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PREFACE TO THE SPECIAL ISSUE FOR
THE 2021 LATTICE PATH CONFERENCE

CYRIL BANDERIER, CHRISTIAN KRATTENTHALER, AND MICHAEL WALLNER

1. THE LATTICE PATH CONFERENCE

1.1. History of the conference. Following an interdisciplinary interest for lattice paths
after the publication in 1979 of the two books Lattice Path Combinatorics with Statistical
Applications by Tadepalli Venkata Narayana and Lattice Path Counting and Applications

by Sri Gopal Mohanty, Mohanty initiated a series of conferences on this topic.
The first two events were held at McMaster University in
1984 and 1990, and then at the University of Delhi in 1994,
University of Vienna in 1998, University of Athens in 2002,
East Tennessee State University in 2007, University of
Siena in 2010, Cal Poly Pomona University in 2015, Centre
International de Rencontres Mathématiques in 2021. A
new initiative started by dedicating the fourth conference
in Wien to the memory of Germain Kreweras (1918-1998)
and Tadepalli Venkata Narayana (1930-1987), both of
whom made a significant contribution to the field. In
g the same spirit, the 2002 conference was dedicated to
Sri Gopal Mohanty, father of  the memory of Istvan Vincze (1912-1999). The 2015
the Lattice Path Conference.  conference was dedicated to Shreeram Shankar Abhyankar
(1930-2013), Philippe Flajolet (1948-2011), and Lajos

Takécs (1924-2015).
For each conference there is the tradition to have a journal special issue where anyone
could submit work related to lattice paths.® We shall come back to the current special
issue in Section 2. Before, let us say a few words about the event itself.

1.2. The 2021 Lattice Path Conference. The 9th Lattice Path Conference was held
in hybrid form (given the circumstances of the global Covid pandemic) during 21-25 June
2021 at the Centre International de Rencontres Mathématiques (CIRM) in Luminy, France.
This event attracted 227 registered participants with affiliations from the “four corners of
the world” from 34 different countries of which 24 attended in person. Moreover, about 40
more people attended casually online without being registered (we made the event fully
open), and some colleagues even organized some watch parties in their university, so the
real number of participants in the event will remain unknown.

ISee the website of the Lattice Path Conference for links to these special issues and further information.
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As visible via some details in the above photos,
the 2021 Lattice Path Conference was a hybrid conference.

The conference consisted of 27 invited talks and 22 accepted posters, leaving also time
for scientific discussions. The presentations covered a wide range of topics, including

e algebraic combinatorics (Young tableaux, representation theory, symmetric polyno-
mials, representation theory, ...),

e analytic combinatorics (kernel method, symbolic method, asymptotics, ... ),

enumerative combinatorics (walks in convex and non-convex cones, alternating

sign matrices, generating functions, bijections, ...),

probability theory (Brownian motion, Markov chains, random trees, ... ),

computer algebra (orthogonal polynomials, holonomy theory, ... ),

theoretical computer science (random generations, context-free grammars, ... ),

number theory (integer partitions, continued fractions, ...),

theoretical physics (Liouville quantum gravity, square ice, ...).

The conference was a great success, with many stimulating talks and discussions. We
would like to thank all of the participants, including the invited speakers and the attendees,
for their contributions to the conference. We would also like to extend our gratitude to the
staff at CIRM, who, like always, was warmly welcoming, even in this difficult period: CIRM
reopened for our meeting after many months of closure due to the Covid containment and
the interdiction of meetings. Finally, we would like to thank Kilian Raschel who was the
main sponsor of this event via his ERC starting grant COMBINEPIC, which allowed us
to help CIRM who financially suffered a lot of so many months of closure.

This event successfully brought together leading experts in the field and contributed
to the development of new research directions. Several conjectures were even solved
during the event! We hope that our special issue dedicated to this conference will serve
as a valuable resource for researchers in combinatorics, probability theory, and statistical
physics, and that they will inspire further research on lattice paths.

Let us now give the lists of organizers, speakers, and participants of this meeting.

