorphic function, analytic at the origin
where it is represented by a power series with domain of convergence D. If w € C¢
lies on the boundary dD then there exists a singularity { € C¢ of F(z) with the same
coordinate-wise modulus as w.
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Definition 3.9 (minimal singularities) A singularity of meromorphic F(z) which
is on the boundary of the domain of convergence of its power series at the origin
is called a minimal singularity or minimal point. Equivalently, a minimal point w
is a singularity of F such that no other singularity z of F satisfies |z;| < |w;| for
each 1 < j < d with at least one of the inequalities being strict.

Example 3.3 (Minimal Singularities of a Binomial Sum)

We have already seen that

_ 1 _ i+j i
F(X,Y)—m— Z(,‘)xy

(i.j)eN?

for (x, y) in a neighbourhood of the origin. Since

i+j i i n_;
B S R e e

(i.j)en? n20

with convergence if and only if | x| +|y| < 1, the domain of convergence of the power
series for F(x, y) at the originis D = {(x,y) € C* : |x| + |y| < 1}.If [x| + |y| < 1
and x + y = 1 then x and y must be real and positive, so the minimal singularities
of F(x,y) formtheset S = {(x,1 —x):0 < x < 1}.

The importance of minimal points will become clear in Chapter 5, when the
techniques of analytic combinatorics in several variables are discussed. Of particular
interest is the following property of minimal points, which helps determine minimal
singularities where a local analysis can yield coefficient asymptotics.

Definition 3.10 (logarithmic gradients) Given an analytic function f(z), the loga-
rithmic gradient of fis (Vig f)(2) = (21 f2,s - - -, Za fz, ), Where the subscripts indicate
partial derivatives.

Proposition 3.6 Ler F(z) = G(z)/H(z) be a rational function which is analytic at the
origin with domain of convergence D, where G and H are coprime polynomials over
the complex numbers. Then for any minimal point w there exists A € R‘io andt e C
such that (Vige H)(W) = TA.

Proof 1f the partial derivative H,,(w) is zero for all 1 < j < d then we can
take 7 = 0 and the conclusion trivially holds. Thus we may assume, without loss
of generality, that the partial derivative H,,(w) # 0. Proposition 3.1, the implicit
function theorem, implies the existence of an analytic function g(Z) = g(z1, ..., Zd-1)
in a neighbourhood N of W in C?~! such that (%, g(Z)) is a parameterization of the
singular set V = {z € C? : H(z) = 0} of F near w.

Fixany 1 < j < d—1.Then forZ € N one has H(Z g(Z)) = 0, and differentiating
with respect to z; followed by substituting Z = W yields
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HZj (w) + 8z; (W)sz (w) = 0. (3.2)

Furthermore, taking z; = w; e'% with @ ;i real shows that the derivative of z; = g(2)
with respect to 6; as z; moves around the circle with modulus |w;|is gg; = iw; g, (W)
at6; = 0. By minimality of w the path of z; on this curve at §; = 0 must be tangent to
the circle {wge'% : —n < 6 < n}, hence there exists 4; € R such that gg, = —1;iwg.
Putting this together with (3.2) implies

_insz (W)

—/ljiwd = inng (W) = H—(W),
2d

and defining 15 = 1 gives
/leded (W) = /ldesz (W),

as desired. If, instead of taking z; = w;e'% we take z; = w;e"/ for x; real then the
derivative of z4 = g() with respect to x; at x; = 0is w;g,;(W) = —1;w,. Since w is
minimal the modulus of z4 cannot decrease when the modulus of z; decreases and
the other variables are held constant, meaning 4;w,; must have the same argument
as wg. Thus 4; > 0,and as 1 < j < d — 1 was arbitrary the conclusion holds. O

Remark 3.2 Our proof of Proposition 3.6 did not use the hypothesis that H is a
polynomial: if H(z) is any analytic function on a neighbourhood U of w € C¢, and
no z € U with H(z) = 0 has coordinate-wise smaller modulus than w, then the
conclusion of Proposition 3.6 still holds.

3.2 Diagonals

Since we use multivariate series as a data structure for enumeration problems, we
need ways of extracting univariate sequences from multivariate expansions.

Definition 3.11 (main diagonals) If F(z) = Y;.« fiz! is a (formal or convergent)
multivariate power series, the main diagonal of F(z) is the univariate power series

A0 =) font”

n>0
defined by the terms of F where all variables have the same exponent.

If the variable appearing in the diagonal is not specified, then for notational conve-
nience we treat it as the final input variable to F. For instance, if F(x, y) is a bivariate
function then AF is by default treated as a series in the variable y.

Example 3.4 (Central Binomial Coefficients as a Diagonal)

The diagonal
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)= 202 0

(i) EN? n=0

is the generating function of the central binomial coefficients.

Some of the most interesting applications of analytic combinatorics in several
variables, such as combinatorial limit theorems, come from linking the behaviours
of different univariate sequences defined by the same multivariate series.

Definition 3.12 (r-diagonals) Given r € Qio we define the r-diagonal of the se-
ries F(z) = Yena fiz! to be the univariate power series

(ArF)(t) = Z fnrl,...,nrdtn

n>0

whose coefficients form the sequence [z"]F(z), where fp,,, . nr, is (for now) con-
sidered to be zero for nr ¢ N¥. When F(z) is a function analytic in a neighbourhood
of the origin, the r-diagonal A, F is defined to be the r-diagonal of F’s power series
representation at the origin.

We always use the diagonal notation A without a subscript to refer to the main
diagonal r = 1, which we give the most attention. By replacing variables by positive
integer powers of themselves, one can always reduce* to the case r € N¢. Although
the coefficient [2""]F(z) is not formally defined for nr ¢ N, and never is when
r ¢ Q4, we will see in later chapters that asymptotics of r-diagonals typically exhibit
uniform behaviour as r varies smoothly. This will allow us to make asymptotic
statements about r-diagonals for r having arbitrary real number coordinates.
We discuss many examples of rational diagonals in Section 3.4 below.

3.2.1 Properties of Diagonals

One of the key characteristics of the diagonal operator is how it interacts with the
various classes of generating functions discussed in Chapter 2. Our first result, con-
necting algebraic functions and bivariate rational diagonals, was known to Pélya [57]
in special cases and later proven by Furstenberg [33] and Hautus and Klarner [38].

Proposition 3.7 Suppose the rational function F(x,y) = G(x,y)/H(x,y) € Q(x, y)
is analytic at the origin. Then (AF)(y) is an algebraic function, obtained by adding
the residues of % at its poles x\(y), . . ., x-(y) in x which are fractional power

series in y with no constant term (i.e., those which approach zero as y — 0).

4 For example, [x"/2y"|F (x, y) = [x"y"|F(x2, y) for any bivariate power series F(x, y).
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We give a complex analytic proof of Proposition 3.7; a generalization to series
over arbitrary fields is detailed in Stanley [61, Thm. 6.3.3].

Proof Suppose F(x,y) = X jew fi, ;x'y/ converges in the polydisk [x| < R
and |y| < S for R, S > 0. Then for all fixed y with |y| < RS the series
XFCuy/x) = Y STy
(i,j)eN?

converges absolutely and uniformly for all x in the annulus A}, = {|y|/S < |x| < R}.
If C}y is a positively oriented circle around the origin staying in A, then the Cauchy
residue theorem implies

1 F(x, y/x)
2mi '/Cly T Z

(i,/)eN?

= D Fy = (AR)),
j=0

i-j-1 d
' 3 2ni /Cy| ' '

where we may commute the integral and summation by uniform convergence, so

_ G(x, y/x) Gxy/x)
(AF)(y) = 2r 1,/c ol xH(x, y/x) y/x) ZR (xH( /% ) —Pz(Y)),

where p1(y), ..., pr(y) are the poles of G(x, y/x)/xH(x, y/x) inside C|y|. Because
the upper radius of A),| is fixed while the lower radius goes to zero with |y|, when [y|
is sufficiently small there is always a circle C,| such that the only poles of F
inside Cy are those that approach the origin as y goes to zero. Each of the poles is
algebraic, and thus so is each residue and their sum. 0O

Bostan et al. [15, Thm. 18] give tight bounds on the algebraic quantities involved.
Their results imply that if F(x,y) is a rational function whose numerator and de-
nominator have degrees at most § in x and in y, then there is a polynomial P(¢, D) of
degree at most d>4°*! in ¢ and degree at most 4% in D such that P(z, (AF)(t)) = 0. See
that paper for more precise bounds, and an algorithm to compute such a polynomial P
from F(x, y) using O(8%) arithmetic operations with rational numbers.

Example 3.5 (The Algebraic Diagonal of a Binomial Sum)

The generating function C(y) of the central binomial coefficients is the diagonal of
the bivariate function F(x, y) = 1/(1 —x —y). The power series expansion of F(x, y)
converges in the polydisk |x| < 1/2 and |y| < 1/2, and

o ;
xVF(x,y/x) = Z (l .j)x’_l (X)
apewe v *

converges absolutely and uniformly whenever |y| < 1/4 and 2|y| < |x| < 1/2. For
fixed y with |y| < 1/6 all points on the curve |x| = 3|y| satisfy 2|y| < |x| < 1/2, so
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1 1 1 1
co=@arm=g [ = [ e
271 Jixj=31y) X(1 = x = y/x) 271 Jix|=3py X — X2 =y
The denominator H(x, y) = x — x> — y has roots

1++1-4y

p=(y) = 2 ,

where p_(y) — 0 and p;(y) — 1/2 as y — 0. Thus,
1 1

1=20-0)  yT-4y

C(y) = Res

1
———x=p-(y)] =
X—Xx*-y

for y in a neighbourhood of the origin.
Over the rational numbers, or any field of characteristic zero, the diagonal of a
rational function in more than two variables need not be algebraic>.

Example 3.6 (Not All Rational Diagonals are Algebraic)

In Chapter 2 we saw that the function

L 2
i+j\[k+n ijokon| 2n\~ ,
( l )( n )xywz _Z n ¢

n>0

1
D(Z)ZA(a—x—y)(l—w—z)):A 2

0,720

is transcendental by examining asymptotics of its coefficients. Problem 3.7 asks you
to prove that the trivariate function F(x, y, z) = 1/(1 — x — y — z) has transcendental
diagonal.

Although the rational diagonal in the last example is not algebraic, it is D-finite.
In the 1980s, Christol [22] proved that the diagonal of a rational function is always
D-finite. In fact, diagonals satisfy a stronger closure property.

Definition 3.13 (multivariate D-finite functions) Generalizing the univariate set-
ting, if K is a field of characteristic zero then a power series or analytic function F(z)
is called D-finite over K if the K(z)-vector space generated by F(z) and its partial
derivatives is finite dimensional. Equivalently, F'(z) is D-finite if for each variable z;

5 Over a field of prime characteristic, the diagonals of rational [33] and even algebraic [26] functions
in any number of variables must be algebraic. There is a beautifully constructed elementary proof of
these results using a connection between diagonals, algebraic functions, and certain finite automata
taking as input base p expansions of natural numbers; see Lipshitz and Poorten [48] for a survey.
Adamczewski and Bell [2] give explicit bounds on the degree and height of the minimal polynomial
for the diagonal (AF mod p) in terms of the prime p, the degree and height of the minimal
polynomial of F(z), and the number of variables.



106 3 Multivariate Series and Diagonals

it satisfies a linear differential equation with coefficients in K[z] with respect to the
partial derivative C%.
J

Even though the class of rational (or even algebraic) functions is not closed under
taking diagonals, the class of multivariate D-finite functions is closed under taking
diagonals.

Theorem 3.2 If f(z) is D-finite over a field K then the main diagonal Af is also
D-finite over K.

See Lipshitz [47] for a proof of Theorem 3.2 using a clever argument enumerating
elements in finite-dimensional vector spaces.

An annihilating linear differential equation for the diagonal of a rational (or, more
generally, D-finite) function is obtained through the theory of creative telescoping.
If F(z) is a rational function whose numerator and denominator have their degree in
each variable bounded by ¢, Lairez [45] gives an algorithm determining a D-finite
equation satisfied by AF which runs in complexity 6@, Bostan et al. [16, Thm. 4.2]
give a bound on the order and degree of this D-finite equation, both of which are also
in 69 Currently, the most efficient implementation of this creative telescoping
machinery for diagonals is a MAGMA package of Lairez [45]. Koutschan [43]
maintains a useful Mathematica package, HolonomicFunctions, which calculates an
annihilating D-finite equation for the diagonal of a multivariate D-finite function.

Example 3.7 (Creative Telescoping for Binomial Coefficients)

Above we saw that for y sufficiently small the diagonal G(y) of the function F(x, y) =
1/(1 — x — y) is given by the integral

1 1
G(y)=— [ ———dx,
) 2ni,/yx—x2—yx

where v is a positively oriented circle close to the origin. Example 2.22 of Chapter 2
derived the differential equation (4y — 1)G’(y) + 2G(y) = O for this integral using an
identity relating the derivatives of F' with respect to x and with respect to y.

Theorem 3.2 restricts the possible asymptotic behaviour of rational diagonal
coefficients. Recall from Definition 2.25 in Chapter 2 that F(z) = }.,,50 2" € Q[[z]]
is called a G-function if f,, and the least common denominator of f, .. ., f, grow at
most exponentially with n. In fact, rational diagonals satisfy a stronger property.

Definition 3.14 (global boundedness) A univariate series F(z) € Q[[z]] is called
globally bounded if F(z) represents an analytic function in a neighbourhood of the
origin and there exist non-zero a, b € Q such that aF(bz) has integer coefficients.

Problem 3.4 asks you to prove that the diagonal of any rational function F(z) € Q(z)
that is analytic at the origin is globally bounded, and that every globally bounded
function which is analytic at the origin is a G-function. Combining this with Corol-
lary 2.2 in Chapter 2, about the asymptotics of G-functions, then gives the following.



3.2 Diagonals 107

Corollary 3.2 Suppose F(z) € Q(z) is analytic at the origin. As n — o its diagonal
coefficient sequence [z} - - - z}1F(z) has an asymptotic expansion given by a sum of
terms of the form C n® " (logn)t, where C € C, @ € Q, £ € N, and { is algebraic.

Example 3.8 (A D-Finite Function which is not a Rational Diagonal)

The function f(z) = €* = 3,50 2" /n! is D-finite, but not globally bounded, so it is
not the diagonal of a rational function in any number of variables.

Although the results of this section were stated for the main diagonal AF, their
analogues hold for the r-diagonal A F whenever r has rational coordinates. As pre-
viously mentioned, one can immediately reduce to the case r € N by taking positive
integer powers of each variable. Then, the r-diagonal of a rational (respectively al-
gebraic or D-finite) function F(z) can be written as the main diagonal of a related
rational (respectively algebraic or D-finite) function. Problem 3.8 asks you to extend
the approach of the following example to the general case.

Example 3.9 (Reduction to Main Diagonal)
Consider the r = (2, 3) diagonal of the rational function
1 i+ 7\
Flx,y)= ———— = Z (l ,])x’y/.
l-x-y £ i
i,j >0

Our first goal is to determine a series expression involving only even powers of x,
since these are the only terms which will appear in the r-diagonal. To find such a
series, we note that

| . o
F(-x,y) = m _ Z (z J;J)(_1)zxzyj

i,j>0
so that
F(x,y)+ F(=x,y) -y L+ (=1 (i+]) i
G N = = = —_— Lyt
() 2 I—x—y)(1+x—y) l-JZ‘o 2 i ]
204+ 7\ 5
_ Z ( ) _J))CZIy].
~ 2i
i,j >0

Similarly, our next goal is to determine a series expression involving only the powers
of y in G(x, y) which are divisible by 3. If w = ¢%/3 is a primitive third root of unity
then 1 + wX + w?* = 0 for k an integer not divisible by 3 and 1 + w* + w?* =3if 3
divides k. Thus,
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G(x,y) + G(x, wy) + G(x, w?y) L+ +0¥\ (2i+j\ 5
Hixy) = 3 =2\ )
i,j >0
< 2i
,j>0

and simplifying H(x, y) gives
1-x2y3+x*—y3 -2 _Z 21+3] 2 31
1 —x6+y — 6x2y3 +3x% — 2y - 3x?

Now that we have an expression involving the terms which appear in the r-diagonal,
our final step is to convert to a rational function where these terms lie on the main
diagonal. Since x always appears to an even power, and y always appears to a power
divisible by 3, we can replace x> by s and y> by ¢ to obtain

1 —st+s>—1t-2s Z 2i +3j i
= s
1 —53+1¢2—6st+3s2-2t-3s 5 2i

The main diagonal of this rational function is the r-diagonal of F(x, y).

The technique of multiplying power series variables by roots of unity and adding
the results to obtain a specific subseries is often referred to as a ‘root of unity filter’.
Although this process can always be followed to reduce an r-diagonal to the main
diagonal, the resulting function will typically be more complicated and harder to
analyze. We will see later in this book that the methods of analytic combinatorics
in several variables allow for asymptotic statements about r-diagonals by working
directly with r as a parameter, so such manipulations are not necessary.

3.2.2 Representing Series Using Diagonals

Since we develop methods to determine asymptotics of diagonal sequences, it is
natural to ask which functions can be represented by diagonals. First, we see that
any algebraic function can be written as the diagonal of a bivariate rational function,
meaning the classes of bivariate rational diagonals and algebraic functions are equal.

Proposition 3.8 Suppose P(z,y) € Q[z, y] with partial derivative Py(0,0) # 0. If
F € Q[[z]] has no constant term and P(z, F(z)) = 0 then

y2Py(zy, y)) _

Fla)= P(zy,y)

i.e., F is the diagonal of a bivariate rational function.
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We follow the simple proof of Furstenberg [33], which works for power series
over any integral domain. Note that the restriction that F(z) vanish at the origin
is mild: if instead F(0) = a # O then the result can be applied to the function
G(z) = F(z) — a to obtain a rational function g(z, y) whose diagonal is G(z), and the
diagonal of g(z, y) + a is F(z). To work around the restriction that Py,(0,0) # 0 one
must separate the solutions of P(z, y) = 0 near the origin; see Problem 3.9 for an
approach suggested by Adamczewski and Bell [2].

Proof Writing P(z,y) = (y — F(z))u(z, y) for some u € Q[[z]][y] we see

Py(z,y) = u(z,y) + (v = F(2)uy(z, y),

so that

VPy(zyy) )2 y2uy(zy, y)

P(zy,y)  y-F(zy)  u(zy,y)
Since F(z) has no constant term,

(3.3)

2

M _ Y _ 1-k k
TR TR )

is a power series whose diagonal is F(z). Because u(0,0) = P, (0, 0) # 0, the second
summand in (3.3) is a power series, with a zero diagonal. Taking the diagonal
operator in (3.3) then gives the desired result. O

Example 3.10 (The Catalan Generating Function as a Rational Diagonal)

The Catalan generating function C(z) is the solution to zC(z)> = C(z) + 1 = 0
with C(0) = 1. The function D(z) = C(z)—1has D(0) = 0 and satisfies P(z, D(z)) = 0
where P(z,y) = z(y + 1)> = (y + 1) + 1. Since Py(0,0) = -1 #0,

2y27 +2yz — 1
o= 122 2= D)
yiz+2yz+z-1
and
C(2) = A ]+y(2y2z+2yz—l) _A 2y3z+3y2z+2yz—y+z—l
y2z+2yz+z-1 y2z+2yz+z-1

The following generalization of Proposition 3.8 follows from an analogous argu-
ment; see Problem 3.10.

Proposition 3.9 Let P(z, y) € Q[z, y] and suppose F(z) is an analytic function at the
origin satisfying P(z, F(z)) = 0 and F(2,0) = 0. If P(z,y) = (y — F(2))*u(z, y) for
k € N and u(z, y) analytic at the origin with u(0,0) # 0, then
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szy(ia )’Zd, )’)

[#1() = [y e

Denef and Lipshitz [27, Thm. 6.2] extend both Proposition 3.8 and Proposition 3.9
by proving that for any algebraic function F(z) in d variables there exists a rational
function R(z y) in 2d variables such that [z']F(z) = [Zz'y'|R(z y) for all i € N¢,
Safonov [59] gives an elementary argument that for any algebraic function F(z) in d
variables there exists a rational function R(z, y) in d + 1 variables and a unimodular
matrix A € N4 such that if i € N and j = Ai then [2]F(z) = [2)y/*]R(z, y).

Example 3.11 (Counting Leaves in Rooted Plane Trees)

A rooted plane tree is a (non-empty) rooted tree where every node is a leaf (has
no children) or has a finite sequence of children which are themselves non-empty
rooted plane trees. Problem 3.11 asks you to prove that the bivariate generating func-
tion T'(u, z) = uz +uz>+ (u+u®)z> +- - - whose coefficients 4., = [u¥z"T(z, u) give
the number of rooted plane trees on n nodes with k leaves satisfies P(u, z, T(z, u)) = 0,
where

P(u,z,y) = y* + (z — zu — 1)y + zu.

The conditions of Proposition 3.9 hold with £ = 1, so

ko VP Yz y) o y(uyz — yz =2y + 1)
u | EARASEALE LAY ] .
P(u, yz,y) l+uyz—uz—yz-y

tkn = [

In this case one can determine f ,, directly from the equation P(u,z,T) = O by a
clever application of Lagrange inversion (recall Problem 2.8 from Chapter 2). See
Flajolet and Sedgewick [28, Sect. III. 3] for further examples of this nature.

Example 3.12 (Counting Bar Graphs)

A bar graph is a finite connected union of 1 x 1 boxes with corners in Z> such
that lowest edge in each column lies on the x-axis and each column contains all
boxes between its highest and lowest box; see Figure 3.1 for an example. An edge
between two vertices of Z2 is called an external edge of a bar graph if there is a
1 x 1 box in the bar graph containing the edge and a 1 x 1 box in Z? not contained
in the bar graph which also contains the edge. If b, x denotes the number of bar
graphs with 2n horizontal external edges and 2k vertical external edges (there are
always an even number of both) then Bousquet-Mélou and Rechnitzer [19] show that
the bivariate generating function B(x,y) = X, x>0 bk x"yk satisfies B(0,0) = 0
and P(x, y, B) = 0, where P(x, y,z) = z — xy — (x + y + xy)z + xz°. The conditions
of Proposition 3.9 are satisfied, so we obtain

Z(1 = xyz—2xz7—-yz—X)
l—xyz—xy—xz—-yz—x

bn,k = [xnykzk]
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Fig. 3.1 A bar graph with 10 external vertical edges (coloured in gray) and 12 external horizontal
edges (coloured in black).

In Chapter 5 we use the methods of analytic combinatorics in several variables to
determine asymptotics of b,,  as n, k — oo.

The fact that any algebraic function can be represented as a bivariate diagonal has
asymptotic consequences. For instance, it follows from Proposition 2.11 in Chapter 2
that for any @ € Q \ {—1,-2,...} there exists a bivariate rational function whose
diagonal coeflicient sequence has dominant asymptotics of the form Cn®p" for
constants C, p > 0. Using the methods developed in Chapter 5, for any negative
integer o one can construct a trivariate rational function whose main diagonal has
dominant asymptotic growth of the form Cn®p" for constants C, p > 0.

Although every rational diagonal is a D-finite globally bounded function, it is an
open question whether every globally bounded D-finite function can be written as a
rational diagonal. This question has been studied for decades.

Example 3.13 (Christol’s Open Question)
In 1986, Christol [23, p. 15] noted that the series

(o) = Z (1/9)n(4/9n(5/9)n 2"

(1/3),(1) T (Op=x(x+1)--(x+n-1)

n>0

a so-called 3 F» hypergeometric function, is globally bounded and D-finite® but is not
easily expressed as the diagonal of a rational function. It is still open whether f(z) can
be expressed as a rational diagonal. Bostan et al. [ 14] gave many additional examples
of globally bounded hypergeometric functions, some of which were expressed as
explicit rational diagonals by Abdelaziz et al. [1] and Bostan and Yurkevich [17].

6 The series f(z) satisfies the D-finite equation 72922(z— 1) (z) +812(37z = 21)F" (z) + 9(200z —
27)f"(z) +20f(z) = 0.
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Conjecture 3.1 (Christol [24, Conjecture 4]) Every globally bounded D-finite func-
tion can be expressed as the main diagonal of a rational function.

It is also natural to wonder about the relationship between diagonals of rational
functions in differing numbers of variables. Given d € N, let D, denote the set
of functions which can be obtained as (main) diagonals of d-variate rational func-
tions over Q. If F(z) is any function analytic at the origin, the diagonals of F(z)
and G(z,t) = F(z1,...,24-1,1Z4) are equal, giving a sequence of containments
Dy Cc Dy C D3 C ---.Because D; contains univariate rational functions and D,
is the class of algebraic functions, we have strict containments D) € D, € D3, but
there is no natural criterion to separate D, for d > 3.

Open Problem 3.1 Does there exist d > 3 such that D3 # Dy?

Note that, even when the number of variables d is fixed, there are an infinite
number of ways to represent f € Dy as a diagonal. Indeed, if f(z) = (AF)(z) for
some rational function F(z) then f(z) = (AG)(z) for any G(z) = F(z) + H(z)
with H(z) a rational function with zero diagonal. One may take, for instance,
H(z) = zqh(z1, - - ., Za-2, Za-12a) wWhere h(wy, ..., wq_1) is any (d — 1)-variate ra-
tional function that is analytic at the origin. As such representations can have very
different properties, characterizing all functions with the same diagonal is an im-
portant problem. This can be reduced to characterizing the rational functions with a
zero diagonal.

Open Problem 3.2 Give a useful characterization of the functions F(z) € Q(z)
which are analytic at the origin and have zero diagonal.

The term ‘useful characterization’ in Open Problem 3.2 is intentionally vague:
the characterization should be sufficiently powerful to allow one to select the ‘best’
representative for a particular purpose, such as an asymptotic analysis. Note that
it is decidable to check whether two rational functions F(z) and G(z) have the
same diagonal. Creative telescoping algorithms determine an annihilating D-finite
equation satisfied by A(F — G), and this equation gives a finite bound N such that
the diagonals of F and G are equal if their first N power series coefficients agree.

Example 3.14 (Apéry’s Sequence)

We prove that the trivariate rational functions

1
Fi(x,y,z) = 1-(L+2)(x+y—xy)
1
F(x,v,2) = l-x—y—-z(1-x)(1-y)

have the same diagonal sequence, whose asymptotic expansion is related to Apéry’s
approach to proving irrationality of the Riemann zeta function at integer arguments
(see Section 3.4 below for details). The Magma package of Lairez [45] shows
that (AF;)(z) and (AF,)(t) both satisfy the differential equation
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1+ 11t = 1) f7(0) + B> + 22t = D) f'(6) + (£ + 3) f () = 0,
meaning both diagonal sequences satisfy the recurrence relation
(1 +2)upso = (110% + 330 + 25)ups1 + (n + 1)’u,,.

Since the first two diagonal terms of F; and F, are equal, and they satisfy the same
recurrence relation of order 2, their diagonal sequences are identical (of course, their
non-diagonal power series coefficients are different).

3.3 Multivariate Laurent Expansions and Other Series
Operators

In our investigations it will be necessary to consider expansions (and diagonals) of
functions which cannot be represented by power series at the origin. Furthermore,
non-power series expansions of a rational function centred at the origin can help to
give insight into the computations arising in an asymptotic analysis, even when one
is only interested in power series expansions. Just as the analysis of an algebraic
function encoded by its minimal polynomial P must take into account the other roots
of P, our methods to determine asymptotics of a rational function F(z) will naturally
pick up properties of all valid series expansions of F at the origin.

Recall from Definition 2.9 in Chapter 2 that the ring of formal Laurent series over
the field K consists of all series with integer exponents bounded from below,

K((2)) = {Zﬁz" LqeZf, eK},

ixq

equipped with term-wise addition and the Cauchy product, while convergent Laurent
series can have an infinite number of terms with negative exponents. We make use
of a straightforward multivariate generalization.

Definition 3.15 (multivariate formal Laurent series) The field of formal iterated
Laurent series in the variables z is defined inductively as K((z)) = K((z1, - - -, 2q)) =

K((z1, - - -5 2a-1))((za))-

Xin [67, Ch. 2] gives a detailed account of formal iterated Laurent series, and
proofs of their basic properties. Unlike multivariate power series, the ordering of the
variables matters in this construction.

Example 3.15 (Multivariate Laurent Expansions Depend on Variable Order)

In the field Q((x,y)) = Q((x))((v)), consisting of a Laurent series in y whose
coefficients are Laurent series in x, one can compute the formal expansion
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1 1/ n -n-1\ ,n
x+y: l+;/x:Z((_1) o l)y

n>0

for the multiplicative inverse of x + y. This does not lie in Q((y, x)) = Q((y))((x)), as
it contains terms with arbitrarily large negative exponents in x (note, however, that
the coefficient of any fixed power of y has only one term with a negative exponent
in x). Similarly, in Q((y, x)) one can compute the formal expansion

1 1/ n,—n— n
x+y:1+;/y:Z((_l)y l)x

n>0

which does not lie in Q((x, y)).

Because K((z)) forms a field, any rational function (or ratio of analytic functions)
has an expansion as an iterated Laurent series, making these formal series sufficient
for our purposes. Unfortunately, K((z)) is not closed under composition, even in the
univariate case: if f(z) = 1 + z + z> + - -- then f(1/z) is not a well defined formal
Laurent series. With this in mind, we define an important subset of Laurent series.

Definition 3.16 (Laurent polynomials) For a variable z, we write 7 = 1/z and
z =(Z1,...,2q). The ring of Laurent polynomials in the variables z, written K[z, z],
is the subset of K((z)) consisting of elements with a finite number of non-zero terms.

Since a Laurent polynomial only contains a finite number of terms, if f(z) € K[z, z]
and g € K((z)) then f(g(z)) € K((z)). Note also that the ring of Laurent polynomials
does not depend on the ordering of the variables used to construct it.

Example 3.16 (A Multivariate Walk Generating Function)

The ring Q[x, x][[#]] consists of power series in t whose coefficients are Laurent
polynomials in x. For instance, in Q[x, x][[¢]] one has the expansion

m = r;)(x + X = Z (i (Z)x%") " (3.4)

n>0 \k=0

This series has a natural interpretation as the multivariate generating function of
walks on the integer lattice Z that begin at the origin and take steps in {—1, 1}, where
the exponent of x marks the endpoint of a walk and the exponent of ¢ marks the
number of steps it contains. That the coefficient of " is a Laurent polynomial for
each n reflects the fact that a walk taking n steps from {—1, 1} can only end at a finite
number of coordinates. Note that for any f € Q((z)), we can substitute x = f(z) into
both sides of (3.4) and still have a valid equality among elements of Q((z))[[#]].

Aparicio-Monforte and Kauers [4] discuss constructions of other, more general,
rings of formal Laurent series.
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3.3.1 Convergent Laurent Series and Amoebas

As usual, we mainly restrict our attention to series representing analytic functions.

Definition 3.17 (multivariate convergent Laurent series) Given domain O c C¢,
the set Cp{z} of convergent Laurent series on D (centred at the origin) consists of
series Y;cza fiz! with fi € C which are absolutely convergent at each point of 9 and
uniformly convergent on compact subsets of D.

We always consider convergent Laurent expansions centred at the origin. The char-
acterization of multivariate power series domains of convergence discussed above,
as well as the Cauchy integral formula, can be extended to convergent Laurent series.
Recall the Relog map

Relog(z) = (log |z1], log|z2].. ... log|zal).

Given x € R?, the inverse image Relog ™! (x) of x under Relog is the polytorus T(¢¥)
of radius e* = (e™, ..., e*4). A proof of the following classical result can be found
in Pemantle and Wilson [55, Thm. 7.2.2].

Proposition 3.10 The domain of convergence of the series F(z) = Y;cza fizt has
the form D = Relog™'(B) for some (possibly empty) open convex subset B C R,
and F defines an analytic function on D. Conversely, if f(z) is an analytic function
on D = Relog_l(B) with B ¢ R? open and convex then there exists a unique
series F(z) = Yicza citt € Cp{z} converging to f, whose coefficients are given by

1 f(z)

- (27Ti)d Relog"(x) zi+1

dz (3.5)

Ci

foranyx € B.

The set of formal expressions Y74 fiz' does not have a natural ring structure,
which is why we restrict ourselves to iterated Laurent series in the formal case. The
set Cp{z} is, however, a ring when addition is defined term-wise and the multiplica-
tion of elements F, G € Cyp{z} representing analytic functions f(z) and g(z) on D
is defined as the unique element of Cy{z} converging to the product f(z)g(z); the
coefficients of this product can be determined using (3.5).

Amoebas of Laurent Polynomials

There is a nice characterization of the convergent Laurent expansions of a rational
function, using an interesting construction from algebraic geometry.

Definition 3.18 (amoebas and their complements) Given a Laurent polyno-
mial f(z) € Clz, z], the amoeba of f is the set



116 3 Multivariate Series and Diagonals

Fig. 3.2 Left: The amoeba of H(x, y) = 1 — x —y, whose complement in R? contains three convex
connected components corresponding to convergent Laurent expansions in three domains Dy, D,
and D3, pictured with the recession cones of those components. Right: The Newton polygon of
H (x, y), together with the dual cones at each vertex.

amoeba(f) = {Relog(z) : z € C%, f(z) =0} c RY,

where C, = C \ {0}. The amoeba’s complement is amoeba( f)¢ = R? \ amoeba(f).

Amoebas were introduced to the study of algebraic varieties by Bergman [12], and
popularized through the work of Gelfand, Kapranov, and Zelevinsky [35] (who
coined the term amoeba as two dimensional amoebas in the plane resemble cellular
amoebas with tentacles going off to infinity; see Figure 3.2). The following result,
proven in Gelfand, Kapranov, and Zelevinsky [35, Cor. 1.6], shows the connection
between amoebas and convergent Laurent expansions.

Proposition 3.11 If f(z) is a Laurent polynomial then all connected components of
the complement amoeba(f)¢ are convex subsets of R%. These real convex subsets
are in bijection with the Laurent series expansions of the rational function 1/ f(z).
When 1/ f(z) has a power series expansion, then it corresponds to the component
of R4 \ amoeba( f) containing all points (=N, . ..,—N) for N sufficiently large.

Although the introduction of amoebas can seem artificial at first glance, it is
actually quite natural. In order to picture the zero set of f, which lives in the extremely
hard to visualize space C4, one takes the absolute value of each coordinate to work
over the real numbers. Then, because domains of convergence of Laurent series
are logarithmically convex, coordinate-wise logarithms are taken. Amoebas thus
represent the ‘real shadow’ of a complex set, and an understanding of amoebas is
crucial to get a good visual picture for power series domains of convergence, singular
sets, minimal singularities, and other objects arising in analytic combinatorics in
several variables.

Example 3.17 (A Prototypical Amoeba)

The amoeba of H(x,y) = 1 — x — y is drawn in Figure 3.2. As R? \ amoeba(H)
has three connected components, there are three convergent Laurent expansions
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of F(x,y) = 1/(1 = x — y), which converge on three disjoint domains in C2. In
addition to the power series expansion

the binomial theorem implies

1 _ —1/x _ N il el jo—iel
I—x—y 1-(1-y/x 2=y —Z(j)( 1yl

>0 0,j20

and

Sy il D\ (il e
Aoyl —Z(,-)( AR

i>0 i,j>0

when these series absolutely converge. We have already seen that the power series
expansion converges on D; = {(x,y) : |x| + |y| < 1}, and to find the domains of
convergence of the Laurent expansions we note

i Sl 1/]x|

3 (e = =

ijso v Y

on Dy ={(x,y): 1+ |y| < |x|}, with divergence outside the closure of D5, and
D\ yg—ie 1/1yl

2, (')'x'j'y' T

ij=o v Y

on D3 = {(x,y) : 1+ |x| < |y|}, with divergence outside the closure of Ds. Thus,
we have found the three convergent Laurent series expansions of F(x, y), valid on
the domains Dy, D,, and Ds.

Definition 3.19 (minimal points) As for power series expansions, a singularity of
a rational (or, more generally, meromorphic) function F(z) which is on the bound-
ary 09 of the domain of convergence of one of its convergent Laurent series
expansions is called a minimal singularity or minimal point with respect to that
expansion.

Properties of Amoebas

When F(z) = G(z)/H(z) is a rational function with G and H coprime, the con-
vergent Laurent expansions of F are determined by the connected components



118 3 Multivariate Series and Diagonals

of R? \ amoeba(H). We now summarize some important properties of amoebas,
which help visualize zero sets of multivariate polynomials and properties of Laurent
expansions.

1. The Newton Polytope and Amoebas. To state our first collection of results we
need a few definitions from the study of convex sets.

Definition 3.20 (definitions from convex analysis)

 The support S(f) ¢ Z¢ of a Laurent polynomial f(z) is the finite set of vec-
tors i € Z¢ appearing as exponents to monomials z! in f;

* the Newton polytope N(f) c R¢ of f is the convex hull of its support S(f), the
smallest convex set in R¢ containing S(f);

* avertex of N(f)is a point in N(f) which does not lie strictly between two other
points of the set, also known as an extreme point;

» the dual cone to a convex set S ¢ R? at a point v € S is the set of vectors x € R¢
such thatx-v > x-sforall s € S;

o the recession cone of a convex set B ¢ R< is the set of vectors x € R? such
thatx+b € Bforallb € B.

See Figure 3.2 and our examples below for an illustration of these concepts. The
following result links the Laurent expansions of a rational function G(z)/H(z) and
integer points in the Newton polytope N (H).

Proposition 3.12 Let H € C[z, z] be a Laurent polynomial and B = {By, ..., B, } be
the connected components of R¢ \ amoeba(H). Then

1) there exists an injective mapping v from B to the integer points of N(H), meaning
each connected component of the amoeba complement can be identified with an
integer point in the Newton polytope;

2) each vertex of N(H) has a preimage under v, meaning the number of components
in the amoeba complement (and thus Laurent expansions of 1/H) is at least the
number of vertices of N(H) and at most the number of integer points in N(H);

3) if component B € B is the image of v.e N(H) under v, then the dual cone to N(H)
at v equals the recession cone of B.

See Forsberg et al. [29] for a proof. Proposition 3.12 allows one to easily com-
pute important information about the amoeba of H(z) directly from the polynomial.
In particular, each vertex of the Newton polygon corresponds to a component of
the amoeba complement which is unbounded. An integer point v of the Newton
polygon N that is not a vertex may or may not correspond to a component of the
complement; when v is an interior point of AV it will correspond to a bounded com-
ponent of the amoeba complement (if any), and when v is on the boundary of N it
will correspond to an unbounded component of the amoeba complement (if any).
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2. Amoeba Boundaries and Contours. Suppose D is the domain of convergence
of a Laurent expansion of rational F(z) = G(z)/H(z). As in the power series case,
if w € 0D then there is a singularity of F, necessarily minimal, with the same
coordinate-wise modulus as w. Note that minimal singularities are precisely those
which map to the boundary of amoeba(H) under the Relog map.

Proposition 3.13 Let F(z) = G(z)/H(z) be a rational function, where G and H
are coprime polynomials over C, and let V denote the singularities of F (which
form the roots of H in C?). Then for any point w € 8D NV there exists A € R?
and T € C such that (VioeH)(W) = TA. Suppose B is a component of amoeba(H)¢
with Relog(w) € dB. If T # 0 and w has no zero coordinate, then the hyperplane

Sw = {z € R? : (z — Relog(w)) - A = 0}
is a support hyperplane to B (all points of B lie on one side of Sy).

See Figure 3.3 for a visualization.

Proof Existence of A and 7 follows from the same proof as Proposition 3.6, which is
Proposition 3.13 restricted to power series. For the claim about support hyperplanes,
write w; = e% forsome a; = log(w;) € C. IfH(x) = H(e™,...,e*)then (VH)(a) =
(ViegH)(W) = 74 and Taylor’s theorem implies that the zero set of H(x) near a is, up
to first order approximation, the hyperplane {z € C? : (z — a) - A = 0}. The second
statement then holds because A has real coordinates, each connected component of
amoeba(H)¢ is convex, and amoeba(H) is the real part of the zero set of H. O

Drawing an amoeba, or its boundary, can be a difficult task’, and approximation
methods are prevalent. Luckily, Proposition 3.13 allows for a natural parameterization
of a superset of an amoeba boundary.

Definition 3.21 (amoeba contours) Let C(H) denote the points z € C¢ such
that H(z) = 0 and (Vi,gH)(z) is a scalar multiple of a vector in R<. The image
of C(H) under the Relog map is called the confour of the amoeba of H.

Corollary 3.3 Let H € C[z,z] be a Laurent polynomial. Then the amoeba boundary
satisfies
0 amoeba(H) c {Relog(z) : z € C(H)} c amoeba(H).

In two dimensions, the contour can be parametrized by a real variable ¢ by solving
xHy(x,y) —tyHy(x,y) =0, H(x,y)=0

for all complex values of x and y in terms of #, and then taking (log | x|, log | y|). Corol-
lary 3.3 was originally given by Mikhalkin [51], and the contour was investigated as

7 Even determining whether a univariate polynomial with integer coefficients has a root of modulus
one, the univariate version of this problem, is NP-hard with respect to the bitsize of the input
polynomial coefficients [56].
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,log|ﬁ|) fort e R.

Right: The logarithmic gradients (Vg H)(W) form the normals to support hyperplanes of B at
minimal points w € 3D N V.

Fig. 3.3 Left: The contour of H(x, y) = 1 —x —y, parametrized by (log |1’?

a tool for computationally drawing amoebas by Theobald [64]. Other approximation
methods for amoeba boundaries and contours have been studied in [58, 8, 65, 30].

Example 3.18 (A Prototypical Contour)

The contour of H(x,y) = 1 — x — y, shown in Figure 3.3, is determined by solving
-x+ty=1-x-y=0

for x and y, and then taking the Relog map, giving the real parameterization

t 1
{(10g|1—+t|,10g‘1—+t‘) S R} .

In this case, the contour is the boundary of amoeba(H).

Example 3.19 (Sketching a Contour)

Figure 3.4 shows points on the contour of the degree four polynomial Q(x,y) =
1 — x — y — 6xy — x%y?, together with its Newton polygon N(Q). Four unbounded
components of the amoeba complement are visible, corresponding to the four vertices
of N(Q). Furthermore, the contour suggests that there might be a bounded component
of the amoeba complement containing the origin, corresponding to the interior
integer point of N(Q).

To see that the origin is not contained in the amoeba, we must show that there is
no root of Q with |x| = |y| = 1. In order to algebraically test conditions involving
the moduli of coordinates, we must work with variables taking real values. If
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4

3

Fig. 3.4 Left: Points on the contour of Q(x, y) = 1 —x —y — 6xy — x2y?, obtained by numerically
solving xQx - tyQ, = Q = 0 for ¢ incremented by 0.01 between —5 and 5 and taking the Relog
map. Right: The Newton polytope of Q(x, y).

O(a+ib,c +id) = Qr(a,b,c,d) +iQ(a, b, c,d)

for polynomials Qg and Q; with real coeflicients, then the polynomial Q admits a
root with |x| = |y| = 1 if and only if the system

Or(a,bc,d)=Q(a,bc,d)=a* +b* —1=c*+d>-1=0

has a solution (4, b, ¢, d) € R*. Using a computer algebra package to solve this system
shows there is no solution with b or d taking real values.

To conclude that there is a bounded component of the amoeba complement, it is
now sufficient to prove that the origin is not contained in any of the four unbounded
components of the complement. Using convexity, this can be accomplished by ex-
hibiting points in the amoeba on line segments from the origin to each unbounded
component. Such points can be seen directly in Figure 3.4: although points on the
contour of Q are not always on the amoeba boundary, they always lie in the amoeba.
In Chapter 5 we will see how to easily determine points with explicit algebraic co-
ordinates between the origin and the unbounded components using so-called critical
points arising in an asymptotic analysis of r-diagonals for different directions r.

3. Amoeba Limit Directions. Finally, we examine how an amoeba goes to infinity.

Definition 3.22 (limit directions of amoebas) A vector v € R? is called a limit
direction of amoeba(H) if there exists x € R such that X + rv € amoeba(H) for
allt > 0.
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Problem 3.14 asks you to prove that if v is a limit direction of amoeba(H) then there
exist distinct vectors n and m in N(H) such thatv-n = v-m > v-k forallk € N(H).
Pictorially, when v is a limit direction of amoeba(H) then there exists a hyperplane
in R¢ with normal v such that all points of N(H) lie to one side of the hyperplane
and at least two elements of N(H) lie on the hyperplane.

Limit directions of amoebas help rule out pathological cases for asymptotic anal-
yses. In particular, determining asymptotics of the r-diagonal of F(z) = G(z)/H(z)
can be difficult when amoeba(H) contains a limit direction orthogonal to r.

Example 3.20 (Amoeba Limit Directions)

The amoeba of the polynomial 7(x, y) = 1 —x—xy has a limit direction (-1, 1) which
is orthogonal to the main diagonal direction (1, 1). Expanding 1/T(x, y) as a power
series using the binomial formula shows that the diagonal coefficient sequence is the
trivial sequence (1,1,1,...).

3.3.2 Diagonals and Non-Negative Extractions of Laurent Series

Let F(z) = Y;cz4 fiz' be a formal or convergent Laurent series, where f; is zero for
enough indices i € Z¢ to make F well defined in the formal case.

Definition 3.23 (diagonals of Laurent expansions) The r-diagonal of F forr € Q¢
is the univariate series

(AF)D) = ) furt",

n>0
where f,,, = 0if nr ¢ 74. We still reserve AF for the main diagonal r = 1.

Given a function f(z) over the complex numbers, the diagonal Af can only be
defined after specifying which Laurent expansion of f(z) is under consideration; by
Proposition 3.10 this can be done by specifying a point in the domain of convergence
of the Laurent expansion. Unless explicitly noted, when given a function analytic at
the origin we always consider the power series expansion of the function.

Most results discussed above for diagonals of power series expansions of ratio-
nal functions hold for convergent Laurent series expansions of rational functions.
In particular, diagonals of convergent Laurent series with integer coefficients are
G-functions, with the corresponding restrictions on asymptotic growth. Proposi-
tion 3.10 implies that for r € Z¢ the r-diagonal of a convergent Laurent expansion
of the rational function F = G/H corresponding to a component B C amoeba(H )¢
can be represented as



3.3 Multivariate Laurent Expansions and Other Series Operators 123

Fig. 3.5 Left: Points on the contour of R(x, y) = 1 —x —y —xy>. Right: The Newton polygon of R;
the non-vertex integer points (shaded gray) do not correspond to convergent Laurent expansions.

1 F(z) dz
_ n _ - n
(ArF)(Z) - Z fnrt - Z ((2”1)d ‘/Relogl(x) Z;‘lﬂ . Z:ldn 21 2a t

n>0 n>0

1 / t" F(z) dz
(2ni)4 Relog™ (x) 2% (Z? .. .Z(rjd)n 21 2d
1 " F(z)

= ——dz,
@2ri) Jrelog'x) 2" 1

for any x € B and |¢| < e"*. Using this common representation, a D-finite equation
satisfied by the r-diagonals of all convergent Laurent expansions of G(z)/H(z) can
be computed by the creative telescoping algorithm of Lairez [45].

Example 3.21 (Diagonals and Multiple Laurent Expansions)

The contour of R(x,y) = 1 —x —y — xy° is shown in Figure 3.5; the amoeba
complement amoeba(R)¢ has four components, corresponding to four® convergent
Laurent expansions of 1/R. Using the creative telescoping package of Lairez, we
can compute the D-finite equation

(982 + 61 — 1)(27¢* + 182 = 1) £ (1) + 6(162¢° + 135¢* + 3612 — 61 + 1) £/ (1)
+6(81t* + 817 = 271> =3t —4) f(1) = 0

3 Although it appears there may be an additional component containing the origin, this can be ruled
out, for instance since R(1, i) = 0 and (1, i) maps to the origin under the Relog map. This illustrates
that the contour is a subset of the amoeba boundary.
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satisfied by the main diagonal of any convergent Laurent expansion of 1/R,

1 dxdy
= (2mi)? /r (I—x—y—xy3) (xy-1)

with T’ = Relog(a, b) for some (a, b) € amoeba(R)c. This can be converted into an
order 6 P-recursive equation satisfied by each diagonal sequence d,, = [t"]f(¢),

(n+6)(n+5dy6+---+243(n+ 1)(n+2)d, =0,

and, in this instance, even solved in a computer algebra system to get a general
solution (as expected with bivariate diagonals, it is a sum of algebraic functions).
Taking a power series expansion at the origin shows that the diagonal sequence of
this (power series) expansion of F begins 1,2,6,23,90,357,..., and these initial
terms and the recurrence they satisfy uniquely specify the power series diagonal.

We now turn to the convergent Laurent expansion corresponding to the ver-
tex (0, 1) in the Newton polygon of R. Note

_ —1/y __l o 3\ k
F(x,y)—l_(l_x_xy3)/y— y,;‘)(l x xy) y (3.6)

with absolute convergence (at least) whenever 1 + |x| + |xy3| < |y|; for example,
when |x| = 1/16 and |y| = 2. Expanding ((1 — x) — xy3)k y~%=1 using the binomial
theorem shows it contains only monomials of the form

yk-atby2k=3a=1 0<ac<k, 0<bh<a.

Ifk—a+b=2k-3a—-1then0 < k—2a -1 < a, so the exponents of terms
appearing on the diagonal are at least 2k —3a—1 > (k +1)/2. Thus, the initial 2N — 1
terms of the series in (3.6) may be summed to determine the initial N terms of its
diagonal sequence. In particular, the diagonal sequence of this (Laurent) expansion
of F begins 0, 1, -3, 10, -39, 156, . . ., and these initial terms and the recurrence they
satisfy uniquely specify this diagonal.

Problem 3.15 asks you to prove that the diagonal sequences of the two other
convergent Laurent expansions of F are identically zero, which can be accomplished
by computing initial terms of each sequence and using the above recurrence. In
Chapter 5 we will see an easy asymptotic argument, not relying on the calculation of
any recurrence, which shows that these final two diagonals must be eventually zero.

We end this section by describing another operation on Laurent series which is
used extensively in lattice path enumeration.

Definition 3.24 (non-negative series extraction) Given a field K and a power series
in t whose coeflicients are formal iterated Laurent series in K,
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F(zt) = Z (Z fi,kzi

k>0 \jezd

* e K(@)I[]),

the non-negative series extraction operator [leo . 130] takes F(z, t) and returns the
power series

= TS 3 et e

k>0 \jend (k,)eNd+1

defined by taking only those terms with positive exponents in the z variables. The
non-negative series extraction of a function F(z, r) having a convergent (instead of
formal) Laurent series expansion which is a power series in the ¢ variable is defined
analogously.

Recall that the formal Laurent series ring K((z)) implicitly comes with an ordering
of the variables, and even though the image of F(z t) under [leo e zjo] is a
power series it may depend on the underlying ordering. When F(z,t) € K[z, z][[¢]]
is a power series in t whose coeflicients are Laurent polynomials in z, the image
of F(z 1) under [z7° - - z2°] is independent of how the variables are ordered.
Certain variants of the kernel method for lattice path enumeration, described in
Chapter 4, rely heavily on generating function representations using non-negative
series extractions of rational functions. The following result gives a relationship
between evaluations of a multivariate function encoded as the non-negative series

extraction of a Laurent series and a diagonal extraction.
Proposition 3.14 Let F(z,t) € K[z, Z][[t]]. Then for a € {0,1}<,

FZ1, -2 2d>71 "+ * Zal)

>0 20 =
[2; "'Zd]F(Z’t)zza_A((l—Z1)“1"'(1‘Zd)ad '

3.7)

The left hand side of (3.7) refers to first taking the non-negative extraction of F(z,t)
and then substituting z = a. When G(z,7) = [z 'zjo] F(z,t) is a multivariate
generating function tracking parameters in some combinatorial class, setting z; = 0
in G corresponds to counting objects where the jth parameter is 0, while setting
z; = 1 corresponds to counting objects where the jth parameter can take any value.
Note that the specialization on the left hand side of (3.7), and the substitution on its
right-hand side, are well defined as each coefficient of F(z,t) with respect to ¢ is a
Laurent polynomial.
We prove Proposition 3.14 after an example.

Example 3.22 (A Constant Term Extraction using Diagonals)

Let
F(x,t) = m = Z(x +3)"" € Q[x, ¥|[[£]].

n>0
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We have seen above that the coefficient [x't"|F(x, ) for (i,n) € Z x N counts the
number of walks taking n steps in {—1, 1} which begin at the origin and end at the
point x = i. Thus, Proposition 3.14 implies

1

A|——| = AF(x, xt) = [x*° Fx,t‘
(1—t(1+x2)) O e )x=0

counts the number of walks on n steps which begin and end at the origin (note one

cannot just substitute x = O directly into the series for F(x, ) as it contains terms

with negative exponents in x), while

F(x, xt) B 1 1.0
A((l—x))‘A(<1—x><1—r<1+x2>>)‘ ] P

counts the number of walks on n steps beginning at the origin and ending at any point
x > 0. As diagonals of bivariate functions these generating functions are algebraic,
and annihilating polynomials can be found using Proposition 3.7.

Any walk beginning and ending at the origin must have even length 2x and consist
of n steps +1 and n steps —1, showing combinatorially that

) 20\ o _ 0 =12
A(l—t(1+x2))_z(n)t = (=47

n>0

Proof (of Proposition 3.14) The right hand side of Equation (3.7) is given by

o 5 g )

k=0 k=0 k>0 \iezZn"

A

- A Z Z Zﬁ,kz?m_“ .__ZZd]d_ld (Z]"‘Zdt)k i

k>0 \jeNd jezd

where these manipulations are valid because enough coefficients fix are zero to
make F(z,t) a power series in t whose coefficients are Laurent polynomials in z.
If a; = Oforall 1 < j < d then each i; = 0 in the inner sum for any term on the
diagonal. If, however, a; = 1 then any terms with i; non-negative in the inner sum
lie on the diagonal. Evaluating the non-negative series extraction at z; = 0 removes
all terms with positive powers of z;, while evaluating at z; = 1 sums all coefficients
with non-negative powers of z;. O
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3.4 Sources of Rational Diagonals

In order to further motivate the study of rational diagonals, and their asymptotics, we
end this Chapter by describing several domains of mathematics where they naturally
appear. Examples discussed here will be analyzed throughout Parts II and III of
this text. Additionally, the theory of lattice path enumeration, our main domain of
application, is described in Chapters 4, 6, and 10.

3.4.1 Binomial Sums

Given a rational function F(z) which is analytic at the origin, the binomial theorem
implies that the power series coefficients of F can be represented as a sum of binomial
coefficients. In fact, the converse is also true, although we need a bit of notation to
state the formal result.

Definition 3.25 (rational binomial sums) An integer indexed sequence of dimen-
sion d is amap u: 74 — Q. Any such sequence u;,, . ;. of dimension s < d can be
viewed as a sequence of dimension d by defining w;, .. ;, = u;, .. ;. , and with this
identification one may add and multiply integer indexed sequences of any dimension
term by term. The class of rational binomial sums is the smallest Q-algebra of inte-
ger indexed sequences (closed under term by term addition and multiplication, and

multiplication by rational numbers) which

e contains the univariate Kronecker delta sequence defined by 6,, = 1 if n = 0
and 6,, = 0 otherwise;

* contains all geometric sequences g, = C" for non-zero C € Q;

 contains the bivariate binomial coefficient sequence b, x = (Z) , defined to be zero
whenever k < 0;

* is closed under affine maps on sequence indices;

* is closed under indefinite summation: whenever u; x is a binomial sum then so is

Do Uik cm >0
Sim =10 tm=-1
1 .
= Xzt Uik m <=1

We are typically interested in sequences when their indices have non-negative
values, in which case sj , is defined by regular summation of u; k.

Example 3.23 (Building a Binomial Sum)
Since bk = (}) is a binomial sum and the class of binomial sums is closed under

affine maps on indices, b1k x = ("Zk) is a binomial sum. The sequence o, which
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is one when n > 0 and zero otherwise is the indefinite summation of the Kronecker
delta sequence, and thus is a binomial sum. Since the class of binomial sums is

T .. . 2 2 . . . .
closed under multiplication, this implies a-n("zk) (7) is a binomial sum. Finally,
since the class of binomial sums is closed under summation, the sequence a, which

is zero if n < 0 and ) )
4 n) (n+k)
an = (
;J k k

for n > 0 is a binomial sum.

The class of univariate binomial sums supported on the natural numbers is exactly
the class of diagonal sequences of rational functions.

Proposition 3.15 A univariate sequence (uy), zero whenever n < 0, is a rational
binomial sum if and only if the generating function U(z) = Y.,,50 UnZ" is the main
power series diagonal of a rational function over Q which is analytic at the origin.

A proof of Proposition 3.15 can be found in Bostan et al. [16, Thm. 3.5], and a
Maple package of Lairez® allows one to determine a rational diagonal expression
for a given binomial sum. Binomial sums appear in several areas of mathematics,
especially number theory.

Example 3.24 (Apéry Numbers as Diagonals)

Apéry [5] proved that the constant {(3) = >, # was irrational-an open result
for hundreds of years—by constructing two sequences of rational numbers whose
ratios converge to £(3) at a rate which implies that £(3) is irrational. Alfred van der
Poorten’s canonical report [66] on the proof gives the following exercise: “Be the first
on your block to prove by a 2-line argument that £(3) is irrational” by determining an
algebraic relationship between the two sequences and determining the exponential

growth of the binomial sum sequence
n 2 2
Z n\"(n+k
ik k

The integers a,, are often referred to as the Apéry numbers (see the Online Encyclo-
pedia of Integer Sequences entry A005259) and the Maple package of Lairez shows
that their generating function satisfies

1
1-t(1+x)A+y)A+2)(A+y+z+yz+xy2))

Az) = A(

® The Maple package of Lairez, available athttps: //github.com/lairez/binomsums, contains
the command sumtores which returns a rational function R(y, z) € Q(y, z) such that the binomial
sum under consideration is the main power series diagonal of y; - - - ygR(Y, y1¥2 * * - Ya2)-


https://oeis.org/A005259
https://github.com/lairez/binomsums
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In his seminal paper proving diagonals of rational functions are D-finite, Christol [22]
gave two diagonal expressions for the Apéry numbers; Bostan et al. [ 14, Appendix B]
list four additional rational diagonal expressions for the generating function of a,, (two
containing 5 variables, one containing 6 variables, and one containing 8 variables,
none of which is the representation given here). The singular sets of these rational
functions exhibit somewhat different behaviours, with our first set of asymptotic
methods in Chapter 5 applying to some, and the others needing the more refined
methods of Chapter 9.

Apéry also presented a novel proof of the irrationality of £(2) which relies on
asymptotics of the binomial sum sequence

-1

The ¢, are also referred to as Apéry numbers (OEIS entry A005258). Apéry himself
noted [6] that the generating function C(z) of (c,) is the diagonal of two trivariate
rational functions

. I
C(Z)_A(l—(1+z)(x+y—xy))_A(l—x—y‘z(l‘x)(l‘y))’

and the Maple package of Lairez shows

1
C(Z):A(l—z(l+x)(1+y)(xy+y+1))'

We use the tools of analytic combinatorics in several variables to easily determine
asymptotics of these sequences by hand in Chapter 5, and the algorithms of Chapter 7
are able to rigorously and automatically compute their asymptotics.

3.4.2 Irrational Tilings

As seen in Chapter 2, the smallest collection of univariate rational functions con-
taining 0 and z and closed under addition, multiplication, and f + 1/(1 — zf) form
the class of N-rational functions, studied for connections to theoretical computer
science and combinatorics. There is a natural multivariate generalization.

Definition 3.26 (multivariate N-rational functions) The set of d-variate N-rational
functions is the smallest set of rational functions containing 0 and zi, . . ., zg which
is closed under addition, multiplication, and pseudo-inverse G +— 1/(1 — z;G) for
eachj=1,...,d.

Garrabrant and Pak [34] give a combinatorial characterization of sequences which
are diagonals of N-rational functions.


https://oeis.org/A005258
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Fig. 3.6 Lef: Two tiles, of size 1 X @ and 1 x (1 — @) with @ = 1/V2. Right: Two possible tilings
(out of six) of a 1 X 2 rectangle. There are (2:) possible tilings of a 1 X n rectangle with these tiles.

Definition 3.27 (tile-counting functions) A tile is an axis-parallel simply connected
closed polygon in the plane of height 1, and a #iling of a rectangle R of height 1 with
the set of tiles T is a sequence of tiles in 7, overlapping only on their boundaries,
which cover R (see Figure 3.6). For a fixed set of tiles 7" and fixed € > 0, define f7 (1)
to be the number of tilings of a 1 X (n + &) rectangle using the elements of T for
all n € N. Let ¥ be the set of all such tile-counting functions fr.: N — Nas T
and ¢ vary.

Garrabrant and Pak [34, Thm. 1.2] prove the following result.

Proposition 3.16 The sequence f(n) € F if and only if the generating func-
tion Y,,s¢ f(n)z" is the diagonal of an N-rational function.

This allows for a combinatorial interpretation of many rational diagonal sequences.

Example 3.25 (Central Binomial Coefficients Enumerate Tilings)

Leta = 1/V2. Because « is irrational, tiling a 1 x n rectangle with tiles of size 1 X a
and 1 X (1 — a), as shown in Figure 3.6, requires exactly n copies of each tile, which
can be arranged in any order. Thus, there are (zr:’) such tilings, and the corresponding
generating function is the diagonal of the rational function F(x,y) = 1/(1 — x — y).

By representing the diagonal coefficients of N-rational functions in terms of a
restricted class of binomial sums, Garrabrant and Pak [34, Thm. 4.2] strengthen
Corollary 3.2 on asymptotics of rational diagonals. In particular, they show that if
F(z) is N-rational with main diagonal sequence d,, then there exists m € N such that
for each k = 0,...,m — 1 the sub-sequence (d;un+k)n>0 either grows exponentially
or is eventually polynomial (when the sequence grows exponentially then its sub-
exponential terms can be non-polynomial).

Although there is an algorithm to determine when a univariate function is N-
rational, it is currently unknown how to characterize N-rationality in higher dimen-
sions. For example, it is an open question [34, Conj. 4.6] whether the generating
function for the Catalan numbers C,, = —— (2:) is the diagonal of an N-rational func-
tion (in any number of variables) while as an algebraic function it is the diagonal of
a bivariate rational function. The univariate characterization of N-rationality relies
heavily on a singularity analysis which does not easily translate into the multivariate
case. The techniques developed for the methods of analytic combinatorics in several
variables may provide a source of tools to study this problem.
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Open Problem 3.3 Is there an algorithm to determine when a multivariate rational
Sfunction whose power series at the origin has coefficients in N is N-rational.

3.4.3 Period Integrals

The ring of period numbers, introduced by Kontsevich and Zagier [42] as “the
next most important class in the hierarchy of numbers [after algebraic numbers]
according to their arithmetic properties,” contains all complex numbers whose real
and imaginary parts can be expressed as absolutely convergent integrals of the form

'/F.F(z)dz,

where F(z) € Q(z) and I' c R” is defined by polynomial inequalities with rational
coeflicients.

Example 3.26 (Period Numbers)

The identities

2
d dxdyd
72':/ dx dy, ]0g2:/ _x’ 4(3):/ xay Z,
x2+y2<1 1 X O<x<y<z<l (1 —x)yZ

show that the constants 7, log 2, and £(3) are all period numbers.

The collection of period numbers includes all algebraic numbers, logarithms of
algebraic numbers, and all multiple zeta values, but it has been open since the work
of Kontsevich and Zagier whether e, Euler’s constant vy, and 1/x are periods (it has
been conjectured they are not). It seems to be difficult to find an explicit example of
a number which is not a period, although the set of period numbers is countable.

Closely related to period numbers are period integrals of rational functions de-
pending on a parameter.

Definition 3.28 (rational period integrals) The class of rational period integrals
depending on a parameter ¢ consists of integrals of the form

/rF(z, t)dz,

where F(z,t) € Q(z,t) and T is an appropriate domain of integration defined by
polynomial inequalities (so that, for example, the integral is absolutely convergent
for all values of ¢ in some open subset of the complex plane). Note that one integrand
yields multiple period integrals, depending on the domain of integration I
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As discussed above, if F(z) = Y;ca fiz! is a rational function which is analytic
at the origin then the multivariate Cauchy integral formula implies

1 F(z)
(AF)(1) = i) / dz, (3.8)

r2r---2a-t

where I' is a polytorus sufficiently close to the origin. Since a circle |z| = & in
the complex plane can be represented by the real algebraic equation x> + y? = &,
where z = x + iy for real variables x and y, rational diagonals come from rational
period integrals and their evaluations at valid rational arguments yield period num-
bers, up to powers of the (conjecturally not a period number!?) 1 /. Periods defined
by (3.8) for different domains of integration I give diagonals of different Laurent
expansions of F(z).

Example 3.27 (Periods of Calabi-Yau Threefolds)

Parametrized period integrals defined over cycles on certain algebraic varieties are
known to encode important information about the underlying varieties. For instance,
such period integrals can be used [53] to count the number of rational curves of
fixed degree on hypersurfaces with degree 5 and dimension 3. Much of this theory
has been developed for so-called Calabi-Yau threefolds through the use of “mirror
symmetry” (see Cox and Katz [25] for details and definitions).

Batyrev and Kreuzer [11] determined a family of Calabi-Yau threefolds, identified
by finite sets P; C Z*, and studied their principal periods

Bo(1) / 1 dzidzrdzzdzs
o(t) =
c1 —theP, ¥ 21227324

where C is a polytorus sufficiently close to the origin. Batyrev and Kreuzer were
interested in properties of the Picard-Fuchs differential equations annihilating these
integrals: the models break down into 68 classes, of which they were able to guess
such equations for the models in 28 classes. Lairez [45] used a fast creative tele-
scoping algorithm to rigorously compute annihilating differential operators for all
models!!. For each polytope P;, the principal period can be expressed as the diagonal

1
wo(t) = A )
(") 1 - 1(z1222324) Zyep; 2¥

where the rational function is expanded in the ring Q[z, z][[¢]].

10 Kontsevich and Zagier call the ring of period numbers extended by powers of 1/7 the ring of
extended periods. In addition to the connection to Cauchy-type integrals, those authors explain
how the ring of extended periods is more natural than the ring of periods from the perspective of
motives.

' Lairez’s complete list of Laurent polynomials )¢ P; z¥ and their annihilating differential oper-
ators can be found at http://pierre.lairez.fr/supp/periods/.
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3.4.4 Kronecker Coefficients

Multivariate rational generating functions also appear in representation theory and
algebraic combinatorics, although we need to introduce some definitions before
seeing an example.

Definition 3.29 (representations of the general linear group) For r € N let G,
denote the group of r X r invertible complex matrices and, for a finite dimensional
complex vector space V, let GL(V) denote the group of linear isomorphisms of V.
A group homomorphism p: G, — GL(V) is called a representation of G,, and a
representation is irreducible if the only linear subspaces of V that are fixed by all
elements of p(G,) € GL(V) are the zero subspace and V itself. An r X r matrix in G,
is defined by r? coordinate variables, and the representation p is called a polynomial
representation if the coordinate functions of p are polynomials in these coordinate
variables.

Up to isomorphism, the irreducible polynomial representations of G, have been
classified: for each integer partition A with at most » summands there is an irre-
ducible representation, denoted V,(G,), and these form all irreducible polynomial
representations of G,. See Fulton [31, Ch. 8] for details.

Let A be an integer partition with at most 7> summands. Using tensor products,
the irreducible polynomial representation V,(G,2) of G,» can be decomposed as a
sum of elements V,,(G,) ® Vx(G,), for integer partitions y and 7 with at most r
summands.

Definition 3.30 (Kronecker coefficients) The multiplicity of V,,(G,) ® Vz(G,) in
this decomposition is called the Kronecker coefficient kl/}’n.

By definition k!, > 0, and it can be shown that k!, = 0 unless y, 7, and A are
partitions of the same non-negative integer. As long as r is large enough so that the
restriction on the number of summands 4, u, and 7 contain is satisfied, the Kronecker
coeflicient k;/},n is independent of r. A detailed account of Kronecker coefficients
can be found in Fulton and Harris [32], including many other natural definitions
connecting Kronecker coefficients to different algebraic and geometric objects.
Kronecker coefficients have been the subject of intense study in representation the-
ory, algebraic combinatorics, quantum physics, and computer science. For example,
positivity of Kronecker coefficients is closely related!? to the geometric complex-
ity theory approach to resolving the P vs. NP conjecture [21]. From an asymptotic
point of view, it is interesting to fix partitions A, u, 7 and study the dilation se-
quence f, = k,'}/’}’n,,, where multiplying a partition by n corresponds to multiplying
each of its summands by n. It follows from work of Meinrenken and Sjamaar [49]
that a dilated Kronecker sequence f, is quasi-polynomial, meaning there exists a
positive integer r and polynomials p1(n), . .., p-(n) such that f,, = p;(n) foralln = j

12Tt is NP-hard to determine when Kronecker coefficients are positive [40], although it has recently
been shown [41] that this result cannot be directly extrapolated to separate the complexity classes
P and NP, as was once thought.
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mod p. In particular, a dilated Kronecker sequence f;, is C-finite and knowing an
asymptotic expansion of f(n) allows one to determine f,, exactly. The complexity
of computing Kronecker coefficients is well studied: see, for example, Burgisser and
Ikenmeyer [20] or Ikenmeyer et al. [40]. Baldoni and Vergne [9] discuss algorithms
for computing dilated Kroencker sequences, and their work has been implemented
in a Maple package by Walter!3. Melczer et al. [50] give asymptotics for a family of
Kronecker coefficients which is not a dilated sequence.

Most importantly for this discussion, Mishna et al. [52] give a method to determine
a diagonal expression for dilated Kronecker sequences. In fact, their results give
rational functions whose r-diagonals describe different dilated Kronecker sequences
as r varies, allowing for unified asymptotic arguments. Combining these diagonal
representations with the techniques of analytic combinatorics in several variables is
an interesting area for new research.

3.4.5 Positivity Results and Special Functions

Although it is difficult (perhaps undecidable) to determine whether a univariate ra-
tional function F(z) = G(z)/H(z) € Q(z) has eventually positive Taylor coefficients,
in practice it is sometimes possible to decide eventual positivity by looking at asymp-
totics of the Taylor coefficients f;, = [z"']F(z). For example, when H(z) has a unique
root p of smallest modulus then Theorem 2.3 in Chapter 2 implies f,, ~ Cn*p™"
for an explicit algebraic number C and non-negative integer k, and f;, is eventually
positive if and only if C and p are positive real numbers.

Similarly, (eventual) positivity of power series coefficients of multivariate rational
functions has been studied at least since work of Friedrichs and Lewy in the 1920s
on the discretized time-dependent wave equation in two space dimensions. Those
authors asked whether the power series coefficients of

1
I-x)A-+A-x)1-2)+1-y)(1-2)

were positive, a result proven and generalized by Szeg$ [63] using properties of
Bessel functions (which has been further generalized by several other authors, in-
cluding, most recently, Scott and Sokal [60]). Askey and Gasper [7] give a nice
discussion on the uses of such results, and discuss the history of Szeg’s result. Now
that the field of analytic combinatorics in several variables is sufficiently developed,
itis possible to generalize asymptotic arguments from the univariate case to the mul-
tivariate setting. Baryshnikov et al. [10] use analytic combinatorics to prove eventual
positivity for multivariate rational functions whose denominators are linear com-
binations of elementary symmetric polynomials. The diagonals of many elements
in this family have special arithmetic significance as they satisfy D-finite equations
with so-called modular parameterization [62]. Of utmost interest [62, Question 1.1]

F(x,y,2) =

13 Available at https://github.com/amsqi/kronecker.
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is a determination of necessary conditions such that positivity of the diagonal of F
implies positivity of all coefficients of F.
Example 3.28 (Eventual Positivity of Multivariate Rational Functions)

Baryshnikov et al. [10] prove a conjecture of Straub and Zudilin [62] by showing
that the diagonal coefficients of

1
—x—y—z+alxy+xz+yz)+bxyz

F(x,y,2) = 1

are eventually positive when

—9a a<-3
b<{2-3a+2(1-ap? -3<ac<l
-a3 a>1

and that the coefficients contain an infinite number of positive and negative terms
when the inequality is reversed. See Problem 5.6 in Chapter 5.

3.4.6 The Ising Model and Algebraic Diagonals

The Ising model is an important model of ferromagnetism in statistical physics,
introduced by Lenz [46] in the early twentieth century. Roughly speaking, the model
considers a magnetic field generated by the spins of particles arranged on a lattice
with short range interactions between close electrons; the goal when studying a
model is to describe how these short range interactions, possibly in the presence of
outside forces, dictate large scale system information for different configurations of
spins after certain parameters are fixed. As discussed in Bostan et al. [14, Sec. 30],
many properties of the model can be represented by analytic functions encoded as
diagonals of explicit d-variate algebraic functions. Such algebraic diagonals can be
written as rational diagonals in a larger number of variables, although this process
often destroys nice properties of the original algebraic diagonals. There are some
results about the theory of analytic combinatorics in several variables in the presence
of algebraic singularities [36], though this theory is still in its infancy.

Example 3.29 (Statistics on the Ising Model)

Bostan et al. [13, Appendix C] consider a family of integrals CDE;’)(W) related to the
‘n-particle contribution to the diagonal magnetic susceptibility of the Ising model’
and give the explicit example
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1=2w+ (1 —2w)2 —dw22 1
2V =231 = 2w)2 —4w22 2

oD)(w) = A

See that paper for additional examples arising in physics.

3.4.7 Other Sources of Examples

A survey paper by Pemantle and Wilson [54], together with the textbook [55], gives
a wide variety of diagonal expressions arising in applications, including examples in
the study of trees and graphs, quantum computation, orthogonal polynomials, Gaus-
sian weak and central limit laws, queuing theory, integer solutions to linear equations,
tilings of the Aztec Diamond, sequences defined by Riordan arrays, bioinformatics,
the study of polytope dilations, convex polyominoes, symmetric Eulerian numbers,
and strings with forbidden patterns.

An updated website listing papers which rely on the theory of analytic combina-
torics in several variables is maintained at the website

http://ACSVproject.com

Examples from some of these application areas will be worked through or given as
problems in Chapters 5 and 9.

Problems

3.1 If (k,,) is a sequence of non-negative integers in which every element of N appears
exactly once, and (f;,) is any sequence over C, then (f, ) is called a rearrangement
of (f,). Prove that if )}, |fu| converges then },.q|fk,| converges. Exhibit a
sequence (f,) such that ), f, converges but some rearrangement ;- fx, does
not. Hint: Use the triangle inequality and the fact that the trailing sums > n | ful
go to zero as N — oo.

3.2 Let H(z) be a multivariate polynomial. Show there exist constants cy, . .., c4—]
such that making the substitution z; = w; — ¢jzg for 1 < j < d — 1 results in a
polynomial H(wy, ..., wq-1, Zq) that is non-constant when wy = --- = wy_; = 0.