1.3. Scientific and organizing committee.

e Cyril Banderier (CNRS, Université Sorbonne Paris Nord)
Jehanne Dousse (CNRS, Université Lyon 1)

Enrica Duchi (Université Paris Diderot)

Christian Krattenthaler (Universitat Wien)

Greta Panova (University of Southern California)

Kilian Raschel (CNRS, Université de Tours)

Michael Wallner (TU Wien)
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1.4. Invited talks.

George Andrews (Pennsylvania State University):
Schmidt type partitions and partition analysis

Andrei Asinowski (Alpen-Adria-Universitat Klagenfurt):
Vectorial kernel method and lattice paths with patterns

Philippe Biane (CNRS, Université Paris-Est):
Mating of discrete trees and walks in the quarter-plane

Alin Bostan (INRIA, Saclay):
How to prove or disprove the algebraicity of a generating function using
a computer

Mireille Bousquet-Mélou (CNRS, Université de Bordeaux):
Invariants for walks avoiding a quadrant

Timothy Budd (Radboud University):
Winding of simple walks on the square lattice

Philippe Di Francesco (University of Illinois at Urbana-Champaign
and IPhT Saclay):
Triangular ice: combinatorics and limit shapes

Sergi Elizalde (Dartmouth College):
Counting lattice paths by the number of crossings and major index

Ilse Fischer (University of Vienna):
The alternating sign matrices/descending plane partitions relation:
n+3 pairs of equivalent statistics
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Ira Gessel (Brandeis University):
Redundant generating functions in lattice path enumeration

Vadim Gorin (MIT):
Addition of matrices at high temperature

Tony Guttmann (Melbourne University):
Extracting asymptotics from series coefficients

Nina Holden (ETH Ziirich):
Random triangulations and bijective paths to Liouville quantum gravity

Mourad E.H. Ismail (University of Central Florida):
Orthogonal polynomials, moments, and continued fractions

Satya Majumdar (CNRS, Université Paris Sud):
Nonintersecting Brownian bridges in the flat-to-flat geometry

Olya Mandelshtam (University of Waterloo):
A Markov chain on tableauz that projects to a multispecies totally
asymmetric zero range process

Irene Marcovici (Université de Lorraine):
Bijections between walks inside a triangular domain and Motzkin paths
of bounded amplitude

Stephen Melczer (University of Pennsylvania):
Lattice walks and analytic combinatorics in several variables
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Robin Pemantle (University of Pennsylvania):
Generating function technologies: applications to lattice paths

Bruno Salvy (INRIA / ENS Lyon):
Computation of tight enclosures for Laplacian eigenvalues

Michael Singer (North Carolina State University):
Differentially algebraic generating series for walks in the quarter plane

Perla Sousi (University of Cambridge):
The uniform spanning tree in 4 dimensions

Andrea Sportiello (CNRS, Université Paris Nord):
Boltzmann sampling in linear time: irreducible context-free structures

Xavier Viennot (CNRS, Université de Bordeaux):
Heaps and lattice paths

Karen Yeats (University of Waterloo):
tukasiewicz walks and generalized tandem walks

Doron Zeilberger (Rutgers University):
Using symbolic dynamical programming in lattice paths combinatorics

\ Y,
| == |l
i o voU s

Paul Zinn-Justin (Melbourne University):
Generalized pipe dreams and lower-upper scheme

A recording of all the talks can be found at https://lipn.fr/~banderier/LPC/2021/.
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1.5. Accepted posters.

Ault Shaun, Charles Kicey: From lattice paths to standard Young tableauz

Cyril Banderier, Marie-Louise Lackner, Michael Wallner: Latticepathology and symmetric
functions

Nicholas Beaton: Walks obeying two-step rules on the square lattice
Swee Hong Chan, Igor Pak, Greta Panova: Log-concavity in posets and random walks

Sergey Dovgal, Mohamed Lamine Lamali, Philippe Duchon: A phase transition in
non-deterministic walks with two or more variables

Andrew Elvey Price: Enumeration of walks with small steps by winding angle

Rigoberto Florez, José L. Ramirez, Fabio A. Velandia, Diego Villamiza: Restricted Dyck
paths

Xi Chen, Bishal Deb, Alexander Dyachenko, Tomack Gilmore, Alan Sokal: Coefficientwise
total positivity of some matrices defined by linear recurrences

Hans Hongesberg: Weight-preserving bijections between integer partitions and a class of
alternating sign trapezoids

Heba Ayeda, David Beecher, Alan Krinik, Jeremy J. Lin, David Perez, Thuy Vu Dieu
Lu, Weizhong Wong: Lattice paths with alternating probabilities

Josef Kistner, Michael Schlosser, Meesue Yoo: Lattice paths and negatively indexed
weight-dependent binomial coefficients

Florian Lehner, Christian Lindorfer, Wolfgang Woess: The language of self-avoiding walks

Satya Majumdar, Francesco Mori, Gregory Schehr: Distribution of the time between
mazimum and minimum of random walks

Stéphane Ouvry, Alexios Polychronakos, Shuang Wu: Algebraic area counting for lattice
closed random walks

Alan Krinik, Gerardo Rubino: The exponential-dual matriz method: applications to
Markov chain analysis

Andrei Asinowski, Benjamin Hackl, Sarah Selkirk: Down-step statistics in generalized
Dyck paths

Myrto Kallipoliti, Robin Sulzgruber, Elini Tzanaki: Patterns in Shi tableaux and Dyck paths
Malvina Vamvakari: On q-order statistics

Florian Aigner, Gabriel Frieden: qRSt: A probabilistic Robinson—Schensted correspondence
for Macdonald polynomials

Quang-Nhat Le, Sinai Robins, Christophe Vignat, Tanay Wakhare: A continuous analogue
of lattice path enumeration

Jisun Huh, Sun-Young Nam, Meesue Yoo: LLT polynomials in a nutshell: on Schur
expansion of LLT polynomials

Benjamin De Bruyne, Satya Majumdar, Gregory Schehr: Generating discrete-time
constrained random walks.

The poster session was organized on the online platform Gather.town, where all the posters
can still be perused.
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1.6. The Hotel Latticepathologia escape game. The image below shows a part of
the “Hotel Latticepathologia” (a virtual location designed by Cyril Banderier, Jehanne
Dousse, and Michael Wallner), where the poster session was taking place.
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This virtual place gave the online participants the opportunity to socialize and to partic-
ipate in an escape game! In its first part, you have to identify a mysterious mathematician
in each room in the Hotel Latticepathologia (https://tinyurl.com/s6njbsku), using clues
scattered throughout. Will you succeed?

In its second part, you have to solve a collection of puzzles designed in collaboration
with Vivien Ripoll; see https://1lipn.fr/~cb/LPC/2021/Puzzles/. It includes a musical
concert by 9 conference participants. Don’t miss it!

Below is a sample puzzle from the escape game. Can you solve it?

Confusing Dream

1 had the strangest dream last night: a Zoom meeting with some of our mathematical beroes. Luckily I was able to take a screenshot
before waking up! They look utterly confused by the situation, though I note they all have one extraordinary feature.
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They were discussing the discovery of a new lattice path. I managed to copy it there: https:/ /00.00/00000000
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1.7. Registered participants. Most of the 227 registered participants were online. A few of
them had the opportunity to enjoy CIRM’s beautiful surroundings.