3.3 Prove Proposition 3.3 using the multivariate Cauchy integral formula.

3.4 Show that if F(z) € Q(z) is analytic at the origin then its diagonal (AF)(z)
is globally bounded. Prove that any globally bounded function whose coefficients
grow at most exponentially is a G-function, so that a rational diagonal is always a
G-function.
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3.5 (Eisenstein’s theorem) Let F(z) be an algebraic series with rational coefficients.
Use the fact that F(z) is the diagonal of a bivariate rational function to prove the
existence of non-zero integers a, b € Z such that aF(bz) has integer coefficients.

3.6 Prove that the function e* is transcendental without using asymptotic character-
izations of algebraicity.

3.7 Using Stirling’s formula, or the asymptotic results developed in Chapter 5, prove
that the diagonal of the trivariate rational function F(x,y,z) = 1/(1 —x —y —z) is
transcendental.

3.8 Following the argument discussed at the end of Section 3.2.1, prove that the r-
diagonal of a rational function F(z) € Q(z) which is analytic at the origin equals the
main diagonal of some function in Q(z). Prove analogous statements for r-diagonals
of algebraic and D-finite functions over Q.

3.9 Let F(z) = zV1 — z so that P(z, F(z)) = 0 where P(z, y) = y*> — z%(1 — ) satisfies
P(0,0) = P,(0,0) = 0. Recall the discriminant from Definition 2.14 of Chapter 2, and
let r € N be the natural number such that the discriminant D(z) of P(z, y) with respect
to y can be written D(z) = z"d(z) where d(0) # 0. Writing F(z) = a(z) + 7" b(z)
where a(z) is a polynomial of degree at most r € N and b(0) = O, prove the
existence of a polynomial Q(z, y) such that Q(z, y) and b(z) satisfy the conditions
of Proposition 3.8. Use this to express F(z) as the diagonal of a bivariate rational
function.

3.10 Prove Proposition 3.9 by writing F(z) = X.,,>; Cu(2)z; for analytic C,,(2) and
explicitly finding the terms in y?Py(Z yza, y)/P(2 yza, ) where z4 and y have the
same exponent.

3.11 Using the recursive nature of a rooted plane tree, prove that the bivariate
generating function T(,z) = X, x>0 tr.auk 7" counting the number f;,, of binary
trees on n nodes with k leaves satisfies the algebraic equation

zT(u, z)

T = _—
(u,2) = zu + T2

3.12 (Lucas’s theorem) The ‘Freshman’s dream’ identity states that for any poly-
nomial f(x) with integer coefficients, f(x)? = f(x”) modulo p. Using this identity
and the binomial theorem, show that

n\ (ao ar) o4
m) — \by b, P
where n = ap + a1p+---+a,p" and m = by + byp + --- + b,p" are the base p

expansions of n and m (padded with zeroes if necessary to have the same length).

3.13 Using Lucas’s Theorem, for any prime p find an algebraic equation satisfied by
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Bl A 1 o 2\,
(2= (1—w—x><1—y—z))‘z(n)Z

n>0

over the finite field of order p. Recall that F(z) is transcendental over C[[z]].

3.14 Prove that if v € R< is a limit direction of amoeba(H) for H € Q[z Z] then
there exist distinct vectors n and m in N(H) such that v-n = v-m > v -k for
all k € N(H). Hint: When ¢ > 0 and X + tv lies in amoeba(H) there exists w € C¢,
with |w;| independent of 7, such that H(wie", ..., wqe’") = 0. What happens
ast — oo?

3.15 Let R(x, y) = 1 —x — y — xy>. Prove that the diagonal sequences of the two con-
vergent Laurent expansions of 1/R(x, y) not discussed in this chapter are identically
Zero.
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Chapter 4

Lattice Path Enumeration, the Kernel Method,
and Diagonals

And this is the business of the art or doctrine of combinations.
Nor is this art or doctrine to be considered merely as a branch of
the mathematical sciences, for it has a relation to almost every
species of useful knowledge that the mind of man can be
employed upon. — Jakob Bernoulli

Primeval man stumbled along with peering eyes, and slow,
uncertain footsteps. Now we walk briskly towards our unknown
goal. — Arthur Conan Doyle (as J. Stark Munro)

The main objects on which we illustrate the methods of analytic combinatorics in
several variables are lattice paths; by studying successively more complicated lattice
path models we will obtain a variety of problems whose analyses require techniques
touching all areas of ACSV. Lattice path enumeration has a long and colourful history,
dating back centuries. Early accounts of what could now be considered lattice path
problems arose as far back as the seventeenth century probabilistic work of Pascal
and Fermat, including examples analogous to the so-called ballot problem in the
work of de Moivre [78]in 1711, although those authors did not pose their questions
in terms of lattice paths. An 1878 work of Whitworth [87] uses explicit lattice path
terminology (for instance “paces” from an origin) to consider “Arrangements of m
things of one sort and n things of another sort under certain conditions of priority,”
and answered questions posed by the Educational Times including the probability
of drinking k glasses of wine and k glasses of water in a random order while never
drinking more wine than water. Lattice walks were also considered by many to be a
recreational topic, as exemplified by an article of Grossman [53] from 1950 entitled
“Fun with lattice points” and published in the journal Scripta Mathematica aimed
at the layperson. An entertaining history of lattice path enumeration can be found in
the survey of Humphreys [54].

In modern times, lattice paths appear in many diverse areas of mathematics and
the sciences. They are prevalent in probability theory, since sums of discrete random
variables are modeled by random walks, and, for similar reasons, are deeply related
to statistical methods such as the Kolmogorov-Smirnov goodness-of-fit test [79].
Lattice path models are able to model physical phenomena and find use in statistical
mechanics, for instance in the study of polymers in a solution [85]. Additional
applications include formal language theory [20], queuing theory [37, 8], the analysis
of data structures [31, 43, 44], Liouville quantum gravity [6], the combinatorics
of continued fractions [42], the study of other combinatorial structures such as
plane partitions, trees, and sequences of Young tableaux, and even mathematical
art [55, 56]. Detailed treatments of lattice paths and their applications include the
texts of Mohanty [77] and Narayana [79], and the survey of Krattenthaler [64].
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Fig. 4.1 A two-dimensional lattice walk in the quarter-plane of length 20, using the step set
S={(-1,-1),(-11),(1,-1), (1, D}

Formal Setup

Fix a dimension d € N .

Definition 4.1 (lattice path models) Given a finite set of steps S c Z¢, region
R c RY, starting point p € R, and terminal set 7~ C R, the lattice path model taking
steps in S, starting at p, restricted to R, and ending in T is the combinatorial class of
all finite tuples (sy, . . .,s,) € S” suchthatp+s;+---+s, € 7 andp+s;+---+s; € R
forall 1 < k < r. We call the valid sequences in S the walks or paths of the model:
they can be visualized in Z¢ by starting at p and concatenating the vectors sy, . . ., s,
in order, as in Figure 4.1. The steps of a walk are the elements of the tuple defining
the walk, and the size or length of a walk is the number of steps it is composed of.
Lattice walks beginning and ending at the same point are often called excursions.

We focus mainly on the case when the restricting region R is an orthant N¢ or a
product Z° x N~ Many models restricted to other regions can be viewed in this
setting, as can other types of lattice paths (for instance, collections of pairwise non-
intersecting paths can often be viewed as walks in N¢). By convention we say that
all models have a single walk of length zero, which ends at the starting point p.

We also consider weighted walks.

Definition 4.2 (weighted lattice path models) In a weighted lattice path model each
step i € S is given a positive real weight w; > 0. In this case, the weight of a path
(s1,...,8) € 8" is the product of the weights wy, - - - ws, , and counting the number
of paths of length n refers to summing the weights of all valid paths of length n.

In probabilistic contexts, one often considers weighted step sets whose weights add
to one. Combinatorially, when all weights are positive integers one can imagine
having differently coloured copies of steps. Weighted counting is the same as regular
unweighted enumeration when every step is given weight one.
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The key idea for lattice path enumeration is to work recursively, treating a walk of
length n as a walk of length n — 1 followed by a single step. Unfortunately, knowing
the number of walks of length n — 1 is usually not sufficient to determine how many
walks there are of length n: when most of the walks of length n — 1 end near the
boundary of the restricting region R many of them would leave R with a single step,
but the situation is very different when most walks end far from the boundary. For this
reason, we introduce a multivariate generating function W(z, t) whose coefficients
count the number of walks in a model by their length and endpoint in Z¢, and use
an approach known as the kernel method to derive equations satisfied by various
generating functions related to the model. The kernel method naturally results in
rational diagonal expressions for many lattice path generating functions, to which
we apply the methods of ACSV. Our presentation follows a combinatorial approach
to the kernel method developed mainly by Bousquet-Mélou and collaborators in a
sequence of papers [21, 24, 22, 12] over roughly the last decade. Section 4.2.1 gives
some historical remarks on the kernel method.

4.1 Walks in Cones and The Kernel Method

Fix a step set S ¢ Z< and, as is the standard in lattice path enumeration, for any
variable x write x = 1/x.

Definition 4.3 (characteristic polynomials) The characteristic polynomial of an
unweighted lattice path model defined by S is the Laurent polynomial S(z) = Y;cs 7!
whose monomials encode the steps in S. The characteristic polynomial of a weighted
lattice path model where each i € S has weight w; > 0is S(z) = Ycs wiz'.

We build up the kernel method by considering successively more complicated re-
stricting regions R. Unless otherwise stated, the walks we consider begin at the
origin and can end anywhere in R.

4.1.1 Unrestricted Walks

We begin with unweighted unrestricted walks in Z¢ (so R = Z¢). Because there
are no restrictions on where a walk can go, there are |S|" walks on length n on the
steps S, and the generating function C(¢) counting the number of walks by length is

1
1-¢S|

C =) 18I"" =

n>0

In order to illustrate the kernel method, and obtain a more refined analysis of these
models, we introduce the multivariate generating function
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Wz =) (Z ﬁ,,zi) ",

n>0 \iezd

where f;,, denotes the number of walks in the model which have n steps and end
ati € Z4. Since S is finite, W(z, 1) lies in the ring Z[z z][[]], meaning W is a
power series in ¢ whose coeflicients are Laurent polynomials in the z variables.
All series operators such as diagonals will be taken with respect to the expansion
of W in Z[z,z][[t]], following the setup of Section 3.3.2 in Chapter 3. Because
there are |S|" walks of length n, this series expansion of W converges absolutely
whenever |z1| = --- = |zg| = 1 and |¢]| < 1/|S].
In order to exploit the recursive nature of a lattice path, for any n € N we let

W) = ("W @ 1) = ) fin?

iezd

denote the generating function of walks of length n counted by their endpoint. If our
walks begin at the point p € Z¢ then Wy(z) = zP, as by convention there is a single
walk of length zero ending at p. Since a walk of length n + 1 is a walk of length n
followed by a single step, it follows that

Wi1(z) = S(2)Wn(2) (4.1)

for all n > 0, where S(z) = Y;cs 7 is the characteristic polynomial from Defini-
tion 4.3. Multiplying (4.1) by #**! and summing over all n € N gives the equation

W(z,t) — Wy(z) = tS(z)W(z, 1),

so that
(1-1S(z)W(z 1) =7P. 4.2)

Definition 4.4 (unrestricted kernel equation) Equation (4.2) is known as the kernel
equation for unrestricted walks, with kernel K(z,t) = 1 — tS(z).

In the following sections we derive similar equations for lattice path models restricted
to other regions, but the right-hand side of the resulting equations will rely on
evaluations and coefficient extractions of (a priori unknown) multivariate generating
functions. Here we can simply divide both sides of the kernel equation to obtain

Zp

W(z,t) = TS(Z)

(4.3)
Specializing z = 1 sums over the possible end locations for a walk of length n,
allowing us to recover

1
1-1tSA)  1-¢8I

City=w,1) =
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but further refinements are possible. For instance, the series E(z) = [2°]W(z, 1) counts
the number of walks which begin and end at the origin. The generating function for
such walks is thus given by the main diagonal

Zp

0 _ ce =
E(t) =[2"]W(z,1) = AW(z, 21 - - - z41) = A 1-t(z1--24)8(2) )’

which is D-finite by Theorem 3.2 of Chapter 3.

Note that (4.3) still holds when each stepi € S is given weight w; > 0 and W(z, t)
counts the number of weighted walks marked by endpoint and length, as long as the
characteristic polynomial is replaced by its weighted version S(z) = Yc.g wiz'.

4.1.2 A Deeper Kernel Analysis: One-Dimensional Excursions

When d = 1, the generating function counting walks ending at the origin is

xP
En =4 (1 - th(x))

which, as the diagonal of a bivariate function, is algebraic. Assume now that p = 0
and let —m and M with m, M > 0 be the smallest and largest elements of S, so that S
contains both a step with negative value and a step with positive value (otherwise
there can be no walks ending at the origin). For |f| < 1/S(1) the generating function
is given by the integral expression

1 dx
E([)Z ‘/l;CZI TS(}C)T’ (44)

which follows either from the diagonal expression or straight from the Cauchy
integral formula. The poles of this integrand are the roots of K(x, t) = 1-¢S(x), which
we now study. Since x" K (x, t) = x™ —tx™S(x) is a polynomial of degree m+ M in x,
Proposition 2.10 in Chapter 2 implies the kernel K(x, ), considered as a polynomial
in x, has m roots ry(¢),...,r,(t) which are fractional power series in r and M
roots Ry(?), ..., Ry (t) which approach infinity as ¢ approaches zero.

Definition 4.5 (small and large kernel roots) The roots 7 (), . . ., r,,,(t) are the small
roots of K(x,t), while R(?), ..., Ry (t) are the large roots of K(x,1).

Setting ¢ = 0 in the equation
ri@)™ = trj()" S(r; (1))

implies r;(0) = 0;i.e., a small root r;(¢) has no constant term. Although not necessary
here, we note that since r;(f) has no constant term one may substitute x = r;(¢) in
any element of R[[x, ¢]] to obtain a well-defined Puiseux expansion in ¢. This will be
key to enumerating walks in a half-space.
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Proposition 4.1 Let S C Z be a step set with smallest element —m for m > 0. Then
the generating function E(t) enumerating walks on the steps S which begin and end
at the origin has the representation

(1)

E(t)=t2%,

j=1
where ri(t),. .., ry(t) are the small roots of the kernel K(x,t) = 1 —tS(x) in x.

Remark 4.1 The statement of Proposition 4.1 does not require that S has a positive
step. If S contains only negative steps then there are no excursions of positive length
and the expression for E(t) correctly simplifies to 1.

Proof For t non-zero but sufficiently close to the origin only the small roots r;(t)
lie inside the curve |x| = 1, so (4.4) and the residue theorem imply that E(¢) is a
sum of residues at these roots (note x = 0 is not a singularity of the integrand as
m > 0). If r(¢) satisfies 1 — £S(r(¢)) = O then taking the derivative with respect to ¢
shows —S(r(r)) — tr'(¢)S’(r(¢)) = 0, so that S’(r(¢)) # 0 and

Se@) 1

() 2

§'(r(n) =

Thus, each root of the kernel is a simple zero and
m m m ’
1 1 ri(t)
E(r) = § Res (—) = § (—)zt § L,
Hx=rio \x(1 = 185(x) =R ORGIO) H i)

as desired. O

Example 4.1 (One Dimensional Excursions)

Suppose S = {-2,-1,0, 1,2} C Z,sothat S(x) = x 2+ x T4 1+x+x2 As expected,
the equation 1 — ¢S(x) = 0 has 2 solutions
5032 t 50502

— +1/2 1/2
ri(t) =t + — 4+ —— 4 .- m(t —t + - - — 4+

which approach zero as ¢ approaches zero, and two solutions

1 3112
oo R(t)=—-t"12—- -4+ — 4
H (1) 2 A

1 312
Ri()=t12-- -
1(8) > 3

which approach infinity as ¢ approaches zero. Thus, the generating function of walks
beginning and ending at the origin satisfies

B tr{(t) . try(t)

= =1+t+52+1982 +85* + .-+ .
r() ()

E(t)
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Note that although r|(¢) and r,(¢) are not analytic at the origin the generating func-
tion E(t) is analytic there. Knowing the minimal polynomial of r; and r;, the minimal
polynomial m(t, y) of E(t) can be calculated using resultants, giving

m(t,y) = (4 + 50)(5t — 1)?(t = 1)?y* + 2(t = 1)(5¢t = 2)(5¢ — 1)y* +1.

Problem 4.1 asks you to generalize this argument to walks with arbitrary starting
point p € Z. See also Banderier and Flajolet [5] for similar results in this setting.

4.1.3 Walks in a Half-Space

Consider now a weighted step set S’ ¢ Z restricted to the half-space R’ = Z4~! xN.
In order to enumerate walks ending anywhere, or walks ending on the boundary
hyperplane z4 = 0, it is enough to project each step onto its dth coordinate to obtain
a new weighted step set S C Z and count walks restricted to R = N. To simplify
our presentation we thus restrict ourselves to the case of one-dimensional walks in N
beginning at the origin, losing only a small amount of generality. Now, define

H(x,t) = Z (Z hi,nx"

n>0 \i>0

1" € R[x][[7]]

where h; ,, counts the number of weighted half-space walks of length n on the steps
in S ending at a point with x-coordinate i. As before, let —m and M be the smallest
and largest elements of S, where we assume m, M > 0 so that the valid walks are non-
trivial and actually interact with the boundary of R = N. With H,(x) = [{"|H(x, )
enumerating the walks of length n by endpoint, our goal is to obtain a recurrence
for H,,; this recurrence will not be the same as the unrestricted case as we must
take into account walks that try to leave N. Fortunately, using the bivariate function
H(x, t) tracking the endpoint of a walk allows us to ensure that walks do not leave N.
Define again the weighted characteristic polynomial
S(x) = Z wixi = wopyx ™+ wp ™,
ieS

where w; > 0 is the real weight associated to the step i € S. To keep track of walks
potentially leaving the half-space, for any integer j with 0 < j < m we let

Sej(X) = Wwomx™ + -+ w_j_l)c_j_1

be the sum of terms in S(x) corresponding to steps moving in a negative direction
of magnitude larger than j. As a walk of length n + 1 is a walk of length n followed
by a single step from S, we have the recurrence
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m—1

Hips (x) = SCOH(x) = " S<j(x) ¥/ [/ 1 Hy (x)
j=0

for all n > 0, where the subtracted sum ensures no walks come from outside R = N.
Multiplying by #"*! and summing over all n > 0 implies

m—1
K, OH(x, 1) =1—1 Z So_;(x) X/ [X/|H(x, 1), (4.5)
Jj=0

where K is again the kernel K(x,7) = 1 — £S(x). Note that Hy(x) = 1 as we assume
that walks begin at the origin.

Definition 4.6 (half-space kernel equation) Equation (4.5) is the kernel equation
for the half-space model defined by S. The coefficient extractions [x/]H(x,t) are
called sections of H.

Although the Laurent polynomials S<_;(x) in (4.5) are explicit, the sections of H are
unknown series, meaning one can no longer simply solve for the generating function
H(x, t). Thankfully, we can obtain explicit generating function expressions using an
argument similar to our treatment of one-dimensional excursions. Let r(t), . . ., 1, (f)
denote the small roots of the kernel K(x, ¢), discussed in Definition 4.5, which are
fractional power series in ¢ with no constant term.

Proposition 4.2 Let S C Z be a weighted step set with smallest element —m. Then
the bivariate generating function H(x,t) enumerating walks restricted to R = N by
length and endpoint has the representation

H;.":l (1=%r;(1))

A =——"5s0

where S(x) is the weighted characteristic polynomial of S. In particular, the uni-
variate generating function counting walks in N using the step set S is

172 (1= ri(0)
C(t) = H(1,1) = %(1’))

and the generating function for the number of walks returning to the boundary x = 0
of R =Nis

(_1)m—1 m
E(@)=H(0,1t) = i(7).
(0= HO. === [}[r,()
Remark 4.2 We can set x = 0 in H(x,t) since H(x,t) contains only non-negative
exponents in x. The statement of Proposition 4.2 does not require that S has a
positive step. If S contains only negative steps then there are no walks of positive

length and H(x, t) correctly simplifies to 1 since all roots of K = 1 —#S(x) are small.
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Proof The right-hand side of (4.5) is a polynomial in X of degree m with constant
term one. Substituting x = r;(¢) into (4.5) shows that this polynomial vanishes at
each of the m small roots, meaning

m
K(x,)H(x, 1) = ]_[ (1-%ri(r)) .
j=1
The expressions for C(7) and E(t) follow from substitution. O

Example 4.2 (Dyck Paths and Prefixes)

Let S = {-1,1} be the unweighted step set (w_; = w; = 1) with characteristic
polynomial S(x) = X + x. The kernel equation (4.5) becomes

(1—1t(xX+x)H(x, 1) = 1 — X [x°]H(x, ) = 1 — txH(0,1). (4.6)
Solving the kernel 1 — #(x + x) = 0 for x gives two solutions

_Vi—a2 1+V1-42

1
ri(t) = o = 48242004+ - Ri(t) = 5, P S

consisting of one small root and one large root. Because r(¢) is a power series with
no constant term, we can substitute x = r(¢) into (4.6) to obtain

H(0,1) = !

212

—Vi—ar -y L (20,
- n+1\n ’
>0

meaning the number of walks of length 2n returning to the origin is the nth Catalan
number, and

1 —xH(0,1) 1-2xt—VI1—4s2

l-t(x+x)  2t(t+1x%—x)

C(t):H(l,t):%(,/iJ_”Z —1)

has dominant singularities t = +1/2, with local expansions

H(x,t) =

Thus

C()=V2(1 =202 4 ... and C(t)=1- l(l 1202 4.,
V2

Proposition 2.11 in Chapter 2 implies these singularities give contributions 2""n~'/24/2/
and (=2)"n=3/2/(2y/7) to the asymptotics of ¢, = ["]C(¢), so



152 4 Lattice Path Enumeration, the Kernel Method, and Diagonals

Note that the dominant asymptotic term is not periodic, but higher order asymptotic
terms do have periodicity: in fact ¢,, = (Ln72 J) and this periodicity comes from the
presence of the floor function.

Walks in N on the steps S which begin and end at the origin are commonly
referred to as Dyck paths, and those without any constraint on endpoint as Dyck
prefixes. Enumerating Dyck paths is often referred to as the ‘ballot problem’, since
the number of Dyck paths of length 2n counts the number of ways two candidates
running for an office, Alice and Bob, can split 2n votes in such a way that Alice
always stays ahead of Bob as the votes are individually added (this problem was
studied by Whitworth, Bertrand, André, and others in the nineteenth century). An
approach of Knuth to the ballot problem is one of the first combinatorial uses of
what has become the kernel method; see Section 4.2.1 below for details.

Since Proposition 4.2 gives an expression for the generating function H(x,?) in
terms of explicit algebraic functions, the enumeration of lattice paths restricted to a
half-space is essentially a solved problem. Such an expression was originally given by
Gessel [49]; see also Bousquet-Mélou and Petkovsek [25, Ex. 3] and Banderier and
Flajolet [5] for asymptotic results. An alternative expression for H(x, t) involving a
non-negative series expansion of algebraic power series in # and X is given by Bostan
etal. [12, Prop. 19].

4.1.4 Walks in the Quarter-plane

Next, we consider walks on a weighted step set S’ c Z4 restricted to the quarter-space
R’ = 2972 x N?. As for half-space models, if we are only interested in enumerating
the total number of walks in the model, or counting those ending on one or both
of the boundary hyperplanes z4_1 = 0 and zz = 0, we may project a walk onto its
last two coordinates and consider the resulting lattice path model restricted to the
quadrant R = N2, Although lattice path models in a half-space always have algebraic
generating functions by Proposition 4.2, it is possible for models in a quadrant to
have D-finite, D-algebraic, and even hypertranscendental generating functions. This
diversity of behaviour has led to a great deal of attention on quadrant walks in the
combinatorial and probabilistic literature, with many natural questions remaining
open for decades. We will soon see how rational diagonal representations play a key
role in the enumeration of these objects.

Because of the possibility of very pathological behaviour for walks in a quadrant,
we put some restrictions on the models we consider.

Definition 4.7 (short step models) Any step set S c {+1,0} is called a short step
set, and a lattice path model with a short step set is called a short step model.

The restriction to short steps results in a kernel which is quadratic in each variable,
simplifying considerations. In this section we consider only unweighted short step
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models in the non-negative quadrant. The enumeration of some models with longer
steps is discussed in Chapter 10.

The Algebraic Kernel Method

Given a step set S € {+1,0}? we define the multivariate generating function

0, y.0= ) (Z qi,j,nxiyf) " € Zx, y)[[]],

i,j >0 \n>0

where g; j , counts the number of quarter-plane walks of length n on the steps in S
which end at the point (i, j), and recall again the characteristic polynomial

Sy)= > xy € Z[% ¥, xy]
i)eS

Once more the recursive structure of a walk of length n + 1 as a walk of length n
followed by a single step gives a kernel equation satisfied by Q(x, y, 1). Since Q(x, 0, 1)
and Q(0, y, t) give, respectively, the generating functions of walks ending on the x-
and y-axes, and S contains only unit steps, the kernel equation for short step models
in the quarter-plane can be written

xy(1 =18(x, y)O(x, v, t) = xy — tl(y) — tJ(x) + £tQ(0, 0, 1), 4.7
where 1(y) = y ([x7']S(x,)) 00, y,7) and J(x) = x ([y~']S(x,y)) Q(x,0,1), and

the constant
{1 (-1,-1)e S
E =

0 : otherwise
accounts for potentially subtracting walks at the origin twice.

Definition 4.8 (quadrant kernel equation) Equation (4.7) is the kernel equation for
the quadrant model defined by S, and the Laurent polynomial K(x, y,t) = 1—£S(x, y)
is called the kernel of the model.

Our solution of half-space models involved finding the roots of a bivariate kernel in
one variable; the additional variable now present in the kernel for quadrant walks
complicates this approach as we would need to consider algebraic surfaces defined
by K(x, y,t) = 0 instead of algebraic curves.

To work around this difficulty, Bousquet-Mélou [21], inspired by probabilis-
tic work of Fayolle et al. [37], developed the so-called algebraic kernel method,
which does not require finding roots of the kernel. The key is to introduce a group
of substitutions which fix the kernel K(x,y,?), and leverage information obtained
through application of the group elements to get an expression for Q(x, y, t) as the
non-negative series extraction of a rational function.
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Because we assume that S has short steps, there exist unique Laurent polynomials
A;(y) and Bj(x) for j € {-1,0, 1} such that

S(x.y) = xA1(y) + Ao(y) + XA-1(y) = yBi1(x) + Bo(x) + yB-1(x).

When S contains a step with negative x-coordinate, and a step with negative y-
coordinate, the Laurent polynomials A|(y) and B;(x) are non-zero. The transforma-

tions
¥ (x,y) (f IZ_II((yy)),y) and @: (x,y) (x y B_l(x))

" Bi(x)
then fix S(x, y), and thus also K(x, y, t).

Definition 4.9 (group of a short-step quadrant model) The group G of the lattice
path model determined by S is the group of transformations of the xy-plane generated
by the involutions ¥ and @ under composition (containing ¥, ©, ¥ o ®, ® o P, etc.).

We can view an element o € G as a map from Laurent polynomials to iterated
Laurent series which takes f € C[x, , x, y] and returns

o fxy) =0 (f(xy) = flolxy) € Cx, y)),
and extend this to elements 3}, fu(x, ¥)t"* € C[x,, x, y][[¢]] by defining

T ey =0 (Z Il y)t") = " falo (e y)" € C((x y)II]]-

n>0 n>0 n>0

Example 4.3 (The Group for N-S-E-W Quarter-Plane Walks)
Let S = {(x1,0), (0, 1)} be the set of cardinal directions. Then

S, y)=x+(+y)+x=y+(x+x)+y
and the kernel equation reads
xy(1=t(x + X+ y +3)QO(x, y, 1) = xy — 1y0Q(0, y) — 1xQ(x, 0).
The group G is generated by the maps
Y(xy) =&y and @(x,y)=(xy)

so it is the group of order 4 whose elements map (x, y) to one of (x*!, y*1).

Remark 4.3 Following the common convention in the lattice path literature, we will
not include the stationary step (0,0) in our step sets. Definition 4.9 implies that
adding the stationary step does not change the group of a model, and our arguments
below generalize naturally to models obtained by adding the stationary step.
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Fig. 4.2 The 23 short step sets defining quarter-plane models with finite group G, up to rotation
over the line y = x and with the models trivially isomorphic to half-plane models removed. Each
arrow represents an element of the set {+1,0}2 \ {(0,0)}, and each collection of arrows with
common base point defines a step set.

S X+
H KX
A=K
ok oK
R~
A KK

A priori, there are 28 — 1 possible non-empty step sets S c {x1,0}2 \ {(0,0)}
to consider, but the situation is actually much better. Indeed, if we are interested in
models which truly need to be viewed in a quarter-plane then we do not need to
consider step sets S

* where every step has at least one negative coordinate, as there are no valid walks
of positive length;

* with no steps having positive x-coordinate, or no steps having positive y-
coordinate, as they are isomorphic to half-plane models;

e with no steps having negative x-coordinate, or no steps having negative y-
coordinate, as they are isomorphic to half-plane models;

e such that j > i for all (i, j) € S, as a sequence of steps whose x-coordinate
stays non-negative must have y-coordinates staying non-negative, and the model
is isomorphic to a half-plane model;

e such that i > j for all (i, j) € S, as a sequence of steps whose y-coordinate
stays non-negative must have x-coordinates staying non-negative, and the model
is isomorphic to a half-plane model.

Furthermore, as the quarter-plane is symmetric over the line y = x if S is a step
set and S’ is the step set obtained by reversing the coordinates of the steps in S,
then the lattice path models defined by S and S’ are isomorphic. Removing these
half-plane models in disguise, Problem 4.2 asks you to prove there are 79 remaining
quarter-plane models up to rotation of S over the line y = x; see Figures 4.2
and 4.4. This classification of short step quarter-plane models was originally given
by Bousquet-Mélou and Mishna [24].

Example 4.4 (A One-Dimensional Model in The Plane)

If S = {(-1,0),(0,1),(0,—1)} then the first step in S can never be used, so the
quadrant lattice path model defined by S is equivalent to the one-dimensional model
in a half-space counting Dyck prefixes.
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Generating Function Representations for Finite Group Models

For each of the 79 quarter-plane models now under consideration the maps ¥ and @
are explicitly determined by S, and when the group G is finite it is easily generated
in a computer algebra system. Figure 4.2 shows the 23 models with finite group; the
remaining 56 models, which have infinite group, are discussed below. When G is
finite, it can often be leveraged to determine the generating function Q(x, y, ).

Example 4.5 (The Generating Function for N-S-E-W Quarter-Plane Walks)

When S = {(+1,0),(0, +1)} the group G consists of the maps sending (x, y) to one
of (x*!, y*!). Since the elements of G fix the kernel K(x, y, ), applying the group
elements to the kernel equation gives the system of equations

xy(1=t(x + X +y +y)O(x, ., 1) = xy — tyQ(0, y) — txQ(x, 0)
xy(1=t(x +x +y +)Q(x, y, 1) = Xy — 1yQ(0, y) — 1xQ(x, 0)
Xy -t(x+X+y+y)NOX,y, 1) =xy - 1y0(0,y) - 1xQ(x,0)
xy(I—t(x +x+y+3)0x, y, 1) = xy — 1y0(0,y) — txQ0(x, 0).

The crux of the algebraic kernel method is that each of the unknown functions

0(0, y), O(x, 0), O(x, 0), O(0, y) appears exactly twice in this system. Taking an alter-
nating sum of these equations yields, after some algebraic manipulation,

Xy—Xy+Xxy-—xy
1-tx+x+y+y)

ny(-xs Y, t) - }yQ(E, Y, t) + xiQ(}9 y’ t) - ny(-x’ yv t) =

Since the generating function Q(x, y, 7) lies in Z[x, y][[¢]], every term in xyQ(x, y, 1)
contains positive powers of x and y. In contrast, when the remaining summands
xyQ(x, y, 1), xy0O(x,y,t), and xyQ(x,y,t) are expanded in Z[x, x,y, y][[t]] every
term contains a negative power of x or a negative power of y. Thus, recalling the
non-negative series extraction operator from Section 3.3.2 of Chapter 3,

XY HIVIXY 000 (K- D0 Z))
xy(1—t(x+X+y+Y)) xy(I—t(x+X+y+Yy)

O(x, y,1) = [x=0y*]

Proposition 3.14 from Chapter 3 then implies the generating function counting the
number of walks in the model is the main diagonal

1+x)(1+y)
—txyx+x+y+y)/’

Cit)y=0(1,1,1)=A 7

This shows C(¢) is D-finite, and the creative telescoping package of Lairez [66] gives
the D-finite equation

(4t — 1)(4r + 1)C"" (1) + 2t(4t + 1)(16t — 3)C” (1)
+ (2241 + 28t — 6)C’(1) + (12 + 641)C(1) = 0.
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In Chapter 3 we determined coefficient asymptotics of C(¢) up to a constant factor
by analyzing this differential equation. In Chapter 5 we will determine dominant
asymptotics exactly using analytic combinatorics in several variables. The number of
quarter-plane walks of length n on the steps S has dominant asymptotic growth % %,
so Corollary 2.1 from Chapter 2 implies C(¢) is transcendental.

The argument in this example generalizes, forming the algebraic kernel method.
Since ¥ and @ are involutions, when G is finite it has even order 2k and any element
g € G can be written uniquely in the form

g=®o%¥Yo:---0®oV¥ or g=%Yobo---odoV,
where there are 0 < r < 2k terms in the correct composition.
Definition 4.10 (sign) The sign of g € G expressed in this manner is sgn(g) = (-1)".

Proposition 4.3 Assume that the group G is finite. Then

1
sgn(g) g(xyQ(x, y,1)) = ————— ) sgn(g) g(xy). (4.8)

As the elements of G are bi-rational transformations, the composition g(xyQ(x, y, 1))
results in an element of Z((x, ¥))[[#]]; that is, a power series in t whose coeflicients
are iterated Laurent series in x and y.

Proof Let X(x,y) and Y(x, y) denote the rational functions defined by (X,y) =
Y(x,y) and (x,Y) = ®(x, y). Applying the maps ¥ and @ successively to (4.7) gives

(id) xy(1 =1tS(x, y))O(x, y,t) = xy —t1(y) — tJ(x) + €tQ(0,0, )
(P)  Xy(1=tS(X,y)O(X, y, 1) = Xy — t1(y) — tJ(X) + £tQ(0,0,1)
(®o¥) XY -1tS(X,Y)O(X,Y,t)=XY —tIY)—tJ(X) + £tQ(0,0,1),

since both ¥ and @ fix S(x, y). As both —tI(y) and —tJ(X) appear on the right-hand
sides of consecutive equations, taking an alternating sum of these three equations
cancels those terms. In fact, since ¥ and ® each fix one coordinate, continuing to
compose the group generators in this manner and taking an alternating sum of the
resulting equations successively cancels all unknown functions of the form /(Y”)
and J(X’) which appear on the right-hand side. Because the group is finite and
of even order, this repeated composition of group elements returns to the identity,
resulting in (4.8). m]

Definition 4.11 (orbit sum equations) Equation (4.8) is known as the orbit sum
equation associated to the lattice path model defined by S.

Although it becomes difficult to define the group of a model when S no longer has
small steps, the orbit sum equation can be generalized in several situations [12].
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< S F A

Fig. 4.3 The four step sets defining quadrant models with finite group to which Proposition 4.4
does not apply.

A short examination! of (4.8) for the finite group models in Figure 4.2 shows that
in 19 cases xyQ(x, y,t) is the only term on the left-hand side which contains only
non-negative powers of x and y when expanded in Z((x, y))[[¢]], as in the example
above. This gives the following.

Proposition 4.4 Let S be one of the 23 step sets defining a model with finite group,
displayed in Figure 4.2. If S is not one of the four models listed in Figure 4.3 then

030 = [¢=y*)| 15— 3 sen(s) sxn) |
7 geg

When the rational function in Proposition 4.4 has an expansion in Q[x, y, x, y][[#]],
Proposition 3.14 in Chapter 3 immediately gives a diagonal expression for the
generating functions of walks ending anywhere in the quarter plane, returning to
the origin, or ending on either boundary axis. Although there are models where the
rational function in Proposition 4.4 cannot be expanded with Laurent polynomial
coefficients, these models are symmetric over one axis and a more involved argument
shows that the same diagonal expression holds (see Proposition 4.8 below). Thus,
we obtain the following.

Theorem 4.1 Let S be one of the 19 short step sets in Figure 4.2 which is not listed
in Figure 4.3. Then for a, b € {0, 1},

O0&x.y)
(1= x)a(1 = y)P(l - txySE )/’

where O is the orbit sum O(x, y) = ¥ 4cg sgn(g)g(xy).

O(a,b,t) = A

In particular, the generating functions Q(1, 1,¢) for walks ending anywhere in
the quadrant, Q(1, 0, ¢) and Q(0, 1, ¢) for walks ending on one of the boundary axes,
and Q(0, 0, 7) for walks ending at the origin, are D-finite. In fact, Proposition 4.4 im-
plies the multivariate generating function Q(x, y, t) is D-finite, meaning the Q(x, y, t)-
vector space spanned by all its partial derivatives is finite-dimensional. The results
of Chapter 10 give asymptotics for these models; see Remark 10.3 of Chapter 10.
Table 4.1 summarizes the asymptotic behaviour of these models.

In the case of the remaining four models with finite group, with step sets in
Figure 4.3, both sides of the orbit sum equation (4.8) are identically zero due to an
element g € G of negative sign which fixes the product xy.

! See the computer algebra worksheets available on the book website.
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S Asymptotics S Asymptotics S Asymptotics
44m 3 3 Ay V)"
Tn 27 \n . n?
4 S By V31"
T on 3Vr Vn T n?
| we |K]| 22 || coe
se 5 coe
8 8" V5_sn VB(1+V2)'? (2+2V2)"
3 n om Vn T n’
T [ P e
T(1/3) n3A Wz Vi 2 n?
.E 3V3 3t .% V17 .% V570-114V6(24V6+59) (2428)"
V2r(1/4) n3/4 3V3x Vn 197 n2
. 6V3 6" . 3v3 3" . 8 4"
. 43 4n . 3V3 6"
3T(1/3) n?B 27 n??
Table 4.1 Asymptotics for the 23 D-finite models.
242 :neven 12V3 :neven 12V30  :neven
Ap = , Bu= B n=
32 : nodd 18 1 nodd 144/\/3 : nodd

Example 4.6 (A Zero Orbit Model)

The model defined by the final step set S = {(x1,0),(-1,-1), (1, 1)} in Figure 4.3 is
known as Gessel’s model. Here

1 1
Y= (—,y) and o= (x,—z),
Xy yx
and the group G, of order 8, consists of the maps

0] Y
ro (F9) = () = (1.5 2
(x.9) (L.1)
¥

U k) g bosk) 5 (3)
] yx2 \P ’ yxz (D > y

Since (¥ o @ o ¥)(xy) = xy, and ¥ o ®@ o ¥ has odd sign, the orbit sum is zero.

Although the above argument does not quite work for the models in Figure 4.3,
it turns out that the multivariate generating function Q(x,y,t) for each model is
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Fig. 4.4 The 56 short step sets defining non-isomorphic quarter plane models with infinite group.

algebraic (and thus also D-finite). The first three models can be analyzed using a
variant of the kernel method known as the obstinate kernel method, also introduced
by Bousquet-Mélou [21]; details can be found in Bousquet-Mélou and Mishna [24].
Algebraicity for the final model, Gessel’s model, was open for several years before
being proven by a computer algebra approach of Bostan and Kauers [16]. Because
these models are algebraic, they can be written as the diagonals of bivariate functions
using Proposition 3.8 in Chapter 3, but such representations are less elegant than
those obtained directly through the kernel method and Theorem 4.1. Asymptotics can
be derived directly from the algebraic equations satisfied by each model’s generating
function, so we do not consider these four models in any additional detail.

Infinite Group Models

Figure 4.4 shows the 56 short step sets defining quadrant models with infinite group.
As can be expected, proving that the group of a model is infinite requires more
work than proving finiteness (it is harder to prove the absence of structure than its
existence). Since ¥ and @ are involutions, the group G they generate is finite if
and only if some iteration of the composed map ® = ® o ¥ has finite order: the
key is to exhibit some property of ® which shows no repeated composition ®" for
integer n > 1 is the identity. We briefly detail an argument which can be used for
this purpose, following the presentation of Bostan et al. [12] which expands on ideas
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found in Bousquet-Mélou and Mishna [24] and Bostan et al. [17]. First we prove the
following result, stated in a general setting as it will be used again in later chapters.

Proposition 4.5 Let S ¢ Z be a finite set not contained in a half-space (i.e., there
does not exist n € Z¢ such thati-n > 0 for alli € S). If S(z) = Yies Wizl is a
weighted characteristic polynomial with wy > 0 for alli € S then the system

Szl(z) = Szz(z) == Zd(z) =0

d

N which is the

defined by the partial derivatives of S admits a unique solution in R’
unique minimum of S on R‘io.

Definition 4.12 (vanishing points) A point where all partial derivatives of S vanish
is called a vanishing point of S. (These are typically called critical points, but we
reserve this name for another concept arising in Chapter 5.)

Proof Let
L(x) = S(e¥) = S(e™, ..., e%) = Z wiel X, (4.9)
ieS

Then for 1 < j < d the chain rule implies Ly; (x) = €'/ S;;(e¥), so
Sz(2) = S(2) = -+ = 5,(2) =0
forz e RZO if and only if
Ly (%) = Ly (x) = -+ - = Ly, (x) = 0,

where x = (log z1, . . ., log zg) € R?. Thus, to characterize the vanishing points of S
in Rio it is enough to search for vanishing points of L in R¥. The function L(x) is
known as the Laplace transform of S(x).

The Laplace transform is useful because the exponential function is strictly con-
vex: if a,b > 0 and a + b = 1 then e“"*?S < ae' + be®, with equality if and only
if + = 5. As L(x) is a positive linear combination of exponentials, if a, b > 0 with
a+b = 1then L(ax+ by) < aL(x)+ bL(y) with equality if and only i-x = i-y for all
i € S. Thus, L(x) is strictly convex unless there exists a non-zero vector n € R such
thati-n = 0 for all i € S, which cannot occur as S is not contained in a half-space.

Ifx,y € R? and 1 € (0, 1) this implies

LAy + (1 = )x) < AL(y) + (1 = 2)L(x),
SO

L(x+ A(y —x)) — L(x)
A

< L(y) - L(x)
and taking 1 — 0 gives

(y - X)T - VL(x) + L(x) < L(y).
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In particular, any vanishing point of L, where its gradient vanishes, is the global
minimum of the convex function L on R, so L admits at most one vanishing point.
Furthermore, for w € R? and ¢ € R we have

L(tw) = Z wie! W),

ieS

so L(tw) — oo when w # 0 is fixed and ¢ approaches either +oco, unlessi-w > O for
allie Sori-w < O0foralli e S. Since S is not contained in a half-plane we can
conclude L(z) — oo as |z| — oo. This shows L(x) admits a global minimizer, which
must be its unique vanishing point, and taking coordinate-wise exponentials gives
the unique vanishing point of S(z) with positive coordinates. O

This vanishing point with positive coordinates gives a necessary condition for a
lattice path model to have finite group.

Proposition 4.6 Let S be a two-dimensional small step model not contained in a half-
plane and let (a, b) be the unique vanishing point of S(x, y) with positive coordinates
guaranteed by Proposition 4.5. If the group of transformations generated by ® and ¥
is finite then

Sxy(a, b)

VSxx(a, b) Syy(a, b)

where 0 is some rational multiple of n.

= cos 6, 4.10)

Proof Recall that
S(x,y) = xA1(y) + Ao(y) + XA_(y) = yB1(x) + Bo(x) + yB_1(x)

for Laurent polynomials A;(y) and B;(x), so

Sx(xy) = Ai() ~FA()  and  Sy(xy) = Bi(x) = ¥ Boi(x).
Since (a, b) is a vanishing point of S(x, y), this implies

_A(b)

—=B_1(a) _
a A,(0) =a b

and =
Bi(a)

ba

so (a, b) = ¥Y(a, b) = ®(a, b) is a fixed point of G. If ® = ® o V¥ then taking a local
expansion of ® centred at (a, b) implies

O(a+ x,b+y) = (a,b)+(x,y) - J(a, b) + higher order terms, 4.11)
where J(a, b) is the Jacobian matrix of ©, defined by J(a, b) = (_Vl vn_? 1) for

28xy(a, b) 28xy(a, b)
n=——o an v ——.
Sxx(a, b) Syy(a, b)
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Note that Syx(a,b) = 2a2A_i(b) and Syy(a,b) = 2b3A_i(a) are non-zero
as a,b > 0. Because (a, ) is a fixed point of ®, Equation (4.11) implies that the
iterations ®" of the map @ satisfy

O (a+x,b+y)=(a,b)+(x,y) - J(a, b)" +higher order terms

for all » € N. Thus, if some repeated composition ®" is the identity map then J(a, b)"
is the identity matrix, meaning all eigenvalues of J(a, b) are rth roots of unity. By
direct calculation the eigenvalues of J satisfy A% — (yv — 2)A + 1 = 0, so if the
group associated to S is finite then there exists some rational multiple of &, which
we denote @, such that A2 — (pv —2)A + 1 = (1 — €%9)(1 — e7%1%). Comparing the
coefficients of A on both sides of this equation implies

Sxy(a, b)? v 204012 cos(20)+1

2
_—m - = — = = 9,
Sex(a.b) Syy(a.b) 4 4 2 cos

as desired. O

Because the left-hand side of (4.10) is an algebraic number, Proposition 4.6 gives
an effective method to detect when S has infinite group. In particular, it is sufficient
to do the following:

1. Using resultants, determine the minimal polynomial M () of the values of A in
the two solutions of

22— (v =2)A+ 1= Sx(a,b) = Sy(a,b) = 0,

28xy(a, b) 28xy(a, b)
= — 0, V= —77"7-,
7= 5(a. b) Sy (@, D)

2. Check whether M(2) is a cyclotomic polynomial (i.e., the minimal polynomial
of a root of unity)

a,b > 0.

Because cyclotomic polynomials can be efficiently computed [1], this gives an au-
tomated method of proving that a step set admits an infinite group; it immediately
proves that the 51 models in Figure 4.4 not contained in a half-plane have infinite
groups. Bostan et al. [17] use a similar approach to show that the generating func-
tion Q(0, 0, 7) of excursions is non-D-finite for these 51 models, giving the following.

Proposition 4.7 Let S be a two-dimensional small step model not contained in a

half-plane. Unless
Sxy (a,b)

VSxx(a, b) Syy(a, b)

can be written ¢ = cos @, where 6 is some rational multiple of n, the generating
function Q(0, 0, t) is non-D-finite.

The idea behind Proposition 4.7 is to leverage probabilistic results of Denisov
and Wachtel [32] to show that the number of excursions e,, of a model satisfies e, ~
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N XXX

Fig. 4.5 The 5 singular models, whose step sets are contained in a half-plane.

C p"n?%, where @ = —1 — n/arccos(—c). By Corollary 2.2 of Chapter 2, Q(0,0,¢)
cannot be D-finite unless ¢ has the stated form (looking only at e», helps account for
periodicities present in some models). Because we focus mainly on models which
are D-finite, where asymptotics can be determined by studying rational diagonals,
we refer the interested reader to Bostan et al. [17] for details. Bostan et al. [12]
generalize this argument to quadrant walks with non-small step sets, closely linking
having an infinite group to the non-D-finiteness of excursions; see also Bostan [10].

Example 4.7 (An Infinite Group Model)

Consider the set of steps S = {(—1,-1),(0,—1),(0, 1), (1,0), (—1,0)} with character-
istic polynomial S(x,y) = 1/(xy)+ 1/y +y + x + 1/x. Then

1+y 1+%
Y(x,y) = (%y) and  O(x,y) = (x, ;x)

SO

1+y 14y 1+x+Yy

®(x,y)=(<1>°‘1’)(x,y)=fb( ,y) ( "
X X 1+y

The eigenvalues of the Jacobian matrix J of ® at the vanishing point of S(x, y) with

positive coordinates a, b > 0 satisfy

2 1

—|—-2|2+1=d’b-b-1=ab*-a-1=0,
(1 +a)1+b) ) Tl ar—a

and a resultant calculation implies that at any solution
(A 4321+ 1)(2% + 82 +284* + 4123 + 28242 + 81+ 1) = 0.

Since neither of these irreducible factors is a cyclotomic polynomial, no power of J
is the identity and the group of S is infinite. The work of Denisov and Wachtel [32]
implies that the number of excursions has dominant asymptotics e, ~ C S(a, b)" n=¢
for some constant C > 0 and irrational

a=1+ il =2757.. ..

1
arccos ( 24/(1+a)(1+b) )
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Although the generating functions enumerating walks returning to the origin are
non-D-finite for these infinite group models, the precise nature of the generating
functions enumerating walks ending anywhere in the quadrant is still unknown.

Open Problem 4.1 Determine which lattice path models defined by the step sets in
Figure 4.4 have non-D-finite generating function Q(1, 1,t).

We end our discussion of quadrant walks with the 5 models of Figure 4.4 whose
step sets lie in a half-plane; known as singular models, they are shown in Figure 4.5.
The singular models can be dealt with [76, 71] using another kernel method variant,
the iterated kernel method. The key is that kernel K(x, y, t) admits aroot y = Y, (x, 1)
which is a power series in x and 7, and a root x = X,.(y, t) which is a power series in y
and 7, such that Y, (respectively X ) has a lowest-order term which contains positive
powers in f and x (respectively ¢ and y). Because of this, X, and Y, can be repeatedly
composed to obtain functions whose lower order terms have increasingly large
powers of x and y; each of these compositions is in the orbit of (x, y) under the group
of the model, showing the group is infinite. Furthermore, substituting these repeated
compositions into the kernel equation and taking an infinite alternating series gives
an explicit infinite sum representation for the generating function Q(x,y,t). For
example, if S is one of the 3 singular models whose step set is symmetric over the
line y = x and Y,,(x,¢) = ¥, 1 (Yi(x, 1), 1) for n € N with ¥y = x then the generating
function counting all walks satisfies

1
Q(l, l,t) = 1_—

1-2 3 (1Y, (1, )1 (1,1)] -
Slr ZO

Elementary arguments show that each summand in this infinite series contributes
at least one unique singularity to Q(1, 1,1), so Q(1,1,¢) admits an infinite num-
ber of singularities and is thus non-D-finite. Details can be found in Melczer and
Mishna [71].

4.1.5 Orthant Walks Whose Step Sets Have Symmetries

Moving on from quadrant walks, we now fix a dimension d and study lattice path
models restricted to the orthant N¢ whose step sets have many symmetries. In
particular, we consider models defined by a weighted step set S ¢ {+1,0}¢, where
eachi € S is given real weight w; > 0 such that

* Walks on the step set can move forwards and backwards in each direction:
Forall j = 1,...,d there exists i € S withi; = 1

Forall j =1,...,d there exists i € S withi; = -1
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» The step set and weighting are symmetric over every axis, or every axis except
for one. If there is an axis of non-symmetry we may assume it corresponds to the
final coordinate, so if S(z) = Y;cs wiz! is the weighted characteristic polynomial
of the model we have

S(215 -+ 45 Zj=15Zj Zj+1s - - - 2d) = S(2)
foralll1 <j<d-1.

Definition 4.13 (highly and mostly symmetric models) We call a weighted step set
which is symmetric over every axis highly symmetric and a weighted step set which
is symmetric over all but one axis mostly symmetric.

Note that while the step sets under consideration are symmetric, the individual walks
in the models do not need to satisfy any symmetry conditions. Because we study
only short step models, we may write

S(z) = 2aA@2) + Q(2) + 24 B(2)

for Laurent polynomials A, Q, and B which are symmetric in their variables Z =
(z1, .- -»2a-1), and S is highly symmetric if and only if A(Z) = B(Z). The symmetries
present in such a model will allow us to generalize the algebraic kernel method to
this setting and obtain explicit representations of the generating functions involved.

Definition 4.14 (group of a symmetric orthant model) Foreach 1 < j < d -1
define the map
0j(Z) = (21, -, 25 Zjs Zjtls - -+ Ld s

and define the map
_ A®2)
y(z) = (ZI, < 2d-1,2d B(i)) .
The group G of the lattice path model determined by S is the group of transforma-
tions generated by the o; and . Because the group generators are now commuting

involutions, we may write G explicitly as
G = {a’l"l ‘--a'é‘fllyjd St sja € {0, 1}} .

For o = crli1 . -O‘Zé‘i’llyfd € G the sign of o is sgn(o) = (=117 +d,

Imposing our symmetry condition on S implies G is a group of order 2¢ which
is isomorphic to the direct sum of cyclic groups of order 2. Again we may view
any element of G as a map from C|z, z][[]] to C((z))[[¢]], and the characteristic
polynomial S(z) is fixed under the action of all such elements.

Consider the multivariate generating function

W(zt) = Z fi,nzit”

ieNd
n>0



4.1 Walks in Cones and The Kernel Method 167
where f;, counts the number of weighted walks of length n using the steps in S

which begin at the origin, end at i € N¢, and never leave N¢. Problem 4.3 asks you
to prove that W(z, t) satisfies the functional equation

(1 za)W@t)=(z1- za) +t(z1 - 20)S@)W(z, 1)

-t Y WV zS@Wa | o G
Vald] 2j=0.jev
where [d] = {1,...,d}, generalizing (4.7) from the two-dimensional case. Note

that (4.12) relies heavily on S having short steps, but does not use any of our
symmetry requirements.

Since the generators of G commute, and applying a generator to an element of G
negates its sign, we can explicitly determine the orbit sum

Z sgn(o)o(z1-+-za) = (21 = 21) - - (2a-1 — Za-1) (Zd —Edggg) .
oEG

This gives W(z, t) as the non-negative series extraction of an explicit rational function.

Theorem 4.2 If S is mostly or highly symmetric then the multivariate generating
function W(z, t) tracking endpoint and length satisfies W(z, t) = [22°|R(z, t), where

(z1 =21) -~ (Za-1 = Za-1) (Zd _Zd%)
(z1 -+ za)(1 — 15(2))

In the highly symmetric case, A(Z) = B(Z).

R(z,1) = (4.13)

Remark 4.4 The non-negative series extraction [z=°]R(z, t) works with the expansion
of R(z,t) in R = Q((z))[[t]]. The order of the variables in the iterated Laurent
series ring is important: if z; were not the last variable then (4.13) would not
necessarily hold in the mostly symmetric case. In the highly symmetric case R(z, t)
has an expansion in Q[z, z][[¢]] and the order of the variables in the extraction is
unimportant.

Proof Equation (4.12) implies

d
(1= 18@)(z1 - 2a)W @ 1) = (21 -+ 2a) + . Lz ), (4.14)
k=1

for some Ly (zg, 1) € Qzz][[7]]. Consider T(z,t) = o (z1---za)W(0(2),t) where
o =00y € G. When jq = 1 then, because of the ordering of the
variables, every term in the expansion of T(z t) in R = Q((z))[[¢]] will have a
negative power of z4. On the other hand, if j; = 0 and there exists k € {1,...,d -1}
such that jr = 1 then every term in the expansion of 7(z, r) in R will have a negative

power of z;. Thus, [2Z°]T(z t) = 0 unless o € G is the identity element, and
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(2] ) sen(@)or(zi -z W(e@, 1) = ) sen(@)[z2] [0z -+ za)W(or (@) 1)]
oeg geg

=(z1- - zq)W(z, 1).

Since G fixes S(z), and (z; - - - z4)W(z t) contains only positive powers of the z
variables, to prove Theorem 4.2 it is sufficient to show

Z sgn(o) (a’ - Ly (2, t)) =0
oegG

for each 1 < k < d. Fix k and define the sets
Go = ottty i ja e (0.1}, = 0
G = {O‘ljl "'O‘é‘:]’)/jd Ty esja €40, 1}, ji = 1}.

Because Ly (zg, 1) is independent of zx, we see (0x0) - Li(2g, 1) = o - Ly(2, 1) for
all o € G. Thus,

Z sgn(o) (0' - Ly(zg, t)) = Z sgn(o) (0’ - Ly (2, t)) + Z sgn(o) (0' - Ly(zg, t))

oeg 0E€Gy oEGI
= 3 Isen(@) +sen(oxe)] (o - Li(zg.1)
TEG)
=0,
since sgn(oyg) = —sgn(g) forany g € G. O

We would like to apply Proposition 3.14 from Chapter 3 to (4.13) in order to
obtain a diagonal expression for the generating function W(1, r) counting the number
of walks in the orthant N¢, together with diagonal expressions for walks returning
to some or all of the boundary axes. In the highly symmetric case R(z t) has an
expansion in Q[z, z][[¢]], and this is valid. In the mostly symmetric case, however,
the presence of the B(Z) term in the denominator means one must expand in the larger
ring R = Q((z))[[#]] and Proposition 3.14 does not directly apply. Unfortunately, this
requires a more involved formal power series argument.

Proposition 4.8 Let S be a mostly or highly symmetric weighted step set. Then,
expanding in R, the generating function counting the number of walks of a given
length in the lattice path model defined by S satisfies

(L 2)- (1 +24-0) (B@) - 3A)|

W(,t)=A —
(1 =za)B@)(1 — 121 - - - 2aS(2))

where S(z) = S(z1,. .., 2d-1,24). When S is highly symmetric then A(Z) = B(2)
and S(z) = S(z), so
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LUz (4 29)
W(1,z)_A( 1=tz ---248() )
Proof Let
(142 (1 + 2a0) (B®) - 2A@))
T(zt) =

(1= z)B@)(1 = 121 - - zaS(2))

= (c1yd-! (21 2a-1)*R(Z1s + + s 2d-1:Zas 21 * * * Zat)
(I=z1)(1-2zq) '

where R(z, t) is the rational function in (4.13). Since [¢"]R(z, ) is a Laurent polyno-
mial in z4 for all n € N, we are formally justified in substituting z; = Z4 into the
expansion?

R(zt) = Z rin2't"

i€zd n>0

of R(z, 1) in the ring R = Q((z))[[¢]], obtaining

_ d—-1 i1+j1+n+2 id,1+jd,1+n+2 —lg+jqg+n
T =" 3 nag ool giatarnm,

iez4 jeNd
n>0

Taking the nth diagonal term of this series gives
[T 1) = (=1 D a2
jend

and we must show this final sum equals Y ;e Fin for all n > 0. Expanding (4.13)
as a power series in ¢ implies that for any n > 0

(@1 =20 (@a1 —Za-1) | (aA®) +O(@) + zaB(2))"

["IR(z,1) = e 2B(2)

bl

so Pu(z) = [zjo][t"]R(z, t) is a Laurent polynomial in z (any term with a non-
negative exponent of z; is a monomial times non-negative powers of A, B, and Q).
In particular, we are formally justified in substituting z; = z; for 1 < j < d — 1 into
the expansion of P,(2) in R. Since A, B, and Q are unchanged when z; is replaced
by z;,

zZi—z21) - Za-1 — za-1) « [22°] (zaA(Z) + O(2) + z4B(2))"
210 Zd-1 d 2qaB(2)
= (=14 Nz1 - 2a-1)*Pu(2),

Py(Z1,. .., 2a-1) =

2 Because this expansion of R(z, ) lies in R, many of the coefficients 7 ,, are zero.
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and taking the coefficient of z' implies i, = (=1)¥~'r_; o i, -2, foralli € N%,
proving the desired equality for [¢"]AT(z, t). O

In the highly symmetric case, Proposition 4.8 gives a beautiful expression for the
generating function as the diagonal of the power series expansion of a simple and
explicit multivariate rational function. In the mostly symmetric case, however, the
factor of B(Z) in the denominator means that the resulting rational function may not
be analytic at the origin. Although we can work directly with diagonals of Laurent
series expansions using the tools from Chapter 3, an easier solution is to use the
following alternative encoding.

Proposition 4.9 Let S be a mostly or highly symmetric weighted step set. Then the
generating function counting the number of walks of a given length in the lattice path

model defined by S satisfies W(1,1) = A (ggi;) , where

Gz t)=1+z1) (1 +z4-1)(1 = tz1 -~ 24 (Q(Z) + 224 A(2)))
H(zt) = (1= 20) (1= 121 2a5@) (1 = 121+ 2 Q@) + 24A@).
Proof Expanding R(z, t) defined in (4.13) gives

_2 A(2)
4 B ()

(=) (-2 (1 )Zr" @aA () + Q (8) + 2aB (2)".
n>0

Since the series

- o (2 A — Als S\
(-7 (-7, (é%);f’l (zaA(2) + Q(2))

contains no positive powers of z;, we can add it to R(z, tr) and obtain W(z, ¢) as the
non-negative series extraction of

(A-2)---(1-2 ) (1-2ZA® [B®) (-7 (1-74) (5A0) /B ()
—15() " 1=1@aA® + Q@)

This simplifies to
1=z (1 =25 (1 - 1(2Z4A ) + 0 (2))
(1-1(Z4A @) + 0 (2) + 24B (2))) (1 — 1 (ZaA(2) + 0 (2)))’

which has an expansion in Q[z, z][[¢]]. Proposition 3.14 of Chapter 3 now applies,
giving the stated result. O

Not only does the rational function F(z,t) = G(z,t)/H(z,t) in Proposition 4.9
always have an expansion in Q[z][[#]], the coefficients of this power series expansion
are all non-negative, which will greatly simplify arguments about the singularities
of F(zt). Note that Propositions 4.8 and 4.9 can give different rational diagonal
expressions, even in the highly symmetric case (of course, both multivariate rational



4.1 Walks in Cones and The Kernel Method 171

functions will have the same diagonal). In the highly symmetric case we always
use the expression in Propositions 4.8, which is simpler as it makes full use of the
symmetries of a model.

Example 4.8 (Two Diagonal Expressions for a Walk Generating Function)

Proposition 4.8 implies the generating function of the quarter-plane model on the
steps S = {(x1,0), (0, 1)} is the diagonal of the rational function

(1+x)(1+y)
1—t(x2y +y + y2x + x)’

while Proposition 4.9 implies it is the diagonal of

(1+x) (1 —ty(l +2xy +x2))
A=y (1-t(x2y +y +y2x +x)) (L - ty(1 + xy + x2)) ’

Problem 4.5 asks you to prove these two rational functions have equal diagonals.

Propositions 4.8 and 4.9 imply that the generating function W(1, f) counting walks
in a highly or mostly symmetric lattice path model is D-finite. We conclude this sub-
section by noting that in any dimension d > 2 there is a model which is symmetric
over all but two axes and has non-D-finite generating function. Thus, one cannot
obtain rational diagonal expressions for generating functions of all short step models
symmetric over r < d — 1 axes.

Proposition 4.10 For any dimension d > 2 there is a step set Sq C {+1,0}¢ that
is symmetric over all but two axes, such that the generating function counting the
number of walks in N? starting at the origin and using the steps in Sy is non-D-finite.

Proof We give an asymptotic proof. We have shown above that the number of
excursions of the two dimensional lattice path model in N? defined by the step
set S; = {(=1,-1),(0,-1),(0, 1), (1,0), (-1,0)} has asymptotic growth of the form
e, ~ Cp"n® for @ ¢ Q. Probabilistic work of Duraj [34] then implies that the
number of walks on S, restricted to N? and ending anywhere has asymptotic growth
of the form f,, ~ C; p" n“, so that the generating function counting the number of
walks on S in N? is non-D-finite by Corollary 2.2 of Chapter 2.

For d > 3 let Sy = Sy x {+1}971. A walk of length n on the steps of Sy is
determined by a walk of length 7 on the steps S, in N? and d — 2 independent walks
of length n on the steps {1} on N; i.e., d — 2 independent Dyck prefixes. Since, as
calculated in an example above, the number of Dyck prefixes of length n has dominant
asymptotics d,, ~ (2/7)'/?2"n~1/2 the number of walks on S restricted to N¢ has
dominant asymptotics of the form f,gd) ~ Caplin®@ where ag = @ —(d - 2)/2 ¢ Q.
Thus, the generating function of walks on Sy in N¢ has non-D-finite generating
function by Corollary 2.2 of Chapter 2. O
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We have now characterized the generating functions of several large families of
lattice path models. We return to these models in Chapters 6 and 10, where we
determine asymptotics using analytic combinatorics in several variables.

4.2 Historical Perspective

We end by surveying some of the recent history around the methods and results
discussed above.

4.2.1 The Kernel Method

The kernel method has a long and delicate history of which we give only a broad
overview. The development can be roughly broken down into two tracks, coming
from the probabilistic and combinatorial literature. The queuing theory works of
Malyshev [69, 68] in the early 1970s are a good introduction to the probabilistic
approach: inspired by the Wiener-Hopf method for solving integral equations—
which itself dates back to the 1930s and shares similarities with the kernel method—
Malyshev sets up a bivariate kernel equation and examines the solutions of the
kernel in one variable. As is typical in this approach, the algebraic solutions of
the kernel are analytically continued to a Riemann surface and then studied; a
characterization of the solutions is obtained by solving boundary value problems.
The survey of Malyshev [70] gives detailed references to early literature in this
area. The kernel method also appears? around this time in independent work of
Kingman [61]. Early applications of the probabilistic kernel method include work
by Flatto and collaborators [46, 45, 47] and Fayolle and lasnogorodski [36], with the
latter paper being a clear early exposition of the method. The probabilistic approach
was thoroughly detailed and popularized into the wider mathematical community by
the textbook of Fayolle et al. [37]. In particular, that text popularized the notion of
the group of a walk, which would become central to the algebraic kernel method.
From a combinatorial perspective, the classical kernel method—setting up a
functional equation for a bivariate function and substituting a solution of the kernel
for one of its variables—is often attributed to the 1968 textbook of Knuth [62],
which includes two exercises [62, Ex. 4 and 11, Sect. 2.2.1] and solutions essentially
solving the ballot problem with the kernel method“. This approach has parallels to
work by Brown and Tutte on what came to be known as the ‘quadratic method’
for solving functional equations arising in planar map enumeration [27, 28], and
in statistical mechanical work following from the so-called ‘Bethe ansatz’ (see, for

3 Thanks to Alin Bostan for pointing out this reference.

4 Knuth [62, p. 537] writes “We present here a new method for solving the ballot problem with the
use of double generating functions, since this method lends itself to the solution of more difficult
problems. . .".
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instance, Slavnov [82]). Such generating function manipulations are common in the
enumerative community, and similar techniques appear in a variety of works [30, 29,
18, 67, 80] from the 1970s to 90s before the method was fully distilled. The name
‘kernel method’ came into use’ in the late 1990s or early 2000s in the combinatorics
community [2, 25], around the same time a full study of the power and flexibility of
the method was undertaken. The seminal works on the classical combinatorial kernel
method in the early 2000s include Bousquet-Mélou and PetkovSek [25], Banderier
et al. [4], and Banderier and Flajolet [5]; work of Prodinger [81] around this time
surveys some of the combinatorial applications. As mentioned above, the ‘algebraic’
kernel method variant was developed by Bousquet-Mélou [21] to deal with kernel
equations by examining transformations fixing the kernel instead of solving the
kernel. Bousquet-Mélou [19, 21] also developed the ‘obstinate’ kernel method,
where one looks both for roots of the kernel and transformations fixing the kernel.
The ‘iterated’ kernel method, used to show non-D-finiteness of certain generating
functions of walk models with infinite group, was introduced by van Rensburg et
al. [86]. Bousquet-Mélou and Jehanne [23] gave a generalization solving polynomial
functional equations in two variables, and Bostan et al. [12] extended the algebraic
kernel method from short step models to those with longer steps.

4.2.2 Recent History of Lattice Paths in Orthants

Through various forms of the ballot problem, lattice path models restricted to a half-
space have been studied for centuries. In modern times, Gessel [49] gave general
algebraic expressions for half-space models, with a full and complete accounting
of the asymptotic behaviour of walks confined to a half-space given by Banderier
and Flajolet [5]. Bostan et al. [14] discuss the complexity of enumerating walks and
excursions which are either unrestricted or restricted to a half-plane.

Kreweras [65] gave an early study of a lattice path model in the quarter-plane, later
revisited in the work of Bousquet-Mélou [21] which introduced the algebraic kernel
method; see also Gessel [50]. The probabilistic study of short step models in the
quarter-plane followed the development of the probabilistic kernel method discussed
above, captured in the text of Fayolle et al. [37]. The lattice path models we consider
have a counting sequence whose dominant asymptotics is a finite sum of terms of the
form Cn® p" for constants C, @, and p. Using the probabilistic kernel method, Fayolle
and Raschel [39] outlined a method which in principle allows one to determine the
exponential growth rate p for the non-singular models, and determined p in many
cases; see also the second edition of Fayolle et al. [38, Ch. 11]. The systematic
combinatorial study of walks in a quadrant was popularized by Bousquet-Mélou and

5 The first published use of the term ‘kernel method’ (“méthode du noyau” in French) occurs in
Banderier [2]; this name apparently arose verbally in the research group of Phillipe Flajolet around
1998, who mentioned at the time that the name was in use by probabilists whose identities now
seem lost to time. The author thanks Cyril Banderier for recounting some of this history; see also
the introduction of Banderier and Wallner [3] for some historical remarks.
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Mishna [24], following work of Petkovsek [80], Bousquet-Mélou and Petkovsek [26],
and Mishna [75]. Bousquet-Mélou and Mishna proved that the generating functions
of 22 of the 23 short step models with finite group in the quarter-plane are D-finite,
leaving open only the D-finiteness of Gessel’s model.

Using the kernel method and creative telescoping methods, Kauers et al. [58]
gave a computer algebra proof of a long standing open question on the number of
excursions for Gessel’s model in the non-negative quadrant, following an approach
discussed by Kauers and Zeilberger [59]; see also Kauers and Zeilberger [60] and
Koutschan et al. [63] for related problems. Bostan and Kauers [16] proved that the
multivariate generating function Q(x, y, 7) tracking endpoint and length for Gessel’s
model is algebraic by guessing an algebraic equation satisfied by Q(x,y,t) and
rigorously proving the equation using algebraic tools; Bostan et al. [9] and Bousquet-
Mélou [22] later gave alternate proofs. Similarly, by guessing algebraic and D-finite
equations satisfied by the generating functions of each of the 79 non-isomorphic
models in the quarter-plane, Bostan and Kauers [15] conjectured® the asymptotics
for the 23 short step models in the quarter-plane with D-finite generating function
shown in Table 4.1. The guessed D-finite equations for these generating functions
were later proven by Bostan et al. [13], which also expressed the generating functions
in terms of explicit hypergeometric functions. These explicit expressions are not
enough to determine dominant asymptotics for every model, due to issues related
to the connection problem for D-finite functions. Bostan et al. [17] proved that the
generating function counting excursions for the 51 non-singular short step models
in the quarter-plane with infinite group are non-D-finite, and a study of the 5 short
step singular models carried out by Mishna and Rechnitzer [76] and Melczer and
Mishna [71] implies that their generating functions counting walks ending anywhere
are non-D-finite.

An extremely fruitful approach to lattice path enumeration is to weight the steps
of a model by positive real numbers summing to 1 and then interpret the number of
walks of length n ending at a given point as a probability distribution on the set of
walks of length n. Most immediately, one can try to use local or central limit theorems
to estimate these probabilities and derive enumerative results. Extending these limit
theorems, lattice path models in Z¢ with probabilistically weighted steps can often
be rescaled into continuous objects. The most well known example is that the famous
Brownian motion process can be obtained [57] as a scaling limit of the simple random
walk on Z with steps {—1, +1}. In higher dimensions, and with varying step sets,
walks on Z¢ restricted to various cones can be approximated by multi-dimensional
Brownian motion with certain constraints. As a Brownian motion satisfies partial
differential equations instead of the partial discrete differential equations described
by the kernel equation, one can more easily apply the tools of analysis to determine

6 After determining an algebraic or differential equation for a truncated series, several techniques can
be used to give confidence that the generating function under consideration satisfies this equation.
In addition to simply computing additional terms of the generating function and verifying that the
additional terms also satisfy the equation, Bostan and Kauers [15, Sec. 2.4] give several algebraic
and analytic heuristics.
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asymptotics’. The enumeration of a lattice path model can then be approached by
approximating walks by Brownian motions whose asymptotics are well understood;
see [35, 83] for classical accounts of the study of random walks. Using this approach,
for lattice path models on a large variety of step sets in a wide collection of cones,
including orthants in R,

* Denisov and Wachtel [32] found the exponential growth p and critical exponent &
in the dominant asymptotics Cn® p" for the number of excursions of a model and,
when the step set of the model has vector sum zero, for the number of walks
ending anywhere in the restricting cone;

* Garbit and Raschel [48] found the exponential growth p for the number of walks
ending anywhere in the restricting cone;

e Duraj [34] gave a method to determine the exponential growth p and critical
exponent « for the number of walks ending anywhere in the restricting cone when
the step set of the model has vector sum pointing outside the cone.

These results are very general, allowing for enumerative information on the non-
singular models studied above, including those with non-D-finite generating func-
tion. We note that the process of approximating a discrete walk by Brownian motion
makes it extremely difficult to exactly determine the asymptotic constant C and a
good bound on the asymptotic error term.

Melczer and Wilson [73] combined the diagonal expressions derived above with
the methods of analytic combinatorics in several variables to determine dominant
asymptotics, including leading constants, for the quadrant models with transcenden-
tal D-finite generating function. Bernardi et al. [7] and Dreyfus et al. [33] examine
the behaviour of short step quadrant models with infinite group, proving some of the
models admit generating functions which are not only non-D-finite but also hyper-
transcendental. Bostan et al. [11] examine three-dimensional short step models in
the non-negative octant, and Bostan et al. [12] generalize the kernel method to study
walks in an orthant with potentially non-short steps; in both cases rational diago-
nal representations for the transcendental but D-finite generating functions which
arise are obtained. Melczer and Mishna [72] and Melczer and Wilson [74] use the
techniques of analytic combinatorics in several variables to find asymptotics for
highly and mostly symmetric walks in any dimension. Gessel and Zeilberger [51]
gave representations for lattice path generating functions in so-called Weyl chambers
in arbitrary dimension, which include the diagonal representations of Melczer and
Mishna for highly symmetric models in N9 . Tate and Zelditch [84] and Feierl [40, 41]
determined asymptotics of walks in Weyl chambers using analytic techniques such
as saddle-point integral computations. Zeilberger [89] and Grabiner and Magyar [52]
contain other work on generating function expressions for walks in Weyl chambers.

7 See Bousquet-Mélou [22, Sect. 2] for a nice discussion on partial discrete differential equations.
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Fig. 4.6 Top: The path pairs in Sy: there are four pairs of area three and one pair of area four.
Bottom: The lattice walks in G4: there are four walks of area three and one walk of area four.

Problems

4.1 Generalize Proposition 4.1 to give the generating function of walks returning to
the origin when the starting point p € N is arbitrary. Carefully consider situations
when the integrand in (4.4) may have a pole at x = 0.

4.2 Following the argument in Section 4.1.4, prove there are exactly 79 non-
isomorphic quarter-plane models which are not isomorphic to half-plane models.