List of registered participants: David Adame-Carrillo, Mohammed Ageel, Florian Aigner, Marie
Albenque, Seamus Albion, Ian Alevy, Irha Ali, George Andrews, Omer Angel, Margaret Archibald, David
Ash, Andrei Asinowski, Shaun Ault, Jean-Christophe Aval, Heba Ayeda, Arvind Ayyer, Beata Bényi,
Cyril Banderier, Josaphat Baolahy, Elena Barcucci, Jean-Luc Baril, Erik Bates, Nicholas Beaton, David
Beecher, Chiheb Ben Bechir, Sudip Bera, Olivier Bernardi, Antonio Bernini, David Bevan, Philippe
Biane, Arthur Blanc-Renaudie, Aubrey Blecher, Alin Bostan, Mireille Bousquet-Mélou, Cédric Boutillier,
Jérémie Bouttier, Timothy Budd, Théophile Buffiere, Ariane Carrance, Giulio Cerbai, Swee Hong Chan,
Linxiao Chen, Shaoshi Chen, Frédéric Chyzak, Lapo Cioni, Alice Contat, Michael Coopman, Sylvie
Corteel, Logan Crew, Cesar Cuenca, Nicolas Curien, Stéphane Dartois, Benjamin De Bruyne, Bishal
Deb, Nachum Dershowitz, Hiranya Kishore Dey, Philippe Di Francesco, Lucia Di Vizio, Ruiwen Dong,
Robert Donley, Jehanne Dousse, Sergey Dovgal, Thomas Dreyfus, Michael Drmota, Enrica Duchi, Dennis
Eichhorn, Sergi Elizalde, Andrew Elvey Price, Sen-Peng Eu, Wenjie Fang, Valentin Féray, Luca Ferrari,
Ilse Fischer, Rigoberto Flérez, Luis Fredes, Gabriel Frieden, Eric Fusy, Ira Gessel, Sudhir Ghorpade,
Juan Gil, Tomack Gilmore, Vadim Gorin, Adam Gregory, Tony Guttmann, Hans Hongesberg, Benjamin
Hackl, Aliakbar Haghighi, Eva-Maria Hainzl, Charlotte Hardouin, Kilian Hermann, Clemens Heuberger,
Pawel Hitczenko, Hung Hoang, Nina Holden, Sam Hopkins, Yueyun Hu, Justin Hua, Mourad E. H. Ismail,
Svante Janson, Helen Jenne, Frédéric Jouhet, Josef Kiistner, Wonwoo Kang, Manuel Kauers, Rinat
Kedem, Ghizlane Kettani, Mikhail Khristoforov, Charles Kicey, Donghyun Kim, Sergey Kirgizov, Victor
Kleptsyn, Arnold Knopfmacher, Isaac Konan, Irina Kourkova, Christian Krattenthaler, Alan Krinik,
Nishu Kumari, Raunak Kundagrami, Florian Lehner, Helder Lima, Zhicong Lin, Christian Lindorfer,
Martin Loebl, Baptiste Louf, Torsten Miitze, Satya Majumdar, Pritam Majumder, Olya Mandelshtam,
Jean-Francois Marckert, Irene Marcovici, Barbara Margolius, Hana Meldnova, Stephen Melczer, Laurent
Menard, Sri Gopal Mohanty, Derrick Mohlala, Francesco Mori, Lukas Nabergall, Philippe Nadeau, Victor
Nador, Mehdi Naima, Hiroshi Naruse, Andreas Nessmann, David Nguyen, Hadrien Notarantonio, Soichi
Okada, Stéphane Ouvry, J. E. Paguyo, Nimisha Pahuja, Greta Panova, Jay Pantone, Eveliina Peltola,
Robin Pemantle, Karol Penson, Leonid Petrov, Renzo Pinzani, Thomas Prellberg, Helmut Prodinger,
Sanjay Ramassamy, José Ramirez, Kilian Raschel, Vivien Ripoll, Tom Roby, Martin Rubey, Gerardo
Rubino, Tiadora Ruza, Nasser Saad, Bruce Sagan, Manjil Pratim Saikia, Bruno Salvy, Yoshio Sano, Gilles
Schaeffer, Gregory Schehr, Michael Schlosser, Jeanne Scott, Blair Seidler, Sarah Selkirk, Timo Seppalainen,
Michael F. Singer, Alexandros Singh, Erik Slivken, Rebecca Smith, Alan Sokal, U-Keun Song, Perla Sousi,
Andrea Sportiello, Richard Stanley, Dennis Stanton, Benedikt Stufler, Adrian Tanasa, Benjamin Terlat,
Vasu Tewari, Paul Thévenin, Mikhail Tikhonov, Jordan Tirrell, Jessica Tomasko, Joonas Turunen, Eleni
Tzanaki, Malvina Vamvakari, Roger Van Peski, Zoé Varin, Ekaterina Vassilieva, Fabio Velandia, Xavier
Viennot, Christophe Vignat, Diego Villamizar, Michael Voit, Trung Vu, David Wahiche, Tanay Wakhare,
Michael Wallner, Harriet Walsh, Guoliang Wang, Sebastian Wild, Mark Wilson, Peter Winkler, Wolfgang
Woess, Elaine Wong, Zaidan Wu, Karen Yeats, Meesue Yoo, Sergey Yurkevich, Doron Zeilberger, Noam
Zeilberger, Jiang Zeng, Yan Zhuang, Paul Zinn-Justin.
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2. OUR SPECIAL ISSUE IN THE “SEMINAIRE LOTHARINGIEN DE COMBINATOIRE”

The “Séminaire Lotharingien de Combinatoire” is an international biannual seminar,
cofounded in 1980 by Dominique Foata (Strasbourg), Adalbert Kerber (Aachen and
Bayreuth), and Volker Strehl (Erlangen). The name of the seminar comes from the fact that
these cities were almost covered by Lotharingia, a part of the Carolingian Empire. In 1994,
an eponymous journal was launched and quickly gathered a wider international audience,
welcoming also articles independent of any participation to the actual seminar. On
some occasions, the journal has had special issues dedicated to Festschriften or conference
proceedings. All volumes are freely accessible at https://www.mat.univie.ac.at/~slc/.

We are pleased to add another volume to this collection of the journal of the Séminaire
Lotharingien de Combinatoire. Our volume, dedicated to the themes of the 2021 Lattice
Path Conference, contains the following contributions:

1. Helmut Prodinger: A walk in my lattice path garden

2. Anthony J. Guttmann and Vaclav Kotésovec: A numerical study of L-convex
polyominoes and 201-avoiding ascent sequences

3. David W. Ash: Introducing DASEP: the doubly asymmetric simple exclusion process
4. Stéphane Ouvry and Alexios P. Polychronakos: Signed area enumeration for lattice
paths
5. Aubrey Blecher and Arnold Knopfmacher: Left-to-right maxima in Dyck paths
6. Rigoberto Florez, Toufik Mansour, José L. Ramirez, Fabio A. Velandia, and Diego
Villamizar: Restricted Dyck paths on valleys sequence
7. Sergi Elizalde: Counting lattice paths by crossings and major index II: tracking
descents via two-rowed arrays
8. Jang Soo Kim and Dennis Stanton: Three families of q-Lommel polynomials
9. Malvina Vamvakari: On g-order statistics
10. Thomas Dreyfus: Differential algebraic generating series of weighted walks in the
quarter plane
11. Rodolphe Garbit and Kilian Raschel: The generating function of the survival
probabilities in a cone is not rational
12. Rafik Aguech, Asma Althagafi, and Cyril Banderier: Height of walks with resets,
the Moran model, and the discrete Gumbel distribution

We would like to thank all the authors for their patience during the interactions with
the editors, which (hopefully!) resulted in a pleasantly polished volume. .. Last but not
least, we would like to also thank all the referees for their excellent work. We hope that
the reader will enjoy this volume and will eventually be motivated to contribute to the
next Lattice Path Conference!
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3. A PANORAMA ON LATTICE PATHS

Let us end this preface with two beautiful photos taken during a random walk in the
proximity of the conference location (warm thanks to Andreas Nessmann and Sergey
Dovgal for sharing them with us).

A path... what else could end our preface?
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A WALK IN MY LATTICE PATH GARDEN

HELMUT PRODINGER!

ISTELLENBOSCH UNIVERSITY AND NITHECS (NATIONAL INSTITUTE FOR THEORETICAL AND COM-
PUTATIONAL SCIENCES), SOUTH AFRICA; https://www.math.tugraz.at/~prodinger

Abstract. Various lattice path models are reviewed. The enumeration is done using
generating functions. A few bijective considerations are woven in as well. The kernel
method is often used. Computer algebra was an essential tool. Some results are new,
some have appeared before, but all are interesting.