4.3 Prove that the multivariate generating function W(z,t) tracking the endpoint
and length of a lattice walks in N¢ taking short steps satisfies the functional equa-
tion (4.12). Hint: Decompose a walk of length n as a walk of length n — 1 followed
by a single step, and use the principle of inclusion-exclusion to keep track of walks
leaving the orthant.

4.4 Use Proposition 4.8 and a computer algebra package for creative telescoping to
prove that the generating function A(z) for the number of quarter-plane walks on the
steps S = {(£1,0), (0, 1)} satisfies the differential equation

24z - D)4z + DA (2) + 2z(4z + 1)(16z — 3)A”(¢)
+2(1122% + 14z = 3)A’(1) + 4(162 + 3)A(t) = 0.

4.5 Prove the two rational diagonal expressions for the number of quarter-plane walks
on the steps S = {(x1,0), (0, £1)} given by Propositions 4.8 and 4.9 are equivalent
by using a computer algebra package to determine a D-finite equation satisfied by
the diagonal of their difference.

4.6 A path pair of length n is a pair of paths starting at the origin, consisting of n
unit steps to the north or east, meeting again for the first time after n steps; the
path pairs of length 4 are shown in Figure 4.6. Let S,, denote all pairs of paths of
length n. An open problem several decades old [88] asks whether the elements of S,,
tile a 272 x 2"~2 chessboard without overlap (the elements of S, are allowed to be
rotated). This problem asks you to use the kernel method to show that the elements
of S,, covers the correct number of squares, 4”2, for the 2"~2 x 2"~2 chessboard.
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1. Let S, denote the class of lattice walks of length n in Z which start at the origin,
take the steps 7 = {(1, 1), (1, —1), (1, 0), (1, 0)} (there are two different horizontal
steps), end at height 0, and touch the x-axis only at their beginning and end.
Find a bijection between S, and &,,, such that p € S,, is paired to an element
w € S, so that the area of p (number of squares covered) corresponds to area
under the walk w (number of integer points under the walk and above or on the
x-axis); see Figure 4.6.

2. Let G be the trivariate generating function G(y,u,1) = X x n>0 gjkny’ uke™,
where g1, denotes the number of walks on n steps of 7~ which end at height
y = j, have area k, and stay above y = 0 except at their starting and (potentially)
ending point. Note that [#*]G(0, u, ¢) is the generating function of the walks in
S, by area. Prove that G(0,u, 1) = ut’F (0, u, ut), where F(y,u,t) satisfies the
kernel-like equation

1 t
F(y,u,t)=1 +t(yu+2+ —) F(yu,u,t) — —F(0,u,1).
yu yu

Hint: G counts only walks which touch the x-axis in their first and (potentially)
last steps. F is the generating function of a less restricted class.

3. Using this kernel equation, prove that F (0, 1,7) = and thus show that

2
1-2t+V1-4¢

_ 2 . s .
F(y,1,1) = FRCYIRY ey Furthermore, by differentiating the kernel equation

a2 NI AT
prove that F,,(0, 1, ) = 2 4”2;(;(42;);) 14

4. Using F(0, 1,¢) and F, (0, 1, ¢) show that the generating function for the number
of boxes filled by all walks of length 7 is £ /(1 — 4¢), proving the elements of S,
cover the right area to tile a 2"~ x 2”72 chessboard.

Hint: What does the partial derivative of G with respect to u represent?
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Smooth ACSV and Applications






Chapter 5
The Theory of ACSV for Smooth Points

We see. . . that the theory of probabilities is at bottom nothing
but common sense reduced to calculus: it enables us to
appreciate with exactitude that which excellent minds sense by a
kind of instinct for which they are often unable to account.

— Pierre-Simon Laplace

Sweet Analytics, ‘tis thou has ravish’d me...
— Christopher Marlowe (as Doctor John Faustus)

In this chapter we develop the theory of analytic combinatorics in several variables
under a set of assumptions which hold very generally yet simplify our approach. In
the easiest cases, these multivariate results can be obtained through clever applica-
tions of the univariate methods from Chapter 2 together with a classical ‘saddle-point
method’ for asymptotics of certain parametrized integrals. Dealing with more gen-
eral situations will require truly multivariate techniques making use of advanced
results from several areas of mathematics, but one should always keep the univariate
approach in mind: examine the singularities of the generating function under con-
sideration, determine a finite set of those singularities which dictate the exponential
growth of coefficients, then perform a local analysis of the function at those points
to determine dominant asymptotics. Our results apply both to rational functions and
ratios of analytic functions.

We show how to apply our results on a large number of examples in this chap-
ter, and give a detailed treatment of a family of lattice path models in Chapter 6.
Algorithms automating the techniques in this chapter are developed in Chapter 7.

A Simplified Asymptotic Statement

Our main results, stated in Theorems 5.2, 5.3, and 5.4, are asymptotic statements
holding for convergent Laurent expansions of meromorphic functions. These results
are powerful, and very general, but their generality makes stating them slightly cum-
bersome. We thus begin with a simplified result which covers the most common
case appearing in applications. Recall from Definition 3.9 in Chapter 3 that a singu-
larity w of a meromorphic function F(z) is minimal if no other singularity z of F
satisfies |zj| < |w;| forall 1 < j < d where at least one of the inequalities is strict.

Theorem 5.1 Let r € Rio and let G(z), H(z) € Q[z] be coprime polynomials such
that F(z) = G(z)/H(z) admits a power series expansion F(z) = Y;cna fil. Suppose
that the system of polynomial equations

185
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H(z) = rz21Hz (2) — n22Hy,y(2) = - - - = raziH, (2) — rizaH,,(2) = 0

admits a finite number of solutions, exactly one of which, w € CZ, is minimal.
Suppose further that H,,(w) # 0, that the matrix H defined by (5.24) and (5.25)
below has non-zero determinant, and that G(w) # 0. Then, as n — oo,

Jar = w i (1=d)/2 (2”rd)(lid)/2 ~otw) (1 +0 (l)) (5.1)
n

Vdet(H) wa Hz, (W)

when nr € N9, As r varies in any sufficiently small neighbourhood N in R‘io the
solution w = w(r) varies smoothly with r. When the above conditions are satisfied
for each w(r) with v € N, the hidden constant in the big-O error in (5.1) can be
chosen independently of r in any compact subset of N.

When the zero set of H contains a finite number of points with the same coordinate-
wise modulus as w, all of which satisfy the same conditions as w, then an asymptotic
expansion of fur is obtained by summing the right hand side of (5.1) at each point.

When the power series expansion of F(z) contains only a finite number of
negative coefficients, any point w € C¢ with H(w) = 0 is minimal if and only
if H(twy, ..., twq) is non-zero for all 0 < t < 1.

Theorem 5.1 is a special case of Theorem 5.4 below.

Example 5.1 (Asymptotics of Central Binomial Coefficients)

Consider the power series expansion

1 P i+j\ ;
F s = — = L xyly = lj.
(x, y) —x—y ijiofwxy i]§>0( ; )xy

For r, s > 0 the system of equations
H(x,y) = sxHx(x,y) = ryHy(x,y) = 0

becomes
l-x-y=-xs+yr=0,

(x,y)=( : > )

r+s r+s

with solution

The minimal singularities of F(x, y) were described in Chapter 3, where it was shown
that any point (x, y) with x, y > 0 and x + y = 1 was minimal. Building the matrix H
defined by (5.24) and (5.25), which in the bivariate case is just a constant, shows that
the conditions of Theorem 5.1 are satisfied here, and we calculate

r+S)r" (r+S)S" Vr+s
r V2rsmn

Section 5.1 goes into great detail on how to derive this expansion.

frmon ~ (

N
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Below we relax many of the conditions of Theorem 5.1, considering more gen-
eral Laurent expansions and determining an explicit asymptotic expansion of f,;
in decreasing powers of n. In addition, we show that most of our assumptions hold
generically, meaning they hold for all rational functions with numerator and denom-
inator of fixed degree, except those whose coefficients lie in some fixed algebraic set.
Our main results and the necessary surrounding theory are developed in Section 5.2.
Section 5.3 illustrates how the theory is put into practice, including (in Section 5.3.3)
a characterization of how asymptotics of f,; varies with r and an illustration for how
this implies a central limit theorem for series coefficients. Section 5.3.4 concludes
by proving that most of our assumptions hold generically. We make frequent use of
the results and concepts introduced in Chapter 3 throughout.

Setup

As in the univariate case, the analysis begins with the (multivariate) Cauchy integral
formula from Theorem 3.1 (for power series expansions) and Proposition 3.10 (for
more general Laurent expansions) in Chapter 3. Given a meromorphic function F(z)
with absolutely convergent Laurent expansion F(z) = Y;cza fiz! in some domain
D c C4, we fix a direction r € R? and study asymptotics of the coefficient sequence

1 dz
= — F(z)——
Jnr (2ri)d ‘/T(w) ( )an+1

as n — oo, where T(w) is the polytorus defined by any w € . In most appli-
cations, F(z) is a rational function and we study asymptotics of its power series
expansion at the origin; in this case 7(w) can be taken as any product of circles
sufficiently close to the origin. Although f, is essentially not defined if nr ¢ Z¢, we
will show that asymptotics vary smoothly with r, allowing us to make meaningful
asymptotic statements about f,,, even when r has irrational coordinates.

Our first set of results needs only univariate techniques and the following two
facts. The first follows by induction from the univariate complex analysis results
discussed in Chapter 2, while the second is a consequence of the triangle inequality.

Deforming Curves of Integration: Let f(z) be a meromorphic function and
let T(a), T(b) c C< be tori in C¢ such that f(z) has no singularities with |z
between |a;| and |b;| for each 1 < j < d. Then

f(z)dz = ‘/T o f(z)dz.

T (a)
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Maximum Modulus Integral Bound: If f(z) is continuous on a con-
tour C ¢ C4 of finite area, then

‘/C f(z)dz

< area(C) x max | f(z)|.

We start with a detailed study of the rational function F(x,y) = 1/(1 — x — y),
which lays out the steps we must go through in the general case.

5.1 Central Binomial Coefficient Asymptotics

Let

F(x,y) = TP~
—x—y

In Chapter 3 we saw that F(x, y) admits three distinct convergent Laurent expan-

sions. Here, we begin by determining coefficient asymptotics in the main diagonal

direction r = (1, 1) of the power series expansion

i+j\ .
F = ty
CREDY ( ,- )xy,
i,j >0
with domain of (absolute) convergence
D ={(xy) €C: x|+ [yl < 1}.

The Cauchy integral formula implies

2 1 1 d
n (27(1)2 T(a,b) 1—x-— y xn+1yn+1

for any (a, b) € D, which forms the basis of our analysis. We break our argument
into several steps.

Step 1: Bound Exponential Growth

By Corollary 3.2 of Chapter 3, the dominant asymptotic behaviour of a rational
diagonal sequence is given by a finite sum of terms of the form C n® /" (logn)’,
where C € C, @ € Q, £ € N, and ¢ is algebraic. As in the univariate case, the first
step of the analysis is to determine information about the exponential growth

p = limsup |fn,n|l/no

n—oo
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In the univariate setting the exponential growth of a sequence is obtained by finding
the minimal modulus of its generating function’s singularities and taking the recip-
rocal. Unfortunately, in dimension two or greater there will always be an infinite
number of singularities ‘closest’ to the origin, with each only giving a bound on the
exponential growth.

In our example |a| + |b| < 1 whenever (a, b) € D, so that

1 1
<
I—x—y[" 1=lal-b|

for all (x, y) € T(a, b). Thus, the maximum modulus integral bound implies

2n _ 1. / 1 dxdy < lab|~ (5.3)
n 2ri)? Jrapy 1 —x—y xntlyntl | = 1 —|a| - |b]
for all (a, b) € D. Equation (5.3) gives a family of bounds
1/n
. n —1
lim sup ( ) < |ab| 5.4
n—oo n

on the exponential growth of the central binomial coefficients, one for each pair of
points (a, b) € D. In fact, allowing (a, b) to approach the boundary 99 shows that
the exponential growth p is bounded above by |ab|~! for all (a, b) € D.

It is natural to wonder which points give the best upper bound, and whether that
bound is tight. In fact, answering these two questions is usually the hardest step when
studying a multivariate generating function. As the upper bound |ab|~! decreases as
the coordinates a and b get farther from the origin, the minimum of |ab|~! on

D ={(a,b) € C?: |a| +|b| < 1}

occurs on the boundary of D, where |a| + |b| = 1. Thus, we want to minimize |ab|~!
subject to |a| + |b| = 1. Examining the function t~!(1 —#)~! for 0 < ¢ < 1 shows the
minimum is achieved when |a| = |b| = 1/2, where |ab|™! = 4.

Returning to the bound in (5.4), we have shown that for every & > 0 there exists
a constant Cg > 0 such that

(2") <C.(4+e)
n

for all n € N. Using the fact that the central binomial coefficients have an algebraic
generating function, we have seen in Chapter 2 that

()=o)

as n — oo, so our upper bound of 4 on the exponential growth is tight.
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Step 2: Determine Contributing Singularities

In order to completely determine asymptotics of this diagonal sequence, we will per-
form a local analysis of F(x, y) near some of its singularities. But which singularities
should we study? Because the minimum of |ab|~" on D occurs on the boundary 4D,
and depends only on the moduli of the coordinates, there are singularities of F achiev-
ing this minimum. Since the denominator under consideration is 1 — x — y, the only
singularity of F(x, y) with |x| = |y| = 1/2 is the point o = (1/2,1/2).

The Cauchy integrand in (5.2) has exponential growth close to 4" when (x, y) is
near to o, and has different exponential growth near any other singularity of F(x, y).
The point o is thus the only singularity of F(x, y) where the growth of the Cauchy
integrand matches our predicted diagonal sequence growth, and therefore the only
singularity where a local analysis of the Cauchy integral could possibly capture the
asymptotic growth of the diagonal coefficients. Following this logic, we attempt to
determine dominant asymptotics by manipulating the Cauchy integral in (5.2) into
an integral whose domain stays near this singularity, then replace F(x, y) by a local
approximation near o.

Step 3: Localize the Cauchy Integral and Compute a Residue

For any n € N let

o] - 1 / (/ 1 dy \ dx
i) Jierjp \Jipjzga T—x —y yntl ]| ynel”

Since o0 = (1/2,1/2) lies on the boundary of the domain of convergence 09D, the
point (1/2,1/4) lies in D and thus I = (2,:’) In order to obtain an integral where x is
restricted to a neighbourhood of 1/2, we define

N = {|x| —1/2 : arg(x) € (—%, ;—T)} and N’ = {|x| = 1/2} \ .
Figure 5.1 illustrates the sets N and N’, and we note that

ei?‘[/4

I1—x| <|1- =0.7368.....

———
P

forx € N, and |1 — x| > p for x € N’. We now compare [ to the ‘localized’ integral

o= 1 / / 1 dy dx
loc = (Zﬂi)z N \Jiyi=1/4 l-x—-y yn+1 X+l

Our arguments are local, in the sense that replacing N with any smaller neighbour-
hood of 1/2 will not change our results. For fixed x € N’,
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Fig. 5.1 The domains of integration N and N’, with |1 -x| < pforx € Nand |1-x| > p > 1/4
forx € N'.

' 1 / 1 dy 1 1/(1 —x) dy
27i) Jiyj=17a 1= x =y ynt!

Qri) Jyyjzia 1= 125 !

[y ) (1 =)y

j=0

|l _ xl—(n+1)

—(n+1)

<p

where the series expansion is valid as |y| = 1/4 < |1 — x| when x € N’. Thus, the
maximum modulus integral bound implies

1 1 d dx length(N”) _
|l_Iloc|=—.2/ / yl ] < g ( )p (n+l)2n+l
(2ri) N\Syl=1ja 1= x =y yn+l | xnt 2n
3 (2 "
- 8pr \p)
Since 2/p < 2.72, this implies we can replace the integral  with /j,. in our asymptotic

arguments and introduce an error that grows at an exponentially smaller rate than
our diagonal sequence. Our next tactic is to introduce the integral

1 1 dy \ dx
Tou = =—3 1| el
@ri)* In \Jjyj=3pa 1= x =y ymtt ] xn

whose domain of integration lies outside the domain of convergence D. For x € N,
the quantity |1 — x| is bounded away from 3/4 so that 1/|1 — x — y| is bounded
when |y| = 3/4. The maximum modulus integral bound then implies the existence
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rrsex 4 o)

which grows exponentially smaller than our diagonal sequence.

of a constant C such that

Remark 5.1 There are solutions to 1 —x—y = 0 with |[x| = 1/2 and |y| = 3/4, but no
solution has x € N. This is why we introduce and localize to the neighbourhood N.

Finally, define

X = loc — Lot

-1 1 / 1 dy / 1 dy \ dx
B 2 N 2mi ly|=3/4 1 -—xX-Yy y”*’l ly|=1/4 1 —x-y yn+l xn+l .

For any fixed x € N, the function F(x, y) = 1/(1 — x — y) has a unique pole between
the curves {|y| = 1/4} and {|y| = 3/4}, at y = 1 — x. Thus, the (univariate) Cauchy
residue theorem discussed in Chapter 2 implies

L(/ 1 dy _/ 1 dy ):-(1—x)‘<"“>,
27i \Jyyj=3a L=x—y ym*1 Jyyziys L= x—y yntl

for each x € N, and

1 dx
= % '//;{ xn+l(] _ x)nJrl ! (55)

This gives a good asymptotic approximation of our diagonal sequence, because

2n 2\"
n —X| = |I_ (Iloc - Ioul)| < |I _Iloc| + |10ut| =0 ; .

Remark 5.2 The emergence of the integral in (5.5) should not be surprising. In fact,
the binomial theorem implies

(2:)2[)6,,] (1—xyd - L / _dx (5.6)

2 Ix|=1/2 xn+1(1 — x)n+1’

which is an exact equality instead of an asymptotic approximation. The reason our
argument has an (asymptotically negligible) error is that we restrict to the neighbour-
hood N of x = 1/2 in order to have the integrand of I,y bounded when |y| = 3/4. In
this example, we can define the domain of integration for y in Iy, tobe |y| = 3/2+r
for any » > 0 and the restriction of x to the neighbourhood N of 1/2 becomes
unnecessary; the rest of our argument then yields the exact equality (5.6). The reason
we did not take this approach above is because for general rational (or meromorphic)
functions one must stick to a local analysis near the singularities of interest. We thus
restrict x to the neighbourhood A and obtain an asymptotically negligible error here
as this argument is the one that generalizes. Chapter 8 provides a detailed asymptotic
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analysis for diagonals of rational functions whose denominators are a product of
linear factors, giving exact equalities such as (5.6).

Step 4: Apply the Saddle-Point Method

Parameterizing the domain of integration N'in (5.5)as N = {eig [2:0¢€(—n/4,n/ 4)}
converts this integral expression for y into

4n 7(/4
XY =— A0)e™"? ) gp, (5.7)
2n -n/4
where 1
A(Q) = m and ¢(9) = log (2 - eig) +1i6.

This is our first example of a Fourier-Laplace integral, whose asymptotics can
be calculated using the saddle-point method and related techniques. To determine
asymptotics we will replace the amplitude function A(@) and phase ¢(6) in (5.7) by
the leading terms of their expansions

AB)=2+210-30°+--- and  GO) =0 +i0>+---  (5.8)

at the origin, after which the resulting integral can be computed explicitly. First, we
restrict the domain of integration in (5.7) to a small neighbourhood of the origin:
if B,, = n=%/° then (5.8) implies

)e_n‘p(g)’ = e—n‘R((p)(O) < e—nl/5+0(1)

whenever |6| > B, so that

/4 B, -B, /4
/ A(@)e @ gg = / A@)e g0 + / A(0)e O gg + / A(@)e " qg
- /4 -B, -t /4

n

B,
_ / A@) a0+ 0 ().
-By

For |6| < B, the expansions in (5.8) imply
A) =240 (niZ/S) and 9O = OHOWT) _ gl (1 +0 (Vfl/s)),

meaning

=2 ([T 2] (140 (). 59

Asymptotics of such an integral over the entire real line is easy to determine: making
the change of variable 6 = t/+/n gives
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/00 e’ 4o = 12 /Do e dt = w/g
—00 —0c0 n

/m e—n02d9 _ /m e—n(Bn+9)2d9 _ e—nB,% /OO e—né’z—nB,,Ode
B, 0 0

2 o 2
< ¢ "Bn / e do
0

=0 (ef'll/s)

we can ‘add the tails’ back to the domain of integration in (5.9) while introducing
an exponentially small error, ultimately yielding

x = g ([o 2e—"92d9) (1 +0 (n-‘/S)) - % (1 +0 (n—1/5)) .

00

Since

Thus, we have obtained an asymptotic estimate

(2) j:_n(1+o(n—1/s)).

A more careful analysis can bring the error term O (n!/%) to O(n™"), and even
determine an asymptotic expansion in powers of n~!. The key properties that allow
for such an analysis are that A and ¢ are analytic at the origin and

e #(0) = ¢’(0) = 0 while ¢”(6) # 0 (so that the dominant term in the Taylor series
for ¢ at the origin is quadratic, leading to a Gaussian-type integral);

* the real part of ¢ is non-negative on the domain of integration (so that the integral
decays away from the origin);

e ¢’(0) # 0 on the domain of integration unless # = 0 (so that the origin is the only
point where local behaviour will dictate asymptotics),

although these can be relaxed to differing degrees (especially for univariate integrals).
Good expositions of the asymptotics of univariate saddle-point integrals can be found
in de Bruijn [13] and Flajolet and Sedgewick [16, Sect. VIII], which illustrate a deep,
rich, and well-developed theory, and motivate some of our choices above. Below we
use Proposition 5.3, which gives asymptotics in a generalized multivariate setting.
The miracle which underlies analytic combinatorics in several variables is the
fact that, by making a natural choice of singularities to study—those giving the best
bound on exponential growth—one ends up with a class of integrals which can be
asymptotically approximated!. Under the assumptions of this chapter, when dealing
with rational functions of d variables the Fourier-Laplace integral expressions ob-

I As we will see, this miracle is due to the Cauchy-Riemman equations.
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tained are d — 1 dimensional. They have no analogue in the univariate case, where
one is finished after computing the residue in Step 3.

5.1.1 Asymptotics in General Directions

Suppose we wish to determine asymptotics of the coefficients f., s» in a more
general direction r = (r, s) € N2, Because changing the direction r does not affect
the underlying rational function F(x,y), its singular set V, or the power series
domain of convergence D, we have the modified Cauchy integral representation

(rn + sn) = fonan = ;/ 1 dxdy (5.10)

rn (27-(1)2 T(a,b) 1—-x-— y xrn+1ysn+1

for any (a, b) € D. As in our study of the main diagonal, the maximum modulus
integral bound applied to (5.10) gives a bound on the exponential growth

p = Limsup | frp enl'" < |a|™"|b|~*

n—oo

for all (a, b) € D. In order to minimize this upper bound on exponential growth, we
introduce the height function

he(x,y) = h(x,y) = —rlog|x| — slog|y|

and search for the minimum of A(x, y) on 0D, where |x| + |y| = 1. Writing |x| = ¢
for 0 < ¢ < 1, we thus search for the minimum of g(¢) = —rlogt — slog(l — 1)
when 0 < ¢ < 1. Since r, s > 0 the function g(¢) goes to infinity as ¢ approaches 0
or 1, and we may find the minimum of g by solving the equation g’(#) = 0. This

implies that the minimum of 4, on dD occurs when (| x|, [y|) = (45, 735 ), and there
is precisely one singularity with this coordinate-wise modulus, (x., y.) = (45, 735)-

Remark 5.3 Recall the discussion of polynomial amoebas and the Relog map from
Section 3.3.1 in Chapter 3. If p = log |x| and ¢ = log |y| then

h(x,y) = -rlog|x| —slog|y| = —rp —sq = —(r,s) - (p, q).

Thus, minimizing h(x,y) on D corresponds to minimizing the linear function
h(p,q) = —(r,s) - (p,q) on the closure of the convex component B = Relog(D)
of the amoeba complement amoeba(1 — x — y)€. Pictorially, for any direction (r, s)
we want to find the point(s) on B where the support hyperplane to B has normal
(r, s); see Figure 5.2. Proposition 3.6 from Chapter 3 implies that every point on
AB is a minimizer of & for some (r, s) when we relax the condition that r and s are
natural numbers and allow them to take positive real values.

Following the steps outlined above, we note
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-
/

Fig. 5.2 The boundary of amoeba(1 — x — y) together with the component B of amoeba(1l — x —y)¢
corresponding to the power series expansion of 1/(1 — x — y). Level sets of the height function &
for directions (1, 2) on top, (1, 1) in the middle, and (4, 1) on the bottom are shown, together with
the corresponding minimizer of /2 on dB.

£ - 1 /’ /‘ 1 dy dx
rn,sn — & (2”1)2 x|=x. ly|=y.—& 1—x— y ysn+l xrn+l

for any sufficiently small & > 0, and introduce the integrals

Lo = 1 /’ / 1 dy dx
loc = (zm)z N Iy |=y,—& 1—x— y ysn+l xrn+]
1

[ - / / 1 dy dx
out = (27Ti)2 N Iy |=y. +& 1—x-— y ysn+1 xrn+l

where N = {|x| = x, : arg(x) € (-6, 6)} for some sufficiently small § > 0. The
same argument as the main diagonal case shows that both I — I, and I,y grow
exponentially slower than /, and we can approximate f,, s, with the integral

x*—rny*—sn ) _nd(6)
X = lioc = Tout = T A(f)e do, (5.11)
n -5
where :
r+s
Al) = ——=——+0(0
®) 1 — x.et? s ©)
and

#(0) = rlog (x*eig) + slog (1 - x*eig) — rlog(x,) — slog(y.)

+
_r(r+s) o

3
=, + 0(6”).
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Fig.5.3 Left: Values of the factor M,, = () [n7l=n7 o rising in our determination of asymptotics
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near the irrational direction r = (7, 1) for 0 < n < 100, bounded between (m)l/ % and (#)_1/ 2

Right: The ratio of the coefficient f;, ] » and its limit behaviour M, A,, for 100 < n < 200.

T

Because y is a Fourier-Laplace integral satisfying the properties discussed above,
the saddle-point method implies

+ + rn + sn + 1 0 (r(r+s) g2
(rn sn) = e ~ (r S) (r S) (r s) _/ . n(“5e )de
rn r K s 21 J_o

B (r+S)V" (r+S)S" Vr+s
r S V2rsan

A close examination of our argument shows that the error term in this approx-
imation varies smoothly with (r, s) and, in particular, our asymptotic result holds
uniformly when (7, s) varies in any compact set. This allows us to interpret asymp-
totics in a direction (r, s) with non-integer coordinates as the limit of asymptotics
in rational directions approaching (r, s), in a manner specified precisely by Proposi-
tion 5.9 in Section 5.3.3 below.

(5.12)

Example 5.2 (‘Asymptotics’ in an Irrational Direction)

Although no non-zero multiple of r = (r, 1) contains integer coordinates, when n
is large then nr gets arbitrarily close to vectors with integer coordinates. Let [nr]
denote the closest integer to nmr and let A,, denote the asymptotic approximation (5.12)
with r = w and s = 1. Proposition 5.9 below implies

T [n7]-nx
f[nn],n - (m) An

asn — o0, s0 A, determines the asymptotic behaviour of the coefficient with integer
coordinates closest to nr, up to a bounded factor M,, coming from rounding nm to
an integer. See Figure 5.3 for an illustration.

In fact, writing
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© (rn)!(sn)!  T(rn+ DI(sn+1)

(rn+sn) _(rn+sn)!  T(rn+sn+1)
rn

extends the coefficients (""**") to all (r,s) € R using the gamma function I'(z)
discussed in the appendix to Chapter 2. The asymptotic behaviour of the gamma
function (which can be derived using its integral definition and the saddle-point
method) shows that this ratio has asymptotics matching (5.12).

Remark 5.4 If r < 0 or s < 0 then h(x,y) = —rlog|x| — slog|y| is unbounded from
below on D, as h(x, y) approaches negative infinity whenever x — Oory — 0. Going
back to the bound | fy sn| < |a|™"|b|*" for (a, b) € D implies f, sn decays faster
than any exponential function, meaning the sequence is eventually zero due to the
constraints on asymptotic growth for rational diagonals. In particular, our asymptotic
argument verifies the trivial fact that the power series expansion of F(x, y) contains
no terms whose indices are arbitrarily large with negative sign. Note that the set Rio
contains all directions r such that some multiple fr with ¢ > 0 lies in the Newton
polygon of 1 — x — y at the origin; we generalize this observation in Proposition 5.7.

5.1.2 Asymptotics of Laurent Coefficients

Having studied coeflicient asymptotics of the power series expansion of F(x,y) =
1/(1 —x —y), we now apply a similar analysis to the other Laurent expansions of F,
derived in Chapter 3. Consider, for instance, the convergent Laurent expansion

1 i . L
- . (_l)j+1ij—l—1
l-x-y l.;o (1)

in the domain D, = {(x,y) € C% : 1 + |y| < |x|} (the final Laurent expansion is
the same with x and y swapped). Although the rational function F, and thus its
singular set V, are unchanged, the singularities on the boundary of the domain of
convergence now form the set V N 9D, = {(1 +¢,—t) : t > 0}. The exponential
growth of coefficients along a direction r = (r,s) € R? is still determined by the
minimum of the height function

he(x,y) = —rlog|x| — slog|y|

on D5. Parameterizing VN D, by (x, y) = (1+1, —1) forr > 0, we want to minimize
g(t) = —rlog(1 +1) — slog(r).

From the series expansions

gty =slog(t™ ) —rt +rt*/2+ - - (t — 0%)
g(t)==(r+s)log(t) —rt™ +rt72/2 4 - (t > o0),
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we see that /,(x,y) is unbounded from below, and thus the sequence f, s is
eventually zero, whenever s < Oorr + s > 0.

Remark 5.5 Recalling Figure 3.2 and the discussion in Section 3.3.1 of Chapter 3,
this Laurent expansion of F(x,y) corresponds to the vertex (1,0) of the Newton
polytope N(H) under the mapping described by Proposition 3.12. The set of direc-
tions (r, s) for which (1,0) + #(r, s) lies in the Newton polytope of 1 — x — y are
exactly those where s > 0 and r + s < 0. Again, we return to this observation in
Proposition 5.7 below.

Suppose s > 0 and r + s < 0, so that the minimum of %, occurs on 9D.
S S r

Solving g’(¢) = 0 gives (|x|, [y]) = (x., y.) = (1 - ==, 22) = (&, ), with the
point (x., y.) being the only singularity on 09, with this coordinate-wise modulus.
Note this is the same formula as in the power series case, with different restrictions
on r and s, and that x, > 0 while y, < 0. Below we will see that the most natural
algebraic techniques compute a set of potential minimizers of &, for all domains of
convergence, after which one must filter the points to determine which are relevant
to the specific Laurent expansion under consideration. This is one reason why a
knowledge of Laurent expansions helps provide an understanding of our asymptotic
methods, even when one only cares about power series expansions.

If (x, y) € D, then (x, z) € D, forany z with |z| < |y|, since 1+|z] < 1+]y| < |x].
Thus, for any sufficiently small & > 0,

£ 7= 1 / / 1 dy dx
rn,sn — 4L — (27(1)2 Ix|=x. Iy |=lys |-& 1—x-— y ysn+l xrn+1 .
Again following the argument above, we introduce the integrals
1 1 dy dx
hoc = (D712 +1 +1
@ri)? In \Jiyjzppj-e 1= x =y st ] xmm

I = ! / / 1 dy dx
out — (27‘[1)2 N |y|:|y*|+s 1 - xX—y ysn+1 xrn+1 s

where N = {|x| = x, : arg(x) € (-6, )} for some sufficiently small § > 0. Defin-
ing N’ = {|x| = x.} \ NV, we note that [ — ljoc and Iy grow slowly:

e Ifa € C with a = |x,| and a # x. then the radius of convergence of the series
F(a,y) in y is larger than |y.|. This shows the existence of T > |y.| such that

! dy sn -ns
/y|=y e Tmx—y yol [y 1F(x,y) = O(™")

for all x € N’. The maximum modulus bound therefore implies
[I = loc| = O(x""77")

will grow exponentially slower than the coefficient sequence under consideration.
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* The maximum modulus bound implies Loy = O (x;""(|y.| + e)“‘"), and s > 0.
Thus we may replace I by Ijoc, subtract Iy, and compute a residue to approximate

the coefficient f,, ,s by a Fourier-Laplace integral. In fact, we obtain the same

Fourier-Laplace integral as in (5.11), the only difference from the power series case
being the restrictions on (r, 5). Again we may apply a saddle-point argument to obtain

(—nrs— 1)(_1)ns+1 = o (r+s)rn (r+S)5n (r+S) 1 /°° e_"(%)dﬁ

n r s ) 21 J_oo

_(r+s>r"(r+S)S"(r+S) N
S\ s s 2r(r + s)mn
for s > 0 and r + s < 0. Note that we cannot simplify, for instance, +/s/(r + s) =

\/s/A/r + s because s and r + s are negative. Making such invalid simplifications can
result in an asymptotic approximation with incorrect sign.

Remark 5.6 Up to taking care with the leading sign, our asymptotic estimate respects

the binomial identity (_';lrs_l)(—l)”‘“rl =—(").

5.2 The Theory of Smooth ACSV

We now show that our approach for the central binomial coefficients generalizes to an
amazing degree. This section lays out the basics of analytic combinatorics in several
variables, culminating in Theorems 5.2 and 5.3, while the next section contains
generalizations, further discussion, and results which help apply the theory to real
applications. The necessary background on complex analysis in several variables,
including singularities, Laurent expansions, polynomial amoebas, and diagonals of
analytic functions, was covered in Chapter 3.
Fix a rational function
_G(z)
" H@)

with G and H coprime polynomials over the complex numbers, and let O denote the
domain of convergence of a Laurent expansion

F(z) = Z fizi

iezn

F(z)

corresponding to a component B = Relog™'(D) of the amoeba complement
amoeba(H)¢. We determine asymptotics of a sequence f, for indices nr € Z¢
as n — oo. By deriving asymptotic results which vary smoothly as the direction r
moves in some open set, we will be able to interpret ‘asymptotics’ of f;,,. for nr ¢ Z¢
through a limiting procedure made explicit in Section 5.3.3.



5.2 The Theory of Smooth ACSV 201

Unless otherwise noted a statement involving f,,, is interpreted to hold
when 7 € N and nr € Z4, so that the coefficient is well-defined.

We often assume that r contains no zero coordinate: if, say, ry = 0 then the r-
diagonal of F(z) is the t-diagonal of [zg]F (z), equal to the f-diagonal of F'(Z, 0) when
the series expansion F' contains no terms with a negative exponent of z4. Recalling
the notation R, = R \ {0} and C, = C\ {0} from past chapters, this means r € RZ.
We take F(z) to be a rational function in order to visualize our constructions using
the amoeba of H, but our ultimate results will hold for ratios of analytic functions.

Our arguments revolve around the singularities of F(z).

Definition 5.1 (singular variety and square-free part) Given complex functions
fis-..s fa, we write V(fi, ..., fa) to denote their set of common solutions in C¢.
The set of singularities of F(z), denoted V, is known as its singular variety; by
Proposition 3.2 in Chapter 3 the singular variety <V is the zero set V(H). Because V
depends only on the irreducible polynomial factors of H, and not on their multiplicity,
we let H® denote the square-free part of H, equal to the product of its distinct
irreducible polynomial factors over the complex numbers. The square-free part of H
can be computed in any computer algebra system, either by completely factoring H
or through more efficient specialized methods.

The minimal singularities of F', which are those on the boundary of the domain of
convergence, form the set V N dD.

Remark 5.7 We note that V = V(H) = V(H*). The algebraic properties of H*
better capture the geometry of V, which will be useful in our calculations.

This chapter deals with multivariate generating functions where V is a complex
manifold near the singularities of F' which dictate coefficient asymptotics.

Definition 5.2 (smooth points) A smooth point of V is an element of V where at
least one partial derivative of H® does not vanish. If every point of V is smooth then
we say V is smooth.

Although not required for most of our arguments, some differential geometry can
help motivate and explain our constructions, and the necessary background material
can be found in Griffiths and Harris [18, Ch. 0] if desired. For instance, the implicit
function theorem (Proposition 3.1 in Chapter 3) implies V is a complex manifold in
some neighbourhood of w € V whenever w is a smooth point.

Step 1: Bound Exponential Growth

As usual, we begin with the Cauchy integral formula

dz

= — F(z)—————,
Jur (2ri)d A(w) ( )Z?rﬁl L erdﬂ

(5.13)
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where T'(w) is the polytorus defined by any w € D. Applying the maximum modulus
bound to the integral in (5.13) gives a bound

|fnr| =

1 dz

— F(z)——————————| < Cy|w1 | - - [wgq| ™4, (5.14
e / o PO | bl 514
where Cyw = maXger(w) |F(2)| is finite. The part of this upper bound depending on n
determines a notion of height for the singular points of F.

Definition 5.3 (height functions) The height function of F in the direction r is the
function h,: C¢ — R defined by

d

he(z) = = ) rjlog |z;1.

J=1

Because it is often useful to take logarithms and picture the amoeba of H, we define
the logarithmic height function hy: R — R by he(x) = he(e*,...,e¥) = -1 - X.
When the direction r is understood we drop subscripts and write 4 and h.

Equation (5.14) implies an exponential growth bound

1/n |—r1

Hmsup | fue| '™ < Jwi |77 Jwg T = (5.15)

n—oo

for every point w in the closure D. When h(z) is unbounded from below on D the
coefficient sequence f,, decays super-exponentially and is thus eventually zero. Oth-
erwise, either the minimum of 4(z) on D is achieved and occurs on the boundary D
or, because £ is linear and the closed set Bis convex, the minimum is not achieved
and there is a limit direction of amoeba(H) which is normal to r.

Because we need local behaviour of F(z) near some of its singularities to
capture the asymptotic growth of its coefficients, we require that h.(z) achieves
its minimum on 9. In this chapter we work mainly under conditions which
allow for easy verification of this assumption. Recall the logarithmic gradient
map Vige f = (213, --»2dfz,) from Chapter 3. Proposition 3.13 in that chapter
states that for any minimal point w € V N 9D there exists 1 € R? and 7 € C such
that (Viog H*)(W) = 74, which helps us find minimizers of the height function.

Proposition 5.1 Let r € RY. Ifw € V N 0D and (ViegH*)(W) = 71 with T # 0
then w is either a minimizer or a maximizer of the map he(z) on D.

Remark 5.8 If H(z) = Q(z)*> for some polynomial Q then (ViegH)(W) = 0 for
all w € V. This is why we work with the square-free part H* instead of H.

Proof When v # 0 then, since r has no zero coordinate, w also has no zero coor-
dinate. Proposition 3.13 in Chapter 3 thus implies that r is the normal vector of a
support hyperplane H of B at Relog(w), meaning all points in B lie on one side
of H. Since the height function is represented by the linear function A(x) = —r - X
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after taking the Relog map, Relog(w) is thus a minimizer or maximizer of A(x)
on B, depending on whether r points away from or towards B at Relog(w). The
same relationship then holds between w and A(z) on D. Figure 5.2 above gives a
visualization. O

Unfortunately, there may be a minimizer of /,(z) on V N 9D which does not
satisfy (Viog H*)(W) = 1, even when V is smooth. Problems occur when the amoeba
of H, which comes from projecting ‘V to real space through the Relog map, does
not accurately reflect the properties of V back in C¢. Section 5.3 discusses these
considerations in more detail, and gives criteria under which the sufficient conditions
in Proposition 5.1 are necessary.

Step 2: Determine Contributing Points

Recalling that w € D if and only if the intersection 7(w) NV is non-empty, our next
goal is to get a better handle on the elements of V which correspond to minimizers
of hy(z). For any singularity w € V, the vector (ViogH*)(W) is a scalar multiple of r
if and only if the matrix

M= ((VlogHs)(w)) _ (WlHél(W) - waHZ (W)
r n e rd

is rank deficient, where as usual subscripted variables refer to partial derivatives.
This happens precisely when all 2 X 2 minors of M vanish, giving the system of
equations

H(w)=0
5 s : (5.16)
riw HZ (W) — ersz,-(W) =0 2<j<d).
Note that any point w € V where HZ (w) = --- = H; (w) = 0 satisfies (5.16).

Because H* is square-free, this happens when w is not a smooth point.

Definition 5.4 (smooth critical points) Equations (5.16) are called the smooth crit-
ical point equations, and any solution w € C¢ of (5.16) where some H, (w) #0is
a smooth critical point.

Remark 5.9 (an optional perspective from differential geometry) Suppose V is
smooth and let V., = V N C¢ denote the submanifold of points in V whose co-
ordinates are non-zero. If we define the map ¢(z) = — Z}j:l rjlog z; from Vi to C,
then the points where the differential of this analytic mapping of complex manifolds
vanishes (known as ‘critical points’ in differential geometry settings) are precisely
the points where the projection of V¢ to the tangent space of V. is zero. Since the
tangent space at w € V is the hyperplane whose normal is (VH?®)(w), the ‘critical
points’ of ¢: V., — Cin the differential geometry sense form the solutions of (5.16)
and thus match our definition of critical points.
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Although we originally derived (5.16) by minimizing the upper bound (5.15)
on exponential growth, the fact that these solutions are critical points of ¢ means
we will ultimately reduce to integrals which can be asymptotically approximated
by saddle-point methods. This serendipitous property is, in a sense, a result of the
Cauchy-Riemann equations. The complex manifold V, c C¢ defines an underlying
real smooth manifold W, c R??, obtained by setting z i = xj+iy; forreal variables x;
and y;. Since h; is the real part of the map ¢, the Cauchy-Riemann equations then
imply that the critical points of the real-valued smooth map 4, : W, — R appearing
in (5.15) are precisely the critical points of the complex analytic map ¢: V., — C.
See Section 9.3 of Chapter 9 for more details on this interpretation.

By Proposition 5.1, a smooth critical point w is either a minimizer or maximizer
of hy on D, depending on whether r points away from or towards B at Relog(w),
respectively. Only those critical points which are minimizers play a role in our
arguments, so we make the following definition.

Definition 5.5 (smooth contributing points) Any smooth critical point w € C¢
where r points away from B, i.e., where x - r < Relog(w) - r for any (and thus
all) x € B is called a smooth contributing point. Whenever D is the power series
domain of convergence and r has positive coordinates, Proposition 3.6 in Chapter 3
implies that any minimal smooth critical point is a smooth contributing point.

By definition, a minimal smooth contributing point w is a minimizer of A, on D.

Example 5.3 (Smooth Critical Points and the Amoeba Contour)

Figure 5.4 shows a sketch of the contour of H(x, y) = 1 — x — y — 6xy — x>y? together
with: the components By, ..., Bs of amoeba(H ), the images of the smooth critical
points under the Relog map when r = (1, 1), and the resulting support hyperplanes.
The component B; = Relog(P;) corresponds to the power series expansion of
1/H(x, y); there is one critical point on D).

* Since r points away from By at this point, it is a minimizer of 4. on D; and is
contributing.

The component B, = Relog(D;) corresponds to a Laurent expansion of 1/H(x, y);
there are three critical points on 0D5.

¢ The single critical point whose image under Relog lies on the bottom left of B,
is a maximizer of h.(z) on D,, since r points into B; at this point. Thus, this
singularity is not contributing.

* There are two critical points in C> with the same image o under Relog, which
lies on the top right of B,. Since r points away from B; at o~ these critical points
are both minimizers of A, on D5, and thus also contributing points.

The component Bz = Relog(9s) also has o on its boundary, but r points into
B3 at o so the corresponding critical points are not contributing. Neither of the
remaining domains of convergence have critical points on their boundaries. The
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Fig. 5.4 Points on the contour of H(x,y) = 1 — x —y — 6xy — x?y?, with critical points and
supporting hyperplanes shown. The components of the amoeba complement are labelled B; to Bs.

height function A, is unbounded from below on D3, D4, and Ds, meaning the
sequence of diagonal coefficients f;, , is eventually zero in the corresponding Laurent
expansions of 1/H(x,y). The critical point whose image under Relog lies on the
bottom left of B; is not contributing for any Laurent expansion when r = (1, 1), but
it is a contributing singularity for B; in the direction r = (-1, —1).

Remark 5.10 Although a smooth contributing point w is a minimizer of 4, on D,
and a point where all partial derivatives of the function #, restricted to V vanish,
hy never admits a local minimizer on V itself except for the trivial case when A, is
constant on V. Essentially, the real dimension of V' as a manifold is too large to
allow / to have a local minimum (this can be formalized by a maximum modulus
principle for analytic functions in several variables).

Step 3: Localize the Cauchy Integral and Compute a Residue

Minimal points, lying on D, are the singularities to which the domain of integration
in the Cauchy integral (5.13) can be deformed arbitrarily close to. Critical points, on
the other hand, are those around which the Cauchy integral can be asymptotically
approximated. Contributing points are a subset of critical points where we will be able
to introduce additional integrals required for our residue computations while adding
only an asymptotically negligible error. Thus, the existence of minimal contributing
points suggests that these points will be the ones around which local behaviour of F
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will dictate coefficient asymptotics. The analysis is easiest when there are a finite
number of such points.

Definition 5.6 (finite and strict minimality) A minimal point w € V N D is called
finitely minimal if T(w) NV is finite, and strictly minimal if T(w) NV = {w}. In
other words, w is strictly minimal if it is minimal and no other singularity of F has
the same coordinate-wise modulus.

Suppose first that F(z) admits a strictly minimal smooth contributing point w. Be-
cause w is a smooth point we may assume, without loss of generality, that H, ,(w) # 0.
Let p = |wy| and 7 = T(W), where we recall the notation W = (wy,...,wg_1).
Since w is contributing, points with Z € 7 and |z4| = p — &rq lie in D for ¢ suffi-
ciently small. In other words, if r; > 0 we need to slightly decrease the modulus of
the dth coordinate of w to move inside 9, while if r; < 0 we need to increase the
modulus of the dth coordinate to move inside D.

The implicit function theorem (Proposition 3.1 in Chapter 3) together with strict
minimality of w implies the existence of a neighbourhood N of W in 7°, an analytic
function g : N — C, and ¢ > O sufficiently small such that for Z € N,

(i) H(z) = 0if and only if z4; = g(2);
(i) p-0<[g@)| <p+6;
(iii) if k€ T and p— 6§ < |y| < p + ¢ then H(X, y) = O only if y = g(%).

To guide our deformations, let

0 ifrg >0

5 = 5= .
» = senra) {—5 ifrg <0

As above, we define

1 d dz
1= —d / / I’ﬂ(Z)il Azl
Q) S \Jzal=p-6. T | 2
1 dzq di
lioc = —— F(z -
loc (27l'i)d L ‘/|;d|_P—5s ( )erdﬂ inr+1
1 d dz
Tour = —'d/ / F(z) Z(il - AZ1
Q2ri) Sy |zd |=p+6s erd Zt
and
X = loc — Tout

1 d d di
- —d/ / F(z) 2 —/ Fa) 2| 22 (5.17)
Qa)® In\izalzprs, 2 Jizalzome, T 2

Our first goal is to show that the coefficients of interest are well-approximated by y.
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Lemma 5.1 If F admits a strictly minimal smooth contributing point w € CZ in the
direction v € R then | for — x| = O(t") for some T < |[W™*|.

Proof Since w is contributing, f, = I. Furthermore, since w is contributing and
strictly minimal there exists € > 0 such that for Z € 7\ N the univariate series, in ¢,
for F(2,1) converges when |f| = pe’€""@)® Thus, for any 2 € 7\ N the integral

dzg
JRCE
|za|=p—6s Z,

=[1"]F(z.1)

grows exponentially slower than p™"4 = |wy|™<, and the maximum modulus

bound implies that
1 d dz
o [ re|
@) S \Jizal=p-6, 2 2"

grows exponentially slower than |w~"|. Finally, since w is contributing every point z
in the domain of integration of I,y has hy(z) > (W), so the integral I,y also grows
exponentially slower than [w™""|. The result then follows from the triangle inequality,
as | fur = x| = | fur = foe + Tout| < |fur = el + [Houtl- o

|I - Ilocl =

The integral y in Lemma 5.1 can be simplified with a residue computation.
Furthermore, we can obtain a similar asymptotic expansion for a finitely minimal
point by summing asymptotic contributions of this type.

Corollary 5.1 Suppose F(z) admits a finitely minimal smooth contributing point
w € C4 in the direction v € RY. Suppose further that T(wW) NV = {wy,...,W,}
where each Wj is a smooth contributing point such that H; (w;) # 0. For each j
let N; denote a sufficiently small neighbourhood of w; in T(W) such that there exists
an analytic parametrization zq = g;(2) of V for 2 € Nj. Then

r

& senta) [OR®
Jox = Z (27i)d-1 N; i1 dz +0(t") (5.18)

j=1
for some T < |W'|, where
G(z
Rj@) = Res %
zqa=gj(2) Z, d H(z)

Proof Suppose first that w = wy is strictly minimal, so 7(w) NV = {w}. Then for
any fixedZ € N the inner integrand of y defined by (5.17) has a unique pole z; = g(2)
with p — 85 < |zg4| < p + d,. Thus, the (univariate) Cauchy residue theorem implies

1 dzg dzq N
[ rett e [ Fe ) - —smeam@)
T\ J |24 |=p+6 Z, |z |=p=35 z;
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and the result holds. If w is finitely minimal then existence of the N; and g; follows
from the implicit function theorem. Repeating the above argument for the strictly
minimal case with N replaced by the union of the N; shows that y is a sum of
residue integrals, each of which simplifies to the stated form. O

Remark 5.11 Corollary 5.1 assumes H; (w;) # 0 for each 1 < j < r, meaning
the solutions of H(z) = 0 can be locally parametrized by the same coordinates near
each w;. If, more generally, the partial derivative Hz, (w;) # O then all occurrences of
rq and zg4 in the jth summand of (5.18) should be replaced by r¢ and zx, respectively.

If w is one of the smooth minimal critical points in Corollary 5.1 then we may write
H(z) = (zq — g(2))? q(z) for some positive integer p > 1 and analytic function ¢(z) in
aneighbourhood of w with g(w) # 0. The integer p is the order of the pole z; = g(2),
and may be calculated as the smallest positive integer such that (0P H/ 8z5)(w) % 0.
If H is square-free then p = 1 and

R Res Gw  _  Gas®) _  Glag®)

ca=s@ Mt (2, — g(B)q(z) 8@ q(2.8(2)) (@) H,, (2.g(2))

The general formula is messier, but still explicit. To simplify notation, we write 65
to denote the partial derivative operator which takes a differentiable function f(z)
and returns 65(]‘) = (6kf/c')z§)(z), where 62(f) = f(z).

Lemma 5.2 If the order of the pole 74 = g(Z) near w is p then for allz € N

R (=DF (arg +p =1 = K)pi

R(@) = (-1 g() 4P Py

R;(@),  (5.19)
k=0

where (a)py = a(a — 1) ---(a — b + 1) denotes the falling factorial for a € R and
beN, and
W) = g@) lim 35 ((ea - @) F(2)).
za—8(2)

Proof Lemma 2.4 in the appendix to Chapter 2 expresses the residue R(Z) as the
limit of an order p — 1 derivative. The product rule for derivatives then implies

R(3) o7 (e ea - @ F @) )

=— 1
(P = D! za>g@

| Pl 1\ ( l)p_l_k (nrag +p —1-Kk)p-1-x) Kk o
i p— - d o d — 2 ’
(P - 1)’ Zd—’l g(2) ;O ( k ) and+pfk d ((Z 4 g(Z)) (Z))

from which (5.19) is obtained by algebraic manipulation. O
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Step 4: Find Asymptotics using the Saddle-Point Method

To convert the expression (5.18) into a form more suitable for asymptotic approx-
imation, we make the change of coordinates z; = wje'% for j = 1,...,d — 1.
Let N/ ¢ R4! be the image of A under this change of variables, which will be a
neighbourhood of the origin (and can be taken as any sufficiently small neighbour-
hood of the origin without affecting our asymptotic statements). If @ = (6, ...,604-1)
we define the coordinate-wise product we'? = (wleigl, e wd_leigd-l) to lighten
notation. Our next result follows directly from Corollary 5.1 and this change of
variables.

Proposition 5.2 Suppose that v € R? and F admits a strictly minimal smooth con-
tributing point W such that H; (w) # 0. Let g(2) be the analytic parameterization
of zq in terms of Z in any sufficiently small neighbourhood of w. If the order of the
pole z4 = g(2) is p then for any sufficiently small neighbourhood N' of the origin
in R4 there exists an & > 0 such that

far=x+0((W]+e)™"),

where or

¥ = (J:TT /N A(8) 4?0 dg (5.20)
for

—1)P .
Aul®) = %ﬁ)@ Fu(We)
. (5.21)
¢@=@f§%uﬂmmm
and
p-l j
N WY ra+p-1-K)p_jon o ~ 5
nu>—;; T 8@ _lim 3}z - @) Fla)).

The function T',,(z) is a polynomial of degree p — 1 in n, whose coefficients are
analytic functions in Z. If 74 = g(Z) is a simple pole then p = 1 and

G(z ¢(2))

e = - @)

is independent of n.

When w is finitely minimal and each point wy, ..., W, of T(w) NV is a smooth
contributing point with H; (w) # O then, up to an error which is exponentially
smaller than w™", the coefficient sequence fyy is a sum of integrals of the form (5.20)
with w replaced by w; and g(Z) replaced by a parameterization g;(Z) of zq near w;.
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To compute asymptotics of the integral in (5.20) we use the following result, a
multivariate generalization of the saddle-point method. Recall that the Hessian of a
differentiable function g(@) from R¥ to C is the k x k matrix whose (i, j)th entry is
the second partial derivative gq,9, = d%g/ 00,00;.

Proposition 5.3 (Asymptotics of Nondegenerate Multivariate Fourier-Laplace
Integrals) Suppose that the functions P(8) and () from R¥ to C are analytic in
a neighbourhood N of the origin, and let H be the Hessian of  evaluated at the
point @ = 0. If r € R is nonzero and

¥ (0) = 0 and (Vy)(0) = 0;
the origin is the only point of N where Vi is 0;

H is non-singular (has non-zero determinant);
the real part of riy(0) is non-negative on N,

then for any nonnegative integer M there exist computable constants Ky, . . ., Ky
such that

k/2 M
/ P(0) @) g = (2—”) det (rH) ™2 Y Kj(rm) 7 + 0 (n—M —1), (5.22)
N n =

where the square-root of the determinant is the product of the principal branch
square-roots of the eigenvalues of rH (which all have non-negative real part).
The constant Ky = P(0) and if P(0) vanishes to order L > 1 at the origin then (at

least) the constants K, . . ., K| Lare all zero. More precisely, define the differential
operator
E=- Y (H') o
1<i,j <k Y

where 0; denotes differentiation with respect to the variable 0; and H ~1is the inverse
matrix of H. Let
g(0) =y (0) - (1/2)8 - H - 0",

which is a scalar function vanishing to order 3 at the origin. Then

t+j 7 4
Kj - (_l)j Z & (P(O) ¥ (0) ) (5.23)

204 L1(€ + j)!

0<€<2j

Due to the order of vanishing of W, to determine K; one only needs to calculate
evaluations at 0 of the derivatives of P of order at most 2j and the derivatives of
of order at most 2j + 2. The hidden constant in the error term O (n’M’]) of (5.22)
varies continuously with the values of the partial derivatives of P and y at the origin.

Proof Proposition 5.3 follows from Theorem 2.3 of Pemantle and Wilson [31]. If
the final condition of the proposition is strengthened to require that the real part
of ry(0) be positive on N\ {0}, which holds in the situations we encounter, then the
stated conclusions follow from the more elementary Theorem 4.1 of [31]. Horman-
der [20, Theorem 7.7.5] gives the explicit formula for higher order terms when A



5.2 The Theory of Smooth ACSV 211

has compact support (this restriction can be removed when A and ¢ satisfy certain
growth conditions which hold in most situations we encounter). Section 5 of [31]
shows that the expressions of Hormander are valid under our stated assumptions. O

We now go through the criteria required to apply Proposition 5.3 to the integral
expression in Proposition 5.2. First, we show criticality is equivalent to the gradient
of ¢ vanishings.

Lemma 5.3 Suppose w € V is any point such that H; (w) # 0, and let zq4 = g(Z)
be the parameterization of 74 on V near w. Then the gradient of the function ¢()
in (5.21) equals 0 at @ = 0 if and only if w is a smooth critical point.

Proof Fix 1 < k < d — 1. Differentiating the equation H*(Z, g(Z)) = 0 with respect
to zx using the chain rule implies g, (2) = —H,, (Z g(2))/H,,(2, g(2)) for Z in a
neighbourhood of w. Thus, the derivative of ¢ with respect to 6y, is

= i0 _ =0 (o0
ngE\—w,e)iWkeigk + ir—k = — I.-Izk (Ve /,\g' (e 2) iwy e +ir—k.
g (wei?) ra g (wel®) H,, (wel, g (We'?)) rd

¢9k (0) =

Substituting @ = 0 and using g(W) = w, shows that vanishing of all partial derivatives
of ¢ at the origin is equivalent to w satisfying the smooth critical point equations. O

Next, we show minimality implies the real part of ;¢ is non-negative.

Lemma 5.4 Suppose w € V is a minimal contributing point such that H; ,(w) # 0,
and let zg = g(Z) be a parameterization of zq on V near w. If $(0) is defined
by (5.21) then the real part R(rq¢(0)) > 0 for real 0. If w is finitely minimal then
R(ra¢p(0)) > 0 for 0 in any sufficiently small neighbourhood N' of the origin.

Proof The real part of r;z¢ can be expressed as
R(rap) = ralog|g (We)| - ralog o),

which is non-negative if and only if |g(W)|"@ < |g (We'®)|". Since g (We'?) gives
the dth coordinate of a point on V whose first d — 1 coordinates lie in T(W), this
inequality holds whenever w is minimal and contributing. If w is finitely minimal
then no other points in any sufficiently small neighbourhood of w in V have the
same coordinate-wise modulus as w, so the inequality is strict. O

The Hessian of ¢ at the origin may, in general, be singular.

Definition 5.7 (nondegenerate critical points) The critical point w is nondegener-
ate if the Hessian matrix H of ¢ at the origin is nonsingular.

We require that all minimal contributing points are nondegenerate. Applying the
chain rule, and using that w is a critical point in the direction r, allows for an
explicit determination of the Hessian matrix of ¢ at the origin in terms of the partial
derivatives of H(z), ultimately giving the following result.
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Lemma 5.5 Suppose w is a smooth critical point where HZ (W) # 0 and let z4 = g(Z)
be the parameterization of zqg on V near w. If, for 1 < i, j < d, we define

wiwiH: (W) w;H (w .
Upj= ——29 " and V= ity ) _n (5.24)
- waHz (W) waH; (W) rq

then the (d — 1) X (d — 1) Hessian matrix H of the function ¢ in (5.21) evaluated at
the origin has (i, j)th entry

ViVi +Uij = ViUia = ViUja +ViViUga :i#j
H;,j = (5.25)
Vi + V24 Ui = 2V;Uiq + VPUau =

Nondegeneracy of a critical point w relates behaviour of /4, to the geometry of the
singular set V near w. This regulates the behaviour of nondegenerate critical points.

Lemma 5.6 There are a finite number of nondegenerate smooth critical points in
any direction r € RZ. If w = w(r) € C¢ is a nondegenerate smooth critical point
in the direction v € RZ then w is isolated among the set of smooth critical points
in the direction x, and w(r) varies smoothly as r moves in some sufficiently small
neighbourhood of RZ. If H(z) has real coefficients and w € RY then when r moves
in a sufficiently small neighbourhood each w(r) € RY.

Proof The fact that a nondegenerate critical point is isolated follows directly from
the complex Morse lemma, which states that after an analytic change of coordinates ¢
can be written in a ‘V,-neighbourhood of w as a sum of squares ¢(w) + u% +-- 4 ”31—1
(see Ebeling [15, Prop. 3.15 and Cor. 3.3]). Bézout’s theorem [8, Thm. 8.2] bounds
the number of isolated solutions of a polynomial system, which form its ‘zero-
dimensional component’. Since any nondegenerate smooth critical point is an isolated
solution of the smooth critical point equations (5.16), such points are finite in number.

Because w is a smooth point we may assume, without loss of generality,
that H; (w) # 0, and we let z; = g(2) be the parameterization of z4 on V near w.
By a multivariate version of the implicit function theorem [21, Thm. 2.1.2], to show
that w(r) varies smoothly with r it is enough to show that the Jacobian of the smooth
critical point system

reziHz (2, 8(2)) — izl (2,8(2) =0 2<k <d)

with respect to Z is non-singular at W (to lighten notation we now suppose H is
square-free so that H® = H, otherwise replace H with H® throughout). The Hessian
of the map ¢(8) = ry log g(We'®) — rylog g(W) +1i(0 - &) at = 0 is the Jacobian of
the gradient map
i
(Vo)) = m(rdll (0) —r1La(),...,raLa-1(0) = ra-1 Ld(9)), (5.26)

where
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Li(8) = wje'% H,, (Vveie,g (Weig)) (1<j<d-1)
Ly(0) =g (Vveig) H, (Weie,g (Vveie)) .

The vector in (5.26) is, up to a multiplicative factor and change of coordinates
Zj = wjeigf, the smooth critical point system. The chain rule implies this change
of variables does not affect singularity of the Jacobian. Furthermore, the entries
of (V¢)(6) vanish when 6 = 0 so the factor of i/ L;(6) simply multiplies the Hessian
of the smooth critical point system by the non-zero constant i/(wqH,(w)). Thus,
the Jacobian determinant of the smooth critical point system at a critical point w is,
up to a non-zero factor, the Hessian determinant of ¢ at @ = 0, which by definition is
nonzero when w is non-degenerate. When all quantities are real, the implicit function
theorem implies the critical point w(r) is also real. O

We are now ready to state the main asymptotic results of this section. Theorems 5.2
and 5.3 follow directly from applying Proposition 5.3 to Proposition 5.2 under our
assumptions, taking Lemmas 5.3 to 5.6 into account. The easiest, and most common,
situation is when the minimal contributing point is a simple pole. We state this result
separately in order to be as explicit as possible.

Theorem 5.2 (Smooth Asymptotics for Simple Poles) Suppose that the rational
function F(z) = G(z)/H(z) admits a nondegenerate strictly minimal smooth con-
tributing point w € C% in the direction v € R, such that H, (W) # 0. Then for any

nonnegative integer M there exist computable constants Cy, . . ., Cps such that
1=z [ M )
fur = W TpI=/2 2m) Z Ci(ran)™ + 0 (n-M-l) , (5.27)

v det(rd(]‘{) j=0

where the matrix H is defined in (5.25), the square-root of the determinant is given
by the product of the principal branch square-roots of the eigenvalues of raH, and C;
equals the constant K; defined by (5.23) when

—sgn(rq) G (e, g (wel?))

P) = —— — —
O ) i, e, g (we))
and .
g (we)) .
Y(@) =log| ——=—|+i(®-0)/r4.
g(W)
The leading constant Cy in this series has the value
o _ ZsEnra)Gw)
0= ——F
Wd sz (W)

which is nonzero whenever G(w) # 0. The asymptotic expansion (5.27) holds uni-
formly in neighbourhoods R c R of v where there is a smoothly varying non-
degenerate strictly minimal contributing point such that H,, does not vanish. In
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other words, if w(s) € C is the contributing point in direction s € R then there
exists B > 0 such that

2 (-dy2 M .
( 7T) ZCJS'(Sd}’l)_J < B|w(s)—nsl n(l_d)/z—M—]

Vdet(saH?®) 5

foralln € N and s € R with ns € Z¢, where st. and H* are calculated from the
contributing point w(s) as above.

fus = W(&) o102

Remark 5.12 Although the constants in (5.27) are defined in terms of partial deriva-
tives of the parameterization g(Z) for z4 on V, implicitly differentiating the equation
H(Z,g(2)) = 0 allows one to determine the partial derivatives of g at W from the
partial derivatives of H at w. Thus, the only information needed to determine the
constants Cy, . . ., Cys appearing in Theorem 5.3 are the evaluations at z = w of the
partial derivatives of G(z) up to order 2M and the partial derivatives of H(z) up to
order 2M + 2.

The corresponding asymptotic result for higher order poles is more awkward to
state, although all constants are still explicitly computable.

Theorem 5.3 (Smooth Asymptotics) Suppose that F(z) = G(z)/H(z) admits a
nondegenerate strictly minimal smooth contributing point w € C¢ in the di-
rection r € RZ, such that H; (w) # 0, and let p be the smallest integer such
that (621J H)(w) # 0. Then for any nonnegative integer M there exist computable
constants Cy, . . ., Cps such that

-2 [ M )
—nrp-1+(1-d)/2 (27) Z Ci(ran)™ + 0 (n‘M ‘1) : (5.28)

Y det(rd(]_{) j=0

The constants C; are determined by expanding A, (6) in Proposition 5.2 as a polyno-
mial in n and applying Proposition 5.3 to the resulting sum of integrals. The leading
constant Cy in this series has the value

_ sen(ra)(=1)’G(w)p
WZ ((95 H)(w)

Jar=w

s

which is nonzero whenever G(w) # 0. The asymptotic expansion (5.28) holds uni-
formly in neighbourhoods R ¢ R of r where there is a smoothly varying contributing
point satisfying the same conditions as w.

Remark 5.13 Often H is a pure power of a square-free polynomial, i.e., H(z) = Q(z)P
for some integer p > 1 and square-free polynomial Q. In this case the leading constant
Cp in Theorem 5.3 becomes

sgn(ra)(=1)P G(w)

Co = .
"7 (P = Dl (waQz, (W)
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This variation is commonly in the literature.

When w is a finitely minimal critical point, and each point of 7(w) N V satisfies
the conditions of Theorem 5.28, then one can add the asymptotic contributions of
the minimal contributing points to determine dominant asymptotics.

Corollary 5.2 Suppose that F admits a finitely minimal smooth contributing point
w € CZ in the directionr € R, let E be the set of points in 'V NT(w), and suppose all
elements of E satisfy the conditions of Theorem 5.3. For some nonnegative integer M,
let Oy, denote the right-hand side of (5.28) calculated at w € E (equal to (5.27)
whenever w is a simple pole). Then

fnrz Z Oy

weE

gives an asymptotic expansion of fur as n — oo.

Theorem 5.3 gives an asymptotic expansion for the coefficients f,,,, but when
the numerator G vanishes at all minimal contributing points it is possible that the
exponential growth of f,, is smaller than what is predicted by these points.

Example 5.4 (Vanishing of Asymptotic Terms)
Consider the rational functions

— 242 -
al Y 5 and C('x7y) = 1x—yv

1
A(-x’y): 1—7 B(X,)’)z
—x-y —x—y

l—-x—-y
all of which admit a single contributing singularity o = (1/2, 1/2) for the main diag-
onal direction r = (1, 1). The main power series diagonal of A(x, y) is the generating
function of the central binomial coefficients (2:) ,and Theorem 5.2 with M = 2 gives

2n 1 1 1
. _ o ~ -7/2
"y 14 5) (n) ! (\/7_”11/2 8y/rn3/2 i 128+/mn5/2 +o (n )) .

The numerator of B(x, y) vanishes at o, meaning the constant Cy in (5.27) is zero,
but one can calculate the higher order constants to obtain

1 3
n.n —gn -7/2
[x"y"]B(x,y) = 4 (4 = T 3T +O(n ))

Direct inspection shows that the main diagonal of C(x,y) is identically zero.
When applied in an automatic manner, Theorem 5.2 allows one to show for any
natural number M, in a complexity which is polynomial in M, that

37100 =0 (7).
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The fact that the diagonal is identically zero can be recovered from the eventual
saddle-point integral by a short argument, see Problem 5.11. Note that C(x,y)
admits the minimal contributing point (# ﬁ) in the direction r = (r, s), and that
the numerator of G(x, y) vanishes only when r = 5. Thus, the exponential growth
rate of the coefficient sequence f;.,, s» approaches 4" as s — r, but there is a sharp

drop down to zero exactly when s = r.

In Section 5.3.4 we show that most of our assumptions, including the condition
that the numerator G(z) does not vanish at the smooth critical points of F, hold
for all rational functions with numerator and denominator of fixed degree, except
those whose coefficients lie in some fixed algebraic set. This helps illustrate why
Corollary 5.2 applies to many problems appearing in the mathematical and scientific
literature.

Remark 5.14 The arguments above also hold for convergent Laurent expansions of
aratio F(z) = P(z)/Q(z)P of analytic functions P and Q with p € N. Indeed, the
numerator of F only enters into the determination of asymptotics for the integral in
Proposition 5.2, and Proposition 5.3 only requires analyticity of the functions under
consideration. The singular variety V is now the zero set of analytic Q(z), and we
still say w € V is a smooth point if some partial derivative of Q does not vanish
at w. The definition of critical points requires only the logarithmic gradient, and we
again call a critical point contributing if it is a minimizer of the height function A,
on PD. None of the integral manipulations above used that G and H were polynomial,
so under these modified definitions our asymptotic results still hold.

Corollary 5.3 Suppose the hypotheses of Corollary 5.2 hold for a ratio F(z) =
P(z)/Q(z)P where p is a positive integer and for some &€ > O the functions P and Q are
analytic on {z € C? : hp(z) > he(W)—&}. Then the conclusion of Corollary 5.2 holds
when asymptotics are calculated with G(z) = P(z), H(z) = Q(z)P, and H*(z) = Q(z).

Although we do not discuss what it means for analytic functions P and Q to be
coprime, if P and Q are not coprime and one applies Corollary 5.3 then the resulting
asymptotic expansion still holds. The only downside is that one may find an apparent
minimal critical point by examining V(Q) which is not actually a singularity of
P(z)/Q(z)". In this case all coefficients C; in the suspected leading series of the
asymptotic expansion will (correctly) be calculated to be zero.

5.3 The Practice of Smooth ACSV

In this section we show how to apply our newly developed asymptotic methods,
and give ancillary results which help put the theory into practice. For a rational
function F(z) = G(z)/H(z) the smooth critical point equations (5.16) are defined by
polynomial equalities involving the square-free part of H, and are easily manipulated
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with a computer algebra system. As previously noted, in Section 5.3.4 we show that
for ‘most’ rational functions the singular variety V is everywhere smooth, there are
a finite number of critical points, all of which are nondegenerate, and the numerator
does not vanish at any of these points. Thus, the most difficult step in an asymptotic
analysis is usually determining which, if any, of the algebraically defined critical
points are minimal. We take a full computational perspective on these questions in
Chapter 7, where we develop complete algorithms implementing our results.

When H(z) is simple enough, direct arguments can be used to prove minimality.

Example 5.5 (Asymptotics of a Multinomial Expansion)

Consider the power series expansion of the trivariate function

1
Ford == ),

0,j,k>0

i+j+k\ ;o k_ ((+j+0)! ik
(i,j,k )x” Z TR

whose power series domain of convergence consists of (x,y,z) € C> such that
|x| + |yl +|z| < 1. Since H(x, y, z) = 1 — x — y — z is square-free, the smooth critical
point equations in direction r = (a, b, ¢) become

H(x,y,2)=1-x-y-z=0
bXHx(x, y’ Z) - ayHy(x’ y$ Z) = _bx + ay = O
cxHy(x,y,2) — ayH;(x,y,7) = —cx + az = 0,

so that there is a single smooth critical point

a b c
a+b+ca+b+c a+b+c)’

(.X, Yy, Z) = (-x*’ Vs Z*) =

If any of a, b, ¢ is non-positive then F admits no minimal critical point for its power
series expansion. If a, b, ¢ € Ri 0 and (x, y, z) satisfy

x+y+z=1, |x| < x., [y < s 1z] < Zs

then it must be the case that (x, y, z) = (X, Vs Z), S0 we have found a strictly minimal

smooth contributing point (since every minimal critical point is contributing for

a power series expansion when r has non-negative coordinates). Equation (5.25)
implies the matrix H in (5.27) equals

ala+c)  ab

c? c

H= ab  b(b+c)

< T

S

and Theorem 5.2 gives an asymptotic expansion for the power series coeffi-
cients [x“"yP" 7" |F(x, v, z) with an, bn, cn € N that begins
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((a +b+ c)a+b+c)n - Vat+b+c (a+b)a+c)b+c) ol
a“bbce 2nVabe  24n(abc)’?Va + b + ¢

Note that Corollary 2.1 implies the r-diagonal (AF)(z) is non-algebraic for any r
with positive rational coordinates. If we consider the power series expansion of

Fy(x.3.2) :

X ),7)= ————————

PR Uy

for p € N then Theorem 5.3 gives an asymptotic expansion for the power series
coefficients [x“"yb”zC"]Fp (x,y, z) with an, bn, cn € N that begins

((a + b+ ¢)atbHe )n 2 (a+b+c)p-1/2 ‘o (l)
a%bbce (p — 1)! 2nVabc n

The exponential growth of the coefficient sequence is independent of p as the singular
variety V, and thus the location of the minimal contributing point (x., y«, z«), does
not depend on p.

When dealing with Laurent expansions having non-negative coefficients, for in-
stance multivariate generating functions of a combinatorial classes with parameters,
we can use this non-negativity to help characterize minimal points.

Definition 5.8 (combinatorial series and functions) A convergent Laurent expan-
sion of meromorphic F(z) is called combinatorial if this series expansion contains
only a finite number of negative coefficients. If F(z) admits a power series expansion
and this power series expansion is combinatorial, the situation we encounter most
often, then we call F(z) combinatorial. Given z € C? we write |z| = (|z1], . . ., |za])-

The following result is a multivariate analogue of the Vivanti-Pringsheim Theorem
(Proposition 2.4 in Chapter 2) which greatly aids in determining minimality.

Lemma 5.7 Suppose the Laurent expansion of F(z) with domain of convergence D
is combinatorial. If w € V. N 0D is a minimal point of F(z) with non-negative
coordinates then the point |W| with positive coordinates also lies in V (and is thus
also minimal).

Proof Possibly by adding a Laurent polynomial to F(z), which will not change the
singularities of F away from the coordinate axes, we may assume that all Laurent
coefficients of F' are non-negative. Write the convergent Laurent expansion of F

on D as _
F(z) = Z fiz'.
iezd
Since f; > 0 for all i € Z¢, the triangle inequality implies

F)l < ). fild] = F(z))

iezd
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for all z € PD. Because F(z) is meromorphic its singularities are poles, so if w
lies in V N D then there exists a sequence z™ in D converging to w such
that |F (z(”))| — co. But then the sequence |z| lies in D, converges to |w|, and
satisfies F(|z"|) — co. Thus |w] is also a polar singularity of F, as desired. O

Remark 5.151f F(z) = G(z)/H(z) is a rational function and B = Relog(D)
then Lemma 5.7 implies dB, which describes a portion of the amoeba boundary
0 amoeba(H), is contained in the image of V59 =V N Rio under the Relog map.

Lemma 5.7 gives a simple criterion to prove that a point is minimal when F(z) is
combinatorial.