The lattice path models considered are Hoppy walks and several models involving
skew Dyck paths, Schroder paths, hex-trees, decorated ordered trees, multi-edge trees,
etc., related to the sequence A002212 in the On-line Encyclopedia of Integer Sequences
(created by N. Sloane). Weighted unary-binary trees also occur and we there improve
on our old paper on Horton—Strahler numbers [P. Flajolet and H. Prodinger, 1986], by
using a different substitution. Some material on Motzkin numbers and paths is also
discussed. Some new results on ‘Deutsch paths’ in a strip are included as well. During
the Covid period, I spent much time with this beautiful concept that I dare to call
Deutsch paths, since Emeric Deutsch stands at the beginning with a problem that he
posted in the American Mathematical Monthly some 20 years ago. Peaks and valleys,
studied by Rainer Kemp 40 years ago under the names MAX-turns and MIN-turns,
are revisited with a more modern approach, streamlining the analysis, relying on the
‘subcritical case’ (named so by Philippe Flajolet), the adding a new slice technique
and once again the kernel method.

Keywords: Skew Dyck paths, decorated Dyck paths, generating functions, Motzkin
paths, kernel method.
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1. INTRODUCTION

Around 20 years ago I published a collection of examples about applications of the
kernel method in the present journal. The success of this enterprise was unexpected and
came as a very pleasant surprise. My current plan is to present again a collection of
subjects, loosely related as they all have a lattice path flavour (trees are also allowed in
my private book when lattice paths are mentioned). The subjects cover my last 2 or 3
years of research; some results were only posted on arXiv, and some are completely new.

As in the predecessor paper, the kernel method plays a role again, but also analytic
techniques like singularity analysis and Mellin transform, as well as bijective results.

Let me emphasize that this is not a survey about lattice path enumeration, but a
personal survey, that is, a very personal account of some of my interests and recent
activities. Of course, I hope that some people will like it, and that some readers will even
contact me to further investigate the models presented in this article. It is not a long
novel, I organized the material rather as a collection of short stories, roughly in the order
as [ worked on them.

While some methods might be intimidating for the uninitiated, I tried to provide an
accessible introduction, also by explaining and simplifying older proofs and applying old
and powerful tools to many beautiful and attractive up-to-date problems. Even with
traditional bricks, traditional timber, traditional paint one can build a beautiful house, a
beautiful home, a beautiful garden!

People who want to properly learn the subject (via different approaches all keeping
some intimate links with enumerative combinatorics) can go to Christian Krattenthaler’s
survey [29], or the older books by Mohanty [31] and Narayana [32] or to many deep and
sophisticated articles by Mireille Bousquet-Mélou and Philippe Flajolet. I apologize to all
those that I did not mention although I should have.
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The sections are arranged in roughly the form they were conceived. They have their
own little introductions so that a casual reader can look at various parts at his/her leisure.
Like a walk in a real garden, you can just cross it or you can explore, in butterfly style,
various flowers and other beauties.

I spent probably a year of work on that project, and so it can be hoped that the interested
enthusiast can learn something from it. In the first place, I would like to mention the
large variety of combinatorial objects, perhaps not known to everybody. Then I mention
the “right” substitution of auxiliary variables that one finds in various places of the paper.
Without them, certain computations/considerations would be (almost) impossible, in
particular since computer algebra systems are not good to deal with roots. There are a
few asymptotic calculations woven in, both related to my old friends, the height of trees
and the register function (Horton—Strahler numbers). As mentioned, I do not distinguish
much (cum grano salis) between lattice paths and trees. There are also a few attractive
bijections to be found. I spent myriads of hours with Maple to guess the quantities of
interest, especially in the context of Deutsch paths in a strip and bounded marked trees.
Many explicit formulee were found with the kernel method, often in combination with the
adding-a-new-slice procedure.

My motivation for this work, apart from numerous improvements related to the existing
literature, is a personal credo about how to proceed in various instances of this personal
survey. I like generating functions and explicit expressions and I am not so thrilled by
bounds and estimates. I know that I open a can of worms with such a statement, but
nobody is forced to proceed like me. But those who do can take home something beautiful.
It is clear to me that many researchers will not agree with ‘beautiful” and replace it with
something else. Fortunately, different views are allowed, and I mention freely that Philippe
Flajolet’s work, especially his younger period, had a lasting effect on the way I consider
things. I should also mention Emeric Deutsch here, who is responsible for skew Dyck
paths, marked trees, Deutsch paths and more.

So I send this swan song into the world. May it encourage younger people to pick up
some stones in the garden in the hope that they are actually rough diamonds.

2. HorPPYy WALKS

This section (which is extending our unpublished preprint arXiv:2009.13474) can be
seen as a warm-up, introducing all the typical techniques, before a much longer section.

Deng and Mansour [10] introduce a rabbit named Hoppy and let him move according to
certain rules. While the story about Hoppy is charming and entertaining, we do not need
this here and move straight ahead to the enumeration issues. Eventually, the enumeration
problem is one about k-Dyck paths (k > 1). The up-steps are (1, k) and the down-steps
are (1,—1). The model that has (1, 1) as up-step and the down-step are (1, —k) will also
be called k-Dyck paths.

The question is about the length of the last sequence of down-steps (shown in red in
Figure 1). Or, phrased differently, how many k-Dyck paths end on level j with an up-step.
Note that such paths have length n = m + km — j. The recent paper [49] consider these
paths, although without the restriction that the last step must be an up-step.
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m up-steps

FiGURE 1. The rabbit Hoppy thinking in the lattice path garden...on the
number of final down-steps in paths with steps (1, —1) and (1, k).

Source: https://en.wikipedia.org/wiki/File:0ryctolagus_cuniculus_Tasmania_2.jpg

The original description of Deng and Mansour is a reflection of Figure 1, with up-steps
of size 1 and down-steps of size —k, but we prefer it as given here, since we are going
to use the adding-a-new-slice method; see [18,38]. A slice is here a run of down-steps,
followed by an up-step. So, for each path, one begin with an up-step, and then m — 1
new slices are added. We keep track of the level after each slice, using a variable u. The
variable z is used to count the number of up-steps.

Deng and Mansour work out a formula which comprises O(m) terms. For our walks, we
obtain a more compact sum of only O(j) terms (recall that j is the level of the last point).

We start with the following substitution which encodes that one adds a new slice

zuk

Wz Y UMt =
0<h<j

1 —u/Th).
1_u< u’™)

Now let F,,(z,u) be the generating function of paths having m runs of down-steps. The
substitution leads to

zuk ZU

k+1

Fo(z,u) = Fo(z,u), Fy(z,u) = zu”.

1—u
Let F' = 37,,50 F'm, so that we do not care about the number m anymore; then

zuk Zuk+1

F(z,1)— .

—Uu —Uu

F(z,u) = zu® + 1 F(z,u),

or, more conveniently,
F(z,u)(1 —u+ 20" = 20 (1 —u+ F(z,1)).

The equation 1 —u+ zuf* = 0 (the so-called kernel equation) is famous when enumerating
(k 4 1)-ary trees (or k-Dyck paths). Its relevant combinatorial solution (also the only one
being analytic at the origin) is

_ 1 1+ /0(k+1)
“—Zm( ¢ )
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Now, since u := @ cancels the kernel and the left-hand side, (u — @) must be a factor of
the right-hand side (which is a polynomial in u); this gives
(1 —u+ F(z,1) = —zuf(u — 7).
Cancelling the kernel equation is thus a method which brings additional equations, allowing
us to identify F(z,1), and then F'(z,u) which is given by

The first factor has even a combinatorial interpretation, as a description of the first
step of the path. It is also clear from this that the level reached is at least k after each
slice. We do not care about the factor zu* anymore, as it produces only a simple shift.
The main interest is now how to get to the coefficients of

u—u
1 —u+ zukt?

in an efficient way. First we deal with the denominators (j > k + 1)

T ) ew{“*m}w

0<m<j/k m

One way to see this formula is to prove by induction that the sums S; satisfy the recursion

S; —Sj_1+ 2S;_k—1 = 0 and initial conditions Sy = --- = S = 1. In [49] such expressions
also appear as determinants. Summarizing,
1 Jj—km\ .
SPICEEED vl L 19
1 —u+ zubt! 0 S m