Proposition 5.4 Fix a convergent Laurent expansion of rational F(z) with domain
of convergence D, and pick any X € D. A point w € V is minimal if and only if
there does not exist z € V with |z| = t|w| + (1 — t)|x| and t € (0, 1). If this series
expansion is combinatorial then w € YV is a minimal point if and only if |w| € V
and the line segment from |X| to |w| in RZO does not contain an element of V,

{tiw|+ (1 -1)|x|:0<t <1} NV =2.

If the Laurent expansion under consideration is a power series expansion, one can
take x = 0 and thus restrict attention to the line segment from the origin to |w|.

Proof Since x € D its image Relog(x) lies in the (open) component B = Relog(D)
of the amoeba complement. If w is minimal then Relog(w) € 9B and convexity of B
implies no element of V' can lie in the interior of a line segment from [x| to |w].
If w is not minimal, then Relog(|w|) lies outside of the closed convex set B, so any
continuous path in R¢ from Relog(|w|) to the open set B must pass through dB.
Since the path

log(¢|lw] + (1 —p)|x]|), 0<tr<1

goes from Relog(w) to Relog(x), where the logarithm is taken coordinate-wise, there
exists z € V and ¢ € (0, 1) such that log (¢|]w| + (1 — #)|x|) = Relog(z). Exponentiat-
ing coordinate-wise then gives |w| = f|z| + (1 — 1)|x].

When F(z) is combinatorial, Lemma 5.7 shows that it is sufficient to consider
only the points in V N Rio to determine the minimality of w. O

Although Lemma 5.7 can be seen as a multivariate generalization of the Vivanti-
Pringsheim Theorem, its conditions are more restrictive as it requires all coefficients
of the series expansion to be non-negative, not just those in the direction r which
may be of (combinatorial) interest. As mentioned in Chapter 2, it is still unknown
even in the univariate case how to decide when a rational function is combinatorial.
In practice, then, one usually applies these results when F(z) is the multivariate
generating function of a combinatorial class with parameters, or when the form
of F(z) makes combinatoriality easy to prove (for instance, when considering the
power series expansion of F(z) = 1(—;}2) with J(z) a polynomial vanishing at the
origin having non-negative coefficients).
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Example 5.6 (Lattice Path Asymptotics)

In Chapter 4 we saw that the main diagonal of the power series expansion of

(1+x)(1+y)
I—txy(x+y+1/x+1/y)

F(x,y,t) =

is the generating function for the number of lattice walks starting at the origin,
taking the steps (+1,0), (0, £1), and staying in the first quadrant. The denominator
is square-free, and the singular variety V is smooth as the partial derivative of the
denominator with respect to ¢ does not vanish at any points of V. Furthermore, F is
combinatorial. The critical point equations imply that there are two critical points,

o=(1,1,1/4) and o=(-1,-1,-1/4).

Proposition 5.4 implies o~ and o are minimal critical points: if (x, y,7) € V with
0 < x,y < 1 and one of the upper inequalities is strict then

lt| = > 1/4.

X2y + a2+ y+x
Furthermore, if |x| = 1 and |y| = 1 for x, y € C then the triangle inequality implies
|x2y+xy2+x+y| =4

only if xy? x, x>y, and y have the same argument. Thus, x> and y? must be real
with modulus 1 and a quick check shows the only other point of V satisfying this
condition is . We have shown these critical points are finitely minimal.

Since the numerator G(x,y) = (1 + x)(1 + y) vanishes (to order 2) when
(x, y,t) = 0, Corollary 5.2 implies only o contributes to the dominant asymptotics
of the diagonal sequence. The contributions from each minimal critical point begin

1 6 19 121 1
Op=d"|— -2 4~ = 40|~
7 ( an mn?  2mnd®  127nt (n5 ))

1 9 1
O, =(-4)"|—-—+0(—=]]-
e=(=4) (nn3 2nn* (nS))
Note that the presence of two minimal critical points leads to periodicity in the higher
order asymptotic terms,
4" 6 19+2(-1)" 63+18(-1)" 1
(4 + D - =D +0 ( )) .

fn,n,n - E n_4

n 2n? 4n3

More examples from lattice path enumeration, and additional details on this example,
are discussed in Chapter 6.
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The algebraic structure of the series terms with non-zero coefficients can also
help determine when a minimal point is strictly minimal.

Definition 5.9 (aperiodic series) A power series P(z) = X e PaZ" is called ape-
riodic if every element of Z¢ can be written as an integer linear combination of the
exponents {n € N? : p, # 0} appearing in P.

Proposition 5.5 Suppose F(z) = G(z)/H(z) is a ratio of functions G and H which
are analytic on C%. If H(z) = 1 — P(z) for some aperiodic power series P with
non-negative coefficients then every minimal point of the power series expansion of
F(z) is strictly minimal and has positive real coordinates.

Proposition 5.5 is often applied when F(z) is a rational function (so P is a polynomial
with non-negative coefficients).

Proof Suppose w is a minimal point and for each 1 < j < d write w; = x;el%
with x; > 0 and ; € R. Let p, denote the coefficient of z" in P(z). Then

Z annei(n-G) < Z Pan,

neNd neNd

I =|P(w) =

where equality holds throughout only if P(z) is a monomial orn-6 = 0 foralln € N¢
such that py # 0. Thus, either @ = 0 or P(z) is not aperiodic. O

Example 5.7 (Lonesum Matrices)

A lonesum matrix is a matrix with entries in {0, 1} that is uniquely determined by
its row and column sums; the enumeration of lonesum matrices finds application
in biology [27] and algebraic statistics [19]. If B, denotes the number of n X k
lonesum matrices then Brewbaker [7] proved the generating function expression

k
X"ty e
F X. = B B —————————
(%) Z TR K T e ey — ety
n,k>0

X+y

Since the denominator under consideration has the form H(x, y) = 1 — P(x, y) where

k-1 P k—j
P(x,y)=1-€"—¢e’ + = _—
() ,;J.le!(k—j)!

is aperiodic, Proposition 5.5 implies all minimal points of the power series expansion
of F(x,y) are positive and strictly minimal. Furthermore, if H(x,y) = O then y =
x — log(e* — 1) is a decreasing function of x > 0 so every point with positive
coordinates is minimal (decreasing x > 0 and staying in the singular variety V
means increasing y). Manipulating the smooth critical point equations (5.16) in the
direction r = (r, 5) shows that (x, y) is a critical point in the direction r if and only if
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r X s y

s T U-eogi—e™ ™M T AT legl o)

Since the function f(¢) = Wg(l—e") has positive derivative for r > 0, goes
to 0 as t — 0, and goes to infinity as t — oo, f is a bijection from the positive real
line to itself. Thus, in any direction r = (r, s) with positive coordinates there is a
unique critical point (a, b) where a = a(r, s) = f~'(r/s) and b = b(r, s) = f~(s/r).
Because F(x, y) is bivariate the Hessian H in (5.25) is a constant, and is non-zero
at any point with positive coordinates. Finally, since we consider a power series
expansion in directions with positive coordinates the minimal critical point (a, b) is

always contributing. Corollary 5.3 thus implies

B, .= a(r,s)™"™b(r, s)~" (rn)!(sn)! 140 (n!
) Vi \2nsae=4(be=? + ae=¢ — ab) ( " (n ))

for all r, s > 0. Additional details on this example can be found in Khera et al. [26].
The approach presented here is partially modeled on work of Andrade et al. [12], who
studied a related generating function arising in permutation statistics. Problem 5.3
asks you to find asymptotics for this related generating function.

5.3.1 Existence of Minimal Critical Points

Because minimal contributing points are crucial to our asymptotic results, we now
study when they do (or do not) exist. First, they may not exist for a somewhat trivial
reason: because a minimal contributing point is a minimizer of the height function Ay
on P, there will be no minimal contributing points when /4, decreases without bound.
This can only happen in degenerate cases.

Proposition 5.6 Consider the convergent Laurent expansion of rational function
F(z) = G(z)/H(z) on a domain D c C4. If the height function hy decreases without
bound on D then the coefficient sequence (f,,r) is eventually zero.

Proof 1f hy is unbounded from below then the inequality (5.15) implies | f;,r| goes
to zero faster than any exponential function. Since the asymptotic behaviour of a
diagonal sequence is constrained by Corollary 3.2 in Chapter 3, this implies f;,, is
eventually zero. Alternatively, the conclusion follows from (5.14) and the fact that
Cy grows at most polynomially. O

When studying a diagonal sequence which is not eventually zero, Proposition 5.6
implies the height function is bounded on D. The following result uses the algebraic
properties of polynomial amoebas discussed in Section 3.3.1 of Chapter 3 to help
characterize when a diagonal sequence is identically zero.

Proposition 5.7 Let F(z) = G(z)/H(z) be a ratio of coprime polynomials, let N(H)
be the Newton polytope of H, and let B = Relog(D) be a connected component
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of amoeba(H)® corresponding to the integer point v € N(H) under the mapping
described by Proposition 3.12 in Chapter 3. If v + tr ¢ N(H) for all t > O then the
height function hy(z) is unbounded from below on D, and (f,y) is eventually zero.

Proof Suppose h;, is bounded from below on D, so that fi.(x) = —r - X is bounded
from below on B. Suppose also that y € R? lies in the recession cone R of B,
meaning thaty + b € B for all b € B. Then by induction ny + b € Bforallb € B
andn e N If-r-y<Othen-r-(ny+b)=n(-r-y)—r-b - —c0asn — oo,
contradicting the fact that 7 is bounded on B. Thus, it must be the case that —r - y=>0
for all y € R. Proposition 3.12 in Chapter 3 characterizes the recession cone as

R={xeR?:x-n<0forallne N(H) - v},

where N(H)—vistheset {z—v:z e N(H)}. Because N(H) is a closed convex set,
if rr ¢ N(H)— v forall > 0 then there exists y € R? such thatr-y > Oandn-y < 0
for all n € N(H) — v. But this implies y € R and —r -y < 0, a contradiction. Thus,
when A, is bounded from below there exists ¢ > 0 such that rr € N(H) —v. O

Unfortunately, even if &, achieves its minimum on D this minimum need not be
a critical point. In fact, when the series under consideration is not combinatorial it is
possible to construct examples with no critical points although the minimum of A,
on D is achieved and the singular variety <V is smooth.

Example 5.8 (A Diagonal with No Critical Points)

Consider the bivariate function F(x,y) = G(x, y)/H(x,y) = 1/2 +y — x(1 + y)?)
and let D be the power series domain of convergence of F. Basic algebra shows that
both polynomial systems

H=H,=H,=0 and H=xH,—-yH, =0

have no solutions, so the singular variety V is smooth but there are no critical points
in the main diagonal direction r = (1, 1). Since the dual cone of the Newton poly-
gon N'(H) at the origin is the quadrant R = {(x, y) € R? : x, y < 0}, Proposition 3.12
in Chapter 3 implies the recession cone of B = Relog(D) is R and B is a closed
convex set contained in some translation of the third quadrant of the plane (see
Figure 5.5). This implies the linear function &(p, ¢) = —p — ¢ achieves its minimum
for (p, q) € B, so the height function A(x, y) achieves its minimum on D.
The set of minimal points can be parametrized as

VNI = {((f:yy)zy) ye[-2-¥3]n [o,\/i]},

with corresponding logarithmic gradient

24y 2
Viee )| — =,y =—-(2+y,2+y—- ——],
( log )((1+y)2 y) ( Y y 1+y)
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-2

Fig. 5.5 Left: A subset of the real points in the smooth singular variety V = V(2 +y — x(1 +y)?).
Center: Taking coordinate-wise moduli creates an intersection, which causes i (x, y) to achieve
its minimum on 9P. Right: The curves in the contour of H corresponding to the real connected
components of V shown on the left, together with amoeba(H ) and the component B = Relog(D)
of amoeba(H )¢. Although the hyperplane with normal (1, 1) is a supporting hyperplane to B at the
intersection, neither branch of the contour has a tangent line perpendicular to (1, 1).

which is indeed never colinear with (1, 1). Since the logarithmic gradient approaches
a multiple of (1, 1) as y — oo, one might say there is a (non-minimal) critical point
at infinity in this example; we return to this notion in Section 9.3 of Chapter 9.

The problem is that the minimizers (1/2, +V3) of A(x, y) on D come from two dif-
ferent connected components of V NR? which intersect only after taking coordinate-
wise moduli, as shown in Figure 5.5. More generally, one can imagine V wrapping
over itself in complex space so that V is smooth but the boundary of amoeba(H)
is not, in such a way that r is the normal to a supporting hyperplane at B only for
‘unnatural’ reasons due to a non-smooth point (such an occurrence has been called
a ghost intersection in the literature).

This difficulty arises when the behaviour of Relog(V’) in R? does not reflect the
behaviour of V in C¢. Luckily, this cannot happen in the combinatorial case, where
the points of V' with positive real coordinates map onto the points of 9B by taking
coordinate-wise logarithms.

Proposition 5.8 Consider a combinatorial Laurent expansion of F(z) and let X be a
smooth minimal point in V with positive real coordinates. Then every point in some
neighbourhood of X in V N R? is a minimal point.

Proof We assume that H is square-free, otherwise replace it with its square-free
part in this argument. Proposition 3.13 in Chapter 3 implies that the minimal point x
is critical in some non-zero direction r € R? and, perhaps by replacing r with
its negation, we may assume that r points away from B at log(x). Consider the
polynomial system

H(z)=H("zy,...,t"9z4) =0

and assume (without loss of generality) that H, ,(x) # 0. At the solution (z, 1) = (x, 1)
the Jacobian of this system with respect to z; and 7 is



5.3 The Practice of Smooth ACSV 225

H,,(x) 0
H.,(x) r-(VieH)(x)]’

which has non-zero determinant as (Vo H)(x) is a non-zero multiple of r. Thus,
there exist analytic functions g(Z) and T(Z) parameterizing z; and ¢ near (x, 1). If
no neighbourhood of x in V N R¥ contains only minimal points then, since X is
minimal, there exists a sequence of non-minimal points X" € V N R¥ converging
to x such that H(z,, xi"), . .,t,r,"xfjn)) = 0 is satisfied with 1, = 1 (since x™ € V)
and some 0 < #, < 1 (since X" is not minimal). But this contradicts the fact that,
for n sufficiently large, #,, — 1 is uniquely determined by T(x%"), .. .,xg’_)l). O

Corollary 5.4 Consider a combinatorial Laurent expansion of F(z). If a smooth
point X € Rio is a local minimizer (or local maximizer) of hy on D then it is a
critical point in the direction r.

Proof If x is a local minimizer of A, on 09 then by Proposition 5.8 it is a local
minimizer on V N R?. Thus, the gradient of z — r - log(z) must be normal to V,
giving the critical point equations. If x is a local maximizer of A, then it is a local
minimizer of —A,, and the same argument holds. |

Corollary 5.5 Consider a combinatorial Laurent expansion of rational F(z), and
let X be a smooth minimal point in V N Rio If a smooth point w € V has the same
coordinate-wise modulus as X, then X is a critical point in some direction r if and
only if w is a critical point in the direction r.

Proof Since x and w are smooth, minimal, and have no zero coordinates, Propo-
sition 3.13 in Chapter 3 implies the existence of r, 0 € R such that x and w are
critical in the directions r and @. In other words, there exist A4, 7 € C, such that

(ViogH)(x) = Ar and (ViogH)(W) = 70.

Since r and o are uniquely determined (up to non-zero multiple) by x and w, it is
sufficient to show that x is also critical in the direction @. Proposition 3.13 implies
that o is the normal to a support hyperplane of B = Relog(D) at Relog(w) = log(x).
This implies x is a minimizer (or maximizer) of %, on D, and Corollary 5.4 then
implies x is critical in the direction p, as desired. O

Example 5.9 (Asymptotics of Apéry Numbers)

In Section 3.4 we saw the sequence (a,) of Apéry numbers, whose generating
function can be expressed as the main diagonal of

1
1-t(1+x)1+y)A+2) 1 +y+z+yz+xy7)

F(x,y,z,t) =

This rational function is combinatorial, and solving the critical point equations gives
two smooth critical points, one of which,
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2 V2
o= l+\/§,§,§,58\/§—82 ,

has positive coordinates. Proposition 5.4 implies that ¢~ is a minimal critical point,
since at any singularity

1
t= ,
A+x)(T+y)T+2)(1+y+z+yz+xyz)

and when x, y, and z are positive and real then decreasing any of their values causes
this expression to increase. As YV is smooth and F' is combinatorial and admits only
one critical point, Corollary 5.5 immediately implies that F is strictly minimal. Thus,
Theorem 5.2 implies

any =
n

(17+12\/§)n m(1+0(1)).

1302 873/2 n

Recall that determining such an asymptotic estimate is a key step in Apéry’s proof
of the irrationality of £(3).

The generating function of the second sequence of Apéry numbers (c,,) can be
written as the main diagonal of

1
1-z1+x)A+y)(L+y+xy)

F(x,y,2) =

Again F is combinatorial, and an analogous argument shows

(%Jf%g)n m(1+0(1))'

n 207 n

Cp =

We show how these examples can be completely automated in Chapter 7.

Example 5.10 (Asymptotics of Bar Graphs)

z(1-xyz—2xz—yz—Xx)
1-xyz—xy—-xz—-yz—x’
whose power series coefficient b, = [x"y¥z¥]F(x, y, z) counts bar graphs with 2n
horizontal external edges and 2k vertical external edges. In a direction r = (a, 1, 1)
the smooth critical point equations have two solutions, the point

Va2 +4-2 Va2 +4-a Va® +4-a
Z, = (.X*, Vi Z*) = a 5 B 5 ) s

Recall from Section 3.2.2 of Chapter 3 the function F(x, y, z) =

which has positive coordinates, and another point whose coordinate-wise modulus
is larger than z,.. Although the power series expansion of F contains negative coeffi-
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cients, if H(x, y, z) is the denominator of F then the power series expansion of 1/H
is combinatorial and contains the same singular set at F. Thus, z. is minimal if the
univariate polynomial p(t) = H(tx., ty., tZ.) has no root ¢t € (0, 1). A quick analysis
of p(t), which factors as 1 — ¢ times a quadratic polynomial in ¢, shows that for any
a > 0 the only root of p(f) with ¢t > 0 is ¢+ = 1. This proves z. is minimal and,
since 1/H is combinatorial and no other critical point has the same coordinate-wise
modulus as z,, it is strictly minimal. Theorem 5.2 then implies that for all a > 0

2n an
, (m_) (m_z) C,
an,n ™

2 2 4a%(a? + 4)mn?’

where C, = ((a2 —2a+4)WVa?2 +4—(a-2)(a*+ 4)) Va2 + 4 — 2Va? + 4. See the
computer algebra worksheet corresponding to this example for more details.

Remark 5.16 The conclusion of Corollary 5.5 may fail in the non-combinatorial case.
For instance, consider the main diagonal of F(x, y) = 1/(1+2x)(1 —x—y). Although
any point (—1/2,y) with |y| = 1/2 is a singularity with the same coordinate-wise
modulus as the minimal smooth critical point (1/2,1/2), none of these points are
themselves critical in the main diagonal direction.

Corollary 5.6 Consider a combinatorial Laurent expansion of F(z). If W is a smooth
minimal critical point in the direction r then |W| is a smooth minimal critical point
in the direction r. Furthermore, if every point in 0D NV is smooth and F admits
two distinct minimal contributing points a,b € RZO with positive coordinates in the
direction r, then

typl-t o l-t
c,:(albl seeenaghy )

is a minimal contributing point in the direction r for all 0 < t < 1. In particular,
F admits an infinite number of critical points in the direction r, none of which are
nondegenerate.

Proof The first statement follows from Lemma 5.7 and Corollary 5.5. To prove the
second we note that, by logarithmic convexity of D, the point ¢, lies in D N RZO

for all 0 < ¢ < 1. Proposition 5.1 implies both a and b are minimizers of /. on D,
s0 hy(a) = he(b). Thus, forany 0 <t < 1,

QU

he(e;) = —er log (a;.bjl._’) = —ti riloga; — (1 - t)i rjlogb;
=1 =1

Jj=1
= the(a) + (1 = 1)he(b)
= hr(a)

is also a minimizer of A, on D. This implies ¢, is a minimal point for all 0 < ¢ < 1,
since minimizers of s occur only on 09, and Corollary 5.4 implies each ¢, is a
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critical point. Since these critical points are not isolated, Lemma 5.6 implies they
cannot be nondegenerate. O

5.3.2 Dealing with Minimal Points that are not Critical

Determining minimality of critical points is typically the hardest task in a multivariate
singularity analysis. Even when a critical point w € V is known to be minimal, to
apply Theorem 5.3 or Corollary 5.2 one must determine if 7(w) NV is finite and, if
so, determine its elements. In the combinatorial case, Corollary 5.5 shows that every
element of T(w) N <V is critical, greatly simplifying matters from a computational
viewpoint as critical points are specified by a set of algebraic equations which
usually have a finite number of solutions. Unfortunately, as Remark 7.3 illustrates,
this property does not hold in general for non-combinatorial series expansions.

Thankfully, even if 7(w) NV contains non-critical points it turns out only the
critical points matter for asymptotic calculations. The requirement of finite minimal-
ity arose above because we made essentially univariate deformations of the Cauchy
domain of integration, increasing the modulus of each coordinate independently.
Using a genuinely multivariate deformation of the Cauchy domain of integration, it
is possible to deform around non-critical points in 7(w). In this sense, only critical
points present true obstructions for deforming the Cauchy domain of integration to
points of lower height.

Theorem 5.4 Consider the convergent Laurent expansion of a rational function F(z)
on a domain D. Suppose there exists w € V N 0D minimizing hy on D, and that
for some & > 0 all points of the set

{zeV :h(z) > he(w)— &}

are smooth points of V. Suppose further that the set W of critical points in V NT(w)
consists of a finite number of nondegenerate smooth contributing points. Then for
every positive integer M > 0 an asymptotic expansion of fy is obtained by summing
the right-hand side of (5.28) in Theorem 5.3 at each'w € W.

The multivariate deformations required to prove Theorem 5.4 require some tech-
nical overhead, and most of our applications involve combinatorial rational functions,
so we simply sketch two approaches. The first, contained in Baryshnikov and Pe-
mantle [3, Sect. 5], uses Proposition 3.13 in Chapter 3 to construct a vector field
describing how to deform the Cauchy domain of integration around non-critical
points in 7(w). Proposition 3.13 states that for any singularity { € V N T(w) there
exist Ay € C, and non-zero v; € R4 such that (ViogH)({) = A¢v¢, and the point { is
critical if and only if v, is parallel to r. Since Vjo¢ H is the normal of the tangent space
to the set V = {x € C¢ : H(e™,...,e**) = 0}, if £ is not a critical point then the
tangent space to V at log(¢) is a hyperplane whose normal is not parallel to r. Thus,
near any non-critical point in V N T(w) one can locally push the Cauchy domain
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of integration to points of lower height without crossing the singular set. Because
the vector v¢ varies smoothly with £, it is possible to make a single deformation of
the domain of integration to obtain a contour whose points have height bounded be-
low hy(W), except in arbitrarily small neighbourhoods of the critical points in 7'(w).
The stated deformation is constructed? in [3, Cor. 5.5], after which asymptotics can
be determined using the saddle-point methods discussed above [3, Sec. 6].

A second approach, using homological arguments and multivariate residues, is
given by Pemantle and Wilson [32, Thm. 9.4.2]. Under the assumptions of Theo-
rem 5.4, one can use advanced topological arguments to write the Cauchy integral
as a sum of an (asymptotically negligible) Cauchy integral over a domain whose
points have height bounded below A,(w) and a ‘multivariate residue integral’ over a
domain of integration I lying in “V (this is basically a more general, but less explicit,
version of Corollary 5.1 above). Using a ‘gradient flow’ of the height function #,
created essentially by solving a differential equation, it is possible to deform I" so
that all points not lying in arbitrarily small neighbourhoods of critical points have
height bounded below A.(w). Pemantle and Wilson were motivated by the study of
Stratified Morse theory, and more recent work of Baryshnikov et al. [1] shows how
to the methods of Stratified Morse characterize asymptotics under conditions which
can be computationally verified. We return to this approach in Chapter 9.

Example 5.11 (Non-Finitely Minimal Critical Point)
Consider the power series expansion of the bivariate rational function

1
1+2x)(1-x-y)

F(x,y) =

in the main diagonal direction r = (1, 1). The singular variety has one non-smooth
point (x,y) = (—1/2,3/2), which is not minimal as it has greater coordinate-wise
modulus than o = (1/2, 1/2). The point o is still a minimal critical point, but it is
no longer finitely minimal as

VNT(o)={(1/21/2)} U {(-1/2,¢9/2): 6 € (-n,x)}.

Because the non-critical points in V' N T'(0") have no bearing on the local behaviour
of F(z) near o, they do not play a role in asymptotics. Theorem 5.4 implies

4" (1 1 1 5 819 ( 1 ))

= ——— 4+ + - +0|—
Jun Van \2  8n  256n% ~ 256n3  65536n* ns

2 Although the hypotheses of [3, Cor. 5.5] state that all minimizers of &, on 9D have the same
coordinate-wise modulus, this is not needed under our assumptions. Thanks to Yuliy Baryshnikov
for clarification on the constructions from this paper.
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5.3.3 Perturbations of Direction and a Central Limit Theorem

Because our asymptotic theorems have error terms which remain uniformly bounded
as the direction r undergoes small perturbations, the coefficients under consideration
grow in a predictable manner near fixed directions. In fact, we prove that in many
circumstances the series coefficients scale to a normal distribution when viewed
in the right manner. This behaviour is well known, having been derived in some
of the first major papers on the asymptotic behaviour of multivariate generating
functions [4, 5].

To begin, we examine how the exponential growth in our asymptotic formula
changes when the direction under consideration varies slightly. Because scaling
the direction of interest does not meaningfully change our results (one can recover
asymptotics in the original direction by scaling » in the resulting asymptotic formula)
we scale our direction so its final coordinate equals one.

Lemma 5.8 Suppose rational F(z) = G(z)/H(z) admits a nondegenerate strictly
minimal smooth contributing point w € C% in the direction m € R¢, scaled so
that mg = 1, and suppose H,,(w) # 0. As r varies in some sufficiently small
neighbourhood of m let 7(r) be the smooth critical point in the direction r near (),
given by Lemma 5.6. If v = (m+&, 1) where & = &(n) is a sequence of points in R4
with each coordinate in o(n~"/3) then

Z(r) ™ ~ W™ x W exp [—n

eTH g
2 b

where H is the non-singular matrix in Lemma 5.5 corresponding to the direction m.

Proof Since H,,(w) # 0, the implicit function theorem yields an analytic parame-
terization z4 = g(Z) of z4 on V near w. If p(X) = log(g(e™, ..., e*¢-1)) then (X, p(X))
parametrizes log(V) near the point a = log(w). Letting x(r) = log(z(r)) be the image
of the minimal critical point in direction r after taking coordinate-wise logarithms,
it follows that z(r)™" = exp[nh(X(r))] where A, is defined by

he(§) =~ - § - p(§)
for y in a neighbourhood of a. Note that
p(lOg wy +i64, ..., log Wq-1 + i@dfl) = IOg(g(Wleigl, e Wdfleig‘l'l))

equals the function ¢ in Lemma 5.5 up to a linear function in the 6;. If M denotes
the Hessian matrix of p with respect to the variables X at the origin then, since H is
the Hessian of ¢ at the origin, the chain rule implies M = —H.

Because w is a critical point in direction m, the smooth critical point equations
imply the gradient of p with respect to X is (Vp)(a) = —m. Thus, for any § sufficiently
close to a there is a convergent series expansion
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_(y—ﬁ)TM(y—ﬁ)Jr,__'

he(§) = e(8) + (M~ £) - (§ - &) >

In fact, for any r sufficiently close to m the logarithmic critical point x(r) is defined as
the unique point approaching a = log(w) such that the gradient of /,(x) with respect
to x vanishes. Vanishing of the gradient is equivalent to the system rx = —py, (%)
for 1 < k < d—1, so the Jacobian of f as a function of X is —M. This, in turn, implies
the Jacobian of % as a function of £ is —M~!. In particular, when each coordinate
of & = &(n) is o(n~'/3) it follows that

Km+¢g)=%m)-M e+ o™ =a-M e +o(n??).
Substituting § = X(m + &) and # = m + & into the series expansion of A.(¥) gives

(M~'e)" M (M'¢)

s (XM + 8)) = gy p(8) + &7 M5 - > +o(n™")
T
M
=—(m-a)—(-8)+ =2 1 o(n™"),
and the claimed result follows since M = —H and a = log(w). O

From the smoothly varying behaviour of the exponential growth we are able to
deduce how dominant asymptotics transition around a fixed direction.

Proposition 5.9 (Smooth Variation of Coeflicients) Consider a Laurent expansion
of a rational function F(z) = G(z)/H(z), and letm € R? be a direction withmg = 1.
Suppose that for all directions v = (t,1) in some neighbourhood of m there is
a smoothly varying nondegenerate strictly minimal critical point w(r) € C¢ such
that H, ,(w(r)) and G(w(r)) are non-zero. If § = §(n) is a sequence of vectors in 741
such that each coordinate of |8 — nm| is o(n*?) then

(5.29)

fi ~ womy(1=d)/2 (M) S o [_ (¢ - nm)" H'(§ — nm)
s, n

waH_ ,(w)Vdet H 2n ’

where H is the non-singular matrix in Lemma 5.5 corresponding to w.

Remark 5.17 If the coordinates of §—nm are uniformly bounded for all n (for instance,
if § is the closest vector to nm with integer coordinates) then Proposition 5.9 implies
the dominant asymptotic behaviour of f;, is the behaviour predicted on the right-
hand side of (5.27) by the vector r = (m, 1) with potentially non-integer (even

irrational) coordinates, up to the bounded multiplicative factor WG,

Proof Theorem 5.2 implies the existence of a constant B > 0 such that

rn)(1-d)/2

Cw(r) < w(r)_"rn(l_d)/z_lB,
et Ww(r)

fnr - w(r)—nr
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Fig. 5.6 Left: The amoeba of H(x,t) = 1 — #(x + 1 + 2/x) with the component B and vector
m = (—1/4, 1) from Proposition 5.10. Right: The values of 4™ £, /41, With & € {-20,...,20}
compared to the limiting curve v,,(—-n/4 + &, n) for n = 80.

where Cy(r) and Hy(r) approach —G(w)/wqH,,,(w) and H, respectively, as r — m.
If |§ — nm| is o(n*?) then # = §/n = m + &(n) where each coordinate of &(n)

is o(n~'/3). Thus, & — m as n — oo and the result follows from Lemma 5.8. m]
Although the term W_(é_mﬁ) in (5.29) is bounded, its existence prevents us from

knowing exact asymptotic behaviour. When w = 1, however, this term disappears
and we can be more precise. The following result states that as n — oo the coefficients
of f;, approach a multivariate normal distribution around the direction m.

Proposition 5.10 (Local Central Limit Theorem) Consider a combinatorial Lau-
rent expansion of a rational function F(z) = G(z)/H(z). Suppose that, in some
direction m with mg = 1, there is a nondegenerate strictly minimal smooth con-
tributing point of the form w = (1,t) for some t > 0. If H,,(w) and G(W) are
non-zero then

sup nl4=1/2 |t"f§,,n - Cvn(é)\ -0 (5.30)

§ezd-1

as n — oo, where C = —G(W)/(Wded (W)) and

(1-d)/2 6 _ o \Tar—lis _ o
V(@) = (27n) exp _(s nm)' H™(§ — nm)

Vdet H 2n

for H the non-singular matrix in Lemma 5.5 corresponding to w.

A result of the form (5.30) is often called a local central limit theorem. Prob-
lem 5.7 asks the reader, in essence, to derive ‘the’ classical local central limit theorem
for random variables supported on finite subsets of Z¢ (slightly generalizing Propo-
sition 5.10 from rational to meromorphic functions removes the restriction of finite
support); see Durrett [14, Ch. 3] for more traditional derivations of central limit
theorems. Before proving Proposition 5.10 we look at a short example, with a more
detailed example following the proof.

Example 5.12 (Local Central Limit Theorem for Weighted Walks)
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Let F(x,y) = be the bivariate generating function

1
I-y(x+1+2/x)

F(ry)= > wix'y"

i€Z,n>0

where w; , counts the walks on the integer lattice Z starting at the origin, ending
at x = i, and taking steps in the set {—1,—1,0, 1}, with two distinct steps in the —1
direction (we have two negative steps to break symmetry). This series expansion of
F(x,y) converges in a domain 9 containing all points with x = 1 and |y| < 1/4;
the image B of D under the Relog map is shown on the left of Figure 5.6. Because
the hypotheses of Proposition 5.10 are satisfied with t = 1/4 and m = (—1/4, 1), the
coefficients of [y"]F(x,y) = (x + 1 + 2/x)" behave like a Gaussian curve around
their maximum value. The right of Figure 5.6 shows the limit curve compared to
actual series coefficients.

Proof (Proposition 5.10) Lemma 5.6 implies there is a non-degenerate smooth criti-
cal point w(s) varying smoothly with s near m. Since the series under consideration is
combinatorial, the points w(s) all have positive real coordinates, and Proposition 5.8
implies each is minimal. Since w = w(m) is strictly minimal, so are the w(s) when s
is sufficiently close to m.

We begin by bounding the exponential term in v,,. Because (5.25) expresses the
entries of by evaluations of derivatives of H(z) atw € R?, the matrix # is real. The
classical spectral theorem for real symmetric matrices [22, Thms. 4.1.5 and 4.2.2]
then implies the eigenvalues of H are real and (27 2)Apmin < 27 HZ < (27 2)Amay for
all 2 € R4, where A, and Ay, are the smallest and largest eigenvalues of H,
respectively. Since w is strictly minimal, Lemma 5.4 implies the real part of the
function ¢(8) in (5.21), and thus also the term 7 8 in its series expansion at the
origin, is strictly positive when @ # 0. This implies all eigenvalues of H are positive,
so there exist Cj, C; > 0 such that for any Z € R4 and sufficiently large n

2T H3,

exp [—nCliTi] < exp [—n ] < exp [—nCziTi] <1 (5.31)

Now, fix any 1/2 < p < 2/3. If every coordinate of |[§ — nm| is at most n?
then (5.30) is (5.29) and holds by Proposition 5.9. We thus assume each coordinate of
|s—nm| is at least nP and prove both " f; ,, and v,,(8) approach zero faster than n(!=4)/2,
Under this assumption, (5.31) implies v, (8) < e=Cm' ™ for some C; > 0, so v,(8)
approaches zero faster than any fixed power of n. Similarly, if every coordinate of
|§ — nm| is o(n) then § = nm + ne where every coordinate of & is o(1); repeating
the argument in the proof of Lemma 5.8 then implies that when the coordinates of
|8 — nm| are at least n” then the exponential growth of " f; ,, is at most e for
some C4 > 0. Finally, if each coordinate of |$—nm| grows at least linearly then # = §/n
is bounded away from m. Because the series under consideration is combinatorial,

the boundary d B of the amoeba complement component corresponding to the series
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Fig.5.7 Left: The coefficients of [z ] P (x1, x2, z) approach a one-dimensional normal distribution
as n — oo. Right: The coefficients of [z"]Pa(1, x2, z3, z) approach a two-dimensional normal
distribution, with maximum value at the closest integer to nm, as n — co.

is a smooth hypersurface near (0, log t) with normal m. Thus, any hyperplane through
(0, log ¢) with normal r not parallel to m intersects the interior of B. Equation (5.15)
then implies the exponential growth of f, is strictly less than 1% = 7. O

Example 5.13 (A Family of Permutations with Restricted Cycles)

For any d € N let F4(n) be the set of permutations o on {1,...,n} such that
i—d < o(i) <i+1foralli. Let ¥; be the union of the sets F4(n) for all n € N, and
note that every element of ¥, when written in disjoint cycle notation, has cycles of
length at most d + 1. Chung et al. [9] study the combinatorial classes #; because of a
connection to an algorithm for the generation of random perfect matchings in classes
of bipartite graphs. In particular, those authors prove that the number of permutations
in F4(n) with i cycles of length k equals the coefficient [z - - - z;‘tl‘ t"]P(z,1) in the
power series expansion of the rational function

1

P(z,t) = P(z1,...,24+1,1) = :
" 1—z1t — 2012 — -+ =z 19F]

We now show that the joint distribution for the number of cycles satisfies a central
limit theorem?. The first thing to notice is that the seemingly (d + 1)-dimensional
array of coefficients in [t"]P(z,t) is actually d-dimensional, since knowing the

coeflicient [zit"]P(z, t) # 0 and fixing iy,...,iq+1 and n uniquely determines
it =n—2i— -+ —(d+ 1)igs1 (see the left side of Figure 5.7). Thus we set z; = 1
and examine the coefficients of
1 1
P(l,z+,1) = = .
( ! ) H(ZZ""7Zd+19I) l—l—szz—"'—ZdthH

To prove a central limit theorem, we start by searching for minimal critical points
which satisfy the hypotheses of Proposition 5.10. To thatend, setzp = - -+ = z441 = 1

3 Thanks to Persi Diaconis for suggesting this problem.
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and consider the roots of i(r) = H(1,t) = 1—t—1>—- - -—1t4*! Because h(0) is positive,
h(1) is negative, and h’(t) is strictly negative for r > 0, we see that A(¢) has a unique
positive root p which lies between 0 and 1. At o = (1, p) the logarithmic gradient
of the denominator H(zy, . . ., z4+1, 1) equals —(p?, . .., p4*!, h’(p)), meaning o is a
critical point in the rescaled direction

p2 pd+1

=|—,...,—,1].
=\ W)

Since P is combinatorial, it follows from Proposition 5.4 that o~ is minimal. Inspection
of the smooth critical point equations implies that o is the only critical point in the
direction m so o is strictly minimal by Corollary 5.4 (alternatively, strict minimality
follows from Proposition 5.5 and aperiodicity of the denominator). Thus, if the d X d
matrix H defined by

P (p)=p T (1)) (p)

ST e ) —p ™ (i () p W ()L
h'(p)3 L=

is non-singular then, as n — oo, Proposition 5.10 implies that the largest coefficients

of [#"]P(1, 27, 1) occur at the monomials whose exponents are close to the vector nm.

These maximal coefficients approach

- —(2nn)4/?
ph'(p)Vdet H'
and
[232--- 22 P(1, 20, . . ., 26y £)
sup ) 2 d+1 - = V(52 ..., Sa+1)| = 0
§2,..-58d+1 € "

_ (s=nm)” H'(s—nm)
2n

as n — oo, where v,(s) = exp [ ] See Figure 5.7 for a plot of
actual series coeflicients compared to the limiting distribution when d = 2. Further

details can be found in Melczer [28].

Pemantle and Wilson [32, Sect. 9.6] describe these and additional, ‘weak,” limit
laws holding under weaker assumptions on F(z). Flajolet and Sedgewick [16, Ch. IX]
give an in-depth treatment of limit laws for bivariate generating functions. Addi-
tional work on limit theorems in combinatorics can be found in Hwang [23, 24],
Wallner [34], and the references therein.
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5.3.4 Genericity of Assumptions

We end this chapter by showing that our assumptions are satisfied by ‘most’ rational
functions, explaining why they frequently hold in practice*.

Definition 5.10 (degrees and algebraic sets) The (fotal) degree of a monomial z"
with n € N9 is the sum |n|; = n; + - - - + ng of its exponents, and the (fotal) degree
of a polynomial is the maximum degree of its monomials. An algebraic set in C" is
any set formed by the common zeroes of a collection of r-variate polynomials with
complex coefficients.

The Hilbert basis theorem [10, Sec. 2.5] implies one may always define an algebraic
set by the vanishing of a finite collection of polynomials. Problem 5.12 asks you to
show that there are ms = (5;d) monomials in C[z] of degree at most §.

Definition 5.11 (generic properties of rational functions) A property # of poly-
nomials in C[z] holds generically if for every § € N there exists a proper algebraic
subset Cs & C™¢ such that any polynomial of degree ¢ satisfies # unless the vector
of its coefficients lies in Cs. A property P of rational functions holds generically if
for every pair 61,6, € N there exists a proper algebraic subset Cs, 5, & C™61%":
such that any rational function with numerator of degree ¢; and denominator of
degree 6, satisfies # unless the vector formed by the coefficients of its numerator
and denominator lies in Cs,, s,

Since the intersection of algebraic sets is algebraic, this definition implies that the
conjunction of generic properties is generic. In this section we prove the following.

Proposition 5.11 Fix r € RY. Generically, a rational function F(z) = G(z)/H(z)
has a smooth singular variety, H is square-free, F admits a finite number of smooth
critical points in the direction r, each of these critical points is non-degenerate, and
the numerator G does not vanish at any of these critical points.

When at least one of these generically occurring smooth critical points is minimal and
contributing, Theorem 5.4 gives an explicit expression for the dominant asymptotic
term. We require some algebraic tools before proving Proposition 5.11.

Projective Space, Multivariate Resultants, and Generic Smoothness

The idea behind Proposition 5.11 is that our conditions determine an algebraic system
of equations involving both the z variables and the coefficients of G and H. Consider
first the property that the singular variety V = V(H) is everywhere smooth; if this
property does not hold then the polynomial system

4 Although a large number of examples that come from combinatorial problems have non-generic
behaviour, as we will see in Part III. It is fair to say that some generic properties (like non-
degenerate critical points) hold in most applications while others (such as smoothness at all points
of the singular variety) merely hold for many applications.



5.3 The Practice of Smooth ACSV 237
H(z)=H,(z)=---=H,,(z) =0 (5.32)
has a solution. If H(z) has degree §, then we can write

H(Z) = Z cizi, ¢eC

lil <6

where, as above, |i|; = ij + -+ + iy for indices i € N4 Instead of taking a fixed
polynomial specified by the coefficients ¢; € C, we now consider a generic polyno-
mial H with degree ¢ by taking the coefficients ¢; as additional variables. In this
sense, we consider H to be an element of the polynomial ring C[¢][z] with ms + d
variables. To show that smoothness is a generic property, one must show that the
system (5.32) only has a solution when the coefficient variables ¢ of H lie in some
algebraic set Cs ¢ C™¢ depending only on 6.

Ideally, we would take a solution (¢, z) of this system and project it onto the ¢
variables to obtain an algebraic equation that must be satisfied by the coefficient vari-
ables. Unfortunately, the projection of an algebraic set onto some of its components
need not be algebraic.

Example 5.14 (Projections of Algebraic Sets Need Not Be Algebraic)

Consider the algebraic set
A=V -cx)={(c,1/c): ceC,} c C%

Then the projection of A onto its ¢ coordinate is C,, which is not an algebraic set as
any polynomial vanishing on C. must vanish on all of C. In particular, the projection
is not all of C but the projection also does not lie in a proper algebraic subset of C.

Essentially, this difficulty comes from the fact that C¢ is not compact so points
can ‘escape’ to infinity. The solution is to work over a different, compact, space.

Definition 5.12 (projective space) The complex projective space of dimension n,
denoted P, consists of all non-zero tuples (x, . ..,x,) € C"!\ {0} modulo the
equivalence relation

(X0, + s Xn) ~ (Y0, - - -, Yn) if (x0, . .., x4) = A0, . . ., yn) for some A € C,.

A point (xo, X1, .. .,...,X,) € C*1\ {0} defines an equivalence class of the rela-
tionship ~ which is denoted (xg : x1 : --- : x) € P™.

In order for the zero set of a polynomial f(xo, ..., x,) to be well defined over P”,
it must depend only on an equivalence class (xp : --- : x,). In particular, every
monomial in f must have the same degree, so that

fAxo, ..., Axy) = 2% f(xp, .. x,) = 0
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whenever f(xo,...,x,) =0.

Definition 5.13 (homogeneous polynomials and algebraic sets) A polynomial
where every monomial has the same degree is said to be homogeneous. We also
extend our definition of algebraic sets to different spaces. An algebraic set,

¢ inP" is any subset of P formed by the common zeroes of a collection of (n + 1)-
variate complex homogeneous polynomials;

e in the Cartesian product P" x C™ is any subset of P" x C" formed by
the common zeroes of a collection of complex polynomials of the form
f(x0, ..., Xn Y1, - - -» Ym) Which are homogeneous in the x variables (the degree
of each monomial with respect to the x variables only is constant);

* inthe Cartesian product P XP"" is any subset of P" XP""* formed by the common ze-
roes of a collection of complex polynomials of the form f(xo, ..., Xu, Y0, - - -» Vi)
which are homogeneous in the x variables and the y variables separately.

Again, the Hilbert basis theorem [10, Sec. 2.5] implies one may always define an
algebraic set by the vanishing of a finite collection of polynomials. We introduce
projective space for the following property, called completeness or properness.

Proposition 5.12 Let P denote complex projective space of dimension n, and let A
denote either complex or projective space of any dimension. If 1 : P" X A — A is
the projection map onto A and V is any algebraic set in P* X A then n(V) is an
algebraic set in A.

Our proof is based on the one in Mumford [29, Thm. 2.23]. The proof uses
the projective Nullstellensatz, a standard result of algebraic geometry which can be
found in Mumford [29, Cor. 2.3] and Cox et al. [10, Ch. 8.3].

Proof Suppose first that A = C™. Then V is defined by the vanishing of a finite
collection of polynomials fi(X,y),..., f-(X,y) on P" x C" where each f; is homo-
geneous in the x variables. For fixed Y € C™, the projective Nullstellensatz states
that fi(x,Y) = --- = f-(x,Y) = 0 has a common solution x € P" if and only if
for every k € N there exists a monomial of degree k that cannot be written as
a C[x]-linear combination of fi(x,Y),..., fr(x,Y). We claim that for every k € N
the points Y € C' for which there exists a monomial of degree k that cannot be
written as a C[x]-linear combination of fj(x,Y),..., f-(x,Y) form an algebraic set
of C™. Since the arbitrary intersection of algebraic sets is algebraic, this proves the
theorem for the case A = C™. The case A = P" follows from the case A = C™
after noting that P can be written as the union of the sets U; = {y € P : y; = 1}
for 0 < i < d, each of which is equivalent to C™.

It remains only to prove our claim. Fix k£ € N, let V be the vector space of
degree k homogeneous polynomials in C[x], and for 1 < i < r let V; be the vector
space of homogeneous polynomials of degree k — deg,(f;) in C[x], where V; = (0)
if k < deg,(f;). Then for any Y € C™ the map
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P Vi X--- XV, >V

@180 P ) &(Nfi(xY)
i=1

is a linear map between the vector spaces V| X --- X V,. and V. After fixing bases
of these vector spaces, the map ¢y is represented by a matrix My whose entries are
complex polynomials in Y. There is a monomial of degree k that cannot be written
as a C[x]-linear combination of fi(x,Y),..., f-(x,Y) if and only if the map ¢y is
not surjective, which happens if and only if all maximal minors of My vanish. The
condition of vanishing minors defines an algebraic set in C". O

Proposition 5.12 yields a test for proving genericity of properties of homoge-
neous polynomials. An arbitrary polynomial can be converted into a homogeneous
polynomial through the following process.

Definition 5.14 (homogenization) If f(x,y) is a complex polynomial the homoge-
nization of f with respect to x = (xy, . . ., x,,) is the homogeneous polynomial

~ d -
Foxy) = 05 f (a1 /x0, .y 30, ),
where deg,(f) denotes the degree of f with respect to the x variables only.

Corollary 5.7 Let S be a collection of polynomials in two sets of variables z and c,
of lengths n and m, and let S be the result of homogenizing each polynomial with
respect to the z variables. Suppose there exists a € C™ such that the polynomials
in S have no common root in P" after the substitution ¢ = a. Then there exists a
proper algebraic subset C & C™ such that b € C whenever the polynomials in S
have a common root of the form (w,b) € C"*™ for some w € C".

Proof The solutions of § over P" x C™ form an algebraic set, so Proposition 5.12
implies the existence of algebraic C ¢ C™ such thatb € C if and only if there exists a
solution (wg, w, b) of §. If (w, b) is a solution of S in C"*"" then (1, w, b) is a solution
of §in P" x C™, so b € C. Since S has no solution with ¢ = a, it follows thata ¢ C
and C # C™. O

Remark 5.18 The point of Corollary 5.7 is the properness condition on C, otherwise
one can trivially take C = C™. Working over complex space, instead of projective
space, the projection onto the ¢ variables need not be algebraic, so to prove genericity
one must replace the projection by its algebraic closure (the smallest algebraic set it
is contained in). As noted in the example above, the algebraic closure can be larger
than the projection, and can be all of C'™ even if the projection is missing points.

We have now developed the algebraic framework necessary to start proving Propo-
sition 5.11. For instance, the next lemma implies that generically H is square-free
and V = V(H) is smooth.

Lemma 5.9 Generically, the system of equations
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H(z) = H,(z) = --- = H;,(2) = 0
has no solution.

Proof Fix the degree § > 1 of H. Writing

H(z) = Z 7' € Cle[z]

liji <o

as above, we will use Corollary 5.7 to prove the existence of a proper algebraic set
Cs S C™s such that the system of equations has a solution only if ¢ € Cs. To show
the existence of such a set it is sufficient to exhibit a polynomial Hs of degree ¢
such that the homogenization of this system of equations has no solution in P4, If

Hs(z) = 1 — 20 — - -+ — z{ then the system of equations becomes
Zg—Zf—"'—Zg=—5Zf_l = ...:_622_] :O’
which has no solution in projective space as 0 ¢ P4 by definition. O

We remark that advanced arguments allow one to be more precise. Given a

collection of polynomials fi(z), ..., f,(z) of degrees ¢, . . ., &, respectively, write
F@y= ) ¢
lili<6;

forall 1 < j < r. Given a polynomial P in the variables {u;; : |[ijj < J;,1 < j <r}
we then let P(fy, ..., f,) denote the evaluation of P obtained by setting the vari-
able u;; equal to the coefficient c; ;.

Proposition 5.13 For all positive integers o, . . ., 04, there exists an irreducible poly-
nomial Res = Ress,, s, € Z[u;;], called the multivariate resultant, such that d + 1
homogeneous polynomials fy, ..., fa € Clzo,...,zq] of degrees oy, ...,0q4 have a
common root in P4 if and only if Res(fy, ..., fa) = 0. The resultant is uniquely
defined by the condition Res(zg”, .. .,zjd) =1

The techniques used to prove Proposition 5.13, yielding algorithms for calculating
the multivariate resultant, are beyond the scope of our work; see Gelfand et al. [17,
Ch. 13] or Jouanolou [25] for details on Proposition 5.13 and its proof. For an
introductory exposition, and a detailed overview of the computational aspects of the
multivariate resultant, see the excellent treatment in Chapter 3 of Cox et al. [11].
Note that the multivariate resultant is defined for dense generic polynomial systems:
each f; must contain all monomials of degree at most 6;, otherwise the resultant may
identically vanish or, less pathologically, may become reducible. Refinements of the
multivariate resultant to polynomials with different support sets are often studied
under the name sparse resultants [11, Ch. 7].
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The Remaining Properties

Lemma 5.9 implies that generically H is square-free and V = V(H) is smooth. We
now prove that the remaining properties listed in Proposition 5.11 hold generically.

Numerator does not vanish at critical points

Corollary 5.7 implies that generically G does not vanish at the critical points of H if
for every 1, 0> € N there exist specific polynomials G and H of degrees ¢; and 6,,
respectively, such that the homogenization of the polynomial system

G(z) = H(z) = nz1H, (2) — rn22Hy,(z) = - -+ = rqz1Hy (z) — r1zaH, () = 0
has no solution in P<. If
G(z) = zfl and H(z)=1 —z‘lsz — = zZz

then the system of homogeneous polynomial equations

G=2"=0
7 _ 02 _ 62 .. _ 02 _
H =z -7z 2, =0
5 5 .
—02rjzy’ —62r1zj2 =0, j=2,...,n

has no solution in P4, as z; = 0 implies z; = 0 for all j.

Critical points are nondegenerate and finite in number

We prove that generically all critical points are nondegenerate; Lemma 5.6 then
implies they are finite in number, finishing off the proof of Proposition 5.11. We may
assume H is square-free, as we have already shown this property holds generically.

Consider the matrix H defined by (5.25) with w = z. After multiplying every
entry of H by zZHS ', we obtain a polynomial matrix H whose determinant is an
explicit polynomial D in the variables z and the coefficients of H. Corollary 5.7
implies that to prove all critical points are generically finite it is sufficient to find for
each ¢ € N a polynomial H of degree ¢ such that the homogenizations of the d + 1
equations consisting of D = 0 and the smooth critical point equations (5.16) have
no common solution in P,

Let us take, again, the trusty polynomial H(z) = 1 — 115 — = zg. Calculating
the quantities in (5.25) and performing some algebraic simplification gives that
det H = (~1)@1644N (g - 24-1)725' ") det M, where M is the (d — 1) x (d — 1)
matrix
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o 9 o o 9

4+, % 3 S 2
s 5. .5 s 5
2 Lt %3 Z4-1
s s §..5 5
M = 4 % 3ty 2.1
s s s s 5
4 % %3 g1 T2y

whose off diagonal entries are constant down columns. Problem 5.13 asks you to

prove that the determinant of M is zz(d_z)(zf +ooe zj), so the polynomial

D = (=14 g4 (g )2 54 (zf FEp— zg)

is already homogeneous. The smooth critical point equations become

zg—zf—~~~—z2=0
—6r;z0 = 6rz0 =0 j=2,....d
S| IZJ-— 3 J =4 ...

and the homogenized system has no solution in P¥ (the critical point equations imply
each z¢ is a non-zero scalar multiple of zf so if the 6th powers sum to zero, or any
of them is zero, all of them must be zero).

Problems

5.1 Using Theorem 5.2, find dominant asymptotics of the (1,-2)-diagonal of
F(x,y) = 1/(1 — x — y) when it is expanded as a convergent Laurent series in
the domain D3 = {(x,y) € C? : 1 + |x| < |y|}, proving minimality of any critical
points and taking care with the signs and square-free roots involved.

5.2 Figure 3.5 in Section 3.3.2 of Chapter 3 displays amoeba(1 — x — y — xy?), whose
complement in R? contains four components. Let F(x, y) = 1/(1-x—y—xy>) and, for
each component of the amoeba complement, determine the directions r = (r, s) € R?
where Proposition 5.7 implies the sequence [x"" y"5|F(x, y) is eventually zero. Are
these diagonal sequences identically zero in any other directions?

5.3 Andrade et al. [12] studied the bivariate generating function
e XY
F(x,y) = ————,
() (I —eX—e)?
whose coefficients count certain permutation statistics. Give asymptotics of the
power series coefficients [x""y*"|F(x,y) asn — oo forall r, s > 0.

5.4 Figure 5.4 in Chapter 3 sketches the contour of Q(x, y) = 1 —x — y — 6xy — x%y?
together with the connected components of amoeba(Q)€. For each of the four direc-



5.3 The Practice of Smooth ACSV 243

tions r € {+1}?, determine which of the 5 components contains a minimal critical
point, and determine which of the 5 convergent Laurent expansions of 1/Q(x, y)
has an r-diagonal which is eventually zero. Find dominant asymptotics for the main
diagonal of the convergent Laurent expansion corresponding to the bounded amoeba
component B;. You may assume that this expansion admits a minimal critical point
(we give computational methods for determining minimality in Chapter 7).

5.5 Pantone [30] gave asymptotics for the number of ‘singular vector tuples of generic
tensors’ by analyzing the multivariate generating function

212

(1=2)++ (1= 20) (1= £y - Dei(a)

F(z) =

where ¢;(z) is the ith elementary symmetric function

= > gz

1<ji<<ji<d

In particular, the number of ‘cubical tensors’ in dimension d has as its generating
function the main power series diagonal of F(z). Prove that, although the singular
variety ‘V contains non-smooth points, the minimal critical points which determine
asymptotics for the number of cubic tensors are determined only by smooth points.
Prove that the number of cubic tensors in dimension d is

Ca(n) = (d - ¥ (d-1)"p=D2 11+ 0 1
(zﬂ)(d—l)/zd(d—Z)/Z(d _ 2)(3d—1)/2 nll’

The off-diagonal power series coefficients of F(z) count other (non-cubic) tensors.
In three dimensions, determine the directions r € R3>0 where F(z) admits a minimal
smooth contributing point.

5.6 Baryshnikov et al. [2] study main diagonal asymptotics for the power series
expansion of 1/H, p(x, y, z), where

Hyp(x,y,2) = 1= (x+y+2)+alxy+xz+yz)+ b(xyz)

for parameters a, b € R. Prove that the singular variety of this rational function is
smooth unless 4a> —3a2 +6ba+b*—4b = 0. In the smooth cases, determine dominant
asymptotics of the main diagonal sequence. You may use without proof the Grace-
Walsh-Szegd theorem [6, Thm. 1.1]: if f(x,y,z) is unchanged by permutations
of the variables, f is linear in each variable individually, and f(a, b,c) = 0 for
lal, |b|, |c| < r then there exists |d| < r with f(d,d,d) = 0.

5.7 Let S(2) be an aperiodic Laurent polynomial with non-negative coefficients which
add up to 1. Prove that Proposition 5.10 applies to the function F(z) = 1/(1 —z45(Z))
and explicitly determine the limiting function v,,(8) in (5.30).
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5.8 Flajolet and Sedgewick [16, Ex. IX.15] analyze Euclid’s gcd algorithm over the
finite field of prime order p by deriving the bivariate generating function

1 k
F(u,z) = = ex 7",
(2) 1 =pz-p(p-uz k;O -

where ey, denotes the number of pairs of polynomials (r, g) over the finite field of
order p such that g is monic, n = deg g > degr, and Euclid’s gcd algorithm applied
to (r, q) takes k steps to terminate. Determine, for sufficiently large n, dominant
asymptotics of the largest coefficient of [z"*]F(u, z) and the exponent corresponding
to this coeflicient, then use Proposition 5.10 to show that the distribution of the
number of steps in the Euclidean algorithm for a pair of polynomials of degree n
satisfies a local central limit theorem.

5.9 Bender and Richmond [5] prove limit theorems for a range of multivariate series,
including the power series expansion of the trivariate function

(I-x+y-y-Da)d-y+xy—-x-1)z)—xyz
(1-2)1-(x+y+1)z+xyz?)

R(x,y,2) =

which arises from a graph theory application. Determine, for sufficiently large n,
dominant asymptotics of the largest coefficient of r,(x, y) = [z"]R(x, y, z) and the
exponent corresponding to this coefficient, then use Proposition 5.10 to show that
the coefficients of r,(x, y) satisfy a local central limit theorem.

5.10 Ramgoolam et al. [33] use ACSV techniques to study so-called quiver gauge
theories. For instance, those authors show that the ‘generalized clover quiver class’
has multivariate generating function

1
e (1- 2 4)

F(z) =

Show that for any direction r € RZO the meromorphic function F(z) admits
o = (ri/Ir|i,...,rq/Ir|1) as a minimal critical point for its power series expan-
sion and use Corollary 5.3 to determine dominant asymptotics of the r—diagonal,
where |r|; = r| + - - - + rq. Hint: Write the denominator of F as

d 0 d
i
(1= 35a ) <T1[1- 334
k=1 i=2 j=1
then show the zeroes of the second factor don’t affect minimality of o .

5.11 Modify the analysis of Section 5.1 to obtain an integral expression

fn,n :/A(e)e_n¢(6)d6‘
R
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for the power series coefficients of F(x,y) = (x — y)/(1 — x — y) along the main
diagonal. What steps in the analysis change with the numerator? Prove that this

integral is identically zero.
5.12 Prove that there are (" ;d) monomials z™ of degree at most N. In other words,

show that the number of solutions to a; + - - - + ag < N with each a; € N is (N;d).

5.13 Let M = A+ bl where A is a k X k matrix whose entries A; ; = a; are constant
down columns, b € C, and I is the k X k identity matrix. Prove that the determinant
of M is b* Y(a; + -+ + ai + b).

Hint: What are the eigenvalues of M, and what are their multiplicities?
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Chapter 6
Application: Lattice Walks and Smooth ACSV

The first steps in the path of discovery, and the first approximate
measures, are those which add most to the existing knowledge of
mankind.

— Charles Babbage

We now apply the asymptotic techniques developed in Chapter 5 to lattice path enu-
meration problems, using the generating function expressions derived in Chapter 4.
As seen in Chapter 4, there is a correspondence between lattice path models having
nice combinatorial properties and those whose generating functions admit partic-
ularly nice representations as diagonals of rational functions. Because Chapter 5
gives asymptotics in the presence of smooth contributing singularities, here we will
consider lattice path models whose step sets have lots of symmetries. In addition
to the precise results we derive, this chapter serves as an extended illustration of
how to apply the powerful machinery of analytic combinatorics in several variables,
including the determination of higher-order constants in the resulting asymptotic
expansions. Chapter 10 of Part III will return to lattice path enumeration after a
theory of analytic combinatorics for non-smooth points is developed in Chapter 9.
Several of the asymptotic results in this chapter were originally given by Melczer
and Mishna [3] and Melczer [2], on which our presentation is based.

6.1 Asymptotics of Highly Symmetric Orthant Walks

We consider walks in N on a set of steps S C {+1,0}¢, where each stepi € S is
given some positive real weight w; > 0. As in Chapter 4, we define the weighted

characteristic polynomial
S(z) = Z wiz
ieS

associated to S. To make sure we are considering walks in the correct dimension,
we always make the following assumption.

247
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Standing Assumption: Assume that for each 1 < j < d the set S contains a
step with a positive entry in its jth coordinate (and thus by symmetry also a
negative step in its jth coordinate).

Recall from Chapter 4 that S is called highly symmetric if it is symmetric over
every axis and mostly symmetric if it is symmetric over all but one axis. When S is
highly or mostly symmetric we may assume its axis of non-symmetry, if it exists,
lies in its dth coordinate. Thus, we may write

S(z) =74A2) + O(2) + z4B(2)

where A, O, and B are Laurent polynomials which are symmetric in their variables
Z = (z1,-..,24-1) and we again use the notation x = 1/x common in lattice path
enumeration. Define the multivariate generating function

W(z, 1) = Z wi,nzit",
o
where wj, counts the number of weighted walks of length n using the steps in S
which begin at the origin, end at i € N9 and never leave N¥, Theorem 4.2 of
Chapter 4 gives the representation W(z, t) = [z2°]R(z, t) when

=200 - 2)

(z1 -+ za)(1 = tS(2))

is expanded in the formal ring R = Q((z))[[#]] = Q((z1)) - - - ((za))[[2]]- Analytically,
this formal expansion corresponds to a convergent Laurent expansion in a domain D
containing any point (z, ) where |z| is sufficiently smaller than |z4|, which in turn
is sufficiently smaller than |z4—;|, and so on until |z;|, which is bounded away from
zero. Proposition 4.8 of Chapter 4 gives the generating function expression

R(z,1) =

(1 z0)-- (1 + 2a-1) (B@) - Z3A®)
WL 1) = A - 6.1
(1= 20)B@)(1 = 121 -+ 245(@)

for the number of walks of length 7 starting at the origin and ending anywhere in N¢,
where S(z) = S(z1, . . ., Za-1, Z4). Proposition 4.9 of that chapter gives an alternative
formula, and similar expressions can be derived for walks ending on some collection
of the boundary axes {z € R? : z; = 0}.

Notice that the denominator of the rational function in (6.1) contains multiple fac-
tors. If S is not highly symmetric then A(Z) # B(Z), meaning the denominator factor
1—z4 does not divide the numerator and the singular variety under consideration will
contain non-smooth points. Although there are situations when only smooth points
dictate asymptotics in the mostly symmetric case, these models are better understood
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after a discussion on non-smooth ACSV, and we return to them in Chapter 10. We

will see that the relative weight of steps moving towards or away from the bounding

axes plays a deciding role in whether or not smooth points determine asymptotics.
When S is highly symmetric then A(Z) = B(z) and S(z) = S(z), so (6.1) becomes

(M z) (U + zgg )1+ 29)
W(L1) = A T . 6.2)

The rational function in (6.2) now has a smooth singular variety, because the denom-
inator and its partial derivative with respect to ¢ can never simultaneously vanish.
The domain of convergence D is the power series domain of convergence.

6.1.1 Asymptotics for All Walks in an Orthant

We begin by determining asymptotics for the number of walks beginning at the
origin and ending anywhere in N¢. Let

Gz)y=10+z1) - (1+2zq) and H(z,t)=1—-1tz1--245(z),

so that we are interested in asymptotics of the main diagonal power series coefficients
of F(z,t) = G(z)/H(z,t). Recall that z; denotes the vector z with its kth entry
removed. Since we are considering highly symmetric models, for each 1 < k < d
there exist unique Laurent polynomials Ax(z;) and Qy(zz) such that

S(z) = (zk + 2 )Ar(zg) + O (2), (6.3)

where A4(z;) = A(Z) = B(Z) as defined above. For any 1 < k < d the smooth
critical point equation
tHy(z,t) = zx Hy, (2, 1)

from (5.16) of Chapter 5 becomes
121+ 2a)S(2) = H(z1 - - - 2a)S(2) + tzx (21 * - 20) Sz, (2),
which implies
0 = 12521 - - 2a)S, (2) = 1z = D@1+ * 21 2ke1 * - 20) Ar(2)-
This gives a characterization of critical points in the main diagonal direction.

Lemma 6.1 The point (x,t) € V is a smooth critical point if and only if for each
1 < k < d either

o x; ==1,0r

e the polynomial (zy - - - Zk-12k+1 - * - Za)Ak(2g) has a root at .
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Note that it is possible to have an infinite set of critical points due to the second
condition. This cannot happen for unweighted models in two dimensions (when
every weight is one) but does occur for weighted models or when d > 3.

Example 6.1 (A Curve of Critical Points)

Consider the unweighted highly symmetric model in three dimensions restricted to
the non-negative octant defined by the step set

S= {(_17 07 il)’ (1’ 0’ il)’ (07 L il)’ (0’ _17 il)? (iL 17 0)7 (iL _17 O)}

Some algebraic manipulation shows
H(x,y,21) = 1= t(xyz) ) x"y"2"
ieS
=1-1(Z2+ D(x + y)(xy + 1) = 1z(y* + D(x% + 1),

and solving the system of smooth critical point equations gives the two isolated

critical points
1 -1
1,1, — -1,-1,-1,—
( b 2 2 12) and ( 9 9 b 12)

together with a collection of non-isolated critical points defined by

1 1 1
719_1a_ 5 7_1’1,_ 5 19 ’_17_ 5
[t (o) (g
1 1 1
_19 ’1’_ > 1’_19 s | _19 19 s
(o) (e (roegl

forall x, y, z € C,. Lemma 5.6 in Chapter 5 immediately implies that the non-isolated
critical points are degenerate, which can also be verified by direction calculation (in
fact, the Hessian matrix H in (5.25) has a row of zeroes at each of these points).
Thankfully, none of these pathological critical points are minimal: if, for instance,
(x, 1, -1, 1/4x) were minimal then Lemma 5.7 in Chapter 5 would imply

1)_ 1+ |x]?
4| x| |x]

)

0=HOmLL

which can never occur.

Our observation that the minimal critical points are well behaved in the last
example holds more generally.

Proposition 6.1 The point



6.1 Asymptotics of Highly Symmetric Orthant Walks 251

1
Uz(l,...,l,Tl))

is a finitely minimal smooth contributing point. All minimal critical points lie in
T(0) NV, there are at most 2¢ critical points in T(0") NV, and if (z,t) is such a
point then z € {+1}4.

Proof The point o is critical by Lemma 6.1. Suppose (X, tx) lies in D(0) NV, where
we note that any choice of x uniquely determines #x on V. Then

Z WiXi+1 (x1 -+ xq) Z WiXi >S(1) = Z Wj.

ieS ieS ieS

|1
=l

Since (x,7x) € D(0) means |x;| < 1 for each 1 < k < d, and each weight wj is
positive, the only way this can happen is if |x;| = 1 forall 1 < k < d and the
monomials x'*1 have the same complex argument for all i € S.

By symmetry, and the assumption that we take a positive step in each direction,
the set {xi*! : i € S} contains two elements of the form

i+1 .
2

ig+1 2 i+l ig+1

X X and Xi Xy xg

SO xl2 is real when these monomials have the same argument. Thus, x; = +1 and
applying the same reasoning to each coordinate gives the stated restriction on x. Since
F(z) is combinatorial, Corollary 5.5 in Chapter 5 implies that (x, t5) € V is a minimal

critical point only if (|x], #|x|) is also minimal and critical. Since |x| = (|x1], .. ., |xq[)
has non-negative coordinates, for every 1 < k < d the polynomial A(|x;|) # 0 and
Lemma 6.1 implies (||, #x|) is minimal and critical only if each |xg| = 1. O

Remark 6.1 Our proof of Proposition 6.1 used the explicit representation of critical
points in Lemma 6.1 to show any minimal critical point (X, ) lies in 7(o). Alterna-
tively, the smooth critical point equations imply S;,(x) = --- = S;,(x) = 0 and one
may conclude directly from Proposition 4.5 in Chapter 4, which states that there is
a unique positive solution to this system of equations (in this case the point x = 1).

The collection of minimal critical points of F(z, f) thus form the finite set

C = {(x ﬁ) coxe {1} |IS(x)| = 5(1)} )

In order to find asymptotics using Corollary 5.2 from Chapter 5 it remains only
to determine the matrix / whose entries are given in (5.25), noting that for a d-
dimensional model the function F(z, t) has d + 1 variables. If (x,¢) € V is a critical
point with x € {+1} then a direct calculation shows

-1 LEJ
xixjHZiZj (X) = AR ..
~ 5% =




252 6 Application: Lattice Walks and Smooth ACSV

while
xjtH, (x) = —1 and *Hy; (x) = 0

forall0 <i < j < d,soH at (x,1) is the d X d diagonal matrix

xlAl(X) 0 cee 0
21 0 xmA®Xx
=50 L
0 s 0 did(X)

If (x,¢) € C then |S(x)| = S(1), so

X AKX) _ Xk Ag(X) _ A
S(x) (*k + xK)Ak(xp) + Qk(xp)  S(1)

since xx Ak (x;) and Qg (xg) must share the same sign. Thus,

a 0 -+ 0
_ _i 0 ay ’
Hy =H = S L (6.4)
0-- 0 ay

is independent of x, where ax = Ax(1) is the total weight of the steps in S that have
kth coordinate equal to 1.

Since G(z) = (1 + z1)---(1 + z,) does not vanish at o, but vanishes at any
other minimal critical point, o is the only point whose asymptotic contribution
affects dominant asymptotics of the sequence under consideration. The fact that H
is a diagonal matrix and does not depend on x helps simplify the calculations for
determining higher order asymptotic terms, discussed below. Using the quantities we
have computed with Corollary 5.2 from Chapter 5 immediately gives the following.

Theorem 6.1 Let S c {-1,0, 1} \ {0} be a set of steps that is symmetric over every
axis and moves forwards in each coordinate. Then the number c,, of walks taking n
steps in S, beginning at the origin, and never leaving the orthant N? has asymptotic
expansion

cn =S = | (ay---ag)” P 2 s + 0 ( ! ) ) ) (6.5)

n
When every step has weight one then S(1) is simply the number of steps in S, and ag
is the number of steps moving forwards in the kth coordinate.

Example 6.2 (Highly Symmetric Models in Two Dimensions)

There are four non-isomorphic unweighted highly symmetric models in the two-
dimensional quarter plane, whose asymptotics are listed in Table 6.1; asymptotics for



6.1 Asymptotics of Highly Symmetric Orthant Walks 253

S Asymptotics S Asymptotics
n n
| PR S N 7] PN S
avVl x1 n w N2 X2 n rw

n n
K |gr it 6 " Y8 DK]lgu 0 8 8" 8
aV3x2 n o« aV3x3 n 3w

Table 6.1 The four highly symmetric models with unit steps in the quarter plane.

these models were originally conjectured by Bostan and Kauers [1]. Corollary 2.1 of
Chapter 2 implies that none of these models admits an algebraic generating function.

Example 6.3 (A Weighted Model)

In two dimensions, a weighted lattice path model on the steps S = {£1,0}2 \ {0} is
highly symmetric if and only if each diagonal direction (+1, +1) has the same weight
A > 0, while the vertical steps (0, 1) both have the same weight B > 0, and the
horizontal steps (+1, 0) have the same weight C > 0:

A A
A A
B
Under such a weighting,
4A +2B +2C 1
cn=|(4A+2B+2C)" n! (1+0(—)).
n\(2A + B)2A + C) n

Theorem 6.1 immediately gives asymptotics for any explicit model, but is also
flexible enough to give asymptotics for families of models with varying dimension.
Example 6.4 (Asymptotics for Maximal Step Sets)

Let S = {+1,0}\ {0} be the step set containing all non-zero steps, which is highly
symmetric when unweighted. Then S(1) = |S| = 3¢ — 1, and a; = 39! for all &, so
the total number of walks satisfies

d _ 1\d)2
|¢ad _gn —ap B9 1) 1
cn =10 )'n @D dl 1+0 Ik
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Higher Order Asymptotics

The higher order terms in the asymptotic expansion of ¢,, are determined by Theo-
rem 5.2 in Chapter 5 through an application of Proposition 5.3; unlike the leading
term, the contributions from minimal critical points other than o~ may play a role.
In particular, Theorem 5.2 implies that for any M € N the contribution of a minimal
critical point (x,#) € C to the asymptotics of ¢, has the form

M
SO 4 ) det(H) 2| Y K + 0 (n_M_l) ,
=0

where H is determined by (6.4). The constant KJ’.‘ satisfies

il

N ~ &I (Py(0) ¥ (8))
Ki= 1 ) 200N + )]

0<0<2j =0
where ' '
Py(0) = (1 + xlelg') e (1 + xdelg"),
& is the differential operator
_ (SMY (T, 1
E= ( > )(alal+ +ad6d , (6.6)
and
s S(xiel?, ..., xgel%) /
0)=-1 - (0"H8) /2
J(6) og( S0 (6"HO) /
= —log S(e', ..., e%) +log S(1) — (6"H®) /2. 6.7)

Because S is highly symmetric S(e'?", . . ., €1%7) is an even function in each variable,
which implies its power series expansion at the origin contains only monomials with
even exponents. This, in turn, implies the power series expansion of /() at the
origin also contains only monomials with even exponents. Since, by construction, {

vanishes to at least order 3 at the origin, it therefore vanishes to order 4 at the origin.

Example 6.5 (Higher Asymptotics Terms of Simple Walks)

Consider the set of cardinal directions S = {(1,0),(0, 1),(-1,0),(0,—1)}. Then
S(x,y) =x+x+y+yand A|(y) = Az(x) = 1 so H is the 2 x 2 identity matrix
multiplied by 1/2. The set C of critical points consists of two elements,

o=(1,1,1/4) and o=(-1,-1,-1/4).

For p = +1 let
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Py(8) = (1 + peig‘) (1 + peigz) .
Here & = -2(67 + 03) and
¥ (0) = —log (eig‘ +e 0 4ol 4 e_igz) +log4 — (67 +63)/4
= —log(cos(8;) + cos(6;)) + log2 — (9% + H%)/4
07  6%°02 63
— L 12,2,
96 16 96

Thus, for any M € N there is an asymptotic expansion

M
4" 1 no D] = M-
tn=— Z[KJ(.+)+(—1) KJ(. )]n1+0(nM1),

where

(-1 (f+j) 2k 220+2j -2k s

K? = U 9% 227 (p,(8) ji(6)

j OS[Z;A% ac+in \ k ( )
0<k<ltj

6=0

Initial terms can easily be computed in a computer algebra system to obtain

n 2n? 4n3

Cp =

4n 6 19+2(-1)" 63+ 18(-1)"
__(4_ L 19421 63+ 18( >+_._).
n

6.1.2 Asymptotics for Boundary Returns

It is often of combinatorial interest to determine the number of walks which end
on some or all of the boundary hyperplanes of N. By permuting coordinates,
to enumerate walks returning to r of the boundary hyperplanes it is sufficient to
determine the counting sequence (e,) of walks which return to the boundary axes
defined by z; = O for 1 < j < r. Applying Proposition 3.14 from Chapter 3 to our
representation

22] (z1 =21) (Za-1 — Za-1) (za — Za)
(z1 -+ za)(1 = tS(z))

for the multivariate generating function W(z, ¢r) implies that the generating function
for e,,, given by W(z, 1) after substituting z; = O for 1 < j < r and z; = 1 otherwise,
is the main power series diagonal of

W(z,t) = [
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Gz (I=z) (1 =) +2z0e1) - (1 +24)

F(z1) = H(z, 1) - 1 —tz1---245(z)

As the denominator H is unchanged from above, the set of minimal critical points

C= {(x ﬁ) coxe {1} S(x)| = 5(1)}

is also unchanged, and asymptotics are still determined by applying Corollary 5.2
from Chapter 5 with the quantities H, &, and i in (6.4), (6.6), and (6.7), respectively.
On the other hand, when r > 0 the numerator G(z) now vanishes at o = (1, 1/5(1))
and we must look at higher order terms to determine even the dominant asymptotic
growth of e,,.

Although this requires getting down in the computational muck, the vanishing of
the numerator actually helps make the computations more tractable. For (x,1) € C
we have xJ2. = 1 for all j, so defining Px() = G(x1€'9, ..., x;4€'%¢) implies

Px(0) = (1 - e2i€‘) (1 - ezia,) (1 + xr+1ei9’*‘) (1 + xdeied)
=(0,- --9,)[(—2i)r(1 + xr41) - (1 + x4) + higher order terms].

Our goal is to determine the smallest j € N such that the coefficient

X | &4 (P(8) y(0))
K=V D —mmae

0<£<2) 6=0

is non-zero for some (x,7) € C. Because every term in the power series expansion
of Py at the origin is divisible by ; - - - 6,, and because the differential operator & is a
linear combination of 612, R 8621, the smallest power of & which can give a non-zero
term when applied to Py and evaluated at the origin is & (which contains a non-zero
multiple of 812 -++ 0% as a summand). Furthermore, the function ¥(#) vanishes to
order 4 at the origin, so for any £ € N the smallest power of & which can give a
non-zero term when applied to ()’ and evaluated at the origin is E¢.
Since the differential operator &*/ has order 2(£ + j), the term

&1 (Pu(6) 3(0))|
6=0

is thus zero unless 2(£ + j) > 2r +4¢{. The smallest value of j for which this inequality

holds is j = r, and the inequality holds in this case only when ¢ = 0. Furthermore,

the only term in the power & which can be applied to Px(6) to give something

non-zero when evaluated at the origin is 612 -+ 02. Since

SM\" (1, Lo\ Cs@rl o,
r—_ |22 —_ “e —_ P S A— “ee
& _( 5 ) (alal ] I (07 37) +
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and the coefficient of 9% ---62 in the power series expansion of Py at the origin
is 2"(1 + xp41) - - - (1 + xg), it follows that

740 70 _E=Ds@n et o 2 22\ (2
&7 (Pu(0) 3(0) )|0=0 = e XY (L x) (4 x) (07 2) (62
_CEDIS@ A+ X)) (1 + xa) 7!

- al ...ar :

If x; = —1 for any j > r + 1 then the term K} is zero. If x; = 1 for all j > r then

L &Y (P6) §(0))
Y= ), 207 0V (C + 1)!

0<€<L2r
&0 (P«(6) ¥(6)°)
2rr!

= -1y

6=0
B S(l)rzd—r

al ... ar
After this careful set of computations, we have proven the following theorem.

Theorem 6.2 Ler S € {—1,0,1}¢ \ {0} be a set of steps that is symmetric over
every axis and moves forwards in each coordinate. Let A C {1,...,d} be a set of r
elements and let

Cﬂz{(x,$): xe{x1}), xi=1ifjeA, |S(x)|:S(1)}.

Then the number e' of walks of length n taking steps in S, beginning at the
origin, never leaving the orthant N, and ending on the intersection of hyperplanes
{x:x; =0for j € A} has asymptotic expansion

S(1)r+d/2 Z
nd22\far -~ aq [Tjena; (x,1)€Cn

e,“(f =S)" nd12-r ( sgn S(x)" + O (%)
(6.8)

Note that the term X ;ec, s€n S(x)" equals [C#| > 0 when n is even, but could be
zero when 7 is odd to account for periodicities.

Example 6.6 (Boundary Walks in Two Dimensions)

Consider the unweighted set of six steps S = {(£1, £1), (0, 1)}, visualized as

X

r
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Then a; = 2, a, = 3, and the minimal critical points arising in the ACSV analysis
form the set
C={(1,1,1/6), (1,-1,1/6)}.

The number of walks returning to the axis x = 0 has dominant asymptotics

e < 2 —62 =6"n? ﬁ
" r2+aia; aq 2 |’

while the number of walks returning to the axis y = 0 has dominant asymptotics

e,{f} ~6" 2 ( 6 ) (1+(-1)") =6"n"? (?) (1+(-=D"),

n2\aia ap
and the number of walks returning to the origin x = y = 0 has dominant asymptotics
3
{1,2} n -3 6 n n -3 3\/6 n
e ~6"n —— |+ (D" =6"n — | (1 +(=1D").
; (”22 alazalaz)( (-1 (2ﬂ (1+(=1)")

Note that only even length walks can end at a point with y = 0.

6.1.3 Parameterizing the Starting Point

So far we have only considered highly symmetric models whose walks start at the
origin in N Problem 6.2 asks you to generalize the methods of Section 4.1.5 to prove
that the multivariate generating function W(z, r) tracking the endpoint and length of
highly symmetric walks beginning at p € N, taking steps in S, and staying N¢

satisfies
pitl _ _—(pi+D)) [ _patl _ _—(pa+l)
(Zl 2 24 24

(z1---za)(1 — 1S(z)) |

where the non-negative extraction occurs in Q[z, z][[¢]]. Thus, the univariate gener-
ating function counting the number of walks starting at p and returning to the set
{xeR?: x; =--- = x, = 0} is the main power series diagonal of

(21 24) (ZI—(P|+1) _ Z1171+1) . (Z;(Pd‘*'l) _ Z5d+1)
(I =zp1) - (1 = za)(1 = 121 - - - 245(2))
zP (1 - zfp”z) e (1 - pr’+2) [zr+1]p,as = [2alpa

- 1—tz;---245(z) ’ 6.9)

W(z 1) = [27°]

F(z,t) =

where



6.1 Asymptotics of Highly Symmetric Orthant Walks 259

_ . 2pj+l
[zj]pj—1+zj+~~+zj .

Example 6.7 (Walks with Prescribed Start but Free End)

The generating function counting the number of walks beginning at z = p and ending
anywhere in N is given by

_ 2pi+1 2pa+l
zp(l+zl+--~+zl”'+)---(1+zd+---+zd”"+)
A

1—tz1---248(z)

For any starting point p € N¢, the only minimal critical point where the numerator
of this rational function doesn’t vanish is o = (1, 1/5(1)).

To determine asymptotics we again aim to compute the smallest j € N such that

. ET (Px(0) y(0)°
gecy 3, Gl
0<€<2j : J):
is non-zero for some (x,¢) € C, where the set of minimal critical points C, together

with ¢, H, and & are unchanged from above as the denominator of F is again
unchanged, and

Px(0) = x Pe PO (1 - ez(p1+1)19,) _ (1 - 62(p,+1)19,) [xr41€'71] 0741

o [xrae

Pr+i pPa’

Since i and & are unchanged from our previous computations, the same arguments
as above show that the smallest value of j such that KJ’? could be non-zerois j =r. A

short computation shows that the coefficient of 0% -+ - 62 in the power series expansion
of Py at the origin is

Ix= xP 2r(1 + pl) T (1 + pr) [xr+l]pr+1 T [xd]pd,

so that
E0(P.(0) U (0)° S(1)"
k- y SN P@ION| - say
27r! 2"ay - --ay
6=0
If there exists a j > r such that x; = —1 then [x;],, = 0, and thus I'y and K7} are zero.

Otherwise [x;],; = [1]p; = 2p; + 2 and, noting that xP = xP since x € {+1}4,

" a

sy2d-—r 4
KX = ﬁ xP 1_[(1 +I7/)
j=1

Ultimately, we obtain the following generalization of Theorem 6.2.
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Theorem 6.3 Let S c {—1,0,1}? \ {0} be a set of steps that is symmetric over
every axis and moves forwards in each coordinate. Let A C {1,...,d} be a set of r
elements and let

cﬂz{(x,ﬁ): xe {1}, x;j=1lifjeA, |S(x)|=S(1)}~

Then the number ef{’p of walks of length n taking steps in S, beginning at p € N¢,
never leaving the orthant N, and ending on the intersection of hyperplanes {x :
x;j = 0 for j € A} has asymptotic expansion

SR TIL (1 +py) 3
”d/zzrm Hjej{ aj (x,1)eCa

1
ef[’p = S)" n~d/>r ( xP sgn S(x)" + O (;)

As above, the term 3y /e, XP sgn S(x)" helps account for underlying periodicities
in the model when considering walks returning to the boundary axes.

Example 6.8 (Asymptotics of Walks with Prescribed Start but Free End)

When counting walks beginning at z = p and ending anywhere in N¢, the set C#
contains only the point o = (1, 1/S(1)), and Theorem 6.3 states

/2 d _
en? = Sy n~? (S(l) Hj_l(lerj)) (1+0(l)).
ml2\fay - aq n

For any fixed model one may use a computer algebra package to determine the
asymptotic series for ef{’p to arbitrary precision. Each term will now depend on the
starting point p.

Example 6.9 (Higher Order Constants for Simple Walk in Two Dimensions)

Consider the set of cardinal directions S = {(1,0), (0, 1),(=1,0),(0,—1)}. As above
the set C of critical points consists of two elements,

o=(1,1,1/4) and o=(-1,-1,-1/4),
the differential operator & = —2(6]2 + (922) and
#(0) = —log (cos(8;) + cos(62)) + log 2 — (7 + 63)/4.

For p = +1 and (a, b) € N? we now define
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Pg,b(a) — omiat (1 +___+p2a+lei(2a+1)6’|) o-ib0 (1 +.._+p2b+lei(2b+l)91)

3 —j(aHI +b92) 1 _ eiZ(a+1)91 1 _ ei2(b+1)92
=€ 1 — pei® 1 — pei®

Then the number of walks on the steps S beginning at (a, b) and ending anywhere
in N? has an asymptotic expansion

&b = %(1 +a)(1 +b) g [K]frl " (_l)nKj—l] wi+0 (n—M—l) ’

where
1y ; .
k- Y CU (“J)afkaj"””" (Par (o) (0))

J | i)!
052 LI+ j)! k
0<k<l+j

6=0

Computing the first terms of this expansion gives

Aa+1)(b+1) 4 224> + 2b* + 4a + 4b +9)
= -
" n 3n
pla, b) +90(—1)a+b+n 1
* 90n? +o ndl)’

where p(a, b) is an explicit integer polynomial of degree 4 which can be found in the
computer algebra worksheet corresponding to this example.

Problems

6.1 For what dimensions d € N does the number of unweighted walks of length n
on the maximal step set S = {+1,0}¢ \ {0}, beginning at the origin and restricted
to N, have an algebraic generating function?

6.2 Fix p € N? and a highly symmetric step set S. Prove that the multivariate
generating function W(z, ¢) tracking the endpoint and length of walks beginning at p,

taking steps in S, and staying N satisfies the kernel-like functional equation
@ zaW@ ) =22 28 iz 2a)S@W (2, 1)

-t > )V za)S@W G, 0l

=0,jev’
vald] 1€

generalizing (4.12). Use the kernel method for highly symmetric models presented
in Section 4.1.5 of Chapter 4 to show
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pi+tl _ _—(pi+D))  (_patl _ _—(pa+l)
(Zl 4 Zd %a

(z1---za)(1 — 1S(z)) ’

where the non-negative extraction occurs in Q[z, z][[¢]].

W(z, 1) = [27°]

6.3 If e) denotes the jth elementary basis vector with a 1 in position j and all other
entries 0, find asymptotics for the number of walks in N¢ which use the step set
S = {zelV), ..., xe(®}, begin at the origin, and end anywhere in N¢. What about
walks returning to the origin?

6.4 For each of the four highly symmetric step sets S ¢ {+1,0}?\ {0}, find dominant
asymptotics for the number of unweighted walks which begin at a point (a, b) € N?
and end (i) anywhere in N2, (ii) on the x-axis, (iii) on the y-axis, and (iv) at the
origin.
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Chapter 7
Automated Analytic Combinatorics

It seems to us obvious. . . to bring out a double set of results, viz.
1st, the numerical magnitudes which are the results of
operations performed on numerical data. . . 2ndly, the
symbolical results to be attached to those numerical results,
which symbolical results are not less the necessary and logical
consequences of operations performed upon symbolical data,
than are numerical results when the data are numerical.

— Ada Augusta, Countess of Lovelace

After a time many discrepancies occurred, and at one point
these discordances were so numerous that I exclaimed, ‘I wish to
God these calculations had been executed by steam’.

— Charles Babbage

We now turn to the task of automating the asymptotic methods discussed in Chapter 5.
A generic rational function has a smooth singular set and admits a finite number
of critical points, defined by the polynomial equations (5.16) in Chapter 5. Thus,
the bulk of our work involves manipulating the algebraic critical points in order
to algorithmically determine which (if any) are minimal. We will make use of
symbolic-numeric algorithms, using separation bounds on the roots of univariate
integer polynomials to determine an accuracy level so that numeric approximation
to such accuracy allows us to perform exact calculations.

In order to simplify our presentation we focus on algorithms for asymptotics of
power series expansions in positive directions r € Z‘io. The algorithms we develop
extend easily to convergent Laurent expansions and general directions r € RY.

Our Complexity Model

Our algorithms will take as input multivariate integer polynomials. We study the bit
complexity of the algorithms, meaning we count the number of additions, subtrac-
tions, and multiplications computed by the algorithms when representing all integers
in binary. Measuring binary operations gives a more realistic estimate of the time
to run an algorithm than counting the number of integer operations, since computer
processors perform operations on numbers of bounded size.

The bit complexities of our algorithms will be expressible in terms of the number
of variables, the degrees, and the coeflicient sizes of their input polynomials. The
coefficient size of a polynomial is captured by the following concept.

Definition 7.1 (polynomial heights) The height of a multivariate polynomial P €
Z[z], denoted h(P), is the base 2 logarithm of the maximum absolute value of its
non-zero coefficients. For instance, the height of P(x,y) = 7 — 11x7y + 4y? is
h(P) =log, 11. We define the height of the zero polynomial to be zero.

263
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The height of a polynomial gives a bound on the bitsizes of its coefficients and, with
the degree of the polynomial, a lower bound on how close its distinct roots can be.

Definition 7.2 (multivariate complexity) Extending from our univariate notation,
if f,g: N™ — R are two multivariate sequences then we write

f=0(g) if there exists a constant M > 0 such that |f(n)] < M|g(n)| for
allm e N9,

f=0() if f=0(g logk |g|) for some natural number k.

When considering the complexity of an algorithm, we often reserve 6 > 2 for a
degree bound on the input polynomials in Z[z] = Z[z;, . . ., z¢] and define D = §¢.

The complexities of most of our algorithms are dominated by a factor of the
form O(D¢) for some ¢ € N, and we try to minimize the exponent c. Although the
complexity will be singly exponential in the degree and number of variables, this is
polynomial in the number coefficients appearing in a generic polynomial of degree 6
in d variables, and polynomial in the generic number of critical points. Additional
refinements of our algorithms which better capture sparsity in the input polynomials
can be found in the paper of Melczer and Salvy [26]. The presentation of this chapter,
including the details of the algorithms, is based on the paper of Melczer and Salvy.

7.1 An Overview of Results and Computations

We begin by sketching our main results and viewing some examples, before giving
a high-level overview of our algorithms. Recall from Definition 5.8 in Chapter 5
that a function F(z) is combinatorial if its power series expansion contains only a
finite number of negative terms. Because Lemma 5.7 in Chapter 5 gives an efficient
test for minimality when F(z) is combinatorial, it will be significantly easier to de-
termine asymptotics under this assumption. After some additional background, our
main result is stated in Theorem 7.1 of Section 7.2, which discusses the complexity
and correctness of our main algorithms: Algorithm 1 (which computes dominant
asymptotics given the minimal critical points), Algorithm 2 (which determines min-
imal critical points in the combinatorial case), and Algorithm 3 (which determines
minimal critical points in the general case). The necessary algebraic machinery and
data structures for the algorithms are developed in Section 7.3, and rely on certain al-
gebraic bounds and algorithms for univariate polynomials discussed in the appendix
to this chapter.

Our algorithms start with polynomials G, H € Z[z] of degrees at most § and
heights at most # (meaning the coefficients of the polynomials have absolute values
at most 2"), and a fixed direction r € Z;’O. Because the constants appearing in
the asymptotic expansion (5.27) given by Theorem 5.2 in Chapter 5 are defined
by potentially high degree algebraic numbers, it may not be desirable (or even
possible) to represent them exactly using radicals. Thus, under verifiable and mostly
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generic assumptions, our algorithms encode asymptotics by returning three rational
functions A, B, C € Z(u), a square-free polynomial P € Z[u], and a list U of roots
of P(u), specified by regions of C containing exactly one root of P, such that

fox = @)1 (Z AwB(u) cw) (ram)(!="2 (1 +0 (%)) :
uelU

In the combinatorial case, Algorithms 1 and 2 return this expansion using a proba-
bilistic method in O(h53**?) bit operations. In the general case, due to the increased
difficulty in determining minimal critical points, Algorithms 1 and 3 return this ex-
pansion using a probabilistic method in O (h§'2*124) bit operations. In either case,
the values of A(u), B(u), and C(u) can be determined to precision 27% at all elements
of U in O(k6% + h6>+3¢) bit operations.

The probabilistic aspects of our algorithms come from methods for computing a
certain algebraic representation of the smooth critical points, known as a Kronecker
representation. One can compute this representation deterministically using Grobner
bases (see Section 7.3) but doing so loses the complexity estimates we derive.
Melczer and Salvy [26] gave a Maple implementation' of the algorithms for the
combinatorial case. In practice the probabilistic nature of these algorithms does not
have a large impact.

Example 7.1 (Automated Apéry Asymptotics)

As seen in previous chapters, the sequence of Apéry numbers is the main diagonal
of the rational function 1/(1 —w(1 +x)(1+ y)(1 +z)(1 +y+z+ yz+ xyz)). Running
the Maple commands

> F = 1/(1-w*(1+x) * (14y) * (1+z) * (14+y+z+y*z+x*y*z) ) :
> A, U = DiagonalAsymptotics(numer(F),denom(F), [w,x,y,z],u,n);

after importing the code of Melczer and Salvy verifies that certain necessary assump-
tions are satisfied (other than combinatoriality, which can be verified by inspection)
and returns the expression

s u+81 \" 1 | u+8l1
n,n,n,n 17u — 15 47312312 28 — 24u

where u is the root of

P(u) = u® + 162u — 167

which is approximately 1.0243 . ... The algorithm knows that the root u is real, and
determines it to enough precision to uniquely identify it among the roots of P. In
this case P is quadratic, so u can be expressed with a square-root to obtain

! A link to this package is available on the book website.
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Va8 + 342 (17 + 12\/5)"

fn,n,n,n ~ 871'3/2}13/2 B

as was derived by hand in Chapter 5.

Remark 7.1 There is some randomness in our algorithms, so a reader running our
examples on their computer may obtain different expressions and polynomials P(u).
Of course, all encodings yield the same asymptotic expansions.

Example 7.2 (A Sequence Alignment Problem)

Sequence alignment problems arise in molecular biology when trying to determine
evolutionary relationships between species by comparing the ‘closeness’ of different
sequences (see, for instance, Waterman [17, Ch. 39]). Pemantle and Wilson [33]
used multivariate generating functions to enumerate certain families of sequence
alignments parametrized by two natural numbers k and b. For fixed k,b € N our
algorithm rigorously computes asymptotics of the sequence of interest. When k =
b = 2 the sequence of interest is the main power series diagonal of

2y —xy+1

F-x’ = >
(7) I—(x+y+xy—xy?—x2y+x2y3 + x3y?2)

which is combinatorial. Running our algorithm gives that the main power series
diagonal has asymptotic growth

10u4—40u3+54u2—26u+4)n (du* - 143 + 144> - 2u +2)
4ut =191 +25u> —4u =6 | \uV2x (10u* — 40u3 + 5S4u? — 26 u + 4)

\/10u4—40u3+54u2—26u+4
4ut - 163 +20u2 - 8u+4 "’

where u is the real degree 5 algebraic number defined by
Pu) =2 — 10u* + 18u® = 130> +4u—-2=0, u~14704....

Note that the roots of P cannot be expressed in radicals?.

2 The Galois group of P is the symmetric group Ss.
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7.1.1 Surveying the Computations

Before introducing the necessary algebra to fully describe our data structures and
algorithms, we discuss the computations to be carried out. At the highest level,
Theorem 5.4 in Chapter 5 implies that the following steps determine asymptotics.

DIAGONALASYMPTOTICS

INPUT: Polynomials G(z), H(z) € Z[z] and direction r € Z‘io
OUTPUT: Asymptotics of the r-power series diagonal of F(z) = G(z)/H(z)

1. If G and H are not coprime, divide each by their greatest common divisor.
2. If H(0) = 0 then FaiL.

3. Determine the square-free factorization H* of H

4

. Let C denote the zeroes of the integer polynomial system
H =z H, —rAd=---=z4H;, — 142 =0 (7.1)

in the variables z, A. If C is not finite then FaIL.
5. Determine the set ¥ C C of minimal critical points. If ¢ = @ then FariL.

6. If G vanishes at each element of U, if the determinant of the Hessian H defined
in (5.25) of Chapter 5 is zero at an element of U, or if U contains non-smooth
points then FArL.

7. Sum the leading asymptotic contributions given by Theorem 5.3 in Chapter 5
for each element of U, and return the result.

DiaconaLAsymprorTics is fleshed out in Algorithm 1. Determining the critical
point solutions of (7.1) requires manipulating algebraic quantities, and can be easily
implemented using classical algebraic tools discussed in Section 7.3. Verifying the
necessary conditions for our methods is also easy, for instance when H is square-free
then (z, A) € C satisfies A = 0 if and only if z is a non-smooth point of the singular
variety or some coordinate of z is zero. In contrast, the determination of minimal
critical points can be quite delicate and requires further investigation.

7.1.2 Minimal Critical Points in the Combinatorial Case

Assume first that F(z) is combinatorial and admits a finite number of critical points.
Corollary 5.5 from Chapter 5 implies that every minimal critical point has the
same coordinate-wise modulus as a critical point with positive coordinates, and
Corollary 5.6 implies there can be at most one minimal critical point with positive
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coordinates. Furthermore, Proposition 5.4 in Chapter 5 implies that minimality
can be determined by examining line segments from the origin to critical points
with positive coordinates. Because critical points may have large degree algebraic
coefficients, testing minimality for such points is done implicitly by introducing the
polynomial H(tzy, . . .,tzq) € Z[2, t] into the critical point system (7.1) and searching
for real solutions with ¢ € (0, 1).

MiINIMALCRITICALCOMB

INPUT: Coprime polynomials G(z), H(z) € Z[z] and direction r € Zio
ASSUMING: F(z) = G(z)/H(z) is combinatorial
OUTPUT: The set U of minimal critical points of F(z) in the direction r

1. If H is not square-free then replace H by its square-free part

2. Let S denote the zeroes of the integer polynomial system
H(z) = 21H, (z) —nAd = -+ = zq4H, ,(z) —rqd = H(tzy, ..., 1z4) = 0 (7.2)

in the variables z, 4, t. If S is not finite or if S contains a point of the form (z, A, t)
where 4 = 0 and ¢ = 1 then FaiL.

3. LetC’'={ze€C%:(z,1,1) € S for some A € C} be the set of critical points.

4. Findw € Rio N C’ such that ¢ ¢ (0, 1) for any (w, 4,7) € S.
If there is more than one or no such point then Farr.

5. Return the set U = {z€ C’:zeT(w)} of critical points with the same
coordinate-wise modulus as w.

MintMALCrrTIcALCOMB is more fully described in Algorithm 2. Using Mini-
MALCRITICALCOMB to determine minimal critical points, DIAGONALASYMPTOTICS
gives dominant asymptotics when it returns without failing. This happens whenever
the following assumptions are met

(AO0)  F(z) admits at least one minimal critical point;

(A1)  (VH)(z) does not vanish at a root of H(z);

(A2)  G(z) is non-zero for at least one minimal critical point;

(A3) all minimal critical points of F(z) are non-degenerate;

dn the Jacobian matrix of the system (7.2) in the variables z, A, ¢ is non-singular
at the solutions of (7.2).

Proposition 5.11 from Chapter 5 implies assumptions (A1) to (A3) hold generically.
When F is combinatorial then Corollary 5.4 in Chapter 5 and the results of Sec-
tion 3.3.1 in Chapter 3 imply that F admits a minimal critical point with positive
coordinates whenever the coefficients of the linear terms zy, z2, . . ., Zg in H are non-
zero, which also holds generically. Problem 7.1 asks you to adapt the arguments in
Section 5.3.4 of Chapter 5 to prove that (J1) holds generically.
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Assumption (A1) implies that the singular variety is smooth, while (A2) im-
plies we can use the explicit expression in Theorem 5.1 for dominant asymptotics.
Furthermore, the so-called Jacobian criterion [11, Theorem 16.19] implies that the
polynomial system (7.2) is finite whenever its Jacobian matrix has full rank (i.e.,
is non-singular) at all of its solutions. Thus, (J1) is slightly stronger than requiring
that F(z) admit a finite number of critical points: we use (J1) to compute a Kronecker
representation of the solutions of this system using Proposition 7.3 below. All of our
conditions, except that F' is combinatorial, can be verified algorithmically.

Remark 7.2 Asymptotics can still be determined in many situations where (Al)
and (A2) do not hold. Assumption (A1) implies H is square-free and the singular
variety is everywhere smooth; both conditions hold generically, but are not necessary
to apply Theorem 5.3 from Chapter 5. When (A2) doesn’t hold the leading term in
Theorem 5.3 vanishes but one can try calculating higher-order terms. These situations
can be handled by small extensions of our algorithms.

7.1.3 Minimal Critical Points in the General Case

In the combinatorial case, to prove w € V is minimal it is sufficient to check
that for each ¢ € (0, 1) the point t|w| = (¢t|wy], ..., t|wg|) does not lie in V. Thus,
one can think of tracing a line segment from the origin to |w| and stopping if the
segment intersects V. In the non-combinatorial case, things are more difficult: to
prove that w € V is minimal, it must be determined for each ¢ € (0, 1) whether
there exists a point in V with the same coordinate-wise modulus as tw. One can still
imagine tracing a line segment from the origin to |w|, but now each point on the line-
segment defines a product of circles which must be checked for elements of V. This,
unsurprisingly, leads to an algorithm for minimality which is more computationally
expensive.

In order to express the moduli of coordinates algebraically, we convert our d
complex variables to 2d real variables.

Definition 7.3 (real and imaginary polynomial decomposition) Given a polyno-
mial f(z) € R[z] we define f(x +iy) = f(x1 +iy1,...,xXq + iyq) and let fR(x,y)
and f~(x,y) denote the unique polynomials in R[x, y] such that

fx+iy) = fAxy) +if % y).

Because a polynomial is everywhere differentiable, the Cauchy-Riemann equa-
tions [19, Ch. 2.1] state that the partial derivatives of f* and f> satisfy the equalities
R y) = £ y) and 3 (x.¥) = —£3 (x.y) for cach 1 < j < d, while

1 q ~ i ~
fyxriy) =5 (May +if6y) -5 (Aey+ifxy).

Some light algebraic manipulation then shows that the real solutions of the system
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H%(a,b) = H (a,b) = 0 (7.3)
a;Hy (a,b) + b;H) (ab) —rjdAg =0,  j=1,....d (7.4)
ajHy (a,b)+b;Hy (ab)—rid; =0,  j=1,...d (7.5)

in the variables a, b, Ag, Ay correspond exactly to all complex solutions of the smooth
critical point equations

H(z) = z1Hy (z) — A=+ =z4H, () —rgqA =0
withz = a + ib and A = AR + i4;. Furthermore, if we define the equations

HY(x,y) = H'(x,y) =0 (7.6)
yl-na@+b) =0, j=1....d (1.7)

then (7.7) encodes a relationship between the coordinate-wise moduli of x + iy and
a+ib when x,y, a, and b are real vectors. In particular, Proposition 5.4 in Chapter 5
implies that a point z = a + ib € V is minimal if and only if there is no solution to
equations (7.6) and (7.7) with x,y,z realand 0 < 7 < 1.

The polynomial system defined by (7.3)—(7.7) contains 3d + 4 equations in the
4d + 3 variables a, b, x, r, A, A7, and t. Let

« W c C**3 denote the complex solutions of the system of equations (7.3)—(7.7)
o Wi = W NR**3 be the real part of W

e 1, : Wr — C be the projection map 7,(a, b, X, y, Ag, A5, 1) = ¢
 C={(ab)eR*:(ab,xy,Ag, A,1) € Wx for some X, y, A, 17,1}

We now have a strategy for determining minimality: each (a, b) € C corresponds to
a critical point z = a + ib, and that critical point is minimal if and only if there does
not exist (a, b, X, y, Ag, A5, 1) € Wr with 0 < ¢ < 1. Unfortunately, even if the set Wx
of real solutions is finite the set ‘W of complex solutions will be infinite (when non-
empty) since there are more variables than equations. Although the real solutions
of (7.3)—(7.7) are the only ones which have meaning in our original problem, most
algebraic techniques for polynomial system solving work, at least implicitly, over an
algebraically closed field.

To get around this problem, we introduce additional equations satisfied by the
real solutions we care about which also eliminate spurious complex solutions. Our
techniques are inspired by so-called critical point methods3 for sampling points
in real algebraic sets, an influential approach to real polynomial system solving
popularized by Grigor’ev and Vorobjov [18] and Renegar [34].

Proposition 7.1 Let H € Q[z] be a polynomial which does not vanish at the origin,
and suppose that the Jacobian matrix of the polynomials in (7.3)—(7.7) has full rank

3 Although algebraic results are usually most naturally stated over algebraically closed fields,
calculus and geometry typically ‘respect’ real constructions (for instance, there are both real and
complex versions of the implicit function theorem). Critical point methods exploit this difference.
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at any point in ‘W. The point z = a + ib € C¢ with a,b € R? is a minimal critical
point in the direction r if and only if (a,b) satisfies equations (7.3)—(7.5) and there
does not exist (X,y, v, 1) € R2*2 with 0 < t < 1 satisfying equations (7.6), (1.7), and

(yj = va)HY (% y) = (x; + vypHy () =0, j=1,....d. (7.8)

Remark 7.3 If the Jacobian matrix of the polynomial system (7.3)—(7.7) has full rank
then the Jacobian matrix of the sub-system (7.3)—(7.5) also has full rank. Thus, the
equations (7.3)—(7.5) admit a finite number of complex solutions under the conditions
of Proposition 7.1.

Proof For fixed (a,b) € R%d a point 0 = (a,b,x,y, Ag, A1,¢t) € Wk is a local
extremum of 71, as a map from Wk to R only when the gradient of 7, is perpendicular
to the tangent plane of ‘W at 0. This, in turn, implies the gradient of 7, and the
gradients of the polynomials H*, H>, and the sz. + yjz. - t(ajz. + b?), which define Wk,
are linearly dependent. In other words, at any such extremum the matrix

VH%(x,y) HY - HY HY--- H} 0
VH(x,y) H) --- H) H) ---H) 0
| VG -tai b)) | 200 00 0 2y 0 0 ~(a; +b7)
: 0 .0 0 .0 :
V(xd + y3 - t(al + b2)) 0 0 2xg 0 0 2y4 —(a%+10b%)
V() O --- 0 0--- 0 1
is rank deficient, so a non-trivial linear combination of its rows vanishes. Using the
Cauchy-Riemann equations to write Hy, = —H,' and Hy, = Hy' then implies the
existence of v, Ay, ..., A4 such that

HY —vH) + ;x; =0

H;ij +VH;':§, +/ljyj =0

foreach j = 1,. .., d, which simplifies to give (7.8).
For each of the finite number of points (a,b) € R2¢ satisfying equations (7.3)—
(7.5) under our assumptions, the set

S={xy1e R**! ;1 €[0,1], (a b, x,y, 1) satisfy (7.6) and (7.7)}

is compact, since ¢t € [0, 1] implies xlz. + y]2. < a% + b? for each j=1....d
Furthermore, S is non-empty because it contains (a, b, 1) and has no point withz = 0
since H(0) # 0. Thus, the continuous function 7, achieves its minimum on the
compact set S and such a minimizer must satisfy (7.8) forsome v € Rand 0 < ¢ < 1.
Any solution (x,y,7) € S with # < 1 gives a point x + iy that has smaller coordinate-
wise modulus than a+ib, meaning z = a+ib is not minimal. Conversely, if z = a+ib
is not minimal then there exists (x,y, ) € S with ¢ minimal and ¢ < 1. This is a local

minimum of 7r; on Wy so there exists v € R such that (7.8) is satisfied. |
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Equations (7.3)—(7.8) now consist of 4d + 4 equations in 4d + 4 unknowns,
meaning they can have a finite number of complex solutions whose real solutions
encode all critical points and help determine minimality. In addition to (A0)—(A3),
we work under the following assumption,

J2) the Jacobian matrix of the system (7.3)—(7.8) in the variables a, b, X, y, Ag, Ay, t
is non-singular at the solutions of (7.3)—(7.8).

Assumption (J2) is slightly stronger than what we need to apply the results of
Chapter 5, but this formulation will help us bound the complexity of the algebraic
methods we develop below. As noted in Remark 7.3, (J2) implies that F' admits
only a finite number of critical points. Ultimately, we have obtained the following
algorithm.

MiINIMALCRITICALGEN

INPUT: Coprime polynomials G(z), H(z) € Z[z] and direction r € Z‘io
OUTPUT: The set U of minimal critical points of F(z) in the direction r

1. Let S be the algebraic set defined by the zeroes of the polynomial system (7.3)—
(7.8) in the variables a, b, X, y, ARr, 45, v, t. If S is not finite then FarL.

2. Let U denote the points a + ib € Cf such that: (1) there exist X, y, Agr, AR, v,
with (a, b, X, y, Ag, A7, v, 1) € S N R*** and (2) for any such points ¢ ¢ (0, 1).

3. If U is empty, if it has an element where Ag = A; = 0, or if the elements of U
do not all have the same coordinate-wise modulus then FaiL.

4. Return Y.

MiNiMALCRITICALGEN is more fully described in Algorithm 3. Using MINIMAL-
CrrTICALGEN to determine minimal critical points, DIAGONALASYMPTOTICS gives
dominant asymptotics when it returns without failing. This happens under assump-
tions (A0)—(A3) and (J2), all of which can be verified algorithmically.

7.2 ACSV Algorithms and Examples

Having described our approach and assumptions, we can now state our main result.

Theorem 7.1 Let G(z) and H(z) be polynomials in Z[z) = Z|z1, . . ., zq] of degrees
at most & and coefficients of absolute value at most 2", and suppose that Assump-
tions (AO)—(A3) hold. Fix a direction r € ZZO. If F = G/H is combinatorial and
Assumption (J1) holds, then Algorithm 2 is a probabilistic algorithm that computes
the minimal critical points of F in the direction v in O(hd’>D*) bit operations,
where D = 6%. Whether or not F = G/H is combinatorial, if Assumption (J2) holds
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then Algorithm 3 is a probabilistic algorithm that computes the minimal critical
points of F in the direction r in O (h612D12) bit operations.

In either case, Algorithm 1 is a probabilistic algorithm that uses these results
and O(h8>D*) bit operations to compute three rational functions A, B,C € Z(u), a
square-free polynomial P € Z[u] and a list U of roots of P(u), specified by disks in C
containing exactly one root of P, such that

[2""1F(2) = 2m) D2 (rgn) =02 | 3 A@)B(w) C)" + 0 (%) (7.9)

uelU

The values of A(u), B(u) and C(u) can be refined to precision 27° at all elements
of U in O(kD + h&>D?) bit operations.

Remark 7.4 Using techniques which better take into account the multi-homogeneous
structure of the polynomial system (7.3)—(7.8) (namely that (7.3)—(7.5) contain only
variables which appear with degree at most 2 in the remaining equations) it is possible
to reduce the complexity of determining minimal critical points in the general case
from O (h6'>D'?) to O(h6°23? D) bit operations. This requires even more than the
already considerable algebraic framework we discuss here, so we refer to Melczer
and Salvy [26] for additional details.

Theorem 7.1 is obtained by encoding the smooth critical points with an efficient
algebraic data structure.

Definition 7.4 (Kronecker representations) A Kronecker representation or ratio-
nal univariate representation [ P(u), Q] of a finite algebraic set

V®)={z: fi@) == faz) =0}

defined by the polynomial system f = (fi, ..., f4) € Z[z]? consists of

e anew variable # which is an integer linear combination of the z,
u=Kiz1+ - +Kq2q € Z|z],

such that u takes distinct values for z € V(f),

¢ asquare-free polynomial P € Z[u],

¢ polynomials Qy,...,Q4 € Z[u] of degrees less than deg(P) such that V(f) is
determined by the z-coordinates of the solutions of the system

P’'(u)z1 = Qi(u) = 0,
P(u) =0, ; (7.10)
P'(u)za — Qa(u) = 0.
Kronecker representations are useful because they encode the elements of a finite

multi-dimensional algebraic set in terms of a univariate polynomial, and because
the polynomials P, Q; typically have much smaller coefficient size than alternative
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Algorithm 1: DIAGONALASYMPTOTICS

Input: Polynomials G(z), H(z) € Z[z] and direction r € N¢
Output: Polynomials A, B, C, P and a set U of roots of P such that the power series
coefficients f;,y of F = G/H satisfy (7.9)

/* Verify singularities of F are roots of H */

if G and H are not coprime then G «— G/gcd(G, H) and H «— H /gcd(G, H)

if H(0) # O then return rasL

/* Define the set of critical points */

C—{H zH, -nA...,zqH,, - 141}

[P, Q, u] « KrRONECKER(C)

/* Determine the subset of minimal critical points using Algorithm 2
or Algorithm 3 below */

if F is known to be combinatorial then U « MiNiMALCrITICALCOMB(H, 1, [P, Q, u])

else U « MiniMALCRITICALGEN(H, 1, [P, Q, 1])

/% Find Hessian and numerator at the minimal critical points */

H — determinant of the polynomial matrix (zq H,)H defined by (5.25) with w = z
PolySys « C U {h ~H@), T -2 -2 g+ G(z)}

[P, (Q Q. Or, O-G)] « Kronecker(PolySys) using Proposition 7.4

/* Verify nondegeneracy of critical points and leading order of

asymptotics then return */
if Q7(u)=0atanyu €U, or Q_g(u) =0atall u € U then return rarr

return (A, B, C, P,U) = (Q-G /(raQ), (raQ)* " (P"*"*/Qz, P'/Qr, P, U)

univariate encodings. Since u is an integer linear combination of the other variables,
and the polynomials P and Q; have integer coefficients, a root of P(u) is real if and
only if all coordinates z at the corresponding element of V(f) are real.

A Kronecker representation of V(f) gives an encoding of all elements of V(f),
but to talk about specific elements of V(f) it is necessary to introduce additional
information.

Definition 7.5 (isolating regions and numeric Kronecker representations) Given
a univariate polynomial P(«) and root w € C of P, an isolating disk for w is a disk
D c C of rational radius whose centre has rational real and imaginary parts, such
that w is the only root of P in D. If w is a real root of P then an isolating interval
for w is a finite interval / ¢ R with rational endpoints such that w is the only root
of P in I. A numeric Kronecker representation [P(u), Q, U] of V(f) is a Kronecker
representation [P(u), Q] of V(f) together with a sequence U of isolating intervals
for the real roots of the polynomial P and isolating disks for the non-real roots of P.

Determining the elements of U to sufficient precision allows one to argue about
the elements of the underlying algebraic set, including: approximating the solutions
to arbitrary accuracy, selecting which solutions have real coordinates in certain
intervals, determining which solutions have the same coordinate-wise modulus, and
more. In practice, the elements of U are often stored as floating point approximations
whose accuracy is certified to a specific precision.

Section 7.3 discusses the necessary algebraic background, algorithms for com-
puting Kronecker and numeric Kronecker representations, properties of Kronecker



7.2 ACSV Algorithms and Examples 275

Algorithm 2: MiNntMALCRITICALCOMB

Input: Polynomial H (z), direction r € N9 and Kronecker representation [P, Q, u] of the
smooth critical points for 1/H in the direction r assuming 1/H is combinatorial

Output: Set U of roots of P corresponding to the minimal critical points

/* Determine the extended critical point system */

S —{H,z1Hy, — 1A ..., 2qHz, —1q A H(tz1, . . ., 124)}

[P, Q] — KrONECKER(S)

/* Find the minimal critical point with positive real coordinates */

[P, Q, U] « NumKroNecker(P, Q, k), where k = O(h82D?) is sufficient precision to
group the roots of P by the distinct values and signs they give to each z; = O /P’ at the
real roots of P using Lemmas 7.4 and 7.5 below

/* Find elements with positive real coordinates */
M— {{ucUNR: Q_,—(u)/ﬁ(u) >0foralll <j <d}}
/* Find unique minimal critical point with positive coordinates */

for eachj € {1,...,d} do
\ Split apart each set in M by the distinct values its elements give Q~_,~ W)/ P'(v)
end
for each setm € M do
‘ if one of the values taken by t on the elements of m lies in (0, 1) then M «— M \ {m}
end
if M does not have the form {{uz }}, or if Q1(u;) = 0 then return raiL
/* Reduce back to original critical point system */
[P, Q, U] « NuMmKRrONECKER(P, Q, k) where k = O(hD?) is sufficient precision to group
the roots of P by the distinct values they give to each zj = Qj /P’ using Lemma 7.5
Determine the root u, of P corresponding to { from the numerical approximations
/* Return the set of minimal critical points */
Refine U to isolating regions of size at most 27%, where x = O(hd>D?) is sufficient to
identify elements with same coordinate-wise modulus using Corollary 7.1
return set of u € U such that |Q;(u)/P’'(u)| = Qj(uz)/P'(uz) for1 <j <d

representations, and alternative encodings of finite algebraic sets. An algebraic tool-
box of methods using the numeric Kronecker representation to decide the properties
we require for our asymptotic arguments is developed. Treating the results of Sec-
tion 7.3 as a black box yields Algorithms 1— 3 implementing Theorem 7.1, whose
proof is completed in Section 7.4. The procedures Kronecker(f) and NumKro-
NECKER(f, k) for computing Kronecker and numeric Kronecker representations are
discussed in Proposition 7.3 and Proposition 7.5, respectively.

7.2.1 Examples

We now work through some examples, starting by revisiting the Apéry numbers. As
usual, worksheets illustrating these examples can be found on the textbook website.

Example 7.3 (Apéry Revisited)
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Algorithm 3: MINIMALCRITICALGEN

Input: Polynomial H (z), direction r € N9 and Kronecker representation [P, Q, u] of the
set of smooth critical points in some direction r

Output: Set U of roots of P corresponding to the minimal critical points

/* Determine the extended critical point system */

S« Polynomials in (7.3)—(7.8)

[P, Q] — KroNecKER(S)

/* Construct the set of minimal critical points */

[P, Q, U] « NumKroNEcker(P, Q, k) where k = O(hé6®D?) is sufficient precision to
group the roots of P by the distinct values they give to each O, /P’ and Oy, / P’ using
Lemma 7.5 and determine when ¢ lies in (0, 1) using Lemma 7.4

S « {U}

for eachv € {ay, ..., aq,b1,...,bg} do
| Split apart each set in S by the distinct values its elements give O, (u)/P’(u)

end

for each sets € S do

if there exists an index j such that a; = b; = 0 on the elements of s then return FAIL
if ¢ has a value in (0, 1) at some element of s then S — S\ {s}

end

Sa,» < numerical approximations of (a, b) determined by elements of S

/% Return the minimal critical points */

[P, Q, U] « NumKRrONECKER(P, Q, k) where k = O(h6%D?) is sufficient precision to
identify which elements have (a, b) in S, 5 using Lemma 7.5

return roots of P definingz = a +ib for (a,b) € Su.»

Let us trace through our algorithms on the combinatorial function

1 1
A(H(w,x,y,z)) :A(l—w(l+x)(1+y)(1+z)(1+y+z+yz+xyz) '

To begin we form the polynomial system
S = {H(W, x,,2),wHy, — 4, xHy — A, yH, — A, zH, — A, H(tw, tx,ty, tw)} .

Using a Grébner basis method discussed in Section 7.3, we can compute a Kronecker
representation [P, Q] of V(S) by taking u as a random integer linear combination
of w, x, y, and z. For instance, taking u = w + ¢ results in a parametrization where
P is a polynomial of degree 14 with integer coefficients at most 17 digits long,
and Oy, Oy, Oy, 0, 0, and O, are polynomials of degree at most 13 with integer
coefficients at most 18 digits long. Each element of V(S) is encoded by a root of
P(u), and the critical points, determined by the elements of V(S) where ¢ = 1, are
given by the values of u that are roots of

P(u) = ged(P, P’ = O,) = u® + 162u — 167.

Since P is quadratic, we can find its roots u, u, exactly to get the critical points
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Oul) Onlun) Gy(t) Galtw)) _ (-82+58V2,1+V2,1/V2.1/V2)
Pur) P'(ur) P'Gu) P'(ur)

~(0.02...,2.41...,0.707...,0.707...)

Ow(u2) Ox(uz) Oy(u2) Q. () _ (—82 ~58V21-V2.-1/V2 _1/\5)
P'(uy)” P'(up)” P'(uz) P'(ur) ’ ’ ’

~(-164.02...,-04...,-0.7...,-0.7...).

The numeric Kronecker representation is obtained by approximating the roots of
P(u) = 0 to a sufficiently high precision; substituting these values into O, (u)/P’(u)
shows no element of V(S) has ¢ in (0, 1), meaning the critical point with positive
coordinates is minimal (as we have shown in previous chapters by hand).

Since we now care only about the critical points, where ¢ = 1, we may replace P(u)
by P(u) and reduce the Q, polynomials accordingly. In particular, the extended
Euclidean algorithm can be used to determine the inverse P’(u)~! of P’(u) modulo
the polynomial P(u). If we define

Ov() = Quv(W)P'(u)P'(u)™"  mod P(u)
for v € {w, x, y, z} then [P, Q] defines a Kronecker representation
P(u) = u® + 162u — 167 = 0,

_ —164u+ 172 2u+394 116 _ 1
YE W YT W Y T T pw T
of the critical points (alternatively, one could recompute a Kronecker representation
from scratch using a Grobner basis computation).
Building the matrix H in (5.25), multiplying by zH,, and taking the determi-
nant gives det A as a polynomial in x, y, w, and z. Incorporating this polynomial
and T = wxyz into the Kronecker representation parametrizes

96u — 112 nd T=34u—30

detﬂ = W a P’(u)

at the critical points. Putting everything together, and noting the numerator G = 1 in
this example, the algorithm returns
1
(o ()
n

u+81 \" 1 | u+8l
Jnnnn = (;}(17” _ 15) (47T3/2n3/2) 28 — 24u

where U = {u} is the real root 1.0243 ... of P(u) = u®> + 162u — 167.
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Example 7.4 (Two Critical Points with Positive Coordinates)

The bivariate rational function

1 1 1

= X
(1-x-y)(20-x-40y)-1 1-x-y ZO—x—ty—l_)l(_y

F(x,y) =

is combinatorial and has a smooth singular variety. Computing a Kronecker repre-
sentation of the algebraic set defined by

H(x,y) = xHy(x,y) — A = yHy(x,y) — A = H(tx,ty) =0

shows that there are four critical points, given by the solutions where ¢t = 1. Two of
the critical points,

(x1,y1) ~ (0.549,0.309)  and  (x2, y2) ~ (9.997,0.252),

have positive coordinates; since x; < x, while y; > y; it is not clear which of
the points (if any) is minimal. Examining the full set of real solutions encoded by
the Kronecker representation, not just those where ¢+ = 1, shows there is a point
t(x2, y2) € V where ¢t = 0.092, meaning (xp, y») is not minimal. If #(xj, y;) € V
then ¢t > 1, so (x1, y1) is a smooth minimal critical point*. After verifying there is no
other critical point with the same coordinate-wise modulus, we obtain asymptotics

Clur)"n™ 2 (7712 A(uy)B(ur) + O (%)) = (5.884...)y"n71/? (0.054 .+ 0 (%)) :

where A, B, C € Z(u) and u, is a real algebraic number specified by its degree four
minimal polynomial.

Example 7.5 (A Non-Combinatorial Series Expansion)
Baryshnikov et al. [1] studied the family of rational functions

1
I-(x+y+2)+cxyz

Fe(x,y,2) =

to determine which values of ¢ € R result in eventually positive diagonal sequences.
Our algorithms automatically derive such asymptotic results for fixed values of c.
For example®, if ¢ = 81/8 and we consider the main diagonal direction then there
are three critical points (x, y, z), defined by

4 In fact there is another point on the line segment from the origin to (x, y;), but this point has the
form #(xi, y;) where ¢ = 1.709 > 1.

5 Our choice of ¢ simplifies the critical points obtained for this example, but our algorithms work
for any value of c.
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x=y=ze {—2/3,—1/3 ii/(3\/§)} .

Computing a Kronecker representation shows that the system (7.3)—(7.8) admits
solutions with 0 < ¢ < 1. In particular, at any root of the system with 0 < ¢ < 1
either t = 1/3 or ¢ ~ 0.3451 satisfies 817> + 36¢> + 4t — 9 = 0. Algorithm 3 proves
that (-2/3,-2/3,-2/3) is the only non-minimal critical point, ultimately showing
that the power series diagonal has dominant asymptotics

(i81v3/8)" @ (-is13s)" 3\/§—31:(81\/_) 3eos (5 +%3)

8nn 8 2nm

Going back to the original motivations of Baryshnikov et al. [1], our algorithm proves
that when ¢ = 81/8 the diagonal sequence contains an infinite number of negative
terms and an infinite number of positive terms.

Our approach to proving minimality using Proposition 7.1 is flexible enough
to help even when the direction r is taken as a parameter. When the argument
goes through, proving minimality is reduced to certifying that a univariate polyno-
mial p(¢) in # whose coeflicients are algebraic quantities in r has no root ¢ € (0, 1)
when r lies in some range of interest. An invaluable tool for these arguments is
Sturm’s theorem for real root counting.

Definition 7.6 (Sturm sequences and sign changes) If f(¢) is a polynomial in R[¢]
of degree ¢ then the Sturm sequence of f is the finite sequence of polynomials
80, - - -, &s defined by

go() = f(t), gi(t)=f'(t), gn=-rem(gn-2.8n-1) (1 <n<9),

where rem(g,,—2, g,-1) is the polynomial remainder when dividing g, by g,-1-
For t € R the sign variation of f at t, denoted Vy(¢), is the number of sign changes
between consecutive elements in the sequence go(?), . . ., gs(¢), ignoring zeroes.

Proposition 7.2 (Sturm’s Theorem) The number of zeroes of f(t) € R[t] in the
interval (a, b] for any a, b € R with a < b equals Vy(b) — Vy(a). In particular, if the
Sturm sequence of f(t) has the same number of sign alternations when t = a and
t = b then there are no roots of f(t) in (a, b].

A proof of Proposition 7.2 can be found in [2, Thm 2.50].

Example 7.6 (Distribution of Leaves in Planar Trees)

Recall from Chapter 3 that the number of rooted planar trees on n nodes with k
leaves is the coefficient of u*z"y" in the power series expansion of

G(u,z,y)  yuyz—yz—2y+1)
H@,z,y) 1+uyz—uz—yz—y

F(u,z,y) =
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Note that the power series of F has negative coefficients away from the terms
of combinatorial of interest. Forming the system (7.3)—(7.8) withr = (s,1,1) as a
parameter and computing a lexicographic Grobner basis, as described in Section 7.3,
shows that there is a single critical point of F,

52 (s—1)?
> S,
(s —1)? s

(1, z,w) =

and that the value of ¢ at any solution of (7.3)—(7.8) satisfies

(t = Dp1(0)p2(1)p3(1)pa(r) = 0,

where p1, p2, p3, p4 are explicit polynomials in ¢t with coefficients in Z[s]. Minimality
of the critical point for 0 < s < 1 follows from showing that py, ps, p3, p4 have no
root with ¢ € (0, 1) for those values of s (note that s < 1 since a tree cannot have
more leaves than nodes). We prove this for

i) =5 —Bs? =25+ i+ 1;

the arguments for p», p3, and p4, which are cubic in ¢, are analogous and given in the
worksheet for this example. The Sturm sequence for p;(z) evaluated at t = 0 is

552 =25+ 1)(s — 1)?
v0=(1,—3s2+2s—1,(s s+ s ))

454

while evaluated at r = 1 it becomes

2 _ 12
v = (s(s ) (s =12 (s = 1283 + 282 — s+ 1), (5s 2S4—|;41)(s 1) ) .

Whenever 0 < s < 1 the signs of the elements of vy and v; both form the sequence
(+, —, +), containing 2 sign changes, so p;(f) has no root with 0 < ¢ < 1.

Repeating this process with p», p3, and p4 shows the critical point is minimal,
ultimately obtaining asymptotics

1 1 ! !
[usnzny"]F(u, 2, )’) = 2n2 (st(l _ S)2s+2) (1 +0 (E))

for the number of rooted plane trees with n nodes and k = sn leaves.

7.3 Data Structures for Polynomial System Solving

In order to implement our algorithms for asymptotics we need techniques for ma-
nipulating the solutions of polynomial systems. We thus give a brief overview of
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this vast area of mathematics which, out of necessity, is highly tailored to our needs.
Those wanting a deeper introduction can turn to the lovely book of Cox et al. [10]
or, for an exhaustive look at the topic, to the book series of Mora [28, 29, 30, 31].

7.3.1 Grobner Bases and Triangular Systems

We start by encoding polynomial systems and their solutions.

Definition 7.7 (ideals and algebraic sets) Given a finite collection of polynomials
fi@), ..., fr(z) in Q[z], the ideal of Q[z] generated by the f; is the set

(fi,-.. ) = {Z gi(@)fj(z): gj(z) € Q[Z]} .
=

Equivalently, (fi, ..., f-) is the smallest set containing the f; which is closed under
addition of elements in the set and closed under multiplication by any element
of Q[z]. The algebraic set or variety® defined by fi(z),.. ., f(z) € Q[z] is the set of
their common solutions

V(fis--n fr)={z€C?: fi@) = = f(2) = 0}.

If two sets of polynomialsf = {fi, ..., f,} and g = {g1, . . ., g} generate the same
ideal, then each f; can be written as a Q[z]-linear combination of the g polynomials,
and vice-versa. In particular, f and g vanish on the same set of points, meaning
YV(fis---s fr)=V(g1,-.-,8s) It thus makes sense to talk about the variety defined
by an ideal, and symbolically ‘solving’ the polynomial system f; = --- = f, = 0 can
be viewed as finding a particularly nice generating set for the ideal (fi, ..., f;).

Definition 7.8 (zero-dimensional ideals) An ideal [ is zero-dimensional if V(1) is
finite, and a polynomial system is zero-dimensional if its elements generate a zero-
dimensional ideal (in other words, the polynomials have a finite number of common
roots in C%).

If all f; polynomials are linear then one way to determine V(fi, ..., f;) is taught
in afirst class on linear algebra: put the coefficients of the polynomials in a matrix and
perform Gaussian elimination. At the polynomial level, this corresponds to taking
linear combinations of the f; in order to determine a new generating set g where,
for instance, the variable z; appears only in g, the variable z, appears only in gz,
etc. Trying to mirror this construction for non-linear polynomials immediately runs
into a problem: if we want to systematically cancel terms in the f; polynomials to
determine a ‘simpler’ generating set, we need a way of determining which monomials

6 Some authors reserve the name variety for irreducible algebraic sets, but we do not make this
distinction. Unlike in Chapter 5, here we only consider algebraic sets in C¢ (we do not need
projective space).
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to cancel first. We thus need a way of sorting the monomials which appear, which is
facilitated by the following definitions.

Definition 7.9 (total and monomial orderings) A rotal order on a set S is a binary
relation > on S such that for all a,b,c € S: either a > b or b > a, the order is
antisymmetric (if a > b and b > a then a = b), and the order is transitive (if a > b
and b > c then a > ¢). A monomial ordering is a total order > on monomials z! with

i € N such that for all a,b, ¢ € N%: (1) if z > zP then z2*¢ > z’*¢ and (2) z* > 1.
Common monomial orders include

lexicographic: 72 > 2" if the leftmost non-zero entry of a—b is positive.
Equivalently, monomials are first ordered by their powers
of z1, with ties broken by their powers of z,, then z3, etc.

For instance, 2323 Ziex 222 Zlex 22 Zlex 2120

graded lexicographic:  1* >4 2" if z* has larger degree than zP, or if they have
the same degree and z® >jex zP. Monomials are sorted by
degree, with ties broken by the lexicographic order. For in-
stance, 212, Zgr 7325 Zgr 2135 Zer 4
reverse graded lex.: 7% >, 7P if z* has larger degree than zP, or if they have the
same degree and the rightmost non-zero entry of a — b is
negative. Monomials are sorted by degree, with ties broken
by the reverse ordering to the lexicographic order when
the sequence of the variables is also reversed. For instance,
zg Zrc zfz% Zry zfzg Zry zf.
Definition 7.10 (leading terms and Grobner bases) Fix a monomial order >. The
leading term of a polynomial f € Q[z] is the term appearing in f which is largest
under >. Given an ideal I = (fi,. .., f,) the leading terms of all polynomials in /
form another ideal LT(7), called the leading term ideal of I, which is not necessarily
generated by the leading terms of the generating set f;. A Grobner basis of the ideal [
is a finite generating set g1, . . ., gs of I such that the ideal generated by the leading
terms of the g; is LT(I). A reduced Grobner basis is a Grobner basis such that no
leading term of a generating polynomial lies in the ideal generated by the leading
terms of the other generating polynomials, and whose polynomials are normalized
to have leading terms with coefficient 1.

Grobner bases were introduced in the 1960s by Buchburger [5, 6], who gave an
algorithm for their calculation (they exist for any ideal and ordering) and proved
several of their remarkable properties. The reduced Grébner basis of an ideal under
a fixed monomial order is unique, and a Grobner basis of an ideal I = (fi, ..., f)
with respect to any order contains the polynomial 1 if and only if the polynomial
system f{ = --- = f, = 0 has no solution in C¢. Buchburger’s algorithm, which
reduces to the Euclidean algorithm for univariate polynomials and Gaussian elimi-
nation for multivariate linear polynomials, consists of taking two polynomials f, g
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from the generating set f of an ideal, taking the smallest degree monomial linear
combination that results in a polynomial with smaller leading term, reducing this
new polynomial through multivariate polynomial division with f, then adding the
result to the generating set and repeating the procedure until no new generators are
found. More efficient algorithms to compute Grobner bases have been developed,
notably the F4 and F5 algorithms of Faugére [13, 14], and most computer algebra
systems contain built-in procedures to compute Grobner bases after one specifies a
monomial order.

Example 7.7 (Apéry Critical Points)

The Apéry sequence is the main diagonal of the rational function 1/H(w, x, y, z)
where Hw, x,y,2) = 1 —w(1 + x)(1+ y)(1 + z)(1 + y + 2+ yz + xyz), in which case
the polynomials in the smooth critical point system (5.16) form the ideal

I=(H,xH; - yH,, xH; — zH,, xH, — wH,,).

The GroeBNER[Basis] command in Maple, when given the ideal / and lexicographic
order where x > y > z > w, returns the Grobner basis

G = (W? + 164w — 4,116z — w — 82, 116y — w — 82, 58x — w — 140).
Since I = G implies V(I) = V(G), the critical points satisfy the system

w2+ 164w —4 =0
116z -w-82=0
116y —w—82=0
58x —w — 140 = 0,

and can be determined by solving the first equation for w then substituting the value
of w in the remaining equations and solving for the remaining variables.

The fact that a lexicographic Grobner basis gives a nice set of generators for
solving the critical point system in this example is not a coincidence. Given a (finite
or infinite) set S C Q[z] and natural number 0 < ¢ < d—1, let S¢ denote the elements
of S containing only the variables z¢.1,. .., zq4.

Theorem 7.2 (Elimination Theorem of Lexicographic Grobner Bases) Let I C
Q[z] be an ideal and G = {gy, ..., gr} be a Grobner basis of I with respect to the
lexicographic monomial order where zy > - - - > z4. Then forany 0 < £ < d — 1 the
set Iy is an ideal of Q[z¢+1, - - -, 2a]| with lexicographic Grobner basis Gy.

Theorem 7.2 says that the finite set G, obtained immediately by inspection from G,
generates the ideal of elements in / which contain only the variables z¢.1, . . ., z4-

Proof That I, is an ideal follows directly from the fact that I is an ideal. Let
f € Ip, so that f € Q[z¢41,...,24]. Since f € I and G is a GrGbner basis of 1,
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LT(f) is in the ideal generated by the leading terms of G. Because each leading
term is a monomial, it follows that LT(f) is divisible by LT(g) for some g € G.
But then LT(f) € Q[z¢+1, - - -> 2q] implies LT(g) € Q[z¢+1, - - -, za]- Because G is
a Grobner basis with respect to the lexicographic order where z; > --- > z4,
LT(g) € Q[z¢+1, - - -, 2] implies g € Q[zz+1, .. ., z4]: if g contained a term with a
variable z; for 1 < k < £ then by the definition of the lexicographic order such a
variable with smallest index would also appear in its leading term.

We have shown f € I, implies LT(f) is in the ideal LT(G/). Each element of G
is in 7, so the ideal (Gy) generated by G is contained in /,. Towards a contradiction
suppose Iy # (Gy) and pick f € I \ (G¢) with minimal leading term under the
lexicographic order. Then LT(f) = LT(g) for some g € (G¢). The leading term
of f — g € Iy is smaller than LT(f) under the lexicographic order, so by minimality
of f we have f — g € (Gy) which contradicts f ¢ (G¢). In particular, it must be the
case that Iy = (G¢) and Gy is a Grobner basis under the lexicographic order. O

This naturally suggests a method to encode an algebraic set in order to easily
determine and manipulate its elements.

Definition 7.11 (triangular systems) A (finite) triangular system’ is a system of the

form
Pi(z1)=0
Py(z1,22) =0
Py(z1,...,24) =0,
where each P, € Q[z1,..., Zx] is monic in zg.

Theorem 7.2 shows a strong connection between triangular systems and lexico-
graphical Grobner bases: if the ideal / is zero-dimensional then V(1) can be written
as the union of the zeroes of a finite number of triangular systems, and such systems
can be easily determined from a lexicographical Grobner basis of I; see Lazard [24]
for additional details on this approach. One can then approximate or, when possi-
ble, exactly determine the elements of V(1) by iteratively solving the sequence of
polynomial equations in each triangular system.

Example 7.8 (An Extended Critical Point System)

Consider again the rational function 1/H(w, x, y, z) where H(w, x, y,z) = 1 —w(l +
X)(1+y)(1+z2)(1+y+z+yz+xyz). Since the symmetries of the main diagonal hide
some of the complexities which arise in general, we now consider asymptotics of the
r = (2,1, 1, 1)-diagonal. The polynomials in the extended critical point system (7.2),
which allows us to determine minimality, form the ideal

7 Triangular systems are also known as regular chains, simple systems, or simple extensions
(sometimes with small differences in definition, depending on the author).
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I =(H,wH,, —24,xH, — A, xH, — A, yH, — A, zH, — L, H) c Q[w, x,y, 2, 4, 1]

where H(t, w, x, v,z2) = H(tw, tx, ty, tw). The reduced lexicographical Grobner ba-
sis G of I with respect to the ordering of variables 1 > w > x > y > z > ¢ contains
an element of the form S(¢) = (r — 1)R(¢), where R(¢) is a polynomial of degree 18
in ¢. That S(¢) factors reflects the fact that we can write V(1) = V(J) U V(K) for
ideals J,K C Q[w, x, v, 7, 4,t]. The factor t — 1 corresponds to the actual critical
points of H, where ¢ = 1, while the real solutions of the factor R(¢) encode points on
the lines containing the origin and these critical points.

This factorization of S(f) also implies V(1) is the union of the zeroes of two
triangular systems. Replacing S(¢) by r — 1 in G and recomputing the lexicographical
Grdbner basis gives the set of polynomials

{t-1, 62°-722=5242, y—z, 622 +4x—3z-3, 44827 +72w—8355z+2114, 21+1},

which form a triangular system. Similarly, replacing S(¢) by R(¢) in G and recom-
puting the lexicographical Grobner basis gives another set of polynomials

{R(t)s U (t9 Z)? UZ(t’ y)’ Us (t’ )C), U4(t’ W)? 20+ 1}’

where Uy, Uy, and U3 are linear in z, y, x, and w, respectively. Unfortunately, the U;
polynomials are extremely large: each is a polynomial of degree 17 whose smallest
non-zero coefficient is 51 decimal digits long! Our introduction of the Kronecker
representation is motivated in large part by wanting to deal with polynomials whose
coefficients have a more manageable size.

The complexity of computing Grobner bases is well studied, yet tricky to pin
down precisely. Doubly-exponential lower bounds are known in the worst case [20],
yet implementations in computer algebra systems run reasonably well on many ap-
plications. As a practical matter, lexicographic Grobner bases (often desired for
their elimination property) are typically larger and take longer to compute than
Grobner bases with respect to other orders®. There are algorithms which convert
between Grobner bases with respect to different orders, allowing one to compute
a basis with respect to a computationally well-chosen order then convert to a lexi-
cographic basis for its elimination properties. Especially useful for this conversion
on zero-dimensional ideals is the FGLM algorithm of Faugére et al. [12]. Perhaps
surprisingly, under one natural measurement the most efficient order for a Grobner
basis is the reverse graded lexicographic order [3].

Although useful for encoding finite algebraic sets, triangular systems have some
drawbacks (for instance, iteratively solving polynomial equations for each variable
can obscure which solutions are have real coordinates). Instead of going deeper into

8 To quote from the deep analysis of Bayer and Stillman [3], “. . . use of the lexicographic order in
computations can unequivocally be discouraged, in favor of more carefully chosen orders.”
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the theory of triangular systems, we move on to different representations of algebraic
sets more suited to our needs.

7.3.2 Univariate Representations

The key to our algorithms is the parametrization of a finite algebraic set by a
univariate polynomial in one variable, with the other coordinates being well-chosen
rational functions in that variable. We rely heavily on the results of the appendix to
this chapter, which summarize important properties of univariate polynomials. With
that in mind, let / ¢ Q[z] be a zero-dimensional ideal and introduce a new variable u
satisfying

uU=~Kz1+: +Kqza (7.11)

for some «; € Z. Geometrically, introducing u corresponds to parameterizing the
elements of V(1) by the level sets of the hyperplane with normal «.

Definition 7.12 (separating linear forms) The variable u in (7.11) is called a sep-
arating linear form if it takes distinct values for each z € V(I).

Because we care mainly about V' (1), and the zero set of a polynomial is unchanged
when taking positive powers, we introduce the following concept.

Definition 7.13 (radical of an ideal) The radical of an ideal K C Q[x] is the set
VK consisting of f € Q[x] such that " € K for some n € N.

Remark 7.5 The radical of an ideal K is itself an ideal of Q[x], and is as the largest
ideal in Q[x] such that V(K) = V(VK). The radical of an ideal can be computed
using Grobner bases [4, Ch. 8.2].

Let J C Q[z, u] be the radical of the ideal generated by a zero-dimensional
ideal I together with the polynomial u — k - z. When u is a separating linear form
then the shape lemma [15, Prop. 1.6] states that the reduced Grobner basis of J
with respect to the lexicographic ordering where z; > --- > z4 > u consists of a
univariate polynomial P(u) with no repeated roots together with polynomials of the
form z; — Rj(u) for 1 < j < d. Conversely, if V(J) has a triangular system of this
form then u is separating. To determine the elements of V (/) one simply needs to
solve the univariate polynomial P(u) and substitute the result into each R;. In fact, if
the «; are picked at random there is a good chance to obtain a separating linear form.

Lemma 7.1 Suppose a zero-dimensional ideal I is generated by d polynomials in
the variables zi, ..., zq, each of degree at most 6. If each «; in (7.11) is chosen
uniformly at random from a finite set S C Z then the probability that the variable u
defined by (7.11) takes distinct values at the elements of V (I) satisfies
(2)
Plu not distinct at elements of V(I)] < —=,
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where D = 6%. In particular, if S has at least (? ) elements then some assignment
of k € 8¢ produces a linear form u which takes distinct values for z € V(I).

Proof Bézout’s theorem [38] implies that a polynomial system with a finite number
of solutions defined by d equations in d variables, each of degree at most d, has at
most D solutions. Thus, we may write V(I) = {zy,...,z,} for r < D with each z;
distinct. If u(z, k) denotes the right-hand side of (7.11), the linear form u takes distinct
values at the elements of V([) if and only if the polynomial

P(x) = | | (u(i 1) = u(z), )

i<j

is non-zero. Problem 7.3 asks you to prove the Schwartz-Zippel lemma, stating that
the probability P(«) vanishes when each «; is chosen randomly from a finite set S is
at most deg P/|S|. This gives the desired bound. O

The solutions of systems satisfying the shape lemma can be parametrized by a
single variable, which is convenient, but the polynomials in these systems can still
have extremely large coefficient sizes.

Example 7.9 (Large Coefficient Sizes in a Univariate Representation)

Consider again the extended critical point system forming the ideal
I =(H,wH,, —24,xHy — A, xHy — A, yHy — A, zH, — A, H)

where H(w, x, y,z) = 1=w(1+x)(1+y)(1+2)(1+y+z+yz+xyz) and H(t, w, x, y, ) =
H(tw, tx, ty, tw). Introducing the polynomial u — t — x, the reduced lexicographical
Grdbner basis with respect to the ordering of variables A > w > x >y >z>t>u
has the expected form

G= {P(u)’ t—R (u)’ w = RZ(M)’ = R3(M)’ y- R4(l/t), X = RS(”)’ 220+ 1}’

where P has degree 21 and the R; polynomials have degree 20. Unfortunately,
the coefficients of the R; polynomials are rational numbers whose numerators and
denominators have approximately 160 decimal digits!

Effective versions of the arithmetic Nullstellensditz [23, Thm. 1] imply that the
maximum height of the polynomials P, R; appearing in a triangular system when u
is a separating linear form is bounded by O(h6>?), and this upper bound appears in
practice (such as the last example). We thus turn to the Kronecker representation,
which contains polynomials with heights bounded in O(hd9). As the height of a
polynomial is the bitsize of the coefficients, this will make our computations much
more tractable.
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7.3.2.1 The Symbolic Kronecker Representation

Recall from Section 7.2 that a Kronecker representation [ P(u), Q] of a finite algebraic
set A c C4 is defined by a separating linear form

U=Kz]+ -+ Kqzqa € Z[z),

square-free polynomial P € Z[u], and Q € Z[u]¢ of degrees less than deg P such
that (A is determined by the z-coordinates of the solutions of the system

P’(u)z1 — Q1(u) =0,
P(u) =0,
P'(u)zg — Qa(u) = 0.

Definition 7.14 (Kronecker degrees and heights) The degree of a Kronecker rep-
resentation is the degree of P, and the height of a Kronecker representation is the
maximum height of its polynomials P, Qy, ..., Qg4.

The following result, contained in Schost [39], suggests that the coefficients appear-
ing in Kronecker representations will be much smaller than the coefficients appearing
in triangular systems.

Lemma 7.2 Let f € Z[z]¢ be a set of polynomials of degree at most § and heights at
most h, and let Z(£) be the solutions of f where the Jacobian matrix of £ is invertible.
Then there exists a Kronecker representation of Z(f) of degree at most D = 64 and
height O(hD).

Remark 7.6 The degree bound in Lemma 7.2 follows directly from Bézout’s theorem
bounding the number of elements of Z(f) c V(f). A full derivation of the height
bound is outside the scope of this text, but we give an intuitive motivation for the
(on first glance somewhat contrived) Kronecker representation®. Suppose u is a
separating linear form for a zero-dimensional ideal 7 and represent V(I) by the
solutions of a system

P(u) =0, z1 = Rl(u), cees 24 = Rd(u)

for polynomials P € Z[u] and R; € Q[u]. Since we are interested only in the
elements of V(I), not in the multiplicities of the elements, we may assume P is
square-free by replacing it with its square-free factorization if necessary. Thus,
P(u) = (u —ur) -+ - (u — u,) where the u; are the distinct roots of P in C. If z; takes
the value a; € C at the element of V(I) obtained by setting u = u; then we can
determine the polynomial R; (1) by interpolation, since knowing R;(#;) = a; implies

9 Thanks to Eric Schost for providing this explanation.
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To express R; (u) as a polynomial with rational coefficients one must put fractions over
a common denominator, multiplying the values a; by different evaluations P’(u;),
which essentially leads to an extra factor of D in the heights of the R; polynomials.
From this perspective it is clearly natural to encode the values of each z;/P’(u)
instead of just z;, leading to the Kronecker representation.

By Lemma 7.1, a separating linear form can be determined with high probability
by randomly selecting the coefficients « in a finite set of integers of sufficient size.
For a given choice of xk one can compute a Kronecker representation of f, when
u is separating, by using a lexicographical Grobner basis of the radical of (f) to
determine polynomials P(«) and R;(u) such that V(f) = V(P,z1 = Ri, ..., za — Ra)
and taking Q;(u) to be the remainder when the polynomial P’(u)R;(u) is divided
by P(u). When u is not separating this can also be detected from a lexicographical
Grobner basis. A more refined analysis can be found in Rouillier [35].

Example 7.10 (A Kronecker Representation)

In the last example we took the ideal
I = (H,wH,, — 2, xHy — L, xHy — A, yHy, — A, zH, — A, H)

with Hw, x, y,z) = l=w(1+x)(1+y)(1+2)(1+y+z+yz+xyz)and H(t, w, X, y,2) =
H(tw, tx,ty, tw), introduced the linear form u — ¢t — x, and obtained a Grobner basis
of the form

G = {P(u).t = Ri(u), w — Ro(u), 2 = R3(u), y — Ra(u), x — Rs(u), 24 + 1}

which implies u is a separating linear form. If we define, for instance, Q(u) to be
the remainder when R;(u)P’(u) is divided by the polynomial P(u) then Q;(u) is a
polynomial of degree 20 whose coefficients each have approximately 17 decimal
digits. Though somewhat large for manual consideration, 17 decimal digits is an
order of magnitude smaller than the 160 digit integers appearing in R;(u).

Although this procedure determines a Kronecker representation, it relies on Grob-
ner basis computations whose complexity is not well understood, and moves through
intermediate expressions with polynomials of large coefficient size. There are alter-
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native, Grobner free, approaches to computing a Kronecker representation. The first
well-known example is the so-called geometric resolution algorithm of Giusti et
al. [16], but for our complexity results we rely on an algorithm of Safey el Din and
Schost [36] which uses a ‘homotopy-based approach’. To the best of our knowledge
neither of these approaches are implemented in a computer algebra system, so our
examples (and the ACSV package of Melczer and Salvy [26]) compute Kronecker
representations using lexicographic Grobner bases. The next result follows from
Theorem 1 of Safey El Din and Schost [36].

Proposition 7.3 Let f € Z[z]¢ be a polynomial system and Z(£) be the solutions of f
where the Jacobian matrix of £ is invertible (this implies Z(f) is finite). Suppose the
polynomials in £ have degree at most 5 and heights at most h. Then there exists an
algorithm KronNECKER that takes f as input and produces one of the following:

o a Kronecker representation of Z(f),
o a Kronecker representation of degree less than that of Z(f),
® FAIL

The first outcome occurs with probability at least 21/32 and returns a Kronecker
representation of degree D = 6 and height O(hD). In any case, the algorithm has
bit complexity O(hD?).

Repeating the algorithm & times, and taking the output with highest degree, allows
one to obtain a Kronecker representation of Z(f) with probability 1 — (11/32).
The probabilistic nature of KRONECKER comes from randomly sampling a linear
form u with coefficients of reasonable size and choosing certain prime numbers at
different points in the algorithm. In practice the probabilistic issues are minor and
the probability bounds listed are quite pessimistic: see Giusti et al. [16] or Safey El
Din and Schost [36] for further discussion. When the Jacobian of f is invertible at
all of its solutions, as it will be under our assumptions (J1) and (J2), Proposition 7.3
gives a Kronecker representation of all solutions of f.

Our next proposition describes how to encode the values of additional polynomials
at the solutions of a Kronecker representation. Since the constants appearing in the
asymptotic expansion (5.27) of Theorem 5.2 in Chapter 5 are polynomials in the
critical points of F(z), this will allow us to determine an expansion of the form (7.9).

Proposition 7.4 Let f € Z[z]¢ be a zero-dimensional polynomial system containing
polynomials of degree at most § and heights at most h, and suppose [P(u), Q] is a
Kronecker representation of ‘V (f) determined by Proposition 7.3. Let q(z) € Z[z] be
a polynomial of degree at most p and height at most . Then

1. there exists a parametrization q(u) = Qqw)/P’(u) of the values taken by g
on V(£), where Q is an integer polynomial of degree less than D = 64 and
height O((n + hp)D). The polynomial Qg can be computed in O((n + hp)D?) bit
operations;

2. there exists a polynomial ®4(T) € Z[T] of degree at most D = 8¢ and height
O((n + hp)D?) which vanishes on all values taken by q(z) for z € V(f). The
polynomial @, can be computed in O((n + hp)D*) bit operations;
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3. when q has degree 1 (for instance, if q is one of the variables z;) then there is a
polynomial ®, € Z[T] vanishing on the values of q(z) for z € V(£) which has
degree at most D = 6§ and height O((n + h)D), and @, can be computed in
O((n + h)D?) bit operations.

Proposition 7.4 (1) is proven by adding the polynomial T — ¢(z) into f, where T is a
new variable, and recomputing the Kronecker representation. In order to get the stated
height and complexity bound, a more refined method of Safey El Din and Schost [36]
must be used which exploits the structure of the new system, since T appears in only
one equation. This refinement requires an additional algebraic framework whose
setup would take us away from our main focus, so we refer the reader to Melczer and
Salvy [26, Prop. 45]. In practice one does not actually need to recompute the entire
Kronecker system.

Recall the resultant from Problem 2.14 in Chapter 2. The minimal polynomial ®,,
in Proposition 7.4 (2) divides the resultant of the polynomials P’(u) — TQ,(u) and
P(u) with respect to u, so the stated bounds on its height and degree follow from
Lemmas 7.8 and 7.11 in the appendix. The complexity of determining @, follows
from a fast algorithm of Kedlaya and Umans [21] for determining the minimal
polynomial of Q /P’ modulo the equation P(«) = 0. The improved height bound
on ®, when ¢ is linear follows from Safey El Din and Schost [36, Lemma 23].

7.3.2.2 The Numeric Kronecker Representation

A Kronecker representation allows us to describe the solutions of a finite algebraic
set (for instance, the critical points of a multivariate rational function), but to argue
about specific solutions (for instance, the minimal critical points) we need extra
information about the roots. Because distinct elements encoded by a Kronecker
representation [P(u), Q] are represented by distinct roots of P(u), it is enough to
separate the roots of P(u) in the complex plane. A numeric Kronecker representation
is thus a triple [P(u), Q, U], where U contains isolating intervals for the real roots of
P and isolating disks for the complex roots of P.

Definition 7.15 (sizes of isolating regions) We say the size of an interval is half its
length, while the size of a disk is its radius.

Using the algorithms and results discussed in the appendix to this chapter, we
build up a toolbox of algorithms for manipulating the solutions of a (numeric)
Kronecker representation. Our first result, which follows directly from the algorithm
PoLyRoors described in Lemma 7.12 of the appendix, discusses how to determine
the isolating regions U for the roots of P(u). One can compute the isolating regions
to arbitrary accuracy, with a minimal amount of accuracy required to ensure the
computed regions separate the (distinct) roots of P.

Proposition 7.5 Suppose the zero-dimensional system £ = (fi, ..., fa) € Z[z]? is
given by a Kronecker representation [P(u), Q| of degree D and height . Then there
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exists an algorithm NumKroNECKER which takes [P(u), Q] and k > 0 and returns a
numeric Kronecker representation [P(u), Q, U], with isolating regions in U of size
at most 27, in O(D3 + D + D) bit operations.

Once we have a Kronecker representation, the most basic operation we can per-
form is to approximate the coordinates of the algebraic points it encodes.

Lemma 7.3 Given a Kronecker representation [P(u), Q] of degree D and height n
and k € N, approximations to the solutions of the Kronecker representation with
isolating regions for each coordinate of size 27 can be determined in O(d(D> +
D>y + D)) bit operations.

Proof Fix a coordinate z; and root v € C of P(x) = 0. Our aim is to evaluate
z; = Q;j(v)/P’(v) to an accuracy of 27. Assume we have approximations g = Q;(v)
and p = P’(v) such that |Q;(v) — ¢ql, |P’(v) — p| < 27" for some n € N. Then

o,(v) g‘ 3
P'(v) p

Suppose now that

Q;(v)p—qp+qp—qP’'(v) -
P’'(v)p

af 1 q
(WW+MW”

n22nD+2(D-1)log, D -2n+ (D -1)log, VD + 1 + 1 = O D).
Proposition 7.7 (i) in the appendix implies |v| < 27 + 1, so

lgl < 1Q;+27" < 27(1 + |+ -+ +|v[¥) +27¢
< 21D+ DT+ 1P 427"
- 26(77@).

Similarly, Proposition 7.7 (iv) in the appendix implies |P’(v)| > 27"*! (in fact our
bound on n was chosen so that this inequality would hold) and

Ipl = |P'(v)| =27 > 27" = 27001D),

which means

Q;(v) q

P'(v) p
To determine z; to precision « it is therefore sufficient to determine Q;(v) and P’(v)
to k + O(nD) bits. Lemmas 7.12 and 7.13 in the appendix imply that this can be
done at all roots of P in O(D? + Dy + D) bit operations, and doing this for each
of the d coordinates gives the stated complexity. O

‘ < 2—n+0(r]1)) .

To determine minimality we need to select the solutions of a Kronecker representation
which are positive and real, and test which have real coordinates in various ranges.

Lemma 7.4 Given a numeric Kronecker representation [P(u), Q,U] of degree D
and height n, it can be determined for every real solution to the underlying system
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whether each coordinate is positive, negative, or exactly zero, in O(d(D> + D’n))
bit operations.

Proof Fix a coordinate z;. The roots of P(u) that correspond to solutions with z; = 0
are exactly those canceling the polynomial G;(u) = ged(P, Q;). By Lemma 7.10 in
the appendix, the gcd G; has height O(D + 1) and can be computed in O(D? + D)
bit operations. Using Proposition 7.7 and Lemma 7.12 from the appendix, the roots
of P(u) which also cancel G (u) can be determined in O(D? + D?n) bit operations
by computing isolating regions of the roots of size 2-0(D* D), Proposition 7.7 in
the appendix shows that knowing approximations of Q;(«) and P’(u) to an accuracy
of 27907 allows one to determine their signs when they are real, and Lemma 7.13
in the appendix shows that such approximations can be determined in O(7D?) bit
operations knowing only O(D) bits of the roots of P(u). O

Having obtained high-accuracy approximations of the solutions of a critical point
system, we need to determine when specific coordinates of the solutions are exactly
equal, and when they share the same modulus. Proposition 7.4 gives a degree and
height bound on the minimal polynomial of the values of each coordinate z; at
the solutions of V(f). Using the root separation bounds in Proposition 7.7 of the
appendix and the algorithm for approximating V' (f) discussed in Lemma 7.3 results
in the following.

Lemma 7.5 Given a numeric Kronecker representation [ P(u), Q, U] corresponding
to a zero-dimensional system of d polynomials of degrees at most 6 and heights
at most h, the coordinates of its solutions which are exactly equal can be found
in O(hD?) bit operations, where D = §<.

The most complicated, and expensive, operation we must perform is grouping
solutions of an algebraic set by coordinate-wise modulus. To see why grouping by
modulus is so difficult, let A € Z[u] be a polynomial of degree D and height 7,
and let @, 8 € C be roots of A with || # |B|. Proposition 7.7 in the appendix
gives a useful lower bound |a — 8| > 279WPD) on the distance between @ and 3,
but it is much harder to get a good bound on the distance between the moduli
|a| and |B|. One approach to bounding the difference of |a| and |8| involves the
resultant R(u) = Resy(A(T), TP A(u/T)), which vanishes at the products of roots
of A(u). In particular, it vanishes at |a|> = e @ and |8]*> = B so the polynomial
B(T) = R(WT)R(—VT) vanishes at || and |B]. Lemmas 7.8 and 7.11 of the appendix
imply that B(T') has degree at most 9 and height in O(7D?), so Proposition 7.7 in the
appendix yields ||a| — |B]| = 2-01DY) Thjs is significantly worse than the distance
bound between « and S. In fact, a tight separation bound between the moduli of
roots of a univariate polynomial doesn’t seem to be known°.

10 A tight bound in the special case when « and B are both real (i.e., when one is positive and the
other negative) is given by Bugeaud et al. [8]. In this situation one can take (6, k) = O(hS + 52).
See also Bugeaud et al. [7] for some recent results and experiments with low degree polynomials.
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Open Problem 7.1 Under what conditions does there exist a function f(D,n) =
o(nD3) such that ||a| — |B|| = 277D whenever || # |B| and a and B are both
complex roots of some polynomial of degree D and height n?

Directly using a moduli separation bound of 2-01D%) would increase the cost of
our ACSV algorithms. Luckily, in the combinatorial case we only need to determine
points with the same coordinate-wise moduli as critical points which themselves are
real and positive. This allows for a more efficient algorithm!!.

Lemma 7.6 Let A € Z[T] be a square-free polynomial of degree D > 2 and
height 1, and define G(T) = A(NT)A(-VT). If A(a) = 0 and A(x|a|) # 0, then
|G (la?)| = 27° where b = O(nD?) is given by

b=(D*-1)logy(D + 1) + (25 + log,(D + 1)) (D? - 1)
+2nD + 2D log, (D) + Dlog, VD2 + 1.

Proof Again we consider the resultant R(u) = Resy(A(T), T¢ A(u/T)) which van-
ishes at |e|> for any root & of A(u). Lemma 7.11 of the appendix implies R has
degree at most D? and height at most 27D + log((2D)!) < 21D + 2D log D.
The polynomial G(T') has degree D and, by Lemma 7.8 of the appendix, height
at most 277 + log(D + 1). The stated bound on G(|a|?) then follows directly from
Proposition 7.7 (iii) in the appendix. O

Corollary 7.1 Under the same conditions as Lemma 7.6, isolating regions of
size 2-001D?) Jor the real positive roots 0 < r; < --- < ry of A(T) and all roots of
moduli exactly ry, . . ., ri can be computed in O(nD?) bit operations.

Proof Suppose a is a root of A and define the polynomial G(T') and constant b as in
Lemma 7.6. If a € C is such that |a — a| < 27?7772 then [a — a| < 27?7772 and

lo* - aa| = |e@ — @a + ad@ — aa| < |27 + [a)27P717 < 27P

since |a| < 2" + 1 by Proposition 7.7 in the appendix. Thus, approximating @ to
O(nD?) bits allows one to approximate |a|? to O(nD?) bits and, by Lemma 7.13 of
the appendix, this is sufficient to compute G (|a|2) to accuracy 2%, Lemma 7.6 in the
appendix implies at least one of +|a/| is a root of A if and only if |G (a|?)| <27, so
approximating @ to accuracy O(n9?) bits allows one to decide whether or not at least
one of +|a| is a root of A; this precision is also sufficient to decide which real roots
of A are positive. To determine which of +|a| are roots of A, Proposition 7.7 in the
appendix implies it is sufficient to evaluate A(|e|) and A(—|a|) to precision 2-0m D%
All these operations run in the stated complexity. O

Corollary 7.2 Given a numeric Kronecker representation [P(u), Q, U] of degree
D = 6 and height n = O(hD) corresponding to a zero-dimensional system of d

11 Thanks to Bruno Salvy for this construction.
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polynomials in Z|z] of degrees at most 5 and heights at most h, determining the
real solutions of the system and listing the solutions with the same coordinate-wise
moduli in the variables z can be done in O(hD®) bit operations.

7.4 Algorithmic ACSV Correctness and Complexity

We conclude this chapter by proving Theorem 7.1. Correctness of Algorithms 1-3
under our assumptions follows from Theorem 5.4 in Chapter 5, together with the
results in Section 5.3 of Chapter 5 characterizing minimality. Thus, it remains only
to prove the complexity bounds stated in Theorem 7.1.

Complexity of Algorithm 1 and Numerical Approximation of A(u«), B(u), C(u)

The Kronecker representation of the set C of critical points can be determined
in O(h&>D?) bit operations by Proposition 7.3, since C contains d + 1 variables.
The entries in the (d — 1) X (d — 1) matrix H have degrees in O(5) and heights in
O(h+log 6), so a cofactor expansion shows the determinant of H has degree in O(d6)
and height in O(d(h + log §)). Proposition 7.4 then implies that the polynomial Q 7
has degree less than 6D, height in O(h6%D), and can be determined in O(h6* D?) bit
operations. By assumption the polynomial G(z) has degree at most 6 and height at
most /2, and the polynomial 7(z) = z' - - z(rf has degree O(d) and height 1. Thus,
Proposition 7.4 implies that the polynomials Q7 and Q_¢ fall into the degree and
height bounds for 0, and can be determined in the same complexity. Knowing
these bounds, Proposition 7.7 (iii) implies that the roots of P(u) where Q,ﬁ and Qg
vanish can be determined by evaluating these polynomials to O(h&%D?) bits, which
takes O(hd> D?) bit operations using Lemmas 7.12 and 7.13 in the appendix.

With our degree and height bounds on the polynomials P(u), P’'(u), O z(u),
Or(u), Qa(u), and Q- (u), and the knowledge that Q 7, Or(u), and Qa(u) are non-
zero at the roots of P(u), an argument analogous to the one presented in the proof of
Lemma 7.3 shows that to determine

L0 g (raQuw) Py

P
AW = o 0.0

)

. C

at all roots of P(u) = 0 to « bits of precision requires O(6 D« + hd> D?) bit operations.
Note at least k = O(hd>D?) bits of precision are needed to isolate the roots of P(u).
Complexity of Algorithm 2

By Proposition 7.5, the numeric Kronecker representations can be determined to the
required accuracy in O(h&*D?) bit operations. The most expensive operation is the
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determination of elements of U to O(hd>D?) bits, in order to group critical points
of the same modulus. Determining the roots of P(u) to the required accuracy takes
O(hs3 D*) bit operations by Lemma 7.12 in the appendix, dominating the complexity.

Complexity of Algorithm 3

Determining the numeric Kronecker representation to the required O(h5%D?) bits,
needed to check which solutions have 7 in (0, 1), can be done in O(h§'2D'?) bit
operations by Proposition 7.5. This is the most expensive step of the algorithm, the
others being simple calculations or computations similar to those discussed in the
last two algorithms.

We have now proven Theorem 7.1, validating our algorithms for ACSV.

Appendix on Solving and Bounding Univariate Polynomials

This appendix contains some classical results about univariate polynomials which are
used in our construction of the numeric Kronecker representation. Our presentation
of height bounds and root separation is inspired by Mignotte [27], and also parallels
the appendix of Melczer and Salvy [26]. Our bounds involve the following concepts.

Definition 7.16 (Mahler measure and Euclidean norm) Given a polynomial
P(z)=cpz” +-- +co=cp(z—r)---(z—rp) € C[z]

with roots r; € C and leading coefficient cp # 0, the Mahler measure M(P) and
Euclidean norm || P||, of P are the quantities

1/2

D D
M(P) = lep| | [max(LIrlh, P =] le;?
j=1 j=1

Note that | P||, < 2"P)\/deg(P) + 1.

Since the set of roots of a product of polynomials is the union of the roots, the
Mabhler measure satisfies M(PQ) = M(P)M(Q) for any P,Q € C[z]. The Mahler
measure will be key to the results we derive in this appendix, but it can be difficult
to calculate directly as it relies on the roots of P. We thus begin by bounding the
Mahler measure by the Euclidean norm, which is easy to calculate.

Proposition 7.6 (Landau’s bound) For any P € C|z]| the Mahler measure satisfies
M(P) < ||P|l2, with equality if and only if P is a monomial.

Our proof of Proposition 7.6 uses the following technical lemma, which Problem 7.9
asks you to establish.
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Lemma 7.7 If P(z) € C[z] then ||(z — r)P(2)|2 = |(Fz — 1)P(2)||» for any r € C,
where 1 denotes the complex conjugate of r.

Proof (Proposition 7.6) Rearrange the roots of P so that ry, . . ., r¢ are the roots with
moduli larger than 1, meaning M(P) = |cpry - - - re|. If

I3 d
0@ =cp [ |Fz-D [] -
k=1

k=C+1

then the leading coefficient of Q is ¢p7y - - - 77 and by Lemma 7.7
1Pl = 1Qll2 = lepTi -+ - 7e| = |epry -+ - el = M(P).

The value ||Q||» equals the leading term of Q only if Q is a monomial. O

7.4.1 Polynomial Height Bounds

First, we use the Mahler measure to prove bounds on the heights of univariate
polynomials.

Lemma 7.8 For polynomials P, . .., Py, P,Q € Z|z],

APy + -+ P < max k(P + oz

k k-1
h(Py -+ P) < D h(Pr) + ) logy(deg P + 1),
i=1 i=1

1

h(P) < deg P + log, ||PQO||2.

Proof The first two results follow directly from the definition of polynomial height,
so we consider only the last equation. Expanding P(z) = cp(z—r1) - - (z—rp) gives
Vieta’s formulas for the coefficients of P as symmetric functions in its roots,

a=cp(-1F Y ryrp,,  (1<k<D).

i1<--<ip_k

Each summand here is at most M(P), so |cx| < (f)M(P) forall 1 < k < D.
Since M(Q) > 1 for any Q € Z[z], this implies the maximum of the |cg]| is at
most 2P M(P) < 2P M(P)M(Q) = 2P M(PQ) < 2P ||PQ),. o

7.4.2 Polynomial Root Bounds

Our next goal is to establish separation bounds for the roots of an integer polynomial.
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Proposition 7.7 Let P € Z[z] be a polynomial of degree D > 2 and height h.
Supposing P(a) = 0,

(i) ifa #0then 1/2" +1) < |a| < 2" +1;

(ii) if P(B) = 0 and a # B then |a — B| > V3D~ (P+D/2 || p||}=D;
(iii) if Q(@) # 0 for Q € Z[z] then |Q(a)| > (deg Q + 1)‘*D2”t<Q><‘*D>||P||2‘deg Q.
(iv) if P is square-free then |P'(a)| > 272Ph+2h p2(1-D)(p 4 1)(1-D)/2,

We split the proof of Proposition 7.7 into three parts.

Proof of Proposition 7.7 (i)

Let P(z) = cpzP +- - -+ciz+po withcp # 0,and let K = max;<j<p-1 |c;|. Suppose
P(a) = 0 and consider the upper bound in Proposition 7.7 (i). We show the stronger
result that || < 1 + K/|cp|, following a proof of Cauchy [9, p. 28]. If || < 1 then
the result holds trivially. Otherwise, |a| > 1 and

ol =1 _ ol

lepa®] = lep_1@P '+ +eol < K(j|P7 4 +|a]+1) = K < ,
la| -1 la| -1

so || < 1+ K/|cp| as desired. The lower bound in Proposition 7.7 (i) comes from
applying the upper bound to the reverse polynomial z” P(1/z), whose height is the
same as P but whose roots are the reciprocals of the roots of P. O

Proof of Proposition 7.7 (ii)

We start by establishing the following bound on the differences of the roots of P.
Lemma 7.9 Let P(z) = cpzP + - +c¢o = cp(z —r1)---(z = rp) € Z[z]. Then for

any distinct 1 < a,b < D,

M(P D-1
‘/gnlri—rﬂ < |ra—rb|D(D+2)/2( ( )) '

i< lepl

Proof The constant [];_;(r; — r;) is the determinant of the Vandermonde matrix

1 1 1
ri rn rp
V= .
D-1 ,.D-1 D-1
rl I’2 rD

Pick 1 < a < b £ D and replace the ath column of this matrix with the ath column
minus the bth. Denote the columns of the resulting matrix by vy, ..., vp. Note that
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D D-1
n lvill2 = (Z |rk — rl'§|2) l_[ (1 P+t |rk|2<D‘1))
j=1 k=1

k#a
_ 2
& rs_rz]f 2AD-1)
< |ra = rp| l_[max D, D|ry|
Tg—T
k=1|'a " 'b k#a
If B = max(1, |rql, |7p|) then
2
D=1k _ k D-1 |k-1 D-1
p2D-1) Z a"Tp| | _ B—(D—l)r(jl'rg—j—l < Z K2

=1 |fa ™0 k=1{7=0 k=1

_ D(D-1)(2D-1)
- 6

< D%/3.

Problem 7.8 asks you to prove Hadamard’s inequality, which implies |detV| <
Hle |lv;ll> and thus

[Tire=rt < lra=n (0P273) [ max(t, i@,
i<j 1<k<D
The stated inequality then follows from taking square-roots. O
Returning to Proposition 7.7 (ii), recall that the discriminant of P is the integer
AP) =2 [ i -r)P ez
i<j

which is zero if and only if P has a repeated root. When P has no repeated roots then
A(P) is a non-zero integer, so Lemma 7.9 implies

D-1
V3 < VBIA(P)| < lra — 1| D'PH2 (%) : (7.12)

If P has no repeated roots this establishes Proposition 7.7 (ii) as M(P) < ||P|».
If P does have repeated roots then the product P of the square-free factors of P
is an integer polynomial whose roots are precisely the distinct roots of P, and
Proposition 7.7 (ii) follows from establishing (7.12) with P replaced by P and using
M(P) < M(P) < ||P|]>. O

Proof of Proposition 7.7 (iii) and (iv)

If Q() # 0 and P, Q € Z[z] then there exists an integer polynomial factor P of P
containing « as a root such that P and Q share no roots. Suppose that P and Q have
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leading coefficients a and b, respectively. Since the resultant of P and Q is a non-zero
integer,

1< |Res(P,Q)| = lal®Clpl*s” [ Iy-8l=lal®? [] 2. (7.13)
P(y)=0 P(y)=0
o(B)=0

For any y € C,
10(y)] < (deg Q + 1)2"@ max(1, |y|)*e,

so, using deg P < D and M(P) < M(P) < ||P|,, we obtain

( M(P) )degQ

deg QO < (d ldegf’—lzh(Q)(degf’—l)
la|®e2 [ 100 < (degQ + 1) —RT

P(y)=0
Y#+a

- - d
< (degQ + l)D IHh(@)(D 1)||p”2€gQ'

Combining this bound with (7.13) gives Proposition 7.7 (iii). Proposition 7.7 (iv) is
a special instance of Proposition 7.7 (iii) with Q = P’(z). O

7.4.3 Resultant and GCD Bounds

We also require bounds on the resultant and greatest common divisor of two uni-
variate polynomials. Lemma 7.8 directly bounds the greatest common divisor of two
polynomials, and an efficient algorithm achieving the following complexity can be
found in von zur Gathen and Gerhard [40, Cor. 11.14].

Lemma 7.10 For P, Q € Z[U] of degrees at most D and heights at most h, gcd(P, Q)
has height O(D + h) and can be computed in O(D* + hD) bit operations.

The resultant of two polynomials is defined by the determinant of the matrix in
Problem 2.14 of Chapter 2. Computing this determinant using a cofactor expansion
and applying Lemma 7.8 to the resulting expression gives the following bounds on
the resultant.

Lemma 7.11 For P,Q € Z[T, U] let R = Resy(P, Q) and

0 = degy Pdegy; O + degr Qdegy, P
n = h(P)degr Q + h(Q) degy P + log,((degy P + degy 0)!)
+ log,(deg;; P + 1) degy O + log,(deg;; Q + 1) deg, P.
Then degR < 6 and h(R) < n. Furthermore, if all coefficients of P and Q as

polynomials in T are monomials in U then h(R) < h(P)degr Q + h(Q)deg; P +
log,((degr P + degr Q)!).
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7.4.4 Algorithms for Polynomial Solving and Evaluation

The Kronecker representation encodes the solutions of a multivariate polynomial
system using the roots of a square-free univariate polynomial. This is useful, because
numerical solvers for univariate polynomials have been studied for hundreds of years,
and are implemented in every major computer algebra system. For our complexity
analysis we use the following lemma, containing the main results of Sagraloff and
Mehlhorn [37] (for real roots) and Mehlhorn et al. [25] (for complex roots).

Lemma 7.12 Let A € Z[T] be a square-free polynomial of degree D and height h.
Then there exists an algorithm PorLyRoots which takes A and a positive integer k
and returns isolating intervals for all real roots of A(T) and isolating disks for all
complex roots of A(T), each of size less than 2%, in O(D? + D> h+ D«) bit operations.

In order to determine the solutions specified by a Kronecker representation [P, Q] we
need to evaluate the polynomials Q; at (approximate) roots of P(u). The following
result is contained in Kobel and Sagraloff [22].

Lemma 7.13 Let A € Z[T] be a square-free polynomial of degree D and height h.
Then there exists an algorithm PoryEvaL which takes A, a positive integer «,
and a sequence ty,...,t,, € C of length m = O(D), and returns approxi-
mations ai,...,am € C such that |A(tj)) —a;| < 27 forall 1 < j < m
using O(D(h + k + Dlog max; |t;|)) bit operations. The algorithm needs only
Oh+k+D log max; |¢;|) bits of t1, . . ., t, to return the approximations ay, . . ., G,
and if the t; are real then the approximations a; are also real.

Problems

7.1 For any ¢ € N, prove that the determinant of the Jacobian of the polynomial
system (7.2) is non-zero at the solutions of (7.2) when H(z) = 1 - zf —= zg. Using
Corollary 5.7 from Chapter 5, conclude that assumption (J1) in the combinatorial
case holds generically.

7.2 Algorithms 2 and 3 allow one to prove minimality of critical points with respect
to the power series expansion of F(z) using Proposition 5.4. Modify these algorithms
to prove minimality with respect to any convergent Laurent expansion of F(z), where
the expansion under consideration is specified by a point in its domain of convergence
with rational coordinates.

7.3 Prove the Schwartz-Zippel lemma: if P(z) € K[zy,...,zq4] is a polynomial of
degree ¢ over a field K and S is a finite subset of K, then the probability that P
vanishes when each z; is picked uniformly at random from § satisfies

|

P[P(z)=0:2z¢€ 57 <

9%}
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Hint: When d = 1 the polynomial P has at most 6 zeroes. Working inductively, write
a polynomial P € K|z] as a polynomial in the variable z4 whose coefficients are
polynomials in K[z1, ..., 24-1]

7.4 Recall that the second Apéry number sequence, related to the irrationality
of £(2), is the main power series diagonal of the rational function 1/H(x, y, z) where
H(x,y,z) =1-(1+ z)(x + y + xy). Using a Grébner basis calculation, determine a
Kronecker representation of the extended critical point system

S={H xH - A, yH, — A, zH, — A, H(tx,ty, tz)}.
Use this to find the minimal critical points and give asymptotics of the diagonal.

7.5 The main power series diagonal of

1+x)(1+y)
I—txy(x/y+y/x+xy+1/(xy)+y+1/y)

F(x,y,t) =

enumerates the number of walks on the six steps {(x1, 1), (0, £1)} which begin at
the origin and stay in the non-negative quadrant. Using a Grobner basis calculation,
determine a Kronecker representation of the extended critical point system and use
this to determine the minimal critical points of F. Do not forget to find all minimal
critical points with the same coordinate-wise modulus!

7.6 Modify our algorithms to find the smooth minimal critical points of the rational
function
21
(=2 (1= 2) (1= Tt - Deita))
for small values of d € N, where ¢;(z) is the ith elementary symmetric function

e;(z) = Z Zjy ot e

1<ji<--<ji <d

F(z) =

Write a program which takes d and returns asymptotics of the diagonal. Note that
the denominator of F is not smooth, but all smooth minimal critical points will be
zeroes of the denominator’s last factor. Try to push your algorithm to the highest
value of d possible. Recall that this sequence enumerates singular cubic tensors [32].

7.7 If M = (m; ;) is a DX D positive-definite matrix, prove the inequality | det(M)| <
1—1sz 1 lmi i |. Hint: Reduce to the case where the diagonal elements have modulus one,
then use the arithmetic-geometric mean inequality on the product of M’s eigenvalues.

7.8 Use Problem 7.7 to prove Hadamard’s inequality: if M is a D X D matrix with
columns vy, ...,vp then |det(M)| < HkD=1 IVill2. Hint: Make use of the matrix
N = MM*, where M* is the conjugate transpose of M.

7.9 Prove Lemma 7.7 by expanding ||(z — r)P(z)||§ in terms of the coefficients of P.
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Chapter 8

Beyond Smooth Points: Poles on a Hyperplane
Arrangement

Algebra is a general Method of Computation by certain signs
and symbols which have been contrived for the Purpose, and
found convenient.

— Colin Maclaurin

Put thyself into the trick of singularity.
— William Shakespeare (as Malvolio)

Let F(z) be a meromorphic function with singular set V. In Chapter 5 we saw
how the behaviour of F' near a finite number of singularities can dictate coefficient
asymptotics when V is locally smooth near the points of interest. This chapter begins
our descent into the general theory of analytic combinatorics in several variables by
relaxing the condition that V is smooth. Here, we study rational functions

F@) = )
nj:] fj(z)pj

where each {; is a real linear function. The singular set V' of such a function is a
union of hyperplanes. If o0 € V lies on exactly one of these hyperplanes then V is
smooth in a neighbourhood of o, but V is not locally smooth near singularities in
the intersection of multiple hyperplanes. Generalizing the smooth case of Chapter 5,
we will show that if o lies on the intersection of & linearly independent hyperplanes
then the asymptotic contribution of o is determined by taking k univariate residues
followed by asymptotically approximating a (d — k)-dimensional saddle-point inte-
gral. Because the singular set of F is so easily characterized, we will be able to carry
out the required computations explicitly using linear algebra and standard integral
approximations of the form seen in previous chapters.

We will prove that the asymptotic behaviour of a coefficient sequence [z""]F(z)
varies smoothly with the direction r as it stays in different cones of R?. Directions
interior to these cones, defined precisely below, are known as generic directions.
Theorem 8.2 below shows how to determine asymptotics in generic directions using
information directly computable from F(z). Algorithm 4 gives a high-level imple-
mentation of this result which, when combined with the computational techniques
discussed in Chapter 7, automatically determines asymptotics in generic directions.
We discuss asymptotics along non-generic directions in Section 8.3.

Example 8.1 (An Illustration of the Theory)

Consider the power series expansion of the rational function

307



308 8 Beyond Smooth Points: Poles on a Hyperplane Arrangement

((a+b)a+b>"n_1/2 (a+b)3/2
At V2abr (b—a)

) <2a+b>”

0 P

Fig. 8.1 The three asymptotic regimes for the coefficients [x %" y?"|F (x, y) of the rational function
Flx,y)=1/(1-2x)(1-x - y).

1

Py = Ty

whose set of singularities V' consists of the union of two hyperplanes. Then V
is locally a hyperplane at all of its points except for (1/2,1/2), where the two
hyperplanes meet, and the theory below implies r = (a, b) is a non-generic direction
if and only if a = b. When a # b then Theorem 8.2 determines the asymptotic
growth of [x"y?"]F(x, y), while in non-generic directions asymptotics are given by
Theorem 8.3. Asymptotics for this example are displayed in Figure 8.1.

Early studies of multivariate generating functions with linear denominators were
undertaken in queuing theory work of Bertozzi and McKenna [2] and Kogan and
Yakovlev [4]; see also Kogan [3].

Example 8.2 (Closed Multiclass Queuing Networks)

Bertozzi and McKenna [2] use multivariate generating functions and residue compu-
tations similar to those below to investigate so-called partition functions for queuing
networks. For instance, the generating function of a ‘closed multiclass queuing net-
work with no infinite servers’ has the form

1

s (1 -3 Pjﬂf) (1 - ¥ Pfﬂf) o (1 - pj’mzj)

for real constants p; > 0 depending on model parameters [2, Eq. (4.18)]. The-
orem 8.2 below determines the asymptotics of interest in any generic direction.
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Problem 8.6 asks you to determine asymptotics for the two-dimensional case

1

F(x,y) = ,
(1 = pr1x = p219)(1 = pr2x — p2,2Y)

paying attention to how the values of the weights p; ; change asymptotic behaviour.

Our asymptotic argument proceeds in five steps:

1. decompose the Cauchy integral expression for series coefficients as a sum of
integrals whose domains of integration are imaginary fibers (defined below);

2. identify a finite set of contributing singularities where local behaviour of F
determines asymptotics;

3. deform the imaginary fibers to be sufficiently close to contributing singularities;

4. use residue calculations to obtain saddle-point integrals;

5. asymptotically approximate the saddle-point integrals.

Because our singular sets are defined by real linear functions, we are able to carry
out the necessary calculations using linear algebra and the techniques of Chapter 5
for functions with smooth contributing singularities. In Chapter 9 we extend our
results to rational functions whose singular sets locally behave like the union of
hyperplanes, before summarizing the theory for general rational functions.

We begin our analysis in this chapter with some preliminary setup. The presenta-
tion of this chapter is based on Baryshnikov et al. [1].

8.1 Setup and Definitions

Fix a rational function F(z) = G(z)/H(z) defined by coprime polynomials G(z) and
m
H(z) = [ | G,
j=1

where each p; is a positive integer and each
G@=1-bz2=1-pz —-.. 7,
is a real linear function. We seek asymptotics of a convergent Laurent expansion

F(z) = Z fiz

iezd

of F(z) in some domain O < C<. In order to be as explicit as possible in this chapter,
we consider only power series expansions and real linear functions. Arbitrary Laurent
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expansions and complex linear functions are covered by the general theory developed

in Chapter 9; Problem 8.3 also discusses some aspects of the general case.

Unless otherwise specified, in this chapter we take the power series expansion
of F and thus consider only directions r with positive coordinates.

Because G and H are coprime, Proposition 3.2 from Chapter 3 implies that the
singular set of F' is the union of hyperplanes

V ={z:H(z) =0}.

To discuss the local geometry of V we make the following definitions.

Definition 8.1 (flats, strata, and arrangements) For any S = {kj,...,ks} C
{1,...,m}, the flat defined by the linear functions ¢, . . ., {x, is the set
Vs =Viyok, ={2€C: 6, (2) = --- = 1 (2) = 0}

of their common solutions, with corresponding real flat
Vi=VsNRY={zeR: {4,(z) = -+ = {,(z) = 0}.
The stratum defined by S is the flat Vs minus any other flats it strictly contains,

Ss = Vs \ U V.
VrcVs

The dimension of Vs is its dimension as a linear space, and the dimension of Sy is
defined to be the dimension of Vs. A hyperplane arrangement A defined by V is
the collection of maximal subsets of {1, ..., m} corresponding to distinct non-empty
flats. The collection of strata formed by the elements of a hyperplane arrangement
of V form a stratification of V.

Remark 8.1 Our definition of a hyperplane arrangement is necessary as different
index sets can give rise to the same flat. For instance, when three pairs of lines
intersect at a common point p then the flat defined by any two of them is {p}.
The study of hyperplane arrangements is a well established field in combinatorics,
detailed, for instance, in Orlik and Terao [5].

Remark 8.2 (a perspective from differential geometry) Each stratum Sg forms a
complex manifold, and the dimension of Sg according to Definition 8.1 equals the
dimension of Sg as a manifold. A stratification of V partitions V, which is not
locally a manifold near any point lying in at least two distinct flats, into complex
manifolds. Because flats are algebraic objects (defined by linear equalities) they are
easy to define and manipulate, but our eventual integral expressions will require the
strata, which are semi-algebraic (defined by linear equalities and in-equalities). For



8.1 Setup and Definitions 311

our analytic arguments to work properly we also need the strata of V to ‘fit together
nicely’. In this chapter we simply require independence between the linear factors
at any common solution. In Section 9.3 of Chapter 9 we discuss the more general
concept of a Whitney stratification for an algebraic set.

Definition 8.2 (simple functions) The function F(z) is called simple if any collection
of coefficient vectors b1, ... bs) is linearly independent whenever ¢, (z) = - - - =
I, (z) = 0 has a solution (i.e. if any subset of hyperplanes comprising V that share
a common point have linearly independent normals).

When F is simple then V defines only one hyperplane arrangement, consisting of
subsets S C {1,...,m} such that Vs is non-empty, and the dimension of any stra-
tum Sg equals d — |S|. We will see that if F is not simple then we can algorithmically
decompose F as the sum of simple functions.

As in previous chapters, our analysis begins with a multivariate Cauchy integral

etpi - | ra
7)) = (2ri)d /TF(Z) znr+l’ ®.1)

where 7 is a product of circles in the domain of convergence O. Again the growth
of the Cauchy integrand is captured by the height function

d

he(z) = h(z) = = ) rjlog |31,

=1

In Chapter 5, when we considered only smooth points, we searched for the smooth
critical points of V by checking when the gradient (VH)(z) was a multiple
of (Vhy)(z). The smooth critical points gave potential minimizers of the height
function on D, and thus helped determine the singularities of interest for an asymp-
totic analysis. Now that we consider non-smooth singularities we must refine our
notion of critical points: if z is a root of at least two of the £; then (VH)(z) = 0,
so any non-smooth point trivially satisfies the smooth critical point equations (5.16)
derived in Chapter 5. We thus define critical points relative to each stratum, as each
stratum defines a smooth set.

Definition 8.3 (critical points) For any S = {ky,...,ks} < {l,...,m} such
that b1, . b%s) are linear independent, the critical points of the flat Vs in the
direction r are the points z € R¢ with non-zero real coordinates where the matrix

-V, bk

vol o :
-V, bks)
—Vh ri/zi s rdlza

is rank deficient. If s = d then every point in Vs is critical (linear independence
of the bY) implies s cannot be greater than ). Otherwise, the critical points of Vs
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are the solutions of the system defined by the ¢; together with the determinants of
all (s + 1) X (s + 1) matrix minors of N. We call a critical point on the flat Vg a
critical point of the stratum Ss when it also lies in Sg (in general it may only be a
limit point of the stratum). The set of critical points of F, denoted Q, consists of all
critical points on any flat defined by linearly independent collections of the ;. Each
o € Q lies in a unique stratum, which we call the stratum of o and denote S(o).

Remark 8.3 Up to a reordering of variables and the £, we may assume that N
contains pivots in its first s diagonal entries. For j = 1,...,d — s, let N; denote
the (s + 1) X (s + 1) matrix constructed from the first s columns of N together with
its (s + j)th column. By definition, at any critical point the determinants of the N;
matrices vanish. Conversely, if all determinants of the N; vanish then each of the
last d — s columns of N lie in the dimension s linear space spanned by the first s
columns. Thus, the critical points on Vg are the real solutions of the critical point
equations for Vs,

€k, ==, =detN) =detNyg—s = 0. (8.2)
If d = s then (8.2) simply states €, =--- =€, =0.

Remark 8.4 When S = {k} contains a single element then (8.2) becomes the smooth
critical point equations (5.16) from Chapter 5 with H® = .

Our definition of critical points will be a posteriori validated by showing that, after
suitable residue computations, the Cauchy integral for series coefficients becomes a
finite sum of integrals near critical points which can be asymptotically approximated.

A critical point defined by a flat may not lie on the stratum defined by the flat,
a pathological case which restricts some of the necessary computations. Luckily, as
the following definition suggests, we will see that this typically does not occur.

Definition 8.4 (generic directions) The direction r is generic if for each flat Vg any
critical point o of Vs lies on the stratum Sy (i.e., does not lie in a subflat of V).

With this setup out of the way, we are now able to work through our main
arguments. We split the analysis into two cases, first dealing with asymptotics in
generic directions and then discussing non-generic directions. The general theory is
developed alongside a detailed running example.

8.2 Asymptotics in Generic Directions
Returning to the Cauchy integral, and recalling that we consider the power series
expansion of F(z), the coefficients of interest are given by

1 G(z) dz
Qri) Jr T, €i(2)Pi zne+t

Jox = [2"]F(2) = (8.3)
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T T 1
0 03 ! l'\
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Fig. 8.2 The real part of the hyperplane arrangement /;(x, y)l>(x, y) = 0 in our running example,
with the bounded components By, B}, and B, of My marked.

whenever nr = (nry,...,nrg) is a positive integer vector and 7~ is a product of
circles sufficiently close to the origin. For most of this section our results include as
a hypothesis that F is simple. In sub-Section 8.2.6 below we discuss how non-simple
functions can be decomposed into a finite sum of simple functions, to which our
main results can then be applied.

To simplify notation we write the Cauchy integrand in (8.3) as

_ G(z)
= znr+1 H;ﬂzl fj(Z)pj’

and let W = V(z;---z4 H) denote the singular set of w, equal to V with the
coordinate hyperplanes added. The domain of analyticity of wis M = C¢\“W, so that
the domain of integration 7 in (8.3) can deformed without changing the value of the
Cauchy integral as long as the deformations stay in M. Because H(z) is the product
of real linear functions, the real part Mg = M N R9 gives a good approximation
to M for asymptotic purposes, and is more easily visualized. Similarly, we let Vg
denote the real elements of V. The hyperplanes comprising Vi split My into convex
polyhedra, and we let 8 denote the collection of all connected components of Mg.
Our running example in this section is the following.

Example 8.3 (Running Example in the Generic Case)

Let F(x,y) = where

1
41 (x,y)b(x,y)’

3x+y

2x +
- 4 and bH=1- 7

6 =1

Then given a direction r = (ry, r;), the coeflicient

1 dxdy
rin,,mnn —
LYHE G y) = (2ri)? /7- (1 _ 2x+y) (1 _ 3x+y) xrintlyrantl
3 7

(8.4)
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where
T ={(g1€'9, 826" : =1 < 61,6, < 7}

is any product of circles with sufficiently small radii €, &, > 0. In particular, no
zero (a, b) of H(x,y) = €1(x, y)t2(x, ) can satisty |a| < &) and |b] < &5, so in this
example it is necessary and sufficient that

281+82 381+82
— <1 d — < 1.
3 an 7

Below we take €] = &, = € for € < 1. The bounded components of Mg form the
set B = {By, By, B>} whose elements are displayed in Figure 8.2.

8.2.1 Step 1: Express the Cauchy Integral as Sum of Imaginary Fibers

We first convert the Cauchy integral into a sum of integrals over particularly conve-
nient domains of integration.

Definition 8.5 (imaginary fiber) An imaginary fiber is any set of the form
Cx=x+iR? = {x+iy:y e RY} c CY,

with basepoint x € R<.

As the linear functions ¢; have real coeflicients, if £;(x) # 0 for x € R then
fj(X + iy) = fj(X) + ifj(y) #0

for any x + iy € Cx. The real domain of analyticity Mg of w consists of convex
connected components, and given two imaginary fibers with basepoints x and y in
the same component of Mg there is a continuous deformation between the fibers
which stays in M, defined by

g(t) = x+ (1 — 1)y + iR?

for 0 < ¢ < 1. This makes imaginary fibers useful for our purposes, as they can
be easily deformed without crossing M. Because the Cauchy integrand decays
exponentially in n at points sufficiently far from the origin, if X and y lie in the same
component of Mg then f o @= / @ The Cauchy integral can be written as a sum

of integrals over imaginary fibers by ‘stretching’ circles along the imaginary axis.

Example 8.3 Continued (Deforming to Imaginary Fibers))

Because ¢;(x, y) and ¢»(x, y) have real coefficients, the circles |x| = € and |y| = &
which make up 7~ can be deformed along their imaginary axes without crossing M,
and thus without changing the value of the Cauchy integral in (8.4). As shown in



8.2 Asymptotics in Generic Directions 315
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-

Fig. 8.3 Moving only in the imaginary axis, one can deform a circle around the origin into a
rectangle of arbitrarily large height. Because the horizontal lines can be moved arbitrarily far from
the x-axis, deforming the domain of integration from a product of circles to the sum of oriented
imaginary fibers introduces no error when n is sufficiently large.

Figure 8.3, each of these circles can be deformed into rectangles of fixed width and
arbitrarily large height. Because the Cauchy integrand decays exponentially as the
moduli of x and y increase, we can replace each of the circles comprising 7~ by two
oriented imaginary fibers.

Ultimately, the product of circles 7~ becomes four imaginary fibers, so that

where the sign in front of each integral keeps track of orientation as R? keeps its
standard orientation in each imaginary fiber.

The general case follows in the same manner. To keep track of the necessary signs
we make the following definitions.

Definition 8.6 (signs of points) The sign function on R is defined by

-1 :z<0
sgn(z) =490 :z=0.
1 1z>1

Given z € R?, the sign of z is sgn(z) = sgn(z; - - - zq).

Proposition 8.1 Consider the power series expansion of F(z) and let r € R‘io.
Whenever n is sufficiently large and nr has integer coordinates,

Z"F@) = Y zizgj /m e (8.6)

Te{xl1}d
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Proof Because the Cauchy domain of integration 7~ in (8.1) is a product of d circles,
one in each variable, the general argument follows from the one-dimensional case.
For any K > 0, let

Ck ={z:R(z) € [-&,&] and J(z) = =K}
and
Dk ={z:R(z) = +e and J(z) € [-K, K]}

denote the horizontal and vertical sides of the rectangle in Figure 8.3, respectively,
oriented according to the arrows in the figure. As we can deform the circle |z| = &
into Cx U Dk while staying in M, we have

dz dz dz
</|z—s F(Z)an+1 = LK F(Z)an+1 + '/DK F(Z)an+1’

and the stated result holds if the integral over Cx goes to zero as K — oo. In fact,
each point in Cx has modulus at least K, so
d max F
[ Fote | <  mansse C)
Cx zr+l Knr

8.7)

for a constant x > 0. Since F is a rational function and Ck is bounded away from the
singular set of F' for all K > 0, when n is sufficiently large the denominator of the
upper bound in (8.7) grows faster than its numerator. Thus, the upper bound in (8.7)
goes to zero as K — oo. |

8.2.2 Step 2: Determine the Contributing Singularities

The main benefit to working with integrals over imaginary fibers is that one can
make deformations in the real space Mp instead of the complex space M. On
the imaginary fiber Cx with real basepoint x € Mg the modulus of the Cauchy
integrand w satisfies

] = O ([ 717+ x| 74") = O ()

as n — oo, since |x; +1iy;| > |x;| for all y; € R. Because /C w depends only on the
component B ¢ Mp in which x lies, each point in B gives an upper bound on the
exponential growth of /C w.

Remark 8.5 When each coordinate of r is positive and x lies in an unbounded com-
ponent of Mg then taking X — oo proves that f c. @ = 0 for all sufficiently large n.

The minimizers of this upper bound on |w| on each flat are given by critical points.
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Lemma 8.1 Fix a real flat L defined by the vanishing of linearly independent
Ck,s - . ., k., and suppose r has positive coordinates. Then o € R is a critical
point of F, in the sense of Definition 8.3, if and only if o is a local minimizer of h
on L. Consequently, each real flat of V admits exactly one critical point in every
orthant of R? where it is bounded, and no critical points in any other orthant.

Proof The Hessian of h(z) is a diagonal matrix with entries r;/ zjz., so h is continuous
and strictly convex on the intersection of L with any orthant. Thus, the gradient of &
restricted to L is zero at w € L if and only if w is a minimizer of 4 on L, and there
can be at most one such point in each orthant.

As we assume the coefficient vectors bi) are linearly independent, up to a
reordering of variables and the ¢; we may also assume that the matrix M with
rows b®D . pks) 6+ e(d has full rank, where %) is the jth elementary
basis vector with a 1 in position j and all other entries 0. If 2’ = (z541, . . ., 24) then L

is parametrized as
L= {M' (zl,) 1z’ € Rds}.

To lighten notation we write this parametrization z = g(z’), so that the derivative of
z; = gj(z") with respect to z, equals M ' for all s + 1 < a < d. Then the height
function restricted to L has the parametnzatlon

d

h(z') = =" r;log(g;(z), (8.8)

Jj=1

and setting its gradient equal to zero gives the system

d
.
Z Il (+l<ac<a. (8.9)
j=1
If v = —(r1/z1,...,ra/zq) then (8.9) implies the existence of 1 € R?™ such that
vM~! = (4,0), and therefore v = M(A, 0). The gradient of 4(z’) thus vanishes if and
only if v can be written as a linear combination of bk, ... b%*s) which happens

if and only if z = g(z’) is a critical point in the sense of Definition 8.3. There can
be no minimizer of the height function in any orthant of R¢ where L is unbounded,
and there must be a minimizer in every orthant where it is bounded as the height
function approaches infinity as z approaches any coordinate axis. O

Example 8.3 Continued (Finding Critical Points))

Each of the four real basepoints (x&, &) of the imaginary fibers C.g.c lie in
distinct components of Mg. Because (g, —¢), (—¢, €) and (—¢, —¢) are in unbounded
components of Mg (see Figure 8.4 below) the integrals of w over these domains are
zero, and
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[x"" Y F(x,y) = (8.10)

(2ﬂi)2 (&,&)+iR?

The singular set V' can be decomposed into the flats

2x+y 3x+y

V=V (1 ) Vo=V (1 ) Vi =V, &) ={(1,1)}

comprising two lines and a point, corresponding to strata
S =N\ Vi, S =W\ Vi, Si2 =V
The critical points on “V; are those where the matrix
N = (—V{’l) _ ( 2/3 1/3)
-Vh ri/x rfy
is rank deficient. Solving £; = det N = 0 gives the critical point

37 .
o= (71,3r2),

where t = r/(r| + ry) is the vector with unit coordinate sum in the direction defined
by r. Similarly, V> admits only the critical point

4
gy = (T],4r2) .

The flat V), consists of the single point o712 = (1, 1), which is trivially a critical
point. The direction r is non-generic precisely when one of o or 0, equals (1, 1),
which happens if and only if r is a multiple of (2, 1) or (3, 1).

Remark 8.6 If o is a critical point on the flat defined by linearly independent

Ck,s - - ., Uk, then there exist unique real numbers ay, . . ., a, such that
N S
— (Vh)(o) = Z aj(-Ve,) = Z ab®). (8.11)

J=1 J=1

Existence of a critical point o~ such that some coefficient a; in (8.11) is zero is
equivalent to the direction r being non-generic.

Lemma 8.1 characterizes the minimizers of the height function on each flat, but
we really want the minimizers of the height function on the closure of each (bounded)
component of Mg. In fact, pairing each bounded component of My with the critical
point that minimizes the height function on its closure gives a bijection.

Proposition 8.2 Suppose r is a generic direction with positive coordinates and F is
simple. For bounded component B € B let o g be the point minimizing h on B. Then
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the map B — o g gives a bijection between the set of critical points Q and the set of
bounded components in B.

Proof The minimum o g of the strictly convex function % on any bounded B € 8B
occurs on some flat defining part of the boundary of B, so Lemma 8.1 implies o p
is always a critical point. Now, suppose o is the critical point on a flat V,, . «, in
some fixed orthant, and write

S

~(Vh)(o) = > a;b®,

J=1

where each a; € R is non-zero since r is generic. Because the bk are linearly
independent, there exists a unique component B C Mg with o € B such that B has
non-empty intersection with the set

A={z:a;l;j(z) > 0forall j}.

In fact the polyhedron B is contained in A, so for any z € B

S N

(VA)@)- (2= 0) = > q; (1 _z b(k.,»)) =" ajti,(2) 2 0.

J=1 Jj=1
In particular, A increases as it moves from o towards any arbitrarily close z € B,
so o is a local (and thus global) minimizer of the strictly convex function 4 on B.
The fact that  has a minimum on B also implies B is bounded.

If C # B is another component of Mg with o € C then there exists some
1 < j < s such that a;{;;(z) < Oforz € C. Letz € C be any vector such that
lp;(z) = 0 fori # j and €k, (z) < 0. Then

(Vh)(o) - (z— o) = a;(1 -b*) . 7) < 0,

so, for sufficiently small &£ > 0, the vector v = o + &(z — o) lies in C and satisfies
h(v) < h(o). In other words, o is not a minimizer of 4 on C.

Thus, we have shown that each minimizer of /& on the closure of a bounded
component of My is a critical point, and that each critical point is the minimizer on
the closure of a unique bounded component. O

Definition 8.7 The height of abounded component B € 8 is the height of the critical
point o g, which is the minimum of 4 on B. Given critical point o € Q, we write
B(o) for the bounded component in 8 on which the minimum of % occurs at o .

Since Proposition 8.1 expresses the series coefficients of interest as a sum of inte-
grals over imaginary fibers near the origin, the critical points which are minimizers
for bounded components ‘closer’ to the origin play a special role.

Definition 8.8 (contributing singularities) Given o on the real flat Vj, . i, defined
by f,, - . ., €k, , we define the real cone
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Fig. 8.4 Positions of the contributing points (dots) in direction r = (ry, r2) when 7| < 2/3 (left),
2/3 < 7 < 3/4 (centre), and 3/4 < 7 (right). If By is the bounded component of Mz containing
the origin then we move the imaginary fiber with basepoint near the origin in By to an imaginary
fiber whose basepoint is close to the contributing singularity on dBy. The other imaginary fibers
can be pushed off to infinity without crossing <V or the coordinate axes.

s
N(O’) = Zdjb(kj) taj > 0r C Rd.
j=1

The point o0 € R? is called a contributing singularity, or contributing point,
when —(Vh)(o) € N(o).

Remark 8.7 Recall the logarithmic gradient Vioe f = (21 fz,, . . -, Za fz,) from previous
chapters. Then —(Vh)(0") € N(o) is equivalent to r being in the positive real span
of the logarithmic gradients Vlogt’k,..

Since £;(0) > 0 for each 1 < j < m, our proof of Proposition 8.2 immediately
gives the following.

Corollary 8.1 Let o € R? lie on the real flat defined by linearly independent func-
tions €y, ..., L, and suppose o is contained in an orthant O of RY. If r is a
nongeneric direction with positive coordinates then o is a contributing singularity
if and only if o is the unique minimizer of h(z) on the bounded polyhedron

{zeRd:{’kj(Z) >0forj= 1,...,s}ﬁO
defined by the €y,;(z) and the coordinate axes.

Remark 8.8 If o is a minimal point (on the boundary of the domain of conver-
gence D) lying in a unique hyperplane in V then Definition 8.8 matches Defini-
tion 5.5 of Chapter 5 for a minimal smooth contributing point.

Example 8.3 Continued (Finding Contributing Points)

Let By be the bounded component of My containing the origin. The cones N(o )
and N(o,) are rays which contain —(Vh)(or) and —(Vh)(02), respectively, meaning
the critical points - and o0, are always contributing singularities. Furthermore,
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Fig. 8.5 The signed fibers (+ and —) around each contributing singularity for 7; € (0, 2/3), left,
and 7 € (2/3, 3/4), right. The situation when 7; € (3/4, 1) is analogous to that of 7#; € (0, 2/3).
Note that the signs in all bounded components not containing the origin cancel. Each 74 is a
linking torus, defined later in this section.

N(‘r”):{( 2 12

8a+9b 4a+3b

aro a—) a,b > 0}

so that (=Vh)(o12) € N(o12) if and only if 7 € (2/3,3/4). In other words, o713 is
contributing if and only if r is a generic direction and o1, 0> ¢ By. Figure 8.4 shows
the contributing points in different situations.

8.2.3 Step 3: Express the Cauchy Integral as Sum of Local
Contributing Integrals

We have now split the Cauchy integral describing the coefficients of interest into a
finite sum of integrals over imaginary fibers, and identified contributing singularities
where local behaviour of F will dictate coeflicient asymptotics. We next show that
the expression in Proposition 8.1 for a sum of integrals over fibers near the origin can
be replaced by an explicit sum of integrals over fibers near each contributing point.
This is the most difficult step of our argument, and the hardest step to generalize to
arbitrary rational functions.

Example 8.3 Continued (Preparing for Residue Computations)

There are three different situations, depending on whether 7 lies in (0,2/3),
(2/3,3/4), or (3/4,1). In the first and third cases there are two contributing points,
both of which are smooth, while in the second case there are three contributing
points. The different situations are illustrated in Figure 8.5.
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As in Figure 8.2 above, let By be the bounded component of My containing the
origin, and B and B; be the other bounded components of Mg in the first quadrant.
Suppose, for instance, that #, € (0,2/3) so 0| and o, are the only contributing
points, with - on the boundary of By. One can imagine moving the basepoint of
the Cauchy integral in (8.10) to be arbitrarily close to o-; while staying in By,

1 1
[y y) = = w= / w.
(27”)2 (&,£)+iR2 (271'1)2 o1—(&,&)+iR?

In order to reduce to a residue computation, we add and subtract an integral over a
signed fiber with basepoint arbitrarily close to o in By,

1
/ w — / Lt):| +—_2 / w.
o1—(&,&)+iR? o +(&,&)+R2 (2mi) o +(s,&)+HR2

We now have an extra integral with basepoint in By, but this can be moved arbitrarily
close to the contributing point o, after which we add and subtract an integral over
a signed fiber with basepoint in an unbounded component of Mp,

7 -
-5 w — w
(27”)2 o1-(g,&)+iR2 o1 +(g,&)+R2

1
+ yzynyy [/ w —/ w
(27U) o,—(g,8)+iR? o2+(g,8)+iR?
1

+ —_—
(2”1)2 o +(g,&)+iR2

1

[x"" Y F(x, y) = 2nip

[x"" Yy F(x, y) =

w.

As 0 + (&, ¢) lies in an unbounded component of Mg, the final integral here is
zero. We show below that each of the differences of integrals can be reduced to a
one-dimensional integral by a residue computation.

When 7| € (3/4, 1) the analysis the same after replacing o] by o, and B; by B;.
When 7, € (2/3,3/4) the analysis is similar except the integral with basepoint near
the origin is moved to the contributing singularity o-1; on the intersection V; N V5.
Now signed integrals over fibers with basepoints in three components of My are
added: one has a basepoint in the unbounded component of Mg adjacent to o3
while the other two have basepoints in the bounded components By and B,. Adding
signed integrals over fibers with basepoints near the smooth contributing points
cancels out the integrals whose fibers intersect the bounded components B; and B;.

Recall also that the Cauchy integrals appearing in Proposition 8.1 are signed
depending on the orthant of their basepoint. As all contributing singularities were in
the first quadrant here, the leading sign was positive.

In order to properly talk about adding and subtracting imaginary fibers, with-
out worrying about fibers with basepoints in unbounded components of Mg, we
introduce the notion of a chain of integration.
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Definition 8.9 (chains of integration) A chain of integration in M is a formal integer
linear combination of imaginary fibers a;Cx, + - - - + axCx, , where each x; € Mg
and a; € Z. Integration over such a chain is defined by linearity,

/ f(@)dz = ay / f@)dz+ -+ a; f(z)dz
a) Cx +++ay Cx, Cx Cx

for any function f where each integral is defined; by definition any integral over the
empty chain 0 equals zero. We write

a1Cx, + -+ arC, =0 (8.12)

if and only if for every bounded component B C Mg the integer coefficients a; of all
imaginary chains in (8.12) with basepoints in B sum to zero (i.e., after identifying all
basepoints in the same components of Mg, and simplifying the linear combination,
the only remaining fibers have basepoints in unbounded regions of Mp). Then =
gives an equivalence relation on chains by setting x; = k» if and only if k; — k2 = 0.

Because f c. @ = 0 whenever x lies in an unbounded component of Mg, the

integral fK w depends only on the equivalence class [«] of a chain x under =.

Definition 8.10 (linking tori) Given component B c Mg, we define the class [Cg]
of Cp under = as [Cx] for any x € B.If B is an unbounded component then [Cg] = [0].
For any x € Vg the set of adjacent components to x is the collection

Adj(x):{BeB:er}

of components of Mg with x in their closure. Given o in the strata Sy, x, and
B € Adj(o), the sign of B with respect to o is

sgno'(B) = sgn (fk] (X) e gks (X))

for any x € B. A linking torus around a critical point o € Q is any chain of
integration T, such that

Ty = Z sgn,.(B)Cg,

BeAdj(o)

well defined up to a selection of basepoints in each bounded component of Adj(o-)
and up to adding imaginary fibers with basepoints in unbounded components of Mp.

Remark 8.9 This definition is highly tailored to our needs. More generally, one would
work in the framework of relative homology on the space M c C? with respect to
the height function 4 (see, for instance, Baryshnikov et al. [1]).

We will prove that the Cauchy integral describing the coefficients of interest can
be written as the sum of integrals over the linking tori for each contributing point
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I/ \\

Fig. 8.6 Proving linear independence of the linking tori for Lemma 8.2, with the critical points and
signs of imaginary fibers for each linking torus displayed. The hyperplanes containing o ; (the dark
point) form the shaded bounded region R in the first quadrant. The signs of the imaginary fibers
around each critical point o= # o~ in R whose basepoints lie in R sum to zero.

of F. First, we show that the chain defined by any imaginary fiber is a unique integer
sum of linking tori.

Lemma 8.2 Suppose F is simple and r is generic. For any component B € B there
exist unique integers vp o such that

Cp = Z VB.or Ter- (8.13)

oeQ

Furthermore, vp o = 0 unless B is bounded, B and o lie in the same orthant of R4,
and (o ) < h(o).

Proof If B is unbounded the result h(ﬂds with all vp o = 0. Otherwise, let o = 0 p
be the critical point minimizing 4 on B. Since

e D sang(B)Ca.
B EAdj(o)

it follows that

sgn, (B)Cp = Tor — Z sgn, (B')Cp'. (8.14)
BreAdi@)\{B)

For any component B’ € Adj(o) \ {B} the minimizer of 4 on B’ is not o, but o lies
on B’. Thus, either there exists o’ € QN B’ with h(o”’) < k(o) or B’ is unbounded. In
other words, up to sign, the fiber Cp equals 74 plus an integer linear combination of
imaginary fibers defined by components B’ of smaller height. Continually iterating
the decomposition of (8.14) on each Cp’ thus eventually leaves only imaginary fibers
with basepoints in unbounded components of Mg, all of which lie in the same
orthant of R,
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Uniqueness of the vp » follows from linear independence of the 7, which we
now prove. Suppose there exist oq,...,0. € Qand ay,...,a. € Z such that

aiTe, + - +actqe,. =0. (8.15)

Replacing each torus in (8.15) by a signed sum of imaginary fibers gives

Z cgCp =0

BeB

for integers cp which can be written in terms of the a;. By definition, (8.15) holds if
and only if ¢ = 0 for all bounded B.

Given a critical point o the codimension of o, denoted codim(o), is the codi-
mension of the stratum S(o) which contains it (so a critical point which lies on the
intersection of k hyperplanes and no proper subflat has codimension k). We will go
iteratively through the critical points o ; to prove that each a; in (8.15) equals zero.
To that end, let o ; be any of the critical points of minimal codimension among those
for which we have not yet shown that a; = 0. Let O denote the orthant containing o ;
with the hyperplanes V) containing o ; removed. Since o is a critical point, the
orthant O contains a bounded connected component R ¢ R and, since each ¢z = 0,

Z cp = 0; (8.16)
BeB
BcR
see Figure 8.6. Consider (8.16) as an expression in the coefficients a from (8.15).
If we know that some a; = 0 then a; does not affect (8.16). Otherwise,

* If ox # o lies outside of R then a; does not appear in (8.16).

* If o # o lies inside of R then the contribution of a; to (8.16) is zero, since T,
is the signed sum of 2¢°4™(@«) jmaginary fibers, each of which lies in R with an
equal number of positive and negative signs appearing.

* If oy # o lies on the boundary of R then suppose the smallest flat containing
both ox and o; has codimension N. Note N < codim(co ;) < codim(cox) by our
selection of o, so N < codim(oy) or else o-; and o; would be distinct critical
points on a single stratum, contradicting Lemma 8.1. Again the contribution of ay
to (8.16) is zero, since T, is the sum of 2¢odim(@«) gjoned imaginary fibers, of
which 2¢04im(@)=N have basepoints in R, and an equal number of positive and
negative signs appear among those basepoints in R.

Thus, each torus 7, for k # j is a signed sum of imaginary fibers whose contribu-
tions to (8.16) cancel out, and
0= Z CB = *aj.

BeB
BcR

Repeating this argument eventually implies that all a; = 0. O
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Definition 8.11 (linking constants) For any B € 8 and o € Q the constant vp &
in (8.13) is called the linking constant of B and o .

Applying Lemma 8.2 to Proposition 8.1 proves that the series coefficients of
interest can be written as an integer linear combination of integrals over linking tori.
In Chapter 9 we will see how Stratified Morse Theory provides the foundation for
a similar result when H(z) is not necessarily the product of linear functions. What
is special about having only linear factors in the denominator, in addition to our
simplified arguments, is that we can identify the integer linking constants.

The key step is the following lemma, which allows us to connect how imaginary
fibers in adjacent components of My are represented in terms of linking tori. Since
Proposition 8.1 starts with a sum of imaginary fibers near the origin, this will allow
us to move through the bounded components of Mg and determine which linking
tori appear.

Lemma 8.3 Suppose F is simple and let B and B’ be two components of Mg in the
same orthant O of R¢ which are separated by a unique hyperplane. If o, € Q does
not lie on this separating hyperplane then vp o, = Vp' o, .

If B is an unbounded component of Mg then there is no well-defined critical
point o g, but to unify notation we write h(og) = —co.

Proof Under our hypotheses there exist j € {1,...,m} and & € {x1} for all
1 <i < m such that

B={x€0:¢gl;(x)>0foralll <i < m}
B’ ={x €0 :¢&ti(x)>0foralli # j, and &;¢;(x) < 0}.

If both B and B’ are unbounded then the desired result holds as both integers are
zero. If B and B’ are bounded then one of the critical points o g and o - must lie on
the hyperplane V;: if not then the line through o and o p intersects V; at some
point in the closure of B and B’ which, by strict convexity of %, has smaller height
than either o or o g and contradicts their minimality. If B is bounded but B’ is
unbounded then the same argument with o g replaced with any point of B’ with
arbitrarily small height shows o € V;. Thus, without loss of generality we may
assume that B is bounded and ¢;(og) = 0. Because B and B’ are separated only

by V; we have sgn,, . (B) = —sgn,, . (B’) and manipulating the sum for -, yields
seny, (B)[Cs —Col=Toy— D sang,(B")Cpr, (8.17)
B”cA\{B,B’}

where A = Adj(o g) contains the components of Mg with o g in their closure.

We prove that the coefficient of T, appearing in the right-hand side of (8.17) is
zero for any o, € Q \ V; by induction on the maximum of /(o g) and h(o p'). The
base case occurs when B and B’ are unbounded and both heights are negative infinity.
Otherwise, all elements of A\ {B, B’} have height less than /(o g ) and can be grouped
into pairs of components separated only by the hyperplane V;. The imaginary fibers



8.2 Asymptotics in Generic Directions 327

Fig. 8.7 The hyperplanes through o~ divide the positive orthant into four regions. The integers vg, o
take a common value when B differs between adjacent components of My in one of these regions.
For instance, in this example v, & = VB,,o and vB, o = VB, o -

corresponding to any such pair of components (Bj, By) appear with opposite sign
on the right-hand side of (8.17), and by the induction hypothesis vg, o. = VB, -
Thus, the coefficient of 7, on the right-hand side of (8.17) is zero, which means
that v &, = VB o, - O

Lemma 8.3 immediately gives us the diagonal sequence under consideration as
an explicit sum of integrals over linking tori, the most important theoretical result of
this chapter.

Theorem 8.1 Consider the power series expansion of simple F(z) and let r be a
generic direction with positive coordinates. If y denotes the set of contributing
singularities of F(z) then

sgn(o) G(z)
(2m)d o gnr+1 H}":l [j(z)[’j >

[ 1F(z) = ) (8.18)

3%

where T4 is the linking torus from Definition 8.10.

Proof Let O be an orthant of R? and By be the component of Mg NO whose closure
contains the origin. By Proposition 8.1 it is sufficient to show that

CBOi Z To-

oexnO

Lemma 8.2 implies v, = 0 unless o € O. Thus, we need to prove that for any
critical point o € QN O

1 : o is acontributing singularity
VBo,o = . .
0 : otherwise

Suppose o lies on the flat V, .« and no proper subflat. Then the union of the
hyperplanes Vj,, . .., V, divides O into 2° connected regions,



328 8 Beyond Smooth Points: Poles on a Hyperplane Arrangement
O\ (VigU---UVy,) =01 U -+ U Oss,

and each component B’ of Mg N O lies in one of the O;; see Figure 8.7 for an
example. Lemma 8.3 states that the linking constant vp/ , depends only on the
region O; in which B’ is contained, and each of these regions contain a component
adjacent to 0. On the region containing the component B = B(o"), Equation (8.14)
shows the linking constant has the common value sgn, (B), which equals 1 since o
is a contributing singularity. On every other region the component adjacent to o~ has
smaller height than o, meaning the linking constant on that component (and thus
every other component in the same region) is zero by Lemma 8.2. Corollary 8.1
therefore implies that By lies in the same region O; as B(o) if and only if o is a
contributing singularity. O

8.2.4 Step 4: Compute Residues

We now have an exact expression for the coefficients of interest as a sum of inte-
grals over imaginary fibers. The final steps of the analysis are concerned with the
asymptotic evaluation of the integrals appearing in (8.18). After using residue com-
putations to reduce to saddle-point integrals, we obtain asymptotics through the use
of Proposition 5.3 in Chapter 5.

The simplest case is when a contributing singularity lies on a flat defined by
the intersection of d linear factors; this is known as a complete intersection. In
the complete intersection case taking residues allows one to exactly determine the
Cauchy integral, and no saddle-point integral approximations are necessary.

Example 8.3 Continued (Asymptotics in the Complete Intersection Case)

Let 7| € (2/3,3/4), so that o1 = (1, 1) is the contributing singularity of maximum
height (and the one on the unique bounded component of Mg which is adjacent to the
origin). Then, up to an exponentially decaying error coming from the contributing
singularities of lower height, the sequence &,, = [x""y"2"|F(x, y) equals

1 1 dxd
6n = (27T1)2 Z K1K2/ 2 2x+y 3x+y xr1n+'X1:yZn+1
kia)eely  JImeRHR (1 - T) (1 - T)
(8.19)

for any &£ > 0 sufficiently small. Making the substitution (a,b) = (1 — x,1 — y)
in (8.19) to move o | to the origin gives

s 1 5 / 1 da db

= — K1 K .

"7 (2ni)? 12 ) i (2a+b) (gm) (1 — aymn+I(1 — pyran+l
3 4

(k1,k2)€{£1}?
(8.20)
Let
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M- b\ (2/31/3
“\b?®) T \3/41/4

sothat M~! = (_93 —48) Making the change of variables (g ) =M ((bl) in (8.20) then

implies

5 1 Z / 1 dp dq
n= "= K1k — :
(det M)(Q2mip 44 ex+iez PG (1+3p —4g)"7+1(1 - 9p + 8g)""*!
(8.21)

Repeating the argument of Proposition 8.1, in reverse, implies that this signed sum
of integrals equals the integral over a product of circles,

5 = 1 /’ 1 dp dq
" (et M)Q27i)? Jr w7 pq (1 +3p —4g)rinti(1 — 9p + 8g)rn+l

where 7; = {€e'? : —n < 6 < «}. Applying the univariate residue theorem (twice)
thus gives

[x""y?"]F(x,y) = 6 + O(7") =

ny __ n
ot M +0(t") =12+ 0(t"),

for some 0 < 7 < 1.

When o lies in a flat defined by less than d equations, one first computes a
sequence of residues and then must deal with an additional integral which is amenable
to a saddle-point analysis.

Example 8.3 Continued (Asymptotics in the Non-Complete Intersection Case)

Consider the main diagonal direction r; = r, = 1 so o1 = (3/4,3/2) € V) is the
contributing singularity of maximum height (and the one on the unique bounded
component of Mg which is adjacent to the origin). For £ > 0 sufficiently small,
the points (3/4,3/2) + &(3/2,0) lie in the two components of Mg whose closure
contains o-;. Thus, up to an error decreasing exponentially faster than (8/9)", the
diagonal sequence [x"y"]F(x, y) equals

1 3x+y )
1 4 dx dy

6 = ey K/ .
" (i) KE%“I} (3/4,3/2)k(3/2,0)+iR2 (1_@) xntlynl

o MY (2/31/3
= (") = ()

(8.22)

Let M be the matrix
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Making the change of variables (z ) =M (0'1 - (;)) in (8.22) implies

1 / 16 dp dq 8.23)
n=-—= K . .
(2i)? ce.0pirz P(1 +18p —=2q) (3/4=3p/2+q/2)"*1(3/2 — g)+!

ke{£1}

Thus, if @ is the integrand in (8.23) then there exists 7 € (0, 8/9) such that

Lo L
(&,0)+iR2 (—&,0)+iR2

As one deforms the domain of integration (g, 0) +iR? into (~&, 0) +iR? by moving the
basepoint (&, 0) on the line segment to (—&, 0), the only singularities of @ encountered
are those lying in the set

1

(det M)(2mi)? +O().  (8.24)

[x"y"]F(x,y) =

I'={(0,is) : s € R} = {0} xiR.
The difference of integrals in (8.24) thus equals the integral over the tubular domain
T2 x iR = {(e€',is) : —m < 6 < m,5 € R}

around I', and the (univariate) residue theorem implies
Ty () = / 16 dpdgq
YIS E50iP i P+ 18p —29) (74— 3p/2+ q /271 (3]2 - g

-3 16 dg .
4 /R (T=2q) G/a+apyrGa-gmt * o0

+O0(t")

Unlike the complete intersection case, asymptotics of this remaining integral must
be calculated using the saddle-point method. Making a final change of variables
q =iw gives

3 128 2
nonp : - —nlog(9/8+w /2)d +O(" ,
YR ) = /R (1 - 2iw)(9 + 4w?)© w+0()

and Proposition 5.3 of Chapter 5 implies

[y 1 (3, y) = (§) mlﬂ% (1 +0 (l)) .

9 T n

We now give the general argument. Let o be a contributing singularity on the
flat Vg with S = {ky, ..., ks}, and to save space define

sgn(o) G(z)

o~ (an)d o znr+l H;nzl ﬁj(l)p.i .
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As we assume the b%/) are linearly independent, up to a reordering of variables and
the {i; we may also assume that the matrix

bkD)

Bk

(@

is non-singular, where once again /) denotes the jth elementary basis vector. Let

G(2)

G(z) = ,
O = T L 6@

so that the Cauchy integrand w from (8.3) can be written

Y- G(z)
= fkl (Z)pk] - gks (Z)pks Znr .

Finally, given k € {£1}* let
Vg = M_1 (Kle(l) + e+ KSe(S)) .

By definition, the dot product v, bk = kjforall j =1,...,5 If X, = 0 —&v, then
O (%) = exjforj =1,...,s,s0fore > Osufficiently small the set {x, : k € {£1}°}
consists of 2° real points, one in each of the 2° components of Mg adjacent to o .
Note that xq is contained in the component B(o") on which o~ minimizes /.

If we assume that py, = --- = pr, = 1, sothateach linear factor in the denominator
of F appears only to first order, then
sgn(o) G(z)
== sgn(k A
7 (2ni)d KE{Z‘;}S gn() Cre Ui (@) b ()™

and making the change of variables w = M (o — z) yields

sgn(or) /‘ G(o-M1'w)
lg = ——F—— sgn(k dw.
7 |det M| (2ni)? Z en(x) e 0+ird Wi -+ wy (00— M~'w)™

ke{xl}s

Replacing the alternating sum of integrals with an integral over a product of circles,
and applying the residue theorem s times, gives
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sgn(o) / G(o-M'w)

B |detM| (27T1)d EinRd—s Wi Wy (0— —_ M—lw)nr

dw

g

Glo-M'w
sgn(o) / ( ) dweri - dwy
iR4-s

et @i e (o= W)
F=UI=
sgn(o)o™"" /‘ ———
=_—° = A () dy, 8.26
Qe M[ @) Jaas e ™€ y (8.26)
where y; = (—i)wgyjfor1 < j < d—sand
_ & — _ ' Y/,

Ag(y)=G|o—im{ )], bo(y) = er log - . (8.27)

J=1

Note that the real part of ¢, is the height function £, and that by construction the
gradient of ¢, vanishes at the origin. When d = s, i.e., in the case of a complete
intersection, (8.26) is taken to mean

_ G(o)
77 |det M|

G(o) o
o1 0q [1jgs Cj(o)Pi| det M|

—nr __ —nr

o

Combining this calculation with Theorem 8.1 gives the following.

Proposition 8.3 Consider the power series expansion of simple F(z) and suppose r
is a generic direction with positive coordinates. If p = 1 and y denotes the set of
contributing singularities of F(z) then

[2"1F(2) = > I, (8.28)
oey

where 1, is defined in (8.26) using the quantities in (8.25) and (8.27).

For general p € N, when the linear factors in the denominator appear to higher
order,

1 G(o-M'w)
lg = ———F7— dw, (8.29)
|detM| (27T1)d TS xiRA-s wpkl . W{;ké' (0- _ M—lw)nr

and the iterated residue obtained by integrating over the product of circles in the
variables wy, ..., wy is

1
Ro(Wssts - owa) ==

OPk+FPks =S G (0' = M_lw)
X P 1

Pr;—1 s = —_ M-lw)™
wih T gl (c-M-'w)

(8.30)

Wi==wy =0
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Repeated differentiation shows

—nr

Ry = Py(n) X (0’ - M*IW)

wi=---=wg=0
where P (n) is a polynomial
Pky+ Pk =S
Py(n) = Z aj Wit - orwa) 1, (8.31)
Jj=1
in n whose coefficients are rational functions in wg,1, ..., wg which are analytic at

the origin. The leading coefficient of P, (n) is

P~
) A M
apkl+ +Pkg =S50 (G w s

Lo, - 1Y 1)'
wi=--=ws=0
where v(w) = (m—(z\rxll-lw)l e 051—(;21_1W)¢l) - M~!. Thus, we obtain the following.

Proposition 8.4 Consider the power series expansion of simple F(z), and suppose r
is a generic direction with positive coordinates. If x denotes the set of contributing
singularities for F(z) then
[2"1F(z) = ) I, (8.32)
ocy
where, for o on the flat defined by the vanishing of k., . .., ¢, appearing in the
denominator of F(z) to multiplicities py,., . . ., Pk,

Pky e +Prg =S

o= W [ Aeneay

Jj=0

Jfor effective rational functions Aj o = a;o(=iy1, ..., —iya-s) determined by (8.30)
and (8.31) and ¢4 determined by (8.25) and (8.27).

Remark 8.10 When d = s the residue R, depends only on n. Thus, if o lies on a
complete intersection then I, = 0" Py (n), where P, (n) is a polynomial in n of
degree py, + -+ py, — d.

8.2.5 Step 5: Determine Asymptotics

Recall Proposition 5.3 from Chapter 5, which determines an asymptotic expansion
for integrals of the form appearing in Propositions 8.3 and 8.4. The following result
provides the only missing details we need for asymptotics, and can be viewed as an
analogue of Lemma 5.6 in Chapter 5 which holds beyond the smooth case.
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Lemma 8.4 Fix an orthant O c R%. For any real flat L = v/ &, bounded in o,
the critical point o (r) of L in O for the direction r varies smoothly Wwithr. As s varies
over a neighbourhood of v in RZ the values of o (s) cover a neighbourhood of o (r)
in L. Furthermore, if A is the d x (d — ¢) submatrix of M~" consisting of its d — s
rightmost columns, and D is the diagonal matrix with entries \[r{/c1, ..., \[Fa/0a,
then the Hessian of ¢4 defined by (8.27) at the origin equals

= (DA (DA), (8.33)
which has strictly positive determinant.

Proof Recall the explicit parametrization (8.9) for the critical points on the flat L,
derived in the proof of Lemma 8.1. Differentiating the right-hand side of (8.9) with
respect to z; and substituting z’ = o’ gives

d
> Lo
< O_ZJ J.b

J
so the Jacobian of the system (8.9) with respect to z’ at o’ equals H,, = (DA)T (DA).
Because of the form of H,, the Cauchy-Binet formula (see Problem 8.9) implies

its determinant is a sum of the squares of the determinants of the (d — s) X (d — )
submatrices of DA. Since the final d — s rows of DA form a diagonal matrix A with

non-zero entries \rs+1/0s+1, - - -» \Fa/0a, this in turn implies
Ts+1 rd
det H, > (det A)2 5—2 > 0,
Ok+17 7%

and H, is non-singular. Thus, the critical point o-(r) varies smoothly with r and
when s varies over a neighbourhood of some fixed r then o (s) covers a neighbourhood
of or(r) in L. Since the system (8.9) is formed from the gradient of A(z’) in (8.8),
the Jacobian of (8.9) equals the Hessian of A(z’). The function ¢(y) in (8.27) equals
—h(z’) after a substitution of the form z; = C; — iy; for constants C;. This implies
the Hessian of ¢(y) is —(—i)(-i))Hy = He - O

Theorem 8.2 Consider the power series expansion of simple F(z), suppose r is a
generic direction with positive coordinates, and let y denote the set of contributing
singularities for F(z). Then there exist asymptotic series @y (n) such that

(2" |F(z) = Z Oy (n). (8.34)

oey

In particular, if o lies on the flat Vs with S = {ky, ..., ks} then, for any positive
integer K, there exist effective constants Cj‘." such that

K
() = o pPia PR+ D2 | N 0o 4 (n*’“) . (8.35)
7=0
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If G(0) # 0 then the leading asymptotic term of @y is

Pi;—1
' G(o) det(H, )~ 1/?

N V.
Cco = J X X £0,
0 H (pr; =D Tljgs G oy -+ oq | det M| (2m)(d=5)/2

where M is defined in (8.25), Hy is defined in (8.33), and v = ((rr—ll s ;—‘i) M
The implied constant in the error term of (8.35) can be uniformly bounded as r
varies in any connected compact set which does not contain a non-generic direction.

Proof As stated above, this is an application of Proposition 5.3 from Chapter 5 to
Proposition 8.4. In particular, if o € y and ¢4 (y) is defined by (8.27) then

* ¢ and its gradient vanish at the origin by direct inspection;
¢ Lemma 8.4 shows that the Hessian matrix H, is non-singular;
* the real part of ¢y is

R (¢o) = ), rjlog —

J=1

which is non-negative on R?~*, and equal to 0 precisely when y = 0.

e because ¢ (y) has strictly negative real part when y is bounded away from
the origin, which is an isolated critical point, we can restrict each integral in
Proposition 8.4 to a neighbourhood where the origin is the only critical point
of ¢ while introducing only an exponentially negligible error.

This verifies all the necessary conditions to apply Proposition 5.3. O
Figure 8.8 presents our current asymptotic picture for our running Example 8.3.
Remark 8.11 When o is a contributing singularity there exist ay, ..., as > 0 with
~(Vh)(o) = ab®) + -+ ab*s),

so that (a 0) M = —(Vh)(c). Thus, for 1 < j < s the constants v; in Theorem 8.2 are
vj = a; > 0. When there is a single contributing singularity o of maximum height,
and G(o) # 0, then Theorem 8.2 gives dominant asymptotics of the coeflicient
sequence,

[Z"r]F(Z) ~ o PR ++prg —(s+d)/2

pr; =1

TV G(o) det(Ho)™!/?
X H o, — 1! X

o104 [1jgs (o) | det M| 2)(@d=)/2"

In the simple pole case, when each p; = 1, this simplifies further to
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29(a+b)*t0\" n-1/2 4v/2(a+b)?/2
3atbaaph Vabr(2b—a)

12 ?

30(a+b)etb\" n—1/2 9(a+b)%/2
4a+bqaph V2abm(a—3b)

0 a

Fig. 8.8 The three asymptotic regimes for the coefficients [x%" y?"|F (x, y) of the rational function

F(x,y)=1 / (l - ZX;’y ) (l - 3X4+y ) . Asymptotics in non-generic directions have not yet been
derived and are thus denoted by question marks.

G(o) det(H,)~1/?
o1+ 0 [1jgs (o) | det M| 2)(@d=9)/2"

[an]F(Z) ~ g n(d—s)/Z

Unfortunately, when the numerator of F' vanishes at the contributing singularities
determining dominant asymptotics can be more difficult.

Example 8.4 (Asymptotics With Vanishing Numerator)

Returning to an example from Chapter 5, let
2
B(x,y) = ———— and C(x,y) =

In the main diagonal direction r = (1, 1) the functions B and C both admit the single
contributing singularity o = (1/2,1/2), but while [x"y"]B(x, y) has the expected
exponential growth of 4", even though its numerator vanishes at o, the sequence
[x"*y"]C(x, y) is identically zero.

Given a contributing singularity o, the saddle-point integral I, in (8.32) can be
written as a series in n~!, and we can determine any number of terms in the series
using Proposition 5.3 of Chapter 5.

Remark 8.12 When o lies on a complete intersection then I, = 0~ Py (n), where

Py (n) is a polynomial in n of degree py, +- - -+ py, —d. Thus, to determine whether /-
is identically zero one simply needs to compute the first px, + - - - + px, — d terms of
its asymptotic expansion using Proposition 5.3.
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Algorithm 4: GenericHyperplaneAsymptotics

Input: Rational function F(z) = G(z)/ H}i L £; ()P with linear £;(z) = 1 — bY) .z, and
directionr = (ry, ..., rq)
Output: Asymptotic expansion of [z"""]F(z) as n — co, uniform in compact set around r

if matrix with rows bY) not full rank then
run Algorithm 5 (SimpleDecomp) on F and apply GenericHyperplaneAsymptotics to

to each summand in the result
end

compute the flats defined by the £;(z)
find the critical points on each flat by solving (8.2)
sort the critical points using height function 4, and set o~ equal to point of max height
while no contributing points have been found do
compute the cone N (o) from Definition 8.8
if (—Vh)(0) on boundary of N(o) then
| return FAIL, “r not a generic direction”
end
if (-Vh)(o) ¢ N(o) then
| set o to next lowest height critical point and repeat loop
end
if G(o) # 0 then
o is a contributing singularity
repeat above steps to identify contributing singularities of the same height as o
else if G in polynomial ideal generated by the factors €; with £; (o) = 0 then
| replace F by sum of rational functions using (8.36) and analyze each summand

else
| return FAIL

end

end
return sum of contributions (8.35) from each contributing singularity of highest height

There is not currently an effective characterization for vanishing of the integral /.
On the other hand, Lemma 8.4 implies that a critical point o-(s) covers a neighbour-
hood of its flat L when s moves over a neighbourhood in R¢. Thus, if G(o(s)) = 0
vanishes for all s in some open set of R then G vanishes identically on L. In par-
ticular, this implies that if L is defined by the vanishing of {i, . . ., {; then there exist
polynomials Q1, ..., Qs such that

G(z) = 01(2)01(2) + - - - + Qs(2)ls(2).
In other words,

6w 0@ . 0@
T em GO T, G@)P1 [0 (@) 7, 6@P [, (@)

(8.36)

and this can be detected automatically by a Grobner basis computation (of the kind
discussed in Chapter 7). The analysis at any such critical point o (s) can then be
applied to the summands, each of which has a denominator which vanishes to lower
order at o(s). If each py, = 1 then the hyperplane arrangement defined by any
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Fig. 8.9 Plot of singular hyperplanes and contributing singularities for our three-dimensional
example (note only 5 of the 7 contributing singularities are visible from this angle).

summand does not contain the flat L and I is identically zero. Thus, for most
directions either G(o) # 0 at all contributing singularities o or I, is identically zero
for some contributing singularity in a manner that we are able to detect.

Algorithm 4 lists the computations needed to determine asymptotics. Implemen-
tations of Algorithm 4 are linked on the book website.

Example 8.5 (A Three-Dimensional Example)

Consider the three-dimensional example

X+y+z

F =
(x,3,2) (1—2x—3y—d2)(1 +4x+3y+2)(1 +x—y +2)

and label the denominator factors ¢, £, and £3 from left to right. Using an implemen-
tation of Algorithm 4, we find that there are seven contributing singularities in the
directionr = (1, 1, 2): one each on the hypersurfaces V}, V5, and Vs, two points (nec-
essarily in different orthants) on the flat V} », and one point on each of the flats V3
and V, 3. The unique contributing point of highest height is o0 = (1/8,1/12,1/8)

on Vy, giving dominant asymptotics [x"y"z2"|F(x, y, z) = % (% +0(1/ n)).

8.2.6 Dealing with Non-Simple Arrangements

Our main results above require the factors ¢; in the denominator to be linearly inde-
pendent. Luckily, when dependencies between the factors do exist such relations can
be used to decompose the rational function of interest into a sum of functions where
this is no longer a problem. The key observation is that from a linear dependence

arle,(z) + -+ agly,(2) =0 (8.37)
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3 3 3

Fig. 8.10 Plots of the linearly dependent lines ¢y, £», €5 together with the critical points forr = (1, 2)
on the left, r = (3, 2) in the centre, and r = (8, 2) on the right.

with non-zero constants one can divide by any a;,(z) and then divide by any
product of linear factors in the denominator to obtain

1 1 (=ai/a;)
1 __ oy Ty (8.38)
R Y

i%]

for any q € N™, where q;,; = q + e(ki) —e%1) is one larger than q in its jth coordinate
and one smaller than q in its ith coordinate.

Example 8.6 (A Non-Simple Rational Function)

Consider the rational function F(x, y) = 1/(£,£»(3), where

2x +y
3

3x+y
4

O(x,y)=1- and  O(xy)=1-

are the same as our running example, and

xX+y

4 =1-
3(.X',y) )

As the three lines defined by ¢y, £, and 3 meet at the point (x, y) = (1, 1), these
functions are linearly dependent. Figure 8.10 shows the arrangement of critical points
for three different directions r = (p, g). When 0 < p/g < 1 or 3 < p/q then F(x, y)
admits a smooth minimal critical point and we do not need to worry about the linear
dependency to determine dominant asymptotics. However, if 1 < p/g < 3 then the
only minimal critical point is the point (1, 1) where the three lines defined by the £;
intersect. Comparing coefficients in the equation af; + bl — €3 = 0, where a and b
are unknown constants, gives a linear system whose solution (a, b) = (3, —2) implies
53 = 3{71 - 252, SO
30 26

1=/ ==

6 4G
and thus
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3t _ 20
2 2 3 2

F(x,y) = == - =
=T The e

Finding coeflicient asymptotics of F(x,y) in the direction r = (p, q) is therefore
reduced to finding asymptotics of the two summands in this expression, both of which
are simple rational functions whose asymptotics are determined by Theorem 8.2 and
Algorithm 4. If 1 < p/q < 2 then

1 1
[xP"y?* ] —5 ~4(Bg—p)n  and  [x""y?"]— ~12(q - p)n,
5253 5153

SO

[Py T F(x, y) ~ 12(p — g)n.
The coefficients of 1/52€§ have the same behaviour when 2 < p/q < 3, but the
coefficients of 1/¢ 1€32 decay exponentially in this case, meaning

[xP"y 1" F(x,y) ~ 12(3q — p)n

when 2 < p/q < 3. Any direction where p/q = 2 is a non-generic direction
for 1/£,£2, and will require the methods of Section 8.3 below.

To show that any rational function of interest can be decomposed into a sum of
simple functions, we need to introduce some notation. The following terminology is
borrowed from the theory of matroids.

Definition 8.12 (supports, broken circuits, and y-independence) The support of

a rational function
G(z)

L@ - by (2)m

written with coprime numerator G and linear denominator factors ¢; is

F(z) =

sup (F) = {¢;(z) : ¢; > 0} .

A minimal linearly dependent set of factors {{k,, ..., {k, } is called a circuit; note
that any proper subset of a circuit is linearly independent. A broken circuit is the
independent set obtained by removing the element of largest index from a circuit.
A collection of the linear factors is y-independent if it does not contain a broken
circuit.

Any dependent set contains a broken circuit, so a y-independent set is also in-
dependent. In our last example the only dependent set is {£1, {2, €3}, so the unique
broken circuit is {€}, £>}. The y-independent sets are then {{}, {3} and {{,, {3} to-
gether with the sets containing a single linear factor (but the independent set {¢;, £}
is not y-independent). In our example we decomposed F'(x, y) into a sum of simple
rational functions whose supports were precisely the y-independent sets of size two.
The following result shows that such a decomposition is always possible.
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Algorithm 5: SimpleDecomp

Input: Rational function F(z) = G(z)/ H}’i L (2)
Output: Collection F(z), . . ., F,-(z) of rational functions with sup(F;) C sup(F) such
that F = Fy + - - - + F, and each F; has independent support

Set S « F(z)

while there exists summand F of S with broken circuit {¢;,, ..., ¢; _, } in its support do
apply (8.38) to F with js > js—1 such that {¢;,, ..., £;, } is dependent
replace F' by the result of the previous step in the sum S

end

Proposition 8.5 Let £1(z), . . ., ,,(z) be any linear functions. Then the set of rational
functions

1
L= {— A, .. s )(—independent}
6@t @ T

is linearly independent over the complex numbers. Furthermore, the span of the
rational functions

1
fjl (z)Pl . [js (z)Ps

S
A, ..., U} is x-independent and ij =M
i=1

over the complex numbers contains the inverses of all products of the {; with M (not
necessarily distinct) factors.

Proof Linear independence of the set £ follows from well-known results in the
study of hyperplane arrangements [5, Thms. 3.43, 3.126, 5.89].

To prove the second conclusion, suppose 1/£9 is a rational function whose sup-
port contains a broken circuit {¢;,,...,{; _, }, with the factors ordered by increas-
ing index. Then by the definition of a broken circuit there exists j; > js—1 such
that {¢;,,...,¢;,_,,{; } is linearly independent, and there exist constants a; such
that (8.37) holds. Equation (8.38) with j = s expresses 1/£4 as a linear combination
of rational functions of the form 1/£9, where each q’ is lexicographically smaller
than q. This process can be repeated on each summand that still contains a bro-
ken circuit, continuing until no factor contains a broken circuit. The iteration must
terminate as each step yields rational functions whose denominator exponents are
lexicographically smaller than the previous step. O

Algorithm 5 implements our proof.
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8.3 Asymptotics in Non-Generic Directions

In this section we discuss asymptotics in non-generic directions, under the assump-
tion that F is simple (if not F can be decomposed using Algorithm 5). To begin
we express the series coefficients of interest in terms of certain ‘negative-moment
Gaussian integrals’. Unfortunately, asymptotics of such integrals do not follow from
Proposition 5.3 in Chapter 5. We give asymptotics when the integrals to be approxi-
mated are one-dimensional.

Example 8.3 Continued (Residue Integrals in Non-Generic Directions)
Consider again the function

1

2x+ 3x+ ’
(1-252) (1 -2)

F(x,y) =

The coefficient sequence

1 1 dxd
R = s [ dy
Q2nri)? Jo (l _ 2x3+y) (l _ 3x4+y) xrinHl yrant

(8.39)

is non-generic in any direction r with 7, € {2/3, 3/4}, where its asymptotic behaviour
can differ from what happens when 0 < 7| < 2/3 (exponential decay), 2/3 < 7| <
3/4 (the limit is the constant 12), or 3/4 < #; < 1 (exponential decay, determined
by a different critical point).

To be precise, we fix the non-generic direction r = (2, 1). Since Proposition 8.1
above does not require r to be generic, if we again define

(DY (2/31/3
M= (b<2>) - (3/4 1 /4)

1

and make the change of variables (i) = ( |

) -M (Z ) , the manipulations of Sec-
tion 8.2.2 still imply that

12
X"y F(x,y) = —— @ (8.40)
(27i)? (&,8)+iR?

for any £ > 0O sufficiently small, where

1 dpdq
pq (1+3p —4q)*"1(1 - 9p + gy

o =

That we are in a non-generic direction is reflected in the fact that the critical points o
and 07 are equal, and in the fact that the linear combination
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(=Vh)(o12) =3bY +0b? (8.41)

contains a zero coefficient. Theorem 8.1 no longer applies: because the coefficient
of b® in (8.41) is zero, adding the necessary Cauchy integrals over imaginary fibers
to (8.40) in order to reduce to a residue computation in p and ¢ results in an error
which grows too quickly.

To see why we get into trouble, note that the exponential growth of & with respect
to n is captured by the modified height function

h(p.q) = —2log(1 + 3p — 4q) — log(1 - 9p + 8¢),

which satisfies (V/)(0,0) = (3,0). Thus, for £ > 0 sufficiently small i(—¢, ) is less
than £(0,0) = 0, meaning we can add the Cauchy integral over the imaginary fiber
with basepoint (—&, £) and introduce only a negligible error. In particular, there exists
7 € (0, 1) such that

12
[ y"F(x,y) = —— [/ @ —/ &
(27T1)2 (&,&)+iR2 (~&,8)+iR2

Unfortunately, since the second coordinate of (V£)(0, 0) is zero this argument does
not allow us to show 71(5, —¢) is less than O (which is, in fact, not true). We can
therefore take a residue in the p variable, but attempting to take a residue in the ¢
variable would introduce an error growing faster than the sequence of interest. Taking
aresidue in the p variable gives

+0(t").

6 1 1
2n..n n
Flx,y) = — - dg+0
LEYECe ) i /g+ﬂR g (1= 4qP (1 +8qy+1 1 S
6 1 —n[2log(1-4g)+log(1+8q)]
- - dg + O(t").
i /gnR g(1—4q)(1 +89)° 4+0(")

Making the substitution y = ig then yields

[xz"y"]F(x, y) = ;—?‘/R . Me_"q’(y)dy +0(t"), (8.42)
+1&

where

A(y) = d(y) = 2log(1 — 4iy) + log(1 + 8iy).

1

(1 - 4iy)(1 + 8iy)’
The integral in (8.42) would be a standard saddle-point integral, with an asymptotic
expansion determined by Proposition 5.3 of Chapter 5, if the factor of y was not
present in the denominator of the integrand. In generic directions, when there is
a contributing point determining asymptotics which is a root of k of the linear
denominator factors we are able to take k successive residues. The existence of the
pathological denominator term in (8.42) is a reflection of the fact that o7 lies on the
zero set of two linear factors, but we are only able to take one residue.



344 8 Beyond Smooth Points: Poles on a Hyperplane Arrangement

The general argument is similar to this example. First, we must extend our defi-
nition of contributing points to account for non-generic directions.

Definition 8.13 (general contributing points) A point w € Vj, &, is now called

contributing when
3

(V)W) = > ap®) (8.43)
j=1
and each a; is non-negative (in generic directions each a; will be strictly positive).

Fix a direction r and suppose that F admits a unique contributing singularity o
of highest height, which lies in some flat V;__; and no proper subflat. If r is not
generic but each coefficient in (8.43) is positive (i.e., if r is not generic because
of a contributing point of lower height) then the arguments of Section 8.2 still
provide dominant asymptotic behaviour by analyzing the saddle-point integral I,
corresponding to o. Thus, we may assume

(=Vh)(o) = abV + -+ a,b® + 0B 4 ... 4 0

forsome s < tanda; > 0.Recall the matrix M withrows b, ... b, e+, (@),
where we assume that the variables and ¢; have been permuted so that M has full
rank, and let

G(z)
21+ 2a [jss G(@PT

For any integer « > 0 let 0, denote the zero vector of length . The following result
shows that, as in our example, the coefficients of interest are given by an integral of
the same form as the generic case, except for an extra monomial in the denominator
of the integrand which makes the integrand singular at the origin.

G(z) =

Proposition 8.6 Under the assumptions of the previous paragraph,

-nr
PP tPs =S {Pssitotp R(y) (‘T +iM™! (3)) 1
[2""]F(2) = / dy 1+0(-) ,
RA-5 tig(1;_g,0) n

| det M |(2m)d—s y,le+1 .- ~ytpjx

wherey = (y1,. .., Ya-s) and

K i—1
R(y) = ﬁ MG (0’ - M_IW)
=1 (pj - 1)‘ w;=0, 1<j<s
Wj=—iyj75, s+1<j<d

r Ly -
fOFV(W) = (g’l—(l\/}’lw)l o (rdf(lV([l’lw)d) ML

Proof Since o is the unique contributing point of highest height, Proposition 8.1
implies that the coefficients of interest are given, up to an exponentially negligible
error term, by
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= 1 / G(z) dz
— 2ri) Jo—emrina Q2P L(2)P 2T

form = M~" (e!) + ...+ el")). Substituting w = M(0 — z) gives

= 1 / G(o - M 'w)
| det M|(27i)4 J,

dw. (8.44)
1, 0+ird W Wl (o0 = MTw)"™

Because ay,...,ag; > 0 in (8.43) we can add or subtract the integrals obtained
by replacing the domain of integration in (8.44) by any of the 2° — 1 imaginary
fibers with basepoints (+1;, 1,_,0) # (1;,0) and introduce only an exponentially
negligible error. Taking a signed sum of these integrals corresponds to taking the
residue of the integrand of 7 in wy, ..., wy at the origin. As in the previous sections
of this chapter, this residue is a polynomial of degree p; + - - - + ps — s, whose leading
term after substituting y; = iwj4s for 1 < j < d — s becomes R(y). O

Determining asymptotics in a non-generic direction thus reduces to a study of
integrals of the form

Aly)
/ AW ety
RP+i(14,,0) Y1 """ Ya

where m € N4 g < b, and A and ¢ are analytic at the origin. Here we study the case
t =d and s = d — 1, where Proposition 8.6 reduces to a one-dimensional integral of

the form '
e / A -no(y)
| det M|(271) Jrsie YP! ’

The following result states that A and ¢ can be replaced by the leading terms of their
power series expansions at the origin while introducing an error term which grows
slower than the sequence of interest.

Lemma 8.5 Let [ = fRHS yKA(Y)e™?Y) for some £ > 0 and r, k € N. If

A is a rational function with no zeroes in the strip R + (-2¢g,2¢)i c C;
&(y) is a finite sum of terms rjlog(p; +iq;y) for real r; > 0 and pj, q; # 0;
A(Y) = a + O(y) and ¢(y) = by* + O(y>) at the origin, for some b > 0;
¢'(y) =0onlyify =0,

then

I=a / y ke gy 4 o (n—<’<+1>/2) : (8.45)
R+ie

Problem 8.4 asks you to prove Lemma 8.5, and Problem 8.5 asks you to determine
asymptotics for the integral in (8.45). Combining Proposition 8.6 and Lemma 8.5
then gives the following.

Theorem 8.3 Suppose F(z) is simple and v is a non-generic direction with a unique
contributing singularity o of maximal height, lying on the flat 'V . 4. If
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~(Vhe)(o) = a1 bV + -+ ag_ B4 D 4 0D
with each aj > 0 then as n — oo

[an]F(Z) =g T np1+---+pd_1+(pd+l)/2—d (C + 0(1))’

where
-1 pj-1 —
c=T] 9 G(o) (q"q/2)Pa"DI2
i @i = DU j»a GO o ry) [ det MIT (PdT“)
M is the matrix with rows bV, ... b\ and q is the rightmost column of the matrix

Vrifor 0 0 0
0 \/r_z/O'z 0 0
0= _ M.
0 0 -0
0 0 0 ra/oa
In the simple pole case, when p = 1, the leading asymptotic term is half what it

would be if r was generic (i.e., if —(Vhy)(0") was a positive linear combination
of b, ..., b@),

Proof Under these hypotheses Proposition 8.6 implies the coefficients of interest are
determined up to a factor of 1 + O(1/n) by a univariate integral of the form

[ = g pP1t o tpa—d @e—w(wdy,
. Pd
R+ie Y

where rational A(y) and log-linear (y) are analytic functions at the origin with

d-1 ~ d-1
Aly) = GWH (((rr_ll (’r_dl) . M—l):’ t, 0(y) = G(O')l_[aj.’f‘l + 0(y)
J=1 J=1

[ )

_ T 2 3
o =(q"q/2)y" + O0(y").

Y(y) = log

Lemma 8.5 implies we can replace A and by their leading asymptotics terms, and
Problem 8.5 provides asymptotics of the resulting integral. O

Example 8.3 Continued (Asymptotics in Non-Generic Directions)

Above we reduced coefficient asymptotics of
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b

29(a+b)*t0\" n-1/2 4v/2(a+b)?/2
3atbaaph Vabr(2b—a)

12 6

30(a+b)etb\" n—1/2 9(a+b)%/2
4a+bqaph V2abm(a—3b)

a

0

Fig. 8.11 The three asymptotic regimes for the coefficient asymptotics [x%"y?"|F(x,y) of
F(x,y)=1 /(l - ZX:;-y) (l - 3ny ) , with asymptotics in the non-generic directions filled in.

1

2x+ 3x+
(1=252) (1 -2)

in the direction r = (2, 1) to (8.42). Replacing the analytic functions in this integral
by their leading terms gives

_ —48ny? 1 1
[x*y"]F(x,y) = —6/ ¢ dt(1+0(—)) =6+0(—).
1 JR+ie y n n

F(x,y) =

In the simple pole case, the fact that the leading asymptotic term in Theorem 8.3 is
half what it would be in the non-generic case was noted by Pemantle and Wilson [6].
Additional information on asymptotics in non-generic directions, including results
on how asymptotics transition between different asymptotic regimes as r varies
around a non-generic direction, can be found in Baryshnikov et al. [1].

Problems

8.1 Which of the plots in Figure 8.12 contains contributing singularities that could
actually arise in an analysis of a multivariate rational function whose denominator
is the product of real linear factors?

8.2 Consider the Laurent expansion of the rational function
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— —

/

Fig.8.12 A hyperplane arrangement with three potential arrangements of contributing singularities;
not all of these arrangements can actually arise.

1

F(x,y) = (1 3 2x3+y) (1 3 3{¥)

defined by

1 dxdy
f','=—./ F(x,y)————.
M @ni)? Jixjeys =3 xitlyij+l

Show that this Cauchy integral can be expressed as a signed sum of Cauchy inte-
grals over the imaginary fibers with basepoints (+1/5, +3). If r is a direction with
positive coordinates, express the coefficients of interest as a sum of Cauchy integrals
over linking tori and imaginary fibers in unbounded components of Mp; determine
asymptotics in the direction r. Determine asymptotics in directions r with poten-
tially negative coordinates (note that Cauchy integrals over imaginary fibers with
basepoints in unbounded regions of Mg may no longer be zero).

8.3 Let F(z) be a simple rational function and fix both r € R;lo and a convergent
Laurent expansion F(z) = ¥;z« fiz' in an open domain containing a point x € R¢,
Prove that the Cauchy integral expression

1 F(z)
= — d
Jar (Zﬂi)d L(X) Znr+1 z

can be decomposed as a sum of integrals over imaginary fibers. Deduce a generaliza-
tion of Theorem 8.1 for this situation. What changes if r has negative coordinates?

8.4 For n > 0 let A, = (-n~2/3,n?>) denote a shrinking real interval centred at the
origin and g, = 1/+/n. Let A(y) and ¢(y) be as in Lemma 8.5.

1. Prove that for any fixed « > 0 the integral /R\(_K Otie y K A(y)e ") dy decays
faster than any fixed power of n as n — co.
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2. Prove that fR\ A tie y K A(y)e™?™)dy decays faster than any fixed power of n

by bounding |A(y)| and the real part of ¢(y) for y near the origin using the
leading terms of their power series expansions at the origin.

3. Prove that fﬂ e y—kA(y)e—m/J(y) _ ay—ke—bny2

dy=0 (n—(k+1)/2—1/5).

4. Prove that fR\ Ay tie, y ke my 2dy decays faster than any fixed power of n.
5. Conclude that Lemma 8.5 holds.

8.5 For any « € N and b > 0 define the integral

e—bt2
1.(b) = / dr.
R+ie e

By differentiating under the integral sign, show that I, satisfies the recursion /,(b) =
- / I2(b) db for all k¥ > 2. After finding Iy(b) and I,(b), prove that

(_i)Kb(K—l)/Zﬂ.
1 9
r()

where I'(z) is the Euler gamma function.

I(b) =

8.6 Determine asymptotics of the bivariate generating function

1
(1= pr1x = p219)(1 = p12x — p2,2Y)

F(x,y) =

for a closed multiclass queuing network with no infinite servers. How does the
asymptotic behaviour depend on the weights p;; > 0? For what values of the
weights are all directions r € R2>0 generic?

8.7 Let A be an m X n matrix and B be a n X m matrix, and let /,, and I,,, denote
the n X n and m X m identity matrices, respectively. Prove Sylvester’s determinant
identity, which states that det(1,, + BA) = det([,, + AB), then show det(z/, + BA) =
"M det(zl,, + AB). Hint: If 0, is the n X m zero matrix, direct calculation implies

In -A\( L, A\ [ In. A\(I,-A

B In 0n><m In h OI’LXm In B Il’l ’
8.8 Let C be an n X n matrix and for any 1 < k < n let Sy denote the collection of k
element subsets of {1, ..., n}. Prove that for any 1 < k < n the coefficient of 7" % in

det(zl,, + C) equals
Z det (CS,S) R
SESk

where Cg s denotes the k X k submatrix of C consisting of its rows and columns with
indices in S.
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8.9 Let A be an m X n matrix and B be a n X m matrix, where n > m. Use the results
of Problems 8.7 and 8.8 to prove the Cauchy-Binet formula:

det(AB) = )" det (Agm)) det (Bim.s),
SeSm,

where [m] = {1,...,m} and for any matrix M the notation Mp ¢ refers to the sub-
matrix of M whose rows have indices in the set P and whose columns have indices
in the set Q.
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Chapter 9
Multiple Points and Beyond

Only geometry can give us the thread which will lead us through
the labyrinth of the continuum’s composition, the maximum and
the minimum, the infinitesimal and the infinite, and no one will
arrive at a solid metaphysic except he who has passed through it.
— Gottfried Wilhelm von Leibniz

In this chapter we detail more general aspects of ACSV. To begin, we combine
techniques from Chapter 5 (ACSV in the smooth case) and Chapter 8 (ACSV when
the singular set is a hyperplane arrangement) to study functions whose singular
sets are locally hyperplane arrangements; asymptotics are determined through the
use of multivariate residues, leading to Theorems 9.1 and 9.2. Following this we
survey current aspects of ACSV, including new work making use of tools from
topology, leading up to Theorem 9.3 on the asymptotic contributions of (poten-
tially non-minimal) critical points. Combining these topological methods with the
computational results for D-finite functions discussed in Chapter 2 gives a powerful
approach to the connection problem for asymptotics of sequences satisfying linear
recurrence relations with polynomial coefficients.

9.1 Local Geometry of Algebraic and Analytic Varieties

Before studying rational (and meromorphic) generating functions with more compli-
cated singular varieties, we need a better understanding of the ‘local’ geometry that
can arise. In order to talk about local geometry, we introduce the following notion.

Definition 9.1 (local rings) Givenw € C4 the local ring at w, denoted Oy, is the ring
of power series which converge in some neighbourhood of w with the usual addition
and multiplication. Equivalently, the local ring is given by complex functions f(z)
which are analytic at w, modulo the equivalence relation f ~ g if f = g on some
neighbourhood of w. An element f € Oy, is a unit if it does not vanish at w (so 1/ f is
also in Oy) and irreducible if f = gh implies one of g or & is a unit. Two irreducible
elements f, g € Oy are coprime if there does not exist a unit u € Oy, with f = ug.

Hormander [17, Thm. 6.2.2] shows that for any w € C¢ the local ring Oy forms a
unique factorization domain, meaning any element of Oy, can be written as a product
of irreducible elements and this representation is unique up to the ordering of factors
and multiplication by units.

351
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Remark 9.1 If f(z) = g(z)h(z) for analytic functions g and /4 which vanish at w
then the product rule implies any partial derivative of f vanishes at w. Thus, a
sufficient (but not necessary) condition for an element of Oy, represented by the
analytic function f(z) to be irreducible is that the gradient (V f)(w) is non-zero.

Suppose we want to determine coefficient asymptotics of a rational function
F(z) = G(z)/H(z). The most explicit results in this chapter will hold when the de-
nominator H(z) locally factors into irreducibles whose zero sets have nice geometry.

Definition 9.2 (factorizations and multiple points) Let w € C? and H(z) be an
analytic function at w. We call an expression of the form

H(z) = u(z)H\(2)"" - - - Hy(2)"* O.1)

a factorization of H in Oy, if u and the H; are analytic in some polydisk D centred
at w, each p; is a positive integer, and (9.1) holds for all z € D. By convention,
when writing a factorization of the form (9.1) we always assume that u(w) # 0 while
each H;(w) = 0. If the H;(z) are irreducible in Oy and pairwise coprime then (9.1) is
called a square-free factorization of H in Oy. When H has a square-free factorization
in Oy with each exponent p; = 1 then H is said to be square-free at w.

We call w a multiple point of H if H has a factorization in Oy, of the form (9.1)
where the gradient vectors (VH})(W), . . ., (VH)(w) are all non-zero. If, in addition,
the gradient vectors (VH[)(W),...,(VHg)(w) are linearly-independent then w is
called a transverse (multiple) point.

Remark 9.2 Recall from previous chapters that the zero set of a complex-valued
function f is denoted V(f), that the square-free part of a polynomial H(z) € C[z],
denoted H*(z), is the product of its distinct irreducible factors, and that the smooth
points of V(H) are the points where the gradient (VH*)(z) is non-zero. Checking
definitions shows that any smooth point of V(H) is a transverse point.

Remark 9.3 Given an open set U ¢ C? and analytic function f(z) on U, let Vi (f)
denote the elements z € U such that f(z) = 0. If (9.1) gives a factorization of H(z)
in Oy then there exists some neighbourhood U of w in C9 such that H, Hy, . . ., Hy
are analytic on U and

Vu(H) = Vy(H) U - - UVy(Hy).

Thus, if w is a multiple point of H(z) then the points of V(H) contained in some
neighbourhood of w form a finite union of smooth sets, each defined by the vanishing
of a single analytic function. If w is a transverse point then the tangent spaces of
these smooth sets at w are hyperplanes with linearly independent normal vectors.

Example 9.1 (Multiple Points in an Algebraic Set)

Suppose H(x, y) = H(x, y)Ha(x, y) where Hy = 1 — x>+ yand H, = 1 — x> — y%, s0
that V = V(H) is the union of the two irreducible algebraic varieties V) = V(H;)
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1.5

Fig. 9.1 Left: The real points in the zero set V((1 — x> + y)(1 — x> = y?)) = V(1 - x>+ y) U
V(1 — x% — y?) form the union of a circle and a parabola, which have two transverse points
of intersection (on the sides of the circle) and one non-transverse point of intersection (at the
bottom of the circle). The transverse points of intersection move smoothly if the parabola or circle
are perturbed, but the non-transverse point can disappear or split into two points of intersection
when the parabola or circle are perturbed. Right: The real points in the zero set of H(x,y) =
(1/3=x)*(1/2 - y)*> +(5/6 —x — y)(11/6 — 4x — y) form a figure-eight pattern.

and V, = V(H,); see the left of Figure 9.1. Any element of V in either V; or V,
but not both is a smooth point, and thus a transverse point. Solving the system

H(.X, y) = Hx(x’ y) = Hy(-xs y) =0

gives the three points V; NV, = {(-1,0),(0,-1),(1,0)} where °V is non-smooth.
The gradients VH| and VH, never vanish on V; and V5, respectively, so all three
points in V; N V5 are multiple points. The gradients (VH;)(x, y) and (VH>)(x, y)
are linearly independent when (x,y) = (-1,0) and (x, y) = (1,0), which are thus
transverse points, but these gradients are linearly dependent at (x, y) = (0, —1), which
is not a transverse point.

Note that the transverse points vary smoothly with the coefficients of H under
small perturbations. On the other hand, by slightly perturbing coefficients it is pos-
sible to remove the non-transverse multiple point or have it split into two points
of intersection. This gives a geometric interpretation of transverse points: they are
the multiple points arising from intersections of smooth sets which are stable under
small coefficient changes.

Non-Example 9.2 (Non-Multiple Points)

Consider the polynomial H(x,y, z) = z2 — x*> — y%. Problem 9.1 asks you to show
that A is irreducible in the local ring Oy, but the gradient of H vanishes at the origin.
The zero set V(H) is not smooth at the origin; its real points form the union of two
cones joined to make an hourglass shape.
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In practice, when H(z) is a polynomial it often factors into irreducible polynomials
whose zero sets behave nicely.

Remark 9.4 Suppose H(z) € C[z] has a factorization H(z) = H{(z)"' - - - Hy,(z)P™
in C[z], where each p; is a positive integer. Further assume that

(1) whenever H;(w) = 0 for some w € C4 then (VH /;)(W) is not the zero vector,
(2) if w € C? is a common root of some factors Hy, (W) = - -+ = Hy_(w) = 0 then

the vectors (VHy, )(W), . . ., (VHg, )(w) are linearly independent.

Then every point in the zero set V = V(H) is a transverse point of H. If only
condition (1) holds then every point in V is a multiple point, but some are not
transverse points. If Hy, ..., Hy_ are the factors of H which vanish at w € V then
the factorization

H(z) = ]_[ Hj(2)"" | Hi, ()1 - - - Hy (2)P*s
Je{kis..ks}

u(z)
gives a square-free factorization of H in Oy,.

Definition 9.3 (transverse polynomial factorization) A factorization H(z) =
Hi(z)P' - - - H,,(z)P™ in C[z] satisfying properties (1) and (2) of Remark 9.4 is called
a transverse polynomial factorization of H(z).

Example 9.3 (A Quadrant Lattice Path Model)

If A = {(-1,1),(0,—-1),(1,1)} then Theorem 4.2 in Chapter 4 implies that the
generating function for the number of walks in N? which begin at the origin and use
the steps in A is the main diagonal of the rational function

(1 +x)(1 =xy?+x?)
(I =11+ x2+ xy))(1 = y)(1 + x2)

F(x,y,t) =

The denominator H(x, y, t) of F(x, y, ) is the product of the polynomials
H1=1—t(1+x2+xy2), H, =1-y, H3=1+x2.

When H,(x,y,1) = 0 the derivative —0H;/dt = 1 + x> + xy> = 1/t # 0, so the
gradients of Hj, H,, and H3 do not vanish on V(H;), V(H;), and V(H3), respec-
tively. Since the gradients of these polynomials are linearly independent at common
intersections of their zero sets, the decomposition H = HjH>H3 is a transverse
polynomial factorization of H.
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Not every polynomial has a transverse polynomial factorization. In fact, it is
possible for a polynomial H(z) to be irreducible as a complex polynomial but still
factor in the local ring at a point. This is one reason why it is important to discuss
local rings, even if one only cares about the zero sets of polynomials.

Example 9.4 (A Lemniscate)

Historically significant examples of irreducible plane curves, which will allow for
a nice illustration of our theory, are figure-eight shapes known as lemniscates'. For
instance, the real zeroes of the polynomial

2 2
o= o oo

are displayed on the right-hand side of Figure 9.1. Using the quadratic formula it
is easy to see that L(x,y) does not factor into linear factors. Solving the system
L =L, =Ly, =0shows that o = (1/3,1/2) is the only non-smooth point of V(L).
Near o the zero set V(H) is the union of two zero sets V(y — a;(x)) UV (y — ax(x))
where a;(x) and ay(x) are analytic at x = 1/3 with convergent series expansions

ar(x) =1/2=(x = 1/3) = (1/3)(x = 1/3) = (7/27)(x = 1/3)’ + -~

ar(x) = 1/2 —4(x = 1/3) + (16/3)(x — 1/3)> = (128/27)(x = 1/3)> +--- .
Since L is quadratic in y we can determine a;(x) and a(x) using the quadratic
formula, but finding such expansions can be done for any bivariate function using
the Newton polygon method discussed in Section 2.3 of Chapter 2. Because the

gradients of y —a;(x) and y — a(x) are linearly independent at g, this is a transverse
point. The algorithms of Chapter 7 automatically prove that o is minimal.

We conclude this introductory section by giving a necessary condition for multiple
points. Stating this condition requires the following concept.

Definition 9.4 (leading homogeneous terms) Given w € C¢ and H(z) analytic
at w, the leading homogeneous term of H at w is the sum of the lowest-degree terms
appearing in the power series expansion of H(w + z) at the origin.

If H(w) # 0 then the leading homogeneous term of H at w is the constant H(w).

Example 9.4 Continued (Lemniscate Leading Homogeneous Term)

If L(x, y) is the lemniscate from above then L(1/3+x, 1/2+y) = 4x>+5xy+y>+x2y?
so the leading homogeneous term of L at the non-smooth point (1/3, 1/2) equals

! The term lemniscate was coined by Jakob Bernoulli from a Greek word Anuviokog (lemniskos)
for ribbon; see Schappacher [29] for additional historical context. Our example L(x, y) is obtained
from the simple polynomial x2y?+(x+y)(4x+y) after making the (somewhat arbitrary) substitution
(x,y) — (1/3=x, 1/2 —y) so that 1/L(x, y) has a power series expansion at the origin.
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{(x,y) = 4x% + Sxy + y2 =(x+y)dx+y).

Lemma 9.1 Let w € C¢ and H(z) be analytic at w with H(w) = 0. Let {(z) be the
leading homogeneous term of H(z) at w. If w is a multiple point of H then { factors
into linear polynomials.

Proof We know that H(z) has a factorization in Oy, of the form (9.1), which implies
(z) = t1(z)P" - - - Ls(z)Ps where {; is the leading homogeneous term of H; at w.
When w is a multiple point then each ¢; is linear. O

Example 9.5 (Applying Lemma 9.1)

The leading homogeneous term of H(x, y, z) = w?> — x> — y?> — % at the origin is itself,

which does not factor into linear polynomials, so Lemma 9.1 implies the origin is
not a multiple point of H.

With this knowledge of local geometry in hand, we now turn back to analytic
combinatorics in several variables.

9.2 ACSY for Transverse Points

In this section we generalize our previous ACSV methods to cover multivariate
functions whose coefficient asymptotics are determined by transverse points. For
simplicity we introduce most of our constructions and results for power series ex-
pansions of rational functions, noting afterwards how they vary for general Laurent
expansions of meromorphic functions.

To that end, let F(z) = G(z)/H(z) be the ratio of coprime polynomials
G(z), H(z) € C[z] with power series expansion F(z) = Y« fiz! on the domain of
convergence D C C4. Recall that because G and H are coprime, the set V = H(H)
forms the singular variety of F (its set of singularities). As in previous chapters, our
analysis in a direction r € R begins with a multivariate Cauchy integral

" E(g) = — _dz_
= P = o [ P ©2)

where 7 is any product of circles in the domain of convergence O. Once again the
growth of the Cauchy integrand in (9.2) is captured by the height function

d
he(z) = h(z) = = ) rjlog|zl,

J=1
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which gives a bound on the exponential growth

lim sup |fnr|1/" < ™)

n—oo

for every w € D, and in particular for every minimal point w € V N 9D (this
bound is established through the same process as (5.15) in Chapter 5). Following the
approach of Chapter 5, the first step in our asymptotic analysis is to determine the
singularities where this upper bound could be tight.

9.2.1 Critical Points and Stratifications

In Chapter 5 we introduced the smooth critical point equations (5.16) to characterize
potential minimizers of the height function A(z) on V N9 PD. Unfortunately, as noted
in Chapter 8, any non-smooth point of V trivially satisfies the smooth critical point
equations, so these equations are too weak to properly characterize non-smooth
points of interest. In Chapter 8, when the singular variety V was assumed to form a
hyperplane arrangement, we decomposed V into the union of smooth sets and used
the geometry of V to create a new set of ‘hyperplane’ critical point equations (8.2).
Now that we have a better understanding of local geometry, we can generalize the
setup of Chapter 8. Recall the logarithmic gradient map Vioe f = (21 /5 - - -5 Zd f,)
from previous chapters, where f;. denotes the partial derivative 4 f/9z;.

Definition 9.5 (critical points) Let w € C¢ and H(z) be analytic at w. Fix a direction
r € R and suppose w is a transverse point where H(z) = u(z)H,(z)"' - - - Hy(z)Ps is
a square-free factorization of H in Oy,. If the number of factors s < d then w is a
critical point in the direction r if the (s + 1) X d matrix

_(Vlong)(W)

Nw(Hy, ... Hy) = : 9.3)
_(VlogHs)(w)
r

is rank deficient, meaning all (s + 1) X (s + 1) minors of Ny, vanish. If s = d then w
is always called a critical point in the direction r. Since w is a transverse point, it
cannot be the case that s > d.

Definition 9.5 generalizes Definition 5.4 in Chapter 5, for critical points in the
smooth case, and Definition 8.3 of Chapter 8, for critical points in the hyperplane
arrangement setting.

Remark 9.5 Suppose w is a transverse point of H with square-free factoriza-
tion as in Definition 9.5. Then the leading homogeneous term of H(z) at w is
u(w)t1(z)?" - - - Ls(z)Ps, where £;(z) is the (linear) leading homogeneous term of H;(z)
at w. In particular, the gradients (VH;)(w) can be determined implicitly from the
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evaluations of the partial derivatives of H(z) at z = w by computing a power series
expansion of H(z) at z = w and factoring the leading homogeneous term. When
H(z) € Q[z] then all critical points have algebraic coordinates and the evaluations of
the partial derivatives of H and factorization of its leading homogeneous term can
be done implicitly [19].

Definition 9.5 characterizes when a specific point is critical. In order to determine
a procedure to compute all critical points, we decompose the singular variety V
into a finite collection of smooth sets such that each smooth set has consistent local
geometry. The easiest case occurs when H(z) admits a transverse polynomial factor-
ization. The following generalizes Definition 8.1 in Chapter 8 from the hyperplane
arrangement setting to this context.

Definition 9.6 (flats and strata) Suppose H(z) admits a transverse polynomial fac-
torization H(z) = Hi(z)P! - - - Hy(z)Pm. For any S = {ky,...,ks} € {1,...,m} the
flat defined by Hy,, ..., Hy, is the set Vs = Vi, . .k, = V(Hy,,...,H,) of their
common solutions in C¢. The stratum defined by S is the flat Vs minus any other
flats it strictly contains,

Ss=Vs\ | W

VrcVs
The dimension of the flat Vg, and of the stratum Sg;, is the value of d — |S].

Remark 9.6 Because we restrict to transverse polynomial factorizations there are no
non-empty flats defined by subsets S of size |S| > d, meaning the dimension of any
non-empty flat is a natural number. Any zero-dimensional flat, defined by a subset S
with |S| = d, is a finite set. Further properties of the dimension of algebraic sets,
including the general definition of dimension, can be found in Mumford [24, Ch. 1].

The singular variety V is the (finite and disjoint) union of the strata Sg as S runs
over the subsets of {1,. .., m}. The critical points on a stratum can be characterized
by one set of algebraic equations.

Definition 9.7 (transverse critical points equations) Suppose H(z) admits a trans-
verse polynomial factorization H(z) = H(z)"' --- Hy,(z)’™ and fix a direction
r € RY. Forany S = {ky,....ks} € {1,...,m} let Ny(Hy,, ..., Hy,) denote the
matrix in (9.3). The system of polynomial equalities and inequalities

Hy,(z) = 0, j=1...,s
det(M) =0, M isan (s + 1) X (s + 1) minor of N,(Hy,, ..., H,)

s

(9.4)
i #0,  j=1,....d

Hi@) #0, ie{l,...om}\{ki,... ks}

form the critical point equations for the stratum Sgs in the direction r.

If H(z) admits a transverse polynomial factorization then the solutions of the critical
point equations over all strata of V' give all critical points. We discuss notions of
critical points beyond transverse points in Section 9.3 below.



9.2 ACSV for Transverse Points 359

Remark 9.7 (an optional perspective from differential geometry) Fix a stratum S and
let S, denote the submanifold of points in S whose coordinates are non-zero. As in
Remark 5.9 of Chapter 5, we may view the height function . as a smooth map of
manifolds from S, to R. Then the ‘critical points’ in the usual sense of differential
geometry (points where the differential of 4 restricted to S, vanishes) match our
definition of critical points. See Section 9.3 below for more details.

Example 9.3 Continued (Lattice Path Critical Points)

Consider again the lattice path model in N? defined by the set of steps A =
{(-1,1),(0,-1),(1,1)}. As noted above, the generating function of this model is
the main diagonal of a rational function whose denominator has a transverse polyno-
mial factorization with factors H; = 1 —#(1 + X2+ xyz), Hy=1-y,andH; = 1+ x2.
To determine critical points in the r = (1, 1, 1) direction

¢ on the stratum S;, we build the matrix

—ViegH1 tx(y* +2x) 2txy? t(1 + x% + xy?)
N={ 1 ) 1 1 1

and determine the points in S; where H; and the maximal minors of N vanish.
This recovers the smooth critical point equations from Chapter 5,

Hy =0,  x(0H/0x) = y(0H,/dy) = 1(0H,/d1),

subject to the condition (1 — y)(1 + x?) # 0. There are four solutions, given by
(w2 wV2,1/4) for w € {*1, i}, which are all smooth critical points. None of
these critical points are minimal, as they have y-coordinate of modulus V2 and
the denominator of F(x, y, t) contains H, = 1 — y as a factor.

* on the stratum S 2, we compute the matrix

~ViegHi tx(y? + 2x) 2txy? (1 + x% + xy?)
N = _VlogHZ = 0 y
1 1 1 1

and solve H; = H, = detN = 0 subject to 1 + x> # 0. This gives two critical
points, oo = (1,1,1/3) and (-1, 1, 1), of which the second is not minimal since it
has larger coordinate-wise modulus than o.

* on the stratum S 3, we compute the matrix
—ViegH] tx(y? + 2x) 2txy? t(1 + x% + xy?)

N = _VlogHS = -2x 0 0
1 1 1 1
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and solve H; = H3 = det N = 0 subject to 1 — y # 0. This system of equations
has no solutions, so S; 3 contains no critical points.

* on the stratum S .3, we note that both points (i, i, —i) and (—i, —i, 1) in the stratum
are critical points by definition, but neither is minimal.

* on the strata Sp, Sz, and Sy 3, we note that H, = 1 —y and H3 = 1 + x2 are
independent of the variable #, so r = (1, 1, 1) can never be in the span of Vo H>
and V)ogH3, and there are no critical points (alternatively one can compute matrix
minors as above to obtain systems with no solutions).

Problem 9.2 below asks the reader to prove that o = (1, 1, 1/3) is a minimal point,
but o is not strictly minimal since any point (x, 1, ) with |x| = 1 and |¢| = 1/3 lies
in V(H) and has the same coordinate-wise modulus as o .

As in previous chapters, not all critical points contribute to dominant asymptotics.
To find the critical points that will appear in our analysis we introduce the following
notion, generalizing Definition 5.5 in Chapter 5 and Definition 8.8 in Chapter 8.

Definition 9.8 (contributing points) Let w € C¢ be a transverse point of H(z) and
let H(z) = u(z)H(z)"' - - - Hy(z)Ps be a square-free factorization of H in O,,. For
each 1 < j < sletk; € {1,...,d} be an index such that the partial derivative
(0H;/8zx;)(w) # 0. Proposition 3.6 in Chapter 3 implies the vector

v (ViogHj)(W) ( wi(0H;/dz1)(W) wa(0H;/9zq)(W)
T wi (0H; [0z, )W) \wi (0H;[0zi, )W) wi; (OH, /02, )(W)

has real coordinates. The normal cone of H at w is the set

N(W) = {2 ajvj . aj > 0} C Rd.

J=1

The point w is called a contributing singularity, or contributing point, for the di-
rection r € R? if r € N(w). Since the gradients of the H i(z) at z = w are linearly
independent the vectors v; are also linearly independent, thus if r = a;vy + - - - az vy
then the a; are uniquely determined.

Remark 9.8 If w is a contributing point for the direction r then r is a non-trivial
linear combination of the logarithmic gradients (Vo H;)(W), so every contributing
point is critical. Furthermore, a check of the definitions shows that for the power
series expansion of rational F(z) any smooth minimal critical point is contributing
(as should be the case since Definition 9.8 generalizes Definition 5.5 of Chapter 5).

Example 9.3 Continued (Lattice Path Contributing Points)
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In our running lattice path example the denominator factors Hy = 1 —#(1 + x% + xy?)
and H, = 1 — y which vanish at the minimal critical point o = (1,1, 1/3) have
logarithmic gradients (Viog H1)(07) = —(1,2/3, 1) and (Viog H2)(0") = —(0, 1, 0). Thus,
the normal cone at o is

N(o) = {a (1, %, 1) +b(0,1,0): a,b > O}.

Since (1,1, 1) € N(o), we see that o is a contributing point for the direction r = 1.

Example 9.6 (Another Quadrant Lattice Path Model)

If 8 = {(1,-1),(-1,-1),(0,1)} then Theorem 4.2 in Chapter 4 implies that the
generating function for the number of walks in N? which begin at the origin and use
the steps in B is the main diagonal of the rational function

(x = x*y? = y))(1 + x)
x(1—t(x+y?+ x2y2)(1 - y)

F(x,y,t) =

Although we develop ACSV for general Laurent expansions, here we can stick to a
power series expansion by noting that the nth main diagonal coefficient of F(x, y, r)
is the (n + 1)st main diagonal coefficient of

(x = x2y2 = y))(1 + x)yt
(I -t(x+y?+x2y2)(1 - y)

The denominator H(x,y,t) of E(x,y,t) has the transverse polynomial factoriza-
tion H = H{H; where Hi(x,y,1) = 1 — t(x + y2 + xzyz) and Hy(x, y,t) = 1 = y.
Solving the critical point equations on each stratum shows that S; = V(H,)\ V(H;)
has four critical points in the main diagonal direction,

E(x,y,t) = xytF(x,y,t) =

9.5)

2
o, = (a)z, i,w—), w € {l,-1,i,-i},
V2 2

which are finitely minimal points where the singular variety is smooth. The stratum
Sy = V(Hy) \ V(H,) contains no critical points, but the stratum S = V(H,, Hy)
contains two critical points: T = (1, 1, 1/3), which is minimal, and (-1, 1, 1), which
is not minimal. Note, in particular, that T and the o, are minimal critical points but
they do not all have the same coordinate-wise modulus. Because we are considering a
power series expansion any smooth minimal critical point is contributing, so the o,
are all contributing points (the logarithmic gradient of H; at each point is a non-zero
multiple of 1). Computing the logarithmic gradients of H; and H, at T shows

N(t) = {a (1, ;-‘, 1) +5(0,1,0): a,b > o}
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so (1,1,1) ¢ N(t) and 7 is not a contributing point for r = 1.

Because there are finitely minimal smooth critical points, the non-smooth points
of E(x,y,t) in (9.5) are irrelevant. In particular, an asymptotic expansion for the
number w,, of walks in N? using the steps in B can be computed using Corollary 5.2
of Chapter 5. Adding the asymptotic contributions of each o, to the main diagonal
of E, then shifting the index of n by one to return to the diagonal of F, gives

Yn =0 T n " 32 snodd

(2\5) (ﬂ+0(1)), 4 _{12\/5 : neven

Note that the numerator of E(x, y, f) vanishes at each o ,, so the second order term in
the expansion (5.27) must be calculated for each point, and that the leading constant
has a periodicity coming from the different contributions of the o,.

Minimal contributing points are important because, as in the smooth case, they
are minimizers of the height function on the closure of the domain of convergence.
The fastest way to see this is to recall the discussion of polynomial amoebas and the
Relog map from Section 3.3.1 in Chapter 3.

Proposition 9.1 Ler w € C¢ be a transverse point of H(z) € Clz]. If w is a con-
tributing point of H for the direction x and w is minimal (i.e., w € D) then W is a
minimizer of the height function hy(z) on D.

Proof Let H(z) = u(z)H;(z)P' - - - Hg(z)Ps be a square-free factorization of H in Oy,
and let B = Relog(D) be the component of amoeba(H)¢ corresponding to the power
series expansion of F(z). Near Relog(w) the amoeba of H contains (at least) the
zeroes of the H;(z) under the Relog map. Proposition 3.6 from Chapter 3 implies
that the vectors v; in Definition 9.8 are outward normals for support hyperplanes
of B at Relog(w) (where Remark 3.2 covers the case when the H; are analytic at w
but not polynomials). Thus, as illustrated in Figure 9.2, any element of N(w) is the
outward normal to a support hyperplane of B at Relog(w). Since A, becomes the
linear function /(x) = —r - X after taking the Relog map, this implies Relog(w) is a
minimizer of & on the convex set E, and thus w is a minimizer of A, on D. O

Example 9.3 Continued (Lemniscate Contributing Points)

Recall the lemniscate L(x, y) = (1/3 = x)>(1/2=y)> +(5/6 — x — y)(11/6 —4x — y)
from above, whose zero set V(L) contains a single non-smooth point 0 = (1/3, 1/2).
We have seen that the leading homogeneous term of L at o factors as £(x,y) =
(x + y)(4x + y) and there is a factorization L = L L, in O, where

(ViegL1)(@) = (Wi, w2) = (1/3,1/2),  (ViggLa)(@) = (4w1, w2) = (4/3,1/2).

This gives a normal cone
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-15-

Fig. 9.2 Left: The amoeba of the polynomial L(x,y) with the component B C amoeba(L)
corresponding to the power series expansion of 1/L(x, y) labelled. The image of the multiple point
o = (1/3,1/2) under the Relog map, where OB has a cusp, is circled. Right: A portion of the
contour of L(x, y) with the normal cone N(p) displayed. The normals to the two smooth curves
making up the contour near Relog(o), which form the boundary of N(@), are the logarithmic
gradients of the factors of L in the local ring O

N(o) = {a(z,l) +b(§,1) :a,b>0};
3 3
see Figure 9.2. The vector r € Rio lies in N(p) if and only if r/ry € (2/3,8/3),
which gives the directions where g is a contributing singularity. The rational function
1/L(x, y) also has smooth critical points, whose coordinates are degree six algebraic
functions in the coordinates of r € R‘io. There will be a minimal smooth critical point
only when g is not contributing (otherwise, since g is strictly minimal, there would
be two minimal contributing points with different coordinate-wise moduli, which
cannot occur since the boundary of amoeba(L) does not contain a line segment).

Example 9.7 (Lattice Path Amoebas)

Visualizations of the amoebas of the lattice path models discussed above, together
with two-dimensional projections of the relevant critical points and logarithmic
gradients, are given in Figures 9.3 and 9.4.

We end this section by discussing general (non-power series) Laurent expansions.
The only concept above which does not immediately apply to general Laurent expan-
sions is Definition 9.8 for contributing points, but Proposition 3.13 from Chapter 3
allows for a natural extension.
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log(?)

log(x) \\

Fig. 9.3 Left: A portion of the amoeba contour for the denominator of the rational function
corresponding to the quadrant model with step set A, with the power series component B of the
amoeba complement shaded. Right: The projection of this plot onto the plane log(x) = 1, with the
projections of the critical points and logarithmic gradients displayed. The vector r = 1 is in the
normal cone at the minimal critical point, which is a transverse point. The smooth critical point is
not minimal, and does not lie on the boundary of B.

log(®)

Fig. 9.4 Left: A portion of the amoeba contour for the denominator of the rational function
corresponding to the quadrant model with step set 8B, with the power series component of the
amoeba complement shaded. Right: The projection of this plot onto the plane log(x) = 1, with the
projections of the critical points and logarithmic gradients displayed. The logarithmic gradient at
the smooth critical point is a multiple of r = 1, and this is a contributing singularity. The vector
r = 1 does not lie in the normal cone at the non-smooth minimal critical point.

Definition 9.9 (contributing points for Laurent expansions) Let w € C¢ be a
transverse point of H(z), and let H(z) = u(z)H,(z)"' - - - Hy(z)Ps be a square-free
factorization of H in Oy,. Consider a Laurent expansion of F(z) = G(z)/H(z) with
domain of convergence D and for each 1 < j < s let v; be a real vector which points
away from Relog(D) such that (ViogH;)(Ww) = 7v; for some 7 € C (the existence
of such v; follows from Proposition 3.13). The normal cone N(w) of H at w with
respect to this Laurent expansion is the positive span of the vectors vy, . .., vs. The
point w is called a contributing singularity, or contributing point, for this Laurent
expansion in the direction r € R? if r € N(w).

Remark 9.9 If D is the power series domain of convergence of rational F(z) then
Proposition 3.12 in Chapter 3 implies the convex set Relog(9) contains some trans-
late of the negative orthant of R?. Thus, any normal vector to a supporting hyperplane
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of the boundary of Relog(9) which contains a positive coordinate will point away
from Relog(®D), verifying that Definition 9.9 is a generalization of Definition 9.8.

We are now ready to determine coefficient asymptotics.

9.2.2 Asymptotics via Residue Forms

Asymptotics for transverse points are determined by extending the approach of
Chapter 8, where the singular variety is a hyperplane arrangement, to transverse
points, where the singular variety locally looks like a hyperplane arrangement.
Unfortunately, the most natural way to generalize our previous uses topological
concepts like homology which are outside the scope of this text. We thus sketch
proofs in this section and refer to Pemantle and Wilson [26] for full details.

We begin by introducing some constructions necessary to state our results. Sup-
pose w is a transverse point of H(z) such that there is a square-free factorization
H(z) = u(z)H|(z)P' - - - Hg(z)"s in Oy, and let S = V(Hy)N---NV(Hg) NN for any
neighbourhood N of w in C¢ on which all H ; are defined. Because the gradients of
the H; are linearly independent at w, there exists a set P = {my,...,mq—s} of d — s
distinct coordinates which analytically parametrize the remaining s coordinates of S.
In other words, for each j ¢ P there exists an analytic function {;(zx,,...,2x,_,)
such that z € S if and only if z; = {;(zx,,...,2x, ) forall j ¢ P.

Definition 9.10 (constructions for transverse points) Under the setup of the pre-
ceding paragraph, we call P a set of parameterizing coordinates for V(H) at w,
and the set of functions {{; : j ¢ P} a local parameterization of V(H) at w. The
modified log-normal matrix of H at w is the d X d non-singular matrix

(Vlong )(W)

(Vlogllls)(w)

Fw = Wﬂl e(”l)

b}

Wﬂ(d—s)e(ndis)

where eV) is the jth elementary basis vector. Finally, define the function
801 0a-5) = ) rjlog |4 (wa e, % )|
jepP

The parameterized Hessian matrix of H at w is the (d—s)X(d —s) Hessian matrix of g
at @ = 0, written Qy,. If Qy has non-zero determinant then we call w nondegenerate.

As in Chapter 8, we can be most precise about asymptotics at a transverse point
where the number of factors of H in the local ring equals the number of variables.
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Recall from previous chapters the notation 7'(x) for the points of C¢ with the same
coordinate-wise modulus as x. Given p € N* we write (p—1)! = (p;=1)!--- (ps—s)!.

Theorem 9.1 Fix a Laurent expansion of rational F(z) = G(z)/H(z) with domain
of convergence D and let v € RY. Suppose x € dD minimizes |27 on D, all
minimizers of |27"| on D lie in T(X), and all elements of V NT(x) are transverse
points. Suppose also that any critical point z in T(X) has v ¢ ON(z), and that the set

E = {z € T(X) : z is a contributing point for r} = {w}

contains a single point. If H has square-free factorization H(z) = u(z)H(z)P' - - - Hy(z)P4
in Oy, then there exists 0 < T < |W™"| such that

G(w) (e3P
u(w)|detI'y| (p — 1)!

fur = W pPrtetpa=d +0(Th), (9.6)

where Uy, is the parameterized Hessian matrix from Definition 9.10.

Proof (sketch) As always, our asymptotic analysis starts with the Cauchy integral
representation (9.2). Because all minimizers of |z™"| on D have the same coordinate-
wide modulus as w, and w is the only contributing singularity in 7(w), the Cauchy
domain of integration can be deformed so that the only points of asymptotic in-
terest are arbitrarily close to w. Near w the image of the singular variety V under
the coordinate-wise logarithm map looks like a complete intersection of a simple
hyperplane arrangement. Because w is a contributing point, it seems reasonable to
think our asymptotic arguments from Section 8.3 of Chapter 8 would apply. Indeed,
Proposition 10.3.6 and Theorem 10.2.6 of Pemantle and Wilson [26] use the lan-
guage of relative homology to show that the coefficients f,; can be represented by
an integral over a product of circles around S = V(H;) N --- N V(Hy) (generalizing
Proposition 8.3 of Chapter 8). Theorem 10.3.1 of [26] then shows how to use the
theory of multivariate Leray residues to compute the expansion (9.6). Our work in
Section 8.3 of Chapter 8 can be seen as an explicit development of this theory for
the restricted case when H factors into real linear polynomials, so that linear algebra
techniques can replace homological methods. O

Remark 9.10 As was the case for hyperplane arrangements, when the number of
local factors equals the number of variables and the numerator G(w) # O then we
obtain dominant asymptotics up to an exponentially lower term.

Example 9.4 Continued (Asymptotics of the Lemniscate)

Recall again the lemniscate

2 2
= < -
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with strictly minimal critical point o = (1/3,1/2) such that L factors in O, as
L = L L, where (VogL1) = (1/3,1/2) and (VioeLs) = (4/3,1/2). The matrix

(13172
To = (4/3 1/2)

has determinant —1/2 and the normal cone at g equals

2 8
N)={al=,1]+b|=,1|:a,b>0;.
3 3
Because o is strictly minimal and the boundary of amoeba(L) doesn’t contain a
line segment, for any direction (a, b) € N(o) the point o is the unique minimizer

of |x%y?| on the boundary of the power series domain of convergence of 1/L(x, y).
Thus, if (a, b) € N(p) then Theorem 9.1 implies

[x“"yb"]L(x, y)_1 =2 (3“2b)n +0(t"),

for some 0 < 7 < 3492P,

When asymptotics are determined by a transverse point where the number of
factors of H in the local ring is less than the number of variables we still determine
dominant asymptotics, but the error term obtained is polynomially small instead of
exponentially small.

Theorem 9.2 Fix a Laurent expansion of rational F(z) = G(z)/H(z) with domain
of convergence D and let v € Re. Suppose x € 0D minimizes |2°%| on D, all
minimizers of |27¥| on D lie in T(X), and all elements of V N T(X) are transverse
points. Suppose also that any critical point Z in T(X) has r ¢ ON(z), and that the set

E ={z € T(X) : z is a contributing point forr} = {w}

contains a single point, which is nondegenerate. If H has a square-free factorization
H(z) = w(z)H(z)P" - - - Hg(z)Ps in Oy, then there exists 0 < T < |w™"| such that

o _1yp-1
—nr L (s=d)[2+p1+-+ps=s (27[)(“ e G(w) (r]"wl)p +0 (l)
u(w)+/det(ryQyw) | det Ty | (p — 1)! n

9.7)
where I'y, and Qy, are defined in Definition 9.10.

Jar=w

Proof (sketch) As in the proof sketch of Theorem 9.1, we can manipulate the Cauchy
integral representation (9.2) into an integral arbitrarily close to w. Now, Proposi-
tion 10.3.6 and Theorem 10.2.6 of [26] show that the coefficients f;,, can be repre-
sented by an integral over the product of s circles around S = V(H;)N---NV(Hy)
with a (d — s)-dimensional domain of integration (similar to Proposition 8.3 of
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Chapter 8). Integrating over the product of s circles leaves a (d — s)-dimensional
integral over a subset of S whose integrand is a ‘multivariate residue form’ in
the parametrizing variables z,, . .., Zx, , of Definition 9.10 (generalizing Proposi-
tion 8.4 of Chapter 8). Theorem 10.3.4 of Pemantle and Wilson [26] shows how to
massage this integral into something amenable to a saddle-point analysis, which is
then asymptotically approximated. O

Remark 9.11 Although Theorem 9.2 applies when the number of factors s = d, in this
case it is weaker than Theorem 9.1. When asymptotics are determined by minimal
critical points, Theorems 9.1 and 9.2 generalize Theorem 8.2 from Chapter 8, which
applies when the factors H; are linear. Unlike Theorem 8.2, however, Theorems 9.1
and 9.2 only apply to minimal points. Dealing with non-minimal critical points is a
large open problem in analytic combinatorics in several variables, discussed further
in Section 9.3 below.

Example 9.4 Continued (Lattice Path Asymptotics)

Consider again the lattice path model in N? defined by the step set A =
{(-1,1),(0,-1),(1, 1)}, whose generating function is the main diagonal of

(1 +x)(1 = xy?+x?)

Flant) = (1 =11+ x2+xy?)(1 = y)(1 +x2)

Above we have seen that F' admits a minimal contributing point o = (1, 1,1/3) in
the direction r = 1, which is thus a minimizer of |xyz|~! on D. Problem 9.3 asks
you to prove that all minimizers of |xy?|~! have the same coordinate-wise modulus
as o (this also follows from our general argument in Chapter 10). We have already
calculated the logarithmic gradients

(ViegH2)(0) = (=1,-2/3,-1) and (ViegH>)(0) = (0,~1,0),

and noted that the only critical point of T(o) is o itself. Furthermore, on the flat
Vis = V(1 —y,1-1t(1+x*+ xy?)) containing o we can parametrize y and ¢ by
their x-coordinates as y = 1 and ¢ = 1/(1 + x + x?), giving

1 1
8(6) = log(1) + log (1 + et + 62"0) = log (1 +elf + ezm)
and Q = g”(0) = 2/3. Since
(Vlong)(U') -1-2/3 -1
Te=| (VigHa)o) |=[0 -1 0]
1 0 0 1 0 O

Theorem 9.2 implies the number w,, of walks of length n on the steps A which start
at the origin and stay in N? satisfies
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Wy = 3”n_1/2£ (1 +0 (l)) .

n

As usual, if there are a finite number of points determining asymptotics then we
can add the contributions from each of the points.

Corollary 9.1 If the set E in Theorems 9.1 and 9.2 contains a finite set of points,
all of which satisfy the conditions of Theorems 9.1 or 9.2, then one can sum the
contributions of each element of E given by (9.6) and (9.7) to find asymptotics of fur.

We apply Theorem 9.2 and Corollary 9.1 to a variety of lattice path enumeration
problems in Chapter 10.

9.3 A Geometric Approach to ACSV

We end this chapter with a discussion of the most general aspects of ACSV, using
geometric constructions to give a high-level view of the theory and clarifying some
earlier remarks by putting our previous results in context. To discuss this approach
we first need to introduce some additional concepts from differential geometry. The
definitions presented here are tailored to our setting.

Definition 9.11 (smooth and complex manifolds) Let M C Ck for some positive
integer k. A chart of dimension s on M is a pair (U, ¢) consisting of an open subset
U c M and a homeomorphism? ¢ from U onto an open subset of R*. An atlas
of dimension s for M is a collection of charts {(Ug, ¢o)} of dimension s such that
every p € M is contained in at least one U, . If M admits an atlas of dimension s
such that for any charts (U, ¢) and (V, ) the maps

poyliy(UNV) - dp(UNV) and Yoo i pg(UNV) > y(UNV)

between subsets of R*® are smooth (all coordinates have derivatives of all orders)
then M is a smooth manifold of dimension s. By replacing R® by C°® in the above
constructions we can analogously define complex charts and complex atlases, and M
is a complex manifold of dimension s if it admits a complex atlas of dimension s
such that for any charts (U, ¢) and (V, ) the maps ¢ o ¢y~ and i o ¢~ are analytic.

Whenever we talk about charts in a manifold we always mean charts with respect to
an atlas giving the manifold structure under consideration.
Example 9.8 (Smooth Varieties are Complex Manifolds)

Fix a polynomial H(z) and let V = V(H).If w € V and (0H/dz4)(W) # 0 then the
implicit function theorem (Proposition 3.1 in Chapter 3) implies the existence of

2 Recall that a homeomorphism is a continuous bijective map whose inverse is also continuous.
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* aneighbourhood U of win V,
* aneighbourhood N of W in C4~1,
* an analytic function g: N — C,

such that U = {(z,g(2)) : 2 € N}. In other words, if 7: U — C9! denotes the
projection 7(z) = Z of a point in U to its first d — 1 coordinates then 7~': N’ — C¢
is the analytic function g, so (U, ) forms a (d — 1)-dimensional complex chart of V.

Parameterizing other variables as necessary, if for each w € V some partial
derivative of H does not vanish at w then this procedure constructs a complex atlas
of V, showing that V is a complex manifold of dimension d — 1.

Remark 9.12 By writing z; = x; +iy; to identify a complex variable z; with the
real variables x; and y; a complex manifold M of dimension s can be viewed as a
smooth manifold of dimension 2s.

Our next definitions help us understand the behaviour of functions on a manifold.

Definition 9.12 (mappings, differentials, and stationary points) If M is a smooth
manifold of dimension s then a function f: M — R is called smooth at p € M if
there is a chart (U, ¢) with p € U such that the map f o ¢~!: R® — R is smooth
on ¢(U). The differential of f at p is the vector dpf € R* whose jth entry equals
(9g/8x)(p) for g(x1, ..., x5) = (f o ¢7N)(x1, ..., X).

Similarly, if M is a complex manifold of dimension s then f: M — Cis analytic
at p € M if there is a chart (U, ¢) with p € U such that f o ¢! : C* — C is analytic
on ¢(U), and the differential of f at p is the vector d f € C° whose jth entry equals
(9g/9zj)(p) for g(z1.....z5) = (f 0 6™ Nzn, . .. 25).

In either case, p € M is called a stationary point of f if dpf = 0. Note that
stationary points are usually called critical points, but we do not use this terminology
to prevent confusion with the critical points of ACSV. Whether p is a stationary point
does not depend on the chart used to calculate the differential of f.

Example 9.9 (Stationary Points)

Let H(x,y) = 1 —x —y and V, = V(H) N CZ be the roots of H with non-zero
coordinates. An atlas of V, is given by a single chart (V,, 7) where n(x,y) = x is
the projection map with inverse 77 !(x) = (x, 1 — x). With respect to this chart the
function ¥(x, y) = log(x) + log(y) is represented by

g(x) = (¥ o7 ")(x) = log(x) + log(1 - x).

Since g’(x) = 0 has the unique solution x = 1/2, the only stationary point of
onV,is (1/2,1/2).
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C1

C2

Cs

Fig. 9.5 Left: We can push down a cycle of integration at high height to a cycle arbitrarily close
to a stationary point, except for points of lower height (the curve C; gets pushed down to C, then
C3, then Cy). Right: A problem arises when the gradient flow keeps decreasing but an asymptote
forces it to stay at bounded height.

9.3.1 A Gradient Flow Interpretation for Analytic Combinatorics

Before returning to ACSV let us reflect on our first analytic argument for asymptotics,
back in Section 2.1.1 of Chapter 2, where we studied alternating permutations by
analyzing the coefficients of the meromorphic function f(z) = tan(z). The general
outline of that approach, reflected in Figure 2.2 of Chapter 2, can be summarized as

1. start with the univariate Cauchy integral formula for coefficients,

2. push the domain of integration away from the origin without crossing singulari-
ties until it consists of points where the Cauchy integrand is exponentially small,
except for points arbitrarily close to the dominant singularities z = +7/2,

3. compute asymptotic contributions of the dominant singularities using residues.

Our goal is to generalize this thinking (as much as possible) to the multivariate
setting. To that end, fix a Laurent expansion of rational F(z) = G(z)/H(z) with
domain of convergence D and let r € R?. Again we have the multivariate Cauchy

integral representation
1 F(z)
Jur = (2ri)d L zhr+1 dz

where 7 is a polytorus in D. In the univariate case we pushed the domain of
integration away from the origin because that made the Cauchy integrand small.
Now the exponential growth of the Cauchy integrand is captured by the familiar
height function h(z) = — 25-1:1 rjlog|z;|, so it makes sense to deform the domain
of integration 7 (without crossing the singular variety V) so that the maximum
of the height function on the domain of integration is minimized. The immediate
problem in the multivariate setting is that there are foo many ways to deform the
domain of integration: it is not clear how the domain should be deformed in each of
its d coordinates, and it is possible to leave the domain of convergence D without
crossing a singularity.
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Thankfully, we are searching for special points on the singular variety. Starting
with a domain of integration at some (usually high3) height, we want to push the
domain of integration to points of lower height until it locally gets stuck; see the
left side of Figure 9.5. For any r € R, let V;. denote the points in V with height at
least r. The points where the domain of integration can get stuck arise from a change
in the topology of V,., and a study of such points is a classic geometric problem. In
particular, Morse theory [22] studies changes in the topology of super-level sets for
compact real manifolds sorted by a real height function. Stratified Morse theory [16]
extends this to sets (like algebraic varieties) which are not manifolds but can be
partitioned into a finite collection of manifolds which ‘fit together nicely’. Similar
results for complex varieties are also studied in Picard-Lefschetz theory [32].

These high-level theories tell us to partition the singular variety V into manifolds
and study the stationary points of the height function 4 on each of the manifolds.
Unfortunately, because / depends on the moduli of the coordinates it is only analytic
in trivial cases. There are two ways to work around this difficulty,

1. If M is a complex manifold of dimension r then, as in Remark 9.12, we can
view M c C¢ as a smooth manifold ‘W c R?¢ of real dimension 2r. Setting
zj = xj +iy; and multiplying by two gives a modified height function 7(x,y) =
2h(x+iy) = — Z;l:l rj log(x]? + y]2.) which is a smooth mapping, and we can look
for stationary points of 77 on the smooth manifold W.

2. Because 4 is the real part of the analytic function y(z) = — Z;’zl rilogz;, the
Cauchy-Riemann equations [17, Sec. 2.3] imply that the stationary points of the
smooth map r: W — R are the stationary points of iy : M — C. One can thus
determine interesting topological information using the analytic function .

Standard algebro-geometric constructions can be used to partition an arbitrary
algebraic set V into a finite collection of manifolds (see, for instance, Mumford [24,
Ch. 1A]). The techniques of stratified Morse theory, however, require a Whitney
stratification, which is a partition of V' into manifolds with an extra condition
ensuring that for any manifold M in the partition the local picture of V near all
points of M is consistent. A full discussion of Whitney stratifications is beyond the
scope of this text, but modern treatments can be found in Mather [20] and Goresky
and MacPherson [16, Ch. 1.2]. Of particular interest to us is the fact that there exist
algorithms [23, 28] which take an algebraic set V defined by explicit polynomial
equations and return a finite sequence of algebraic sets

o=Fhchic---CcF =7,

each defined by explicit polynomial equations, such that the connected components
of the differences ¥; \ ;-1 form a Whitney stratification of V. This sequence of
algebraic sets, known as a canonical Whitney filtration of V, allows us to give a
general definition of critical points.

3 For instance, when dealing with power series expansions we can start with any product of circles
sufficiently close to the origin, which can thus contain points of arbitrarily high height.
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Definition 9.13 (critical points) Let F(z) be a rational function with singular vari-
ety V and fixr € RZ. Suppose Fy € Fi C --- C F, is a canonical Whitney filtration
of V. The critical points of F in the direction r is the set of stationary points of
the function ¥(z) = — Z;.izl rjlog z; restricted to the differences #; \ #;_1. A critical
point w in the stratum S is non-degenerate if there exists a chart (U, ¢) of S with
w € U and ¢(w) = 0 such that the Hessian of ¢ o ¢! at the origin is non-singular.

Given polynomials generating the elements of a canonical Whitney filtration, van-
ishing of the differential of i can be encoded as the vanishing of minors of a matrix
with explicit polynomial entries. Thus, when the denominator of F is a polynomial
with rational coefficients then all critical points have algebraic coordinates.

Remark 9.13 Definition 9.13 extends our previous definitions for critical points (in
the smooth, hyperplane, and transverse multiple point settings). As proven in Sec-
tion 5.3.4 of Chapter 5, generically the singular variety V is smooth, so a Whitney
stratification for V is just V itself. When V is smooth then the critical points of
Definition 9.13 are the solutions of the smooth critical point equations H*(z) = 0
and rjz1H; (z) — ry szzsj(z) =0for2 < j < d from (5.16) in Chapter 5. If V is
not smooth but has a transverse polynomial factorization, the next most common
situation in practice, then critical points can be calculated using (9.4) above.

Roughly, stratified Morse theory tells us that the critical points of F(z) represent
the only obstructions to pushing down the Cauchy domain of integration to lower
height. Such results are obtained via gradient flows, which use the differential of
the height function on the Whitney strata to determine how to deform a domain of
integration arbitrarily close to “V to points of lower height. At stationary points the
differential is zero, and the flow gets stuck.

Aside from stationary points there is one other situation in which the flow doesn’t
work as intended: when there is an ‘asymptote’ of V such that points on V go
to infinity with decreasing height, but the height of these points is bounded from
below* (see the right side of Figure 9.5). To work around this issue, Baryshnikov
et al. [6] introduce a notion of stationary points at infinity, along with an algorithm
to determine when there are no such points. Certifying that no stationary points at
infinity exist then allows one to apply the usual techniques of Morse theory to reduce
the Cauchy integral for coefficients to a sum of saddle-point integrals which can
be asymptotically approximated. A characterization of stationary points at infinity
was a long-time sticking point in the use of Morse-like topological constructions in
ACSYV contexts.

Recall the discussion on polynomial ideals and algebraic varieties from Sec-
tion 7.3 in Chapter 7. Our discussion of stationary points at infinity uses the following
construction.

4 In fact, not all asymptotes of this form are a problem, only those that influence gradient flows.
Indeed, sequences of points going out to infinity while staying at finite height appear generically
in at least three dimensions, so if the existence of any asymptote was a problem then the methods
developed using these arguments would not work on generic examples.
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Definition 9.14 (saturation of ideals) Let I,/ C C[z] be two polynomial ideals.
The quotient of I by J is the ideal (I : J) = {f € C[z] : fg € [forallg € J}. If
(I : J") denotes the result of dividing I by J repeatedly n times then the sequence
(I:J)yc(I:J*)c(:J% c--- eventually stabilizes’ to an ideal (/ : J*) known
as the saturation of I by J.

Remark 9.14 Geometrically, the zero set V(I : J*) is the smallest algebraic set
containing V(1) \ V(J). There are algorithms for computing ideal saturations using
Grobner bases [10, Table 6.6], and such algorithms have been implemented in
several® algebra systems.

Although Baryshnikov et al. give more general results, to be explicit we fo-
cus on the generic case when F(z) = G(z)/H(z) has a smooth singular variety.
In order to avoid introducing even more geometric language, we do not fully de-
fine stratified points at infinity. Instead, we give the effective test of Baryshnikov
et al. [6, Prop. 3.2] which characterizes their absence. Recall from Chapter 5 that
the square-free factorization of a polynomial is the product of its irreducible fac-
tors and that the homogenization of a polynomial f(z) € C[z] of degree k is the
polynomial zgf(zl /205 - - -+ 2a/z0) € Clzo, Z].

Definition 9.15 (absence of stratified points at infinity) Let F(z) be the ratio of
coprime polynomials G(z) and H(z) with smooth singular variety V = V(H), and
fix r € RY. Let H(zo, z) be the homogenization of the square-free part of H, and let 1
be the ideal of C[zy, z, y] generated by the polynomials

H(zo,z) and y,;z1H; (20,2) - yi1z;H;,(z0,2) for 2<j<d.

Let C be the saturation of / by the ideal (zo) and C; be the result of substitutingy = r
and zo = 0in C. We say F has no stratified points at infinity in the direction r if the
only element of V(Cy) is z = 0.

The rough idea behind Definition 9.15 is the following. By homogenizing H we
can move from C? to complex projective space, so that ‘points at infinity’ can be
captured algebraically by points where zg = 0. The polynomials in the ideal / generate
the smooth critical points equations on V when the direction y is a parameter, and
saturation by zo removes extra ‘points at infinity’ which are not limit points of critical
points in C¥. The elements of the saturation with y = r and zo = 0 are thus limit
points of smooth critical points in directions approaching r which do not lie in C¥. If
any solution with zyp = 0 also has z = 0 then there are no solutions in projective space
(because H is homogeneous the point (z9,z) = (0, 0) will always be a solution).

SIf I} Cc I C - - is an infinite ascending chain of ideals then the union of all I; is also an ideal.
The Hilbert basis theorem states that this ideal has a finite set of generators, each of which must
lie in I; with j sufficiently large, so the inclusions eventually become identities. The condition that
any infinite ascending chain of ideals stabilizes characterizes a Noetherian ring.

¢ For instance, saturation of ideals is implemented by the Saturate command of the Polynomialldeals
package in Maple.
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Example 9.10 (A Stratified Point at Infinity)

Consider the rational function F(x,y) = 1/H(x,y) with square-free denominator
H(x,y) =2+ 7y — x(1 + y)>. Since the system

H(x,y) = He(x,y) = Hy(x,y) =0
has no solutions, the singular variety V is smooth. Furthermore, the system
H(x,y) = xHx(x,y) - yHy(x,y) =0

has no solutions, so F has no critical points in the main diagonal direction. Homog-
enizing H gives H(z, x,y) = 22H(x/z,y/z) = 22> + 22y — x(z + y)*. Forming the
ideal I, using the Polynomialldeals package of Maple to saturate by (z), then substi-
tuting in the main diagonal direction and z = 0 gives C; = (x). Since V(Cy) c C?
contains non-zero solutions, such as (0, 1), there is a stratified point at infinity. Fig-
ure 5.5 of Chapter 5 shows the amoeba of H. The existence of a stratified point at
infinity is reflected by a limit direction of amoeba(H) which is normal to r = 1.
Further details are given in the worksheet corresponding to this example.

Example 9.11 (No Stratified Points at Infinity)

Consider the rational function F(x,y) = 1/H(x,y) with H(x,y) = 1 — x — y. Then
H(z,x,y) = z—x -y and for r = (r, s) we compute C; = (y(r + s), x + y). There
are no stratified points at infinity if » + s # 0, in which case C; = (x, y). There are
stratified points at infinity in directions which are a multiple of r = (1, —1).

Absence of stratified points at infinity implies that the gradient flow approach can
decompose the Cauchy integral into a sum of saddle-point integrals near stationary
points. The integrands of these saddle-point integrals are expressed by residues. If V
is smooth and w € V we write

Res (@dz) = ( Res Fz) ) dz-

w,V an'+l Zk:g(z,?) an'+l k

for a coordinate zx and analytic function g(zz) such that z lies in some neighbourhood
of win V if and only if zx = g(z;). When we use this notation it is implicit that the
stated formula is valid for any possible pair of coordinate z; and analytic function g.
Lemma 5.2 in Chapter 5 gives an explicit expression for the residue.

We are now ready to state the main result of Baryshnikov et al., simplified under
our hypothesis of smoothness.

Theorem 9.3 (Baryshnikov et al. [6, Thm. 2.16]) Let F(z) be the ratio of coprime
polynomials G(z) and H(z) with smooth singular variety 'V = V(H). Suppose there
are no stationary points at infinity in the direction r € R and that the critical points
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of F inthe directionr are all nondegenerate and form the finite set E = {wy, ..., W, }.
Then each wj can be paired with an integer k; such that
f =ZK—1/ Res (L@ 4z + 0 () 9.8)
nr & (2xi)d-1 N, WiV Znr+1 K :

where y contains the elements W; € E which have highest height among those with k;
non-zero, each N; is a domain making the summands of (9.8) saddle-point integrals
(meaning after a coordinate change they satisfy the hypotheses of Proposition 5.3 in
Chapter 5), and 0 < T < |W"| for any w € y.

Theorem 9.3 expresses f,,r as a linear combination of saddle-point integrals, which
can be asymptotically approximated using Proposition 5.3 of Chapter 5. The inte-
gers k; in the theorem arise from expressing the original Cauchy cycle of integra-
tion 7 in a basis for ‘relative singular homology of a pair consisting of subsets
of CZ\ V and points of lower height’; they can be very difficult to determine directly
using geometric arguments, and we do not give a full definition”.

Remark 9.15 If one of the critical points w; in Theorem 9.3 is minimal, we have
seen in Chapter 5 that the corresponding integer coeflicient «; equals one if w;
is contributing and zero otherwise. The power of Theorem 9.3 is that it tells us
something about the asymptotic contributions of non-minimal critical points, an
extremely difficult task outside of very specialized circumstances (since it is hard
to deform the Cauchy domain of integration outside the domain of convergence).
Other than minimal points, DeVries et al. [13] show how to determine the non-zero
coefficients of highest height for bivariate functions with a smooth singular variety.
There are also extensions of Theorem 9.3 to non-smooth singular varieties, and we
have seen in Chapter 8 how to compute the coefficients x; when V is a hyperplane
arrangement (in this situation each «; is +1 or 0, depending on the orthant of the
critical point w; and whether or not it is contributing).

An important corollary of Theorem 9.3 is the following, which bounds the expo-
nential growth of r-diagonals by the maximum of a finite algebraic set.

Corollary 9.2 Under the assumptions of Theorem 9.3, let p be the maximum height
of a critical point of F in the direction r. Then limsup,,_, [ frue] /™ < €.

Example 9.12 (Quantum Random Walks)

Discrete quantum random walks have been studied as a computational primitive for
quantum computation (see, for instance, Ambainis et al. [1]). Bressler and Peman-
tle [12] analyze the behaviour of one-dimensional quantum walks which either stay
stationary or move one step to the right at each time step, and always evolve an
underlying quantum state, using bivariate generating functions of the form

7 In fact, if 7 = max{h(w;) : k; # 0} then only the coeflicients «; with h(w;) > 77 are uniquely
defined. These non-zero coefficients of high height are the only ones which appear in (9.8).
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Fig. 9.6 Series coefficients of the polynomial f(x) = [y3®]F(x, y) where F(x,y) = (1 - cy +
cxy—xy?)~! for ¢ = 1/3: the coefficients are represented by dots, with consecutive terms connected
by a line for visibility. Note the exponential drop outside of the interval [100, 200].

F(x,y) = Gty = D funx'y",

1-cy+cxy—xy?

where ¢ € (0,1) is a parameter encoding the transition probabilities of the walk
model, G(x, y) is a polynomial encoding the initial fixed state of the model, and | f; |
is the probability that a walk ends at x = i after n steps. Unlike ‘classical’ walk
models, where the endpoint probabilities for walks of large length usually approach
a normal distribution, quantum walks experience an ‘interference pattern’ which
makes the endpoint distribution far from normal (see Figure 9.6). Because the y
variable tracks the length of a walk, and a walk takes at most one step at each time
period, we are interested in asymptotic behaviour of the coefficients [xy"|F(x, y)
for 0 < A < 1, given by the r = (4, 1) diagonal. Of particular interest is the fact that
the walk probability decays exponentially for A outside J = [(1 — ¢)/2, (1 + ¢)/2].

A quick computation shows that for any ¢ € (0, 1) there are no stratified points at
infinity. For any fixed values of ¢ and A ¢ J a computer algebra system can easily
solve the smooth critical point equations H = xH, — AyH, = 0 and verify that all
critical points have negative height. Corollary 9.2 then implies exponential decay
of the r = (4, 1) diagonal by examining this finite set of algebraic points (without
the need to determine minimality or any other properties of the singular variety).
Detailed studies of quantum walks using analytic combinatorics in several variables
can be found in Bressler and Pemantle [12] and Baryshnikov et al. [7].

Although it is usually not possible to determine the integers «; directly using
geometric arguments, or even say if they are non-zero, knowing that these coefficients
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are integers can be very useful. Combined with the techniques on numeric analytic
continuation for D-finite functions from Section 2.4 of Chapter 2, which allows
one to determine asymptotics up to numeric constants with rigorous error bounds,
this can be used to create a powerful tool for attacking the connection problem for
sequences satisfying linear recurrence relations. We illustrate the possibilities of this
combination on an example.

9.3.2 Attacking the Connection Problem through ACSV and Numeric
Analytic Continuation

While resolving certain conjectures about the eventual positivity of sequences en-
coded by multivariate rational functions, Baryshnikov et al. [8] consider? the main
power series diagonal coefficients of

1 1
Hw,x,y,z2) 1l—W+x+y+2z)+2Twxyz

Fw,x,y,2) =

The system
Hw,x,y,2) = Hy(x,y,2) = H(W, x,y,2) = Hy(w, x, y,2) = H;(w, x,y,2) = 0

has a unique solution at (w, x,y,z) = o = (1/3,1/3,1/3,1/3), which is the only
non-smooth point of the singular variety V = V(H). One thus obtains a Whitney
stratification of the singular variety V by taking S} = {0} and S; = V \ {0} as
strata. Because o lies in a stratum with a single element, it is a critical point (the
height function is trivially constant on the stratum, so its differential is zero). The
critical points in S, are obtained by solving the smooth critical point equations

H =wH,, - xH, = wH,, — yH, = wH,, — zH, = 0,

giving two smooth critical points 7, = (W4, W, Wy, wy) and T_ = (wW-, W_, W_, W_)
for w. = (=1 +iV2)/3. Because o has smaller coordinate-wise modulus than 7.,
the points 7. are not minimal. Applying either the algorithms of Chapter 7, or the
famous Grace-Walsh-Szeg6 theorem [11, Thm. 1.1] on the distributions of zeroes of
symmetric polynomials which are linear in each variable (see Problem 9.7 below),
shows that o is minimal. Thus, there is a single minimal critical point o, which is

8 Continuing work of Gillis et al. [15] and Straub and Zudilin [30], Baryshnikov et al. study values
of the real parameter C such that the main diagonal of F(z) = (1 —(z1 + - - +24) +Cz1 - - - 2q) !
contains only a finite number of negative values. The most interesting case is C = C, = (d —1)4"!,
which is the threshold for different behaviour (when C < C, there are only a finite number of
negative values, and when C > C, there are an infinite number of both positive and negative
values). When d is even and at least four, and C = C,, the topology of the singular variety is
perfectly aligned so that asymptotics are determined by non-minimal critical points; the rational
function here is the smallest such example. See also the discussion in Section 3.4.5 of Chapter 3
for some context on these positivity problems.



9.3 A Geometric Approach to ACSV 379

not smooth, and two smooth critical points 7., which are not minimal. Computing
the ideal C; in Definition 9.15 proves there are no stratified points at infinity.
To better understand the minimal critical point o~ we examine the series expansion

1 1 1
H w+§,x+§,y+§,z+§ =3(wx+wy+wz+xy+xz+yz) + higher terms,

of H at 0. Because the leading term is an irreducible quadratic, Lemma 9.1 implies o
is not a transverse multiple point. In fact, the invertible change of variables®

wi>a+Véb+V2e+d+1/3 x> a-3d+1/3

ya-2V2c+d+1/3 2> a-Véb+V2c+d+1/3
transforms the leading term into 18(a® — b* — ¢? — d?). A singularity whose leading
term can put into the form zf - z% — = z(zl is called a cone point, since the real

solutions of such a polynomial form two d-dimensional cones meeting at a point.

Baryshnikov and Pemantle [9] show that minimal critical cone points typically
determine asymptotic behaviour of rational diagonals, except when they occur in even
dimensions greater than four (which is precisely our situation). In even dimensions
greater than four, a peculiar lacuna phenomenon!® appears, suggesting that cone
points may not contribute to coefficient asymptotics. Indeed, Baryshnikov et al. [5,
Thm. 2.3] use an in-depth topological argument to show that for our rational function
(and others of a similar form) the Cauchy domain of integration can be pushed
past the minimal critical cone point o-, which thus does not affect asymptotics. In
particular, our example is a pathological case where asymptotics are determined by
non-minimal critical points. We find asymptotics by expressing dominant coefficient
behaviour in two ways: as a linear combination with unknown integer coefficients
using the geometric approach to ACSV from this chapter, and as a linear combination
with complex number coefficients that can be rigorously approximated using the
computational tools for D-finite functions from Chapter 2.

Expression #1 from ACSV

Because there are no stationary points at infinity and the Cauchy domain of inte-
gration can be pushed past the critical point o, which has highest height among
the three critical points in our example, asymptotic coefficient behaviour will be
determined by the smooth (non-minimal) critical points 7. of height i(1.) = log9.
Theorem 2.16 of Baryshnikov et al. [6], which is an extension of Theorem 9.3 that
allows non-smooth points such as o, implies the asymptotic contributions of .. are
integer multiples of what they would be if these points were minimal critical points.
In other words, there exist integers k4 and «_ such that the power series coefficients

9 This change of variables is found by diagonalizing the matrix M such that the leading term of H
at o is vMvT forv = (w Xy z); see the worksheet corresponding to this example for details.

10 See, for instance, Petrowsky [27] and Atiyah et al. [4].
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of F(w, x, y, z) satisfy
Sannn = k-®r_(n) + Ky Dr, (n) +0(p") 9.9

for some 0 < p < 9, where @, (n) are the asymptotic expansions

(~7+ 41«/5)" (V2 -5i) v-2iv2 -8

1
e )= 5|~ 24 +0(Z)

(D‘I'Jr(n) = I’l3/2ﬂ'3/2 - 24

(—7—41«/5)" (V2 +5i) V2iva -8 ., (1)

given by the right-hand side of (5.27) in Chapter 5 assuming 7. are minimal. As
mentioned above, it is not immediately clear how to determine the integers «. using
geometric arguments.

Expression #2 from Numeric Analytic Continuation

Recall from Chapter 3 that the diagonal of any rational function satisfies a linear
differential equation with polynomial coefficients. In fact, the creative telescoping
techniques discussed in Section 3.2.1 of Chapter 3 allow us to compute that the
diagonal f(¢) = (AF)(t) of our rational function satisfies

28172 + 141 + 1) fO 1) + 3:(16262 + 211 + 1) 2 (1) 9.10)
+ QL+ DR+ D) f' () +3Q7t + D) f(1)=0.

The analysis of D-finite functions in Section 2.4 of Chapter 2 implies that the only
singularities of f(¢) occur at the roots t = w? of the leading coefficient factor
81#2+ 14t + 1 = 0. Following the techniques discussed in Section 2.4.1 of Chapter 2,
we can compute a basis of solutions to (9.10) for # € {0, w?} and use numeric analytic
continuation to determine singular expansions of f(f) at t = w4. Performing these
calculations with the Sage package of Mezzarobba [21] allows us, in a few seconds
of computation time, to determine an asymptotic expansion

(-7 +4i\/§)n X
fn,n,n,n = 3—/2 ((03066 R ) + (0146 - )i +0 (—))
n n

(—7—41\/5)” :
P S ((0.3066. ) =(0.146...)i+0 (;))

n3/2

©.11)
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whose coeflicients are rigorously certified to over a thousand digits. Without ad-
ditional information it is impossible to exactly determine the coefficients in this
expansion, even though they can be approximated to arbitrary accuracy.

Determining Asymptotics Exactly

Equations (9.9) and (9.11), one with unknown integers and the other with approxi-
mated coefficients from a larger field, are perfect complements, and combining the
expressions allows us to approximate k, k; = 2.999 ... to over a thousand decimal
digits in a few seconds. Even knowing these integers to a single decimal digit is
enough to rigorously conclude that x; = k; = 3 and thus exactly determine asymp-
totics of the diagonal sequence under consideration. One can think of the «; as a sort
of ‘winding number’ of the starting Cauchy domain of integration 7. Working in
four-dimensional complex space (which is extremely difficult to picture) one can de-
form 7 to points of height smaller than i(0), eventually moving to neighbourhoods
of T and points of even lower height, but this process ‘wraps’ 7 three times around
the smooth critical points, giving a multiplicity. Our combination of geometric and
computer algebra based techniques allows us to determine the multiplicity. A direct
geometric argument for this multiplicity is current unknown.

9.3.3 The State of Analytic Combinatorics in Several Variables

The methods of this chapter suggest a general strategy for analyzing Laurent coeffi-
cients of a function F(z) with singular variety V,

1. Determine a Whitney stratification of V and, for a fixed direction, compute the
critical points of the height function on each strata using Definition 9.13.

2. Verify there are no stationary points at infinity using Definition 9.15 (or a
generalization which takes into account non-smooth points).

3. Express, up to negligible error, the Cauchy integral for coefficients as an integer
sum of integrals over neighbourhoods of critical points (as in Theorem 9.3).

4. Asymptotically approximate each of the integrals appearing in this expression.

As detailed in Baryshnikov et al. [6], Steps 1 and 2 are now essentially solved.
Step 3 is a topological problem, and is typically the most difficult task of an analysis.
Aside from the few special cases mentioned above, such as minimal contributing
points, no general algorithm for Step 3 is known. Step 4 depends heavily on the
local geometry of V at each critical point. For a critical point which is a non-
degenerate transverse multiple point, the corresponding integrals are saddle-point
integrals which can be asymptotically approximated. Asymptotics of integrals cor-
responding to degenerate transverse multiple points can in theory be computed [31],
although such examples are not prominent in the analytic combinatorics literature.
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Using results of Atiyah et al. [4] on inverse Fourier transforms of homogeneous
hyperbolic functions, Baryshnikov and Pemantle [9] and Baryshnikov et al. [5] de-
termine asymptotics for certain types of cone points. Explicit results for singular
varieties with more exotic singular behaviour are harder to find, although much of
the necessary background needed to attack such problems can be found in [2, 3].

In order to limit the necessary background, our presentation of this advanced
approach to analytic combinatorics in several variables did not dig deeply into the
underlying theory. A full discussion on such topics can be found in Baryshnikov et
al. [6] and the textbook of Pemantle and Wilson [26].

Problems

9.1 Prove that if A(x, y, z) and B(x, y, z) are power series whose product is 7> — x> — y?

then one of A or B is invertible as a power series.
9.2 Prove that o = (1, 1, 1/3) is a minimal point of

(1 +x)(1 = xy?+x?)

Flant) = (1 —1(1+x2+xy?)(1 = y)(1 +x2)

Hint: Although F is not combinatorial a short argument allows one to apply Propo-
sition 5.4 from Chapter 5. Alternatively, one can use the algorithms of Chapter 7.

9.3 Using Proposition 4.5 of Chapter 4 and Proposition 5.4 from Chapter 5, prove
that all minimizers of |xyt|~! on the power series domain of convergence of

(1 +x)(1 = xy? + x?)

B = 0 2 o) - (1 + )

have the same coordinate-wise modulus as o = (1, 1, 1/3).

9.4 The number of three-dimensional ‘singular vector tuples of generic tensors’ (as
discussed in [25] and Problem 5.5 of Chapter 5) has multivariate generating function

xyz

F()C,y,Z): (1_x)(l_y)(l_Z)(l_x_y—z)(l—xy—xz—yZ)'

Using algebraic relations between the denominator factors, decompose F as a sum
of rational functions such that the denominator of each summand has at most three
distinct linear factors. Use Theorems 9.1 and 9.2 to determine asymptotics along
different directions r € RZO. For which directions do these theorems not apply?

9.5 Let F(x,y) = m Determine the directions to which Theorems 9.1
and 9.2 apply and determine asymptotics of the power series expansion of F in these

directions.
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9.6 In statistical signal processing, the design of multivariate autoregressive filters
requires estimating series coefficients of certain spectral density functions. In this
paradigm, Geronimo et al. [14] study the Laurent series coefficients of

_ ry
T T o)

for areal parameter C > 2, expanded in the unique domain of convergence containing
the point (1, 1). Use Theorems 9.1 and 9.2 to find asymptotics in different directions,
as a function of C.

97Let F(z) = (1 —(z1 + -+ 24) + Cz1 - 2z¢)"" and let C, = (d — 1)?~!. Prove
the singular variety V is smooth if and only if C # C.. If C < C, show that there
is a single smooth minimal critical point for the main diagonal direction, which has
positive coordinates, and determine asymptotics of the main diagonal of F. You
may use without proof the Grace-Walsh-Szeg6 theorem [11, Thm. 1.1]: if f(z) is
unchanged by permutations of the variables, f is linear in each variable individually,
and f(w) = 0 where each |w;| < r then there exists |w| < r with f(w, w, ..., w) = 0.

9.8 In Section 9.3.2 we found asymptotics of a four variable rational function whose
coefficient behaviour was determined by two non-minimal critical points. Consider
the next smallest example in this family, the six variable rational function

1
l—-(u+v+w+x+y+2)+3125uwwxyz’

F(u,v,w,x,y,2) =

Show that there is a single non-smooth point, when all variables equal 1/5, which
is a cone point, and show that there are four (non-minimal) smooth critical points
for the main diagonal. Assuming the results of Baryshnikov et al. [5], which imply
the Cauchy integral can be deformed past the cone point, mirror the arguments
of Section 9.3.2 to determine asymptotics of the main diagonal of F. You may
also assume the Grace-Walsh-Szegd theorem from Problem 9.7. An annihilating
differential equation for the diagonal can be computed using the MAGMA package of
Lairez [ 18], or found on the textbook website. Note that, unlike the four-dimensional
case, not all smooth critical points determine dominant asymptotics.
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Chapter 10
Application: Lattice Paths, Revisited

We have continually to make our choice among different courses
of action open to us, and upon the discretion with which we
make it, in little matters and in great, depends our prosperity
and our happiness.

— William A. Whitworth

Thus all actions have one or more of these seven causes: chance,
nature, compulsion, habit, reasoning, passion, desire.
— Plato

In our final chapter we return to lattice path enumeration, combining the generat-
ing function expressions from Chapter 4 with the asymptotic results of Chapter 9.
Once again, we see that lattice path models with similar combinatorial properties
have generating functions encoded by multivariate diagonals with similar analytic
properties, and can thus be treated uniformly.

First, Section 10.1 generalizes the results of Chapter 6 from lattice path models
whose step sets are symmetric over ever axis to models whose step sets are sym-
metric over all but one axis!. This work, originally carried out in Melczer and Wil-
son [9], solved previous conjectures on the asymptotics of two-dimensional lattice
path models restricted to a quadrant which had resisted purely univariate techniques.
Our presentation of this material follows [9]. Section 10.2 then discusses further
work from the lattice path literature where diagonal representations and analytic
combinatorics in several variables have appeared. A collection of exercises from this
literature is presented for the reader to hone their ACSV skills.

Although we reintroduce terminology as needed, the reader who hasn’t yet gone
through Chapter 4 is encouraged to do so. In particular, recall that for any dimen-
sion d € N a lattice path model of dimension d is defined by a non-empty finite
set of steps S C Z4, a restricting region R ¢ R, a starting point p € R, and
a terminal set 7 C R. The model defined by these parameters consists of all fi-
nite tuples (sy, . ..,s,) € 8", called walks or paths, such thatp +s; +---+s§, € T
andp+s;+---+s; € Rforall 1 < k < r. We often associate a weight wg > 0 to each
step s € S and enumerate walks by weight, where the weight of a walk (sy, . . .,s,) is
the product wg, - - - ws, of the weights of its steps. An unweighted model, where one
simply counts walks by the number of steps they contain, is the same as the weighted
model where each step has weight one. Unless otherwise stated the terminal set 7~
of a model is taken to be the entire restricting region R.

! Recall from Proposition 4.10 in Chapter 4 that in any dimension d > 2 there exists a lattice
path model restricted to N whose set of steps is symmetric over all but fwo axes which cannot be
written as the diagonal of a rational function.

387
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Y K
A A XK

K X

Fig. 10.1 The mostly symmetric step sets of dimension two, up to isomorphism. The step sets in
the first row have positive drift, while those in the second row have negative drift.

10.1 Mostly Symmetric Models in an Orthant

We begin by studying walks defined by a weighted step set S ¢ {+1,0}¢, where
each s € S is given a weight wg > 0, such that

¢ Walks on the step set can move forwards and backwards in each direction,
Forall j =1,...,d there exists asteps € S with 5; = 1
Forall j =1,...,d there exists asteps € S with 5; = -1

o Walks are restricted to R = N¢,

» The step set and weighting are symmetric over every axis except for one.

Recall from Chapter 4 that a lattice path model satisfying these conditions is called
mostly symmetric, while a lattice path model defined by a step set that is symmetric
over every axis is called highly symmetric. In Chapter 6 we gave explicit asymptotic
results for highly symmetric models using the analytic methods of Chapter 5 and
the fact that the generating function of a highly symmetric model can be represented
by the diagonal of a rational function with a smooth singular variety. Now that we
have developed analytic combinatorics in several variables for non-smooth points in
Chapter 9, we will be able to derive asymptotics for mostly symmetric models.

Example 10.1 (Mostly Symmetric Models in the Quadrant)

Recall from Section 4.1.4 of Chapter 4 that many two-dimensional lattice path
models in the quadrant N? are isomorphic to each other (if their defining step sets
differ by a reflection over the line y = x) or are isomorphic to half-space models (if
one of the bounding axes is never interacting with). Figure 10.1 displays all mostly
symmetric step sets of dimension two, up to reflection over the line y = x, after step
sets corresponding to half-space models are removed.

As in previous chapters, for a variable z we adopt the notation z = 1/z, which is
common in the lattice path literature (we never use an overline to denote complex
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Class |Exponential Growth| Order | Geometry |  Covered By
highly symmetric S(1) n~42 | smooth |Theorem 6.1 in Ch. 5
positive drift S(1) n'/2=4/2|non-smooth Theorem 10.1
negative drift <S1) n~1=4/2|  smooth Theorem 10.2

Table 10.1 Summary of our asymptotic results, including whether or not the exponential growth
is the same as the number of unrestricted walks, and whether the contributing singularities in our
asymptotic analysis are smooth or non-smooth points.

conjugation). Without loss of generality we may assume the axis of non-symmetry
for a mostly symmetric model corresponds to its final coordinate, meaning the
(weighted) characteristic polynomial

S(z) = Z wez®

seS

satisfies S(z1,...,2j-1,2j> Zj+1,- - -, 2d) = S(z) forall 1 < j < d — 1. Because the
step sets under consideration are subsets of {+1,0}<, this implies we can write

S(z) = 7qAZ) + O(Z) + z4B(2) (10.1)

for Laurent polynomials A(Z), Q(Z), and B(Z) symmetric in Z = (zy, . .., Z4—1)-

A mostly symmetric step set only has one unrestricted coordinate, so the properties
of the step set in this coordinate are crucial to its asymptotic behaviour. In particular,
we will see that models share a similar asymptotic template depending on whether
more steps move towards or away from the boundary axes. This concept is captured
by the following definition.

Definition 10.1 (drift for mostly symmetric models) Given a mostly symmetric
model with characteristic polynomial S(z) satisfying (10.1), the drift of the model is
the real number 6 = B(1) — A(1), which is the total weight of steps with positive dth
coordinate minus the total weight of steps with negative dth coordinate. The model
has negative, zero, or positive drift depending on whether 6 < 0,6 =0, 0r ¢ > 0.

Although we will make use of a uniform diagonal expression for all mostly
symmetric models, the local geometry of the singular variety at the contributing
singularities (in particular, whether the contributing singularities are smooth or non-
smooth transverse multiple points) will depend on the drift of the model. Table 10.1
outlines the different cases that we cover. As can be expected, when the total weight of
a step set is fixed then negative drift models, where walks tend towards the boundary
axes, grow the slowest (in fact, exponentially slower than models on the same set
of steps that are not restricted to an orthant) while positive drift models grow the
fastest. Our analytic calculations will explicitly show how the drift comes into play
when determining asymptotics.

We now describe our various results in more detail, before proving them.
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Asymptotics of Positive Drift Models

Foreach1 < k < d—1letby = Y4es;, =1 Ws be the total weight of the steps moving
forwards in the kth coordinate (which by symmetry is also the total weight of steps
moving backwards in the kth coordinate).

Theorem 10.1 (Positive Drift Asymptotics) Let S ¢ {~1,0, 1}¢ be a weighted set
of steps that is symmetric over all but one axis and moves forwards and backwards
in each coordinate. If the model defined by S has positive drift then the number c,
of walks taking n steps in S, beginning at the origin, and never leaving N satisfies

6 = (At [(l - Am) (sw)

d-1
2

1

b1 bg_i

) | (1+0(n—1)). (10.2)

As with our results in Chapter 6 on highly symmetric models, Theorem 10.1 can
be instantly applied to any given model, and families of models in varying dimension.

Example 10.2 (A Family of Positive Drift Models)

For any d € N consider the (unweighted) model with characteristic polynomial

S(z) =74+ 24 H(Zj +7)),

j<d

so that S has a single step with negative dth coordinate. Then Theorem 10.1 implies

(1+0(n)).

This lattice path model can be viewed a queuing system with d servers where at
every discrete time step either the final server processes a job, or a job is added onto
the queue for the final server and the first d — 1 servers each simultaneously receive
or process one additional job (when there is at least one job to be processed).

2471 -1

_ d-1\" 1/2-d)2
n = (1 2 ) " (2d)d-D/2

Theorem 10.1 is proven in Section 10.1.2.

Asymptotics of Negative Drift Models

Let p = y/A(1)/B(1) and for each 1 < k < d — 1 let b (zg) = [2]S(z). We will soon
see that unlike the positive drift case, when there is always a unique contributing
singularity, under certain circumstances asymptotics of negative drift models will
be determined by two contributing singularities. With that in mind, we define
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_ S(Lp)p \/ S, p)?
P 2xd2 AQ)1 - 1/p2 \ pbi(1,p)- - ba_i(1, p)B(1)

and let C_, be the constant obtained by replacing p by —p in C,.. The term under the
square-root in C, and C_,, will always be positive when it appears in our formulas.

Theorem 10.2 (Negative Drift Asymptotics) Let S c {-1,0, 1}¢ be a weighted set
of steps that is symmetric over all but one axis and moves forwards and backwards
in each coordinate. If the model defined by S has negative drift and Q(Z) + 0 (i.e.,
if there are steps in S whose dth coordinate is zero) then the number c,, of walks
taking n steps in S, beginning at the origin, and never leaving the orthant N satisfies

cn = S, py'n1=412C, (1 +0 (n-‘)) .
If the model defined by S has negative drift and Q(Z) is identically zero then

cn =[S, p)”n_l_d/ZCp +8(1, —p)”n_l_d/ZC_p] (1 +0 (n_])) .

Example 10.3 (A Family of Negative Drift Models)
For any d € N consider the (unweighted) model with characteristic polynomial
$@ =74 | |z +%) +2a
j<d
whose set of steps is the negation of our last example. A quick calculation shows

92d-3/2 92d-3/2
and C_, =

—0W-D2 ’
P L dn (2@-n/2 1)

d/2 (20d-1/2 4 1)2’
so Theorem 10.2 implies

22d-3/2,

o = (2<d+1)/2)" gl |2 Tk
ndl2 (241 - 1)2

(1+0(r)

where ,, equals 2¢ +2 when 7 is even and 2 when n is odd. This model can be
viewed a queuing system with d servers where at every discrete time step either the
final server adds a job to its queue, or the final server processes a job from its queue
and the first d — 1 servers each simultaneously receive or process one additional job.

(d+3)/2

Theorem 10.2 is proven in Section 10.1.3.
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Zero Drift Models

The zero drift models break down into two sub-cases, one easy to handle and the other
more difficult. First, if A(Z) = B(Z) then the model with characteristic polynomial
S(z) is highly symmetric and asymptotics for the number of walks are determined
in Chapter 6. For unweighted models in dimension two, the motivating case for
much of our asymptotic work, this is the only situation that can occur. Unfortunately,
for unweighted models in dimension three and greater, and weighted models in
dimension two, it is possible for a step set to have zero drift and not be highly
symmetric2. The diagonal representations in Chapter 4 for generating functions of
mostly symmetric models have particularly nasty analytic behaviour for non-highly
symmetric models with zero drift (similar to our discussion of asymptotics along
non-generic directions in Chapter 8). Because of this additional difficulty we do not
cover the zero drift models in detail.

10.1.1 Diagonal Expressions and Contributing Points

Our asymptotic results follow from the diagonal expressions derived in Chapter 4.
First, we note that Proposition 4.8 of Chapter 4 states that the generating function
enumerating walks in a mostly symmetric lattice path model by length satisfies

(U 20) -+ (14 20-1) (B - 22A2))
(1= z)B@)(1 = 121 - - zaS(2))

Ct) = A , (10.3)

where the rational function is expanded in the ring R = Q((z))[[#]], the diagonal
operator A was introduced in Definition 3.23 of Chapter 3, and

S(z) = S(z1s - - -5 Zd-15Zd)-

Equation (10.3) was used in Chapter 9 to derive asymptotics for two mostly sym-
metric lattice path models, one of which was the running example for that chapter.

Unfortunately, the presence of the factor B(Z) in the denominator of (10.3)
can make the contributing singularities that determine diagonal asymptotics non-
minimal. Thus, to simplify our asymptotic arguments we use the alternative diagonal
expression given by Proposition 4.9 of Chapter 4. Proposition 4.9 states that the gen-
erating function enumerating walks in a mostly symmetric lattice path model by
length is the main power series diagonal of F(z,t) = G(z, t)/H(z,t), where

2 For example, the mostly symmetric three-dimensional model with A(x,y) = x + X +y + Y,
B(x,y)=x/y +y/x+xy+ 1/(xy), and Q(x, y) = 0 has zero drift but is not highly symmetric.
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Gzt =0+z1) (I +zg-1) (A —121- - 24 (Q(2) + 224 A(2)))

_ R R (10.4)
ezt = (1121 245@)) (1 - 12120 (Q6) + 2aA@) (1 - 20).

Note that under our assumptions G and H are coprime as polynomials, so the
singularities of F form the algebraic setV = V(H). Following the setup of Chapter 9,
we define the factors

Hy=1-1tz-245@)
Hy=1-tz1--24(0(2) + z4A(2))
Hy=1-2z4

and the flats Vi = V(H;), Vo = V(H,), and V3 = V(H3).

Remark 10.1 One may be tempted to prove that H = H; H,Hs3 is a transverse poly-
nomial factorization of H, in the sense of Definition 9.3 from Chapter 9, but this is
not always the case. For instance, in the three-dimensional model with characteristic
polynomial S(x,y,z) = 7+ z(x + X + y + y) the point w = (1, -1, 1, —1) satisfies
Hi(w) = Hy(w) = 0 and (VH)(w) = (VH;)(w). In this example w is not even a
transverse multiple point! Such pathological points, if they exist, have lower height
than the singularities determining asymptotics and thus will not affect our methods.

Our first goal is to find the finite set of contributing singularities where a local
analysis of F' gives diagonal asymptotics. Because we are considering the main diag-
onal direction, we begin by characterizing the minimal points of F' (the elements of V
coordinate-wise closest to the origin) that minimize the product |z; - - - zg¢|~!. The
general case will follow from a study of the singularities with positive coordinates.

Proposition 10.1 Let S c {—1,0, 1} be a weighted set of steps that is symmetric
over all but one axis and moves forwards and backwards in each coordinate. Then
|z1 - zqt|”" is minimized at a unique minimal singularity of F(z) with positive
coordinates, equal to

pi=|L1...,]1, B(l), AD/BQ) when the drift is negative, and
V A1) 24/A1)B() + 0(1)
p2 = (1, L...,1, ﬁ) otherwise.

Proof Because |z ---z4t|”' decreases as (z,t) moves away from the origin, any
minimizer among the minimal points of F must be an element of V; or V,. If

Pi(z) = 21+ 24 (ZaB(@) + O(2) + 24A(2)) = 21 - - 24S(2)
Py(z) = z1 -+ - 24 (Q(2) + za A(2))

then the points in V; and V, are characterized by t = 1/P(z) and t = 1/P5(z),
respectively. Since P; and P, are polynomials with positive coordinates, and the
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terms appearing in P, are a strict subset of the terms appearing in Py, we see that V,
contains no minimal points with positive coordinates (the value of  on V} is always
less than the value of f on “V; when z with positive coordinates is fixed). Furthermore,
increasing any coordinate of z € R‘i o decreases the value of t = 1/P;(z), so the
minimal points of V; form the set

M = {(z,Pl(z)_l) 1z € RZO and zg4 < 1},

where the inequality on z; accounts for the factor H3 = 1 — z4.

In other words, we want to minimize |z; - - - z4¢|~! for (z,1) € M, which is equiv-
alent to minimizing |z - --Z¢P1(z)| = S(z) over points with positive coordinates
where z5 < 1. Ignoring the constraint on z4, Proposition 4.5 of Chapter 4 implies
that S(z) has a unique minimizer with positive coordinates, given by the solution of

EZ](Z) =0 =§Zd(z) =0

with positive coordinates (as usual subscripted variables refer to partial derivatives).
Simplifying this system to

(1-23) [5'15@ = -+ = (1-2,) [z244] S@) = B@) - 34@) = 0,

and noting that S has non-negative coefficients, we see that the desired minimizer
of S(z)is (1, /B(1)/A(1)). If the drift of the model is positive or zero then B(1) < A(1)
and we have shown that p; is the unique minimizer of |z - - - z4¢|~' among the
minimal singularities of F with positive coordinates.

If the drift of the model is negative then B(1) > A(1), so p; is not a minimal
point. In this case the desired minimizer of S(z) must occur when zg = 1 and 2
minimizes S(z, 1) among points with positive coordinates. Once again invoking
Proposition 4.5 of Chapter 4, this time on §(i, 1), shows that the minimizer occurs
when Z = 1. Thus, in the negative drift case p; is the unique minimizer of |z; - - - z4¢| -1
among the minimal singularities of F with positive coordinates. O

Remark 10.2 The non-smooth point p, is always a minimal point, but it is only
a minimizer of |z; - - - zg¢|~' among the minimal points when the drift is negative
so that the smooth point p; is non-minimal. In the zero drift case the points p;
and p, coincide. Recall also Figures 9.3 and 9.4 in Chapter 9: although these figures
illustrate the singular sets of a different diagonal encoding of lattice path generating
functions, the pictures are similar to our situation.

One nice thing about the diagonal representation under consideration is that the
power series expansion of 1/H(z, t) is combinatorial, meaning the series coefficients
are all non-negative. Lemma 5.7 in Chapter 5 states that the minimal singularities
of a combinatorial series are characterized by the minimal singularities with pos-
itive real coordinates. Thus, we can extend Proposition 10.1 to obtain an explicit
classification of the singularities that dictate lattice path asymptotics. The formal
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definitions of critical points and contributing singularities can be found in Chap-
ter 5 for smooth points and Chapter 9 for transverse multiple points; intuitively,
contributing singularities can simply be viewed as those where the local behaviour
of F determines asymptotics of its diagonal coefficient sequence. We always discuss
critical and contributing points with respect to the main diagonal direction r = 1.

Theorem 10.3 (mostly symmetric contributing points) Consider the lattice path
model defined by a weighted set of steps S € {-1,0, 1} that is symmetric over all
but one axis and moves forwards and backwards in each coordinate. Let D denote
the power series domain of convergence of F(z) and let py and p; denote the points
from Proposition 10.1.

o [f the drift of the model is negative then every point of V N T(py) is a minimal

smooth point and this set contains at most 24! points, given by (W, wg, t) where
— _ B(w 1
W E {il}d 1, Wg =V —(A)’ =
A(W) WdS (W, Wd)

wal = |20 ana ] = — :
A VB $ (1, yAT/B(D)

with v a fourth root of unity3. If wg is imaginary at such a point then W has at least
one coordinate equal to —1. Each of these points is a smooth critical point. When
the drift of the model is negative then these points are contributing singularities
which form the minimizers of |zy - - - zqt| ™" on D.

o FEvery point of V N T(py), which contains the elements of V with the same
coordinate-wise modulus as P, is a transverse multiple point. The set V N T(p2)
contains at most 297" critical points of F, given by the points (W, 1, t) where

—~ 1
we {1} = ——, and |t|
Wy Wd_IS (W, 1)

1
TS, 1)’

When the drift of the model is positive then each of these points is a contributing
singularity, and these points are the minimizers of |zy - - - zqt| ™" on D.

o [f the drift of the model is zero then p; = py and every point of V N T(p,) is a
transverse multiple point. Under this assumption of zero drift the set V N T(p1)
contains at most 2% elements, given by the points (W, wg, t) where

1 1

w, e {+1}9, t= — ,and  |t| = ——,
(W.wa) € {£1} s M= 5

and these points are the minimizers of |zy - - - zat|™' on D.

3 In order to satisfy the condition on |¢] it must be that B(W)/A(W) > 0, so the square root can be
taken unambiguously.
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Proof Suppose first that the drift is negative. Since 1/H(z, t) is combinatorial, Corol-
laries 5.4 and 5.5 from Chapter 5 imply the minimizers of |z; - - - z4t|~! on D will
be the points in V N T(p;), and all these points are smooth critical points (and
thus also contributing points). If (w,s) € V] then s is uniquely determined by w
and if (w, s) has the same coordinate-wise modulus as p; then S(w) = S(py).
Because z; - - - zg5(2) is a polynomial with nonnegative coefficients, and every coor-
dinate of P is positive, this equality implies every monomial of S(z) has the same
argument at z = w. Symmetry over the first d — 1 axes then implies wy, ..., wg_
are real, and thus lie in {+1} as they have modulus one. Our condition that S moves
forwards and backwards in each coordinate then implies S(z) evaluated at z = w
contains two monomials of the form +w, and iwd’l, S0 wy is a fourth root of unity

with modulus 4/B(1)/A(1). The value of w is non-real only if one of the coefficients
of the terms w, and w;l is negative, meaning wy = —1 for at least one k # d.

The proof of Proposition 10.1 implies no point of T(p;) lies in V,, and the
gradients of H; and H3 are non-zero and linearly-independent on V, so every point
of V N T(p») is a transverse multiple point. An argument analogous to the negative
drift case shows that any point in V N T(p.) satisfies W € {+1}¢"!. Suppose now
that (W, ty) is one of the points in the statement of the theorem for the positive drift

case. If 1 < k < d—1then
wi(OH) [021)(W) = —twwi - - - waS(W) = wi(twwi - - wa)(@S/0zi)(W) = ~1,
since 17 - - - zgS(z) = 1 on V; and (0S/8z;)(w) = 0 when wy € {+1}. Similarly,

_AW-BW) _ | AD-BW) 240 +0()

wa(0H; [dza)(W) = -1 S 51 AM)+0@1)+B(1)

since S(z) = zgA(Z) + Q(2) + 24 B(2) and our hypotheses imply A(w), B(w), and Q(w)
differ by positive real factors. Thus, when there is a positive drift

_(VIOng)(w’ tW) = (17 ] 19 r7 1) and - (VlogH3)(W: tw) = (O» .. -’O’ 1’0)
for some 0 < r < 1, and (W, t) is a contributing point. O

Having characterized the contributing singularities, we are now ready to deter-
mine asymptotics. In order to complete the necessary calculations we require some
additional notation.

Definition 10.2 For any 1 < j < d let d; denote the partial differential opera-
tor 0/06;. Furthermore, for any 1 < k < d — 1 define By and Qi as the unique
Laurent polynomials such that

S(z) = (zx + Z6) Br(zg) + Qu(zp), (10.5)

and let Al'(, BIL, A,’(’, B,’(’ be the unique Laurent polynomials such that
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AZ) = (zr + Zk)AI,c(ZE) + A;I(ZE)
B(2) = (z + 71) By (zg) + B} (zp).

To simplify notation we occasionally write By (p) for Bi(p;), understanding that the
kth entry of p should be removed, and similarly for A]’(, B,’(, A]'(’, Bl’c’.

10.1.2 Asymptotics for Positive Drift Models

Asymptotics for the number of walks in a positive drift model follow directly from
Theorem 9.2 and Corollary 9.1 in Chapter 9, which describe the asymptotic contri-
butions of transverse multiple points. In particular, the numerator of our diagonal
expression vanishes at all contributing points except for p, = (1, 1/S(1)), which is
thus the only contributing singularity affecting dominant asymptotics.

Proof (of Theorem 10.1) First, we note that

GP2) _ 54180 - AQ) SA) _ 4oy (1 _ @)
H)(p2) S - B(A) B}

Next, the calculations in the proof of Theorem 10.3 imply that the matrix Iy, in the
asymptotic expansion (9.7) given by Theorem 9.2 equals

“1-1-1---1-r-1

00 O0:---0-10

1 0 0 - 0 0O
r |01 0000
P2

o0 1- 0 0O

00O0--1 00

for a real number 0 < r < 1. Finally, to calculate the matrix Qp, appearing in (9.7)

— -1
we parametrize V) N V3 by z1,...,24-1 using zg = l and ¢ = (z] - 72q0-15(Z, 1)) .
This implies Qp, is the Hessian of the function

g(@) = log ,1[+1logl = —logg(e@, 1) —i(@1+---+04-1)

O+ +04-)F (e@)

at the origin. We claim
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28,(1)
S(ll) 0O 0 0
2B,(1)
0 S(zl) 0 0
QPz = )
©. 2By
0 0 . S1(12) 0
2B41(1)
0 0 - 0 2l

so that substitution into the asymptotic expansion (9.7) of Theorem 9.2 gives Theo-
rem 10.1. To prove this claim let $(@) = S(p2e'®) and for 1 < k < d — 1 define

B(6;) = Bx (P;;eioﬁ') and  O(8p) = Ok (P;;eiaﬁ') .
Writing $(0) = (pre'® + pre%)B(6;) + 0(8;) shows
(DrS)(0) = i(pre'® — pre™%)B(6y)

and, since py = px under our assumptions, it follows that the partial derivatives of S
satisfy (9x8)(0) = 0, (878)(0) = —2p Bi(py), and (9;0,.5)(0) = 0 whenever j # k.
Writing

5'(0) = pdeig"A (f)eie) +Q (f)eig) + 17_de_i9‘lB (f)eia) s

partial derivatives involving 8, follow from a similar argument. The chain rule then
expresses the partial derivatives of g in terms of the partial derivatives of S, giving
the claimed value of @p, and completing the argument. O

10.1.3 Asymptotics for Negative Drift Models

Asymptotics for the number of walks in a negative drift model are determined by
smooth minimal contributing singularities using Theorem 5.2 and Corollary 5.2 from
Chapter 5. Smoothness simplifies the analysis, but the leading term in the expansion
of Theorem 5.2 vanishes at all contributing points, meaning higher order constants
must be determined.

With this in mind, let W be the set of contributing points of V N T(p;) for a
negative drift model, described in Theorem 10.3 above. For any p € W we define
the functions yp(6) = —log S(p1e9, ..., pae®) +1og S(p) +i(6; + - - - + 64) and

_2 A(z)
4B(7)

Po@) = (14 20) (1 +241) (1 )(1 !

z=pre', 1<k<d

A similar calculus computation to the positive drift case shows that the Hessian of
the function ¥, at the origin is the non-singular matrix
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ZPLBI(P) 0 0 . 0
S(p)
0 2p2B1(p) 0 . 0
S(p)
ﬂp =
0 0 . 2pa-1Ba-i(p)
S(p)
. 28()
0 0 0 paS(p)

Finally, for any N € N define the somewhat cumbersome quantity

N-1
®(n) = S(p)" 2 @) VA (det Hp) 2 D P, (10.6)
k=0
where s .
wuffwﬁ@%@“
oG EnR kol

the function -
Up(0) = yp(0) — (1/2)8" - H - 6,

and & is the differential operator

S 1
g=-® 2 4 p‘faj).
i B T B®)

Corollary 5.2 from Chapter 5 states that for any N € N the number of walks in the
orthant model defined by the characteristic polynomial S(z) satisfies

en = Z oP(n) + 0(n™N).
psw

To establish Theorem 10.2 we need to determine the dominant non-zero terms in such
an expansion. This follows from some straightforward, but rather tedious, calculus
computations. For any fixed dimension these computations can be performed by a
computer algebra system.

Proof (of Theorem 10.2) Since Py(0) = 0 for all p € W, it follows that C\”’ = 0 for
all p € W. We thus determine which of the constants Cfp) in the expansions (10.6)
are non-zero. For readability we suppress p in P and ¢. Because P vanishes at the
origin, and ¢ vanishes to third order at the origin, the sum for Cip ) simplifies to

.
c}*”:-% 8(P)(0)+w .

First, we evaluate E(P)(0). Let
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X = ]_[ (1+p;e®%), Y=1-ple?a—— L and Z =

=\’ _ i0,
I1<j<d B (f)e‘”) 1 pdel 1

so that P(@) = XY Z, and

_ —S(p)
eP0) == (I;dpwk(p,;)

(B2XYZ)(0) + %(ajxyzxm) .

For 1 < k < d straightforward calculus computations show that Y and its first order
partial derivative with respect to 6y vanish at the origin, so that

(07 XY Z)(0) = X(0) (37Y)(0) Z(0)

Tlhiejea(1 + py) (F24:@)B®) + 245, P)

4 1-pg B(p)?
~ 2B(f)) [Ti<j<a(l+pj) [AL(P)B(f’) — A(p)B,(p)
~ TA(p) 1 - pa B(p)?

_ 2[Li<j<a(1 +pj) [A,Q(p) ~ B,Q(p)}
- 1= pa AP)  B®) |

Similarly, because X is independent of 8, and Y(0) = 0,

(G2XYZ)(0) = X(0) (32)(0) Z(0) + 2X(0) (347 )(0) (34 Z)(0) = A= L+ Pi)

(1 = pa)?
Combining these two expressions then yields
3 (L p) ) A B’
ey - ezl rp) \§v_ 2 (40 B0, __dpa |,
2(1 - pa) < piBip) \ AB)  B®) | B -pa)

To determine Cip) we must also calculate E2(P )(0). The operator E2 is the
sum of operators of the form 8}.26]3 for 1 < j < k < d. Differentiation shows

(8}312;)(0) = 0 so, since P vanishes at the origin, the non-zero terms of E2(P /)(0)

are those corresponding to the evaluations (6dP)(0)(6d6}$)(0) for1 < j < d. More
differentiation gives

inj<d(1 +pj)

(0aP)(0) = X(0)(0aY)(0)Z(0) = -2 1
—Pa

and
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(9a07S)(p) 2P, (pdA;-(p) - p;,‘B,’-(p))
Sp S(p)

(a079)(0) = -
Expanding & then gives

45(p) [1j<a(l + pj) &3 paAj(D) — P, Bj(P)

2/ p T _
EX(PY)0) = pa(1=pa)A(p) & B;(p)

Finally, pulling everything together and simplifying using pfi = B(p)/A(p) gives

C(p)_E(P)H‘;’<d(1+Pj) 1 & 1-p; (A}(p) BJ’.(p))
1~ .

1
[=pa | A®pa(-pa) £ 2p;8,) | AB) ~ B®)

We now see that the only values of p for which C ](p) is non-zero are those where the

first d — 1 coordinates equal one. The final coordinate p; can equal +4/B(1)/A(1), but
Theorem 10.3 implies S(1, py) = S(1) at any contributing point. If Q(Z) is identically
zero then S(Z, —z4) = —S(%, z4) and both the positive and negative values of p, appear
in contributing points. If Q(Z) is not identically zero then only p, = (1, /B(1)/A(1))
is a minimal contributing singularity. Summing the corresponding asymptotic con-
tributions and simplifying the resulting expression then gives Theorem 10.2. O

Remark 10.3 As described in Chapter 4, several approaches to walks in orthants were
originally motivated by conjectures of Bostan and Kauers [2] on asymptotics of two-
dimensional walks restricted to a quadrant (see Table 4.1 from Chapter 4). Four of
the twenty-three models arising in this context are highly-symmetric, while another
twelve are mostly symmetric (six having positive drift and six having negative drift).
Asymptotics of the highly symmetric models follow immediately from Theorem 6.1
in Chapter 6, while asymptotics of the mostly symmetric models are given by
Theorems 10.1 and 10.2. Six of the remaining seven models have algebraic generating
functions, so that asymptotics can be determined using univariate techniques [4,
3]. The final two-dimensional quadrant models with short steps are discussed in
Problem 10.3.

The number of walks ending on one or more of the boundary axes of the first
orthant is also of combinatorial interest. Problem 10.1 asks you to determine a
diagonal expression for walks returning to these boundary hyperplanes. Problem 10.2
asks you to give asymptotics for the two-dimensional mostly symmetric models with
short steps returning to either or both axes.

10.2 Lattice Path Problems to Test Your Skills

We end by listing two other areas of lattice path enumeration where diagonal expres-
sions naturally occur. Asymptotic behaviour for a selection models that appear in
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these contexts is explored in Problems 10.4 to 10.7. There are countless opportuni-
ties to apply analytic combinatorics in several variables to lattice path enumeration
problems and we hope the reader, after making it through this text, is inspired to take
their newly developed skills and discover additional results in the area.

Central Weightings

Let S ¢ Z4 be a finite step set not contained in a half-space of Z¢. A weighting
which assigns a positive weight wg > 0 to each s € S is called central if the
weight of any path in N using the steps of S depends only on the length, start,
and end points of the path. Courtiel et al. [5] and Melczer [8, Ch. 11] investigate,
classify, and deduce asymptotics for centrally weighted models. Central weightings
are interesting from the point of view of analytic combinatorics in several variables
because uniform rational diagonal expressions can often be deduced for all central
weightings of a fixed step set, treating the weights as parameters. As the weights
vary, the contributing singularities and geometry of the singular variety at these
points change, resulting in interesting shifts between different asymptotic templates.
Problems 10.4 and 10.5 ask you to determine asymptotic behaviour for an important
family of central weightings.

Walks with Longer Steps

Bostan et al. [1] generalize aspects of the kernel method discussed in Chapter 4
to walks with steps whose coordinates have modulus larger than one. Although
this extension requires a more careful consideration of algebraic functions than the
kernel method for short step models, it still results in rational diagonal expressions
for several lattice path models restricted to the quadrant. Problems 10.6 and 10.7 ask
you to determine asymptotics for two such models.

Problems

101 LetV c {l,...,d}.If S c {*1,0}¢ is a mostly symmetric step set that takes a
step forwards and backwards in each coordinate, prove that the generating function
enumerating walks on the steps in S which start at the origin and stay in N¢ is the
main power series diagonal of the rational function

_ G(z1)
E®0= Han 1_[( ~ ),

where G and H are the functions in (10.4).
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S Return to x-axis Return to y-axis | Return to origin
3V3 3n 5. N2 V)" e 162 V21"
47 n3? n g n2 n" g n3
. 5,43 @V 5, 12v3 23"
3w nirz n=g n2 n~np 3
5vV10 5" V2(1+V2)32 2+2V2)" | 2(1+v2)*/2 (2+2V2)"
16+ n3/2 n n? I3 n3
5VI0 5" 5. 4330 Vo) 5. 24¥30 @6
24~/ n3/2 n5x n? n25x  nd
V3 6" 2V3(1+V3)*2 2+2v3)" | 2(1+V3)*% (2+23)"
ﬁ 732 3T nZ Fe n3
7V21 " A (2+2V6)" 2B (2+2V6)"
54/ n3/2 2857 n? 18057 n3
2V2)" 2V2)" 6V2 (2V2)"
o s 25 sifelr | o umelr
2V3)" 2V3)" 2V3)"
41+V2)2 242421 V2(1+¥2)32 242V2)" | 2(1+¥2)¥2 (2+2V2)"
b n3 T n? T n3
72V30 86415 ) (2V6)" 430 2v6)" 24430 (2V6)"
X (5" 5t T On-1735, ) Py OnT5e 2 OnS5x
3(1+V3)2 2+2V3)" 2V3(1+V3)32 2+2V3)" | 2(1+V3)*2 (2+2V3)"
2r n3 3 n? F n3
_6C_ (2+2V0)" _A_ (@26 2B (2+2VO)"
18057~ n? 285x ~ n? 18057~ n3

Table 10.2 Asymptotics of quadrant walks with mostly symmetric step sets which end on the
x-axis, the y-axis, and the origin, respectively.

10.2 Use the diagonal expression in Problem 10.1 to prove the asymptotics for
two-dimensional models listed in Table 10.2, where the terms

{1 ‘n=0 mod?2 {1 ‘n=0 mod3 {1 ‘n=0 mod4
On = oy, = €, =

0 : otherwise 0 : otherwise 0 : otherwise

4482 :n=0 mod 4

_ 640 :n=1 mod4
Yn = 416V2 :n=2 mod4
512 :n=3 mod4

account for periodicities in the lattice path models, and A, B, and C are given by

A= (156+41V6)\23 -3V6, B = (583+138V6)\23 -3V6, C = (4571+1856V6)4/23 — 3V6.
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Hint: Most of the analysis from Theorem 10.3 can be reused. Under what conditions
are the contributing singularities for the diagonal expression encoding walks return-
ing to one or both axes the same as the contributing singularities for the diagonal
expression encoding walks ending anywhere in N??

10.3 Quadrant models on the steps S = {(1,0),(-1,0),(-1,1),(1,—-1)} are named
after Gouyou-Beauchamps, who found [6] a hypergeometric formula for the number
of walks returning to an axis and proved [7] that walks in the model with various
restrictions are in bijection with several other combinatorial objects (for instance,
pairs of non-intersecting Dyck prefixes and Young tableaux of height at most four).
Let ¢,, enumerate the number of lattice walks of length n taking steps in S, starting
at the origin, and staying in the first quadrant. Theorem 4.1 from Chapter 4 implies
that the generating function of ¢, is the main power series diagonal of

Fleyf) = yi2(x + D(y = x3)(x = y)(x +y)
= 1—xyt(x +xy+yx +%)

Find dominant asymptotics of c¢,,.

10.4 The characteristic polynomial for a central weighting of the Gouyou-Beauchamps
step set S = {(1,0),(-1,0),(=1,1),(1,-1)} can be parametrized (up to a constant
multiple) as Sy 5(x,y) = ﬁ +ax + % + Z_}y{ with a, b > 0. Using the kernel method
of Chapter 10, or other means, prove that the generating function enumerating the
number of weighted walks on S which start at the origin and stay in the quadrant N2
satisfies

Z A (ytz(y — b)(a - x)(a + x)(a*y — bx*)(ay — bx)(ay + bx)

Cne2l = — —

" a3 (1 ~ txySap(®E I = 0)(1 - y)

10.5 Use the techniques of analytic combinatorics in several variables to determine
asymptotics for the rational diagonal of Problem 10.4 as a function of the positive
parameters a and b. As a and b vary, characterize the values where asymptotics
undergo a sharp transition.

10.6 Let S = {(1,0),(-1,0),(0,-1),(=2,1)}. The generating function for the num-
ber ¢, of walks on & which use the steps in S, start at the origin, and stay in the
quadrant N? satisfies

Z Mo A YO + D + 2xy = D227 +x%y - y)(x* ~ y?)
C =

£t (1= 01 = y)(1 =13 + 22y + xy2 + )
Use the techniques of analytic combinatorics in several variables to prove

o = V3 (Cn +0(%))’

ant

where
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5616V3 :neven
9720 1 nodd

n=

10.7 Let S = {(0, 1), (1,-1),(=1,-1), (=2, 1)}. The generating function for the num-
ber ¢, of walks on & which use the steps in S, start at the origin, and stay in the
quadrant N? satisfies

Z oA (yt2(2xy2 +x2 = D(x = yH)(x?y? +2x° — yz))
2 = A T )0 (1 -ty + B+ 2+ 1) |

n>0

Use the techniques of analytic combinatorics in several variables to prove

2 ol

nn
where
51203  :n=0 mod 4
c 665631 n=1 mod4
" 126624/3 :n=2 mod4
38403%* :n=3 mod4
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