Now we read off coefficients:
: u j—km 1+ 0k+1)\ ,
aj__ % 1 m
W e = 2 (D" ( ) zgolqtélﬁ—l)( ( :

and further

(o] u _ oy (—1)™ <j — km) (1 + (n—m)(k + 1)>‘

1 —u+ zuktt 0§m§j/k1+(n_m)(k+1) m n—m

The final answer to the Deng—Mansour enumeration (without the shift) is

<0<mz<:j/k 1+ (”(—_g)ﬂ(k +1) <j _mkm> (1 ' (n;ﬁgfk ' 1>>) = (=" (j : 1n_ k”)

(2.1)
If one wants to take care of the factor zu"” as well, one needs to do the replacements
n—n+1and j — 5+ k in the formula just derived. That enumerates then the k-Dyck
paths ending at level j after n up-steps, where the last step is an up-step.
The main contribution of this section is this equation (2.1); let us now discuss three
variations about these walks.

k
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An application. In [1] the authors considered the total number of down-steps of the
last down-run in all k-Dyck paths. For k = 2,3,4, this corresponds to the sequences
A334680, A334682, A334719 in the OEIS!, respectively. So, if the path ends on level j, the
contribution to the total is j.

All we have to do here is to differentiate

u—u
F e —
(z,u) = zu SR ——
with respect to u, and then replace u by 1. The result is
[V |
B
z z
and the coefficient of z™ therein is
1 1+ (m+1)(k+1) 1 I1+m(k+1)
1+ (m+1)(k+1) m+ 1 1+m(k+1) m '

The bivariate generating function does this enumeration cleanly and quickly.

Hoppy’s early adventures. Now we investigate what Hoppy does after his first up-step;
he might follow with 0,1,..., k down-steps. Eventually, we want to sum all these steps
(red in the picture).

k—1=h+

one up-step m up-steps

A new slice is now an up-step, followed by a sequence of down-steps. The substitution
of interest is:

4 itk+1
u' — z Z uh= 2 2 .
0<h<itk l—u L—wu
Furthermore
F C pen -2
hei(2,u) = 37— Fi(z,1) = 7—Fu(z,u),
and Fy = u", the starting level. We have
- Skt
H(z,u):ZFh(z,u):uh%—liH(z,l)— 1 H(z,u)
_ u _—

h>0
or
H(z,u)(1—u+ 2u"™) = u"(1 —w) + 2H(2,1).

IThe On-line Encyclopedia of Integer Sequences (OEIS) is a database available at https://oeis.org)/.
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Plugging in @ into the right-hand side gives 0, thus one has
2H(z,1) = —a"(1 — ),
which itself implies
u(1 —u) —a"(1 — )
1 —u+ zukt!

But we only need H(z,0), since we return to the z-axis at the end:

H(2,0) =[h=0]+a"" —a".

H(z,u) =

(The Iverson notation [P] which is 1 when P is true and 0 otherwise is the notation of
choice for combinatorialists, [21].) The total contribution of red steps is then

k
k+ Z (k—h)(@*" —a") = Zah;
h=0 h=1

the coefficient of z™ in this is the total contribution. Since w =1 + zu'“le there is the
further simplification

1 1 ko ((E+1)m)\ ,,
z l1—wm lem—l—l m

Indeed, for m > 1, we have

[z’“](—1+i+ : 1) —~ —[Zm]%

-1 21
(k+1) £ —(k+1)
— _[,m+l l
= ];}(kJrlé— +1) ( )Z
ey D (k+1) (k E—l)) '
>0 (k+1)(¢—1) l

(kD) ((B+1)m\  k [((E+1)m

S (k+Dm\ m+1 ) m+1 m '
We did not expect such a simple answer ’jrl <(kt,?m) to this question about Hoppy’s early

adventures! This analysis of Hoppy’s early adventures covers sequences A007226, A007228,
4124724 of [52], with references to [1].

Hoppy walks into negative territory. Hoppy is now adventurous and allows himself
to go to level —1 as well, but not deeper. The setup with generating functions is the same,
but the u-variable counts the level relative to the —1 level, so this has to be corrected
later.

Hoppy, after some initial frustration discovers that he can now start with an up-step or
a down-step. First, let us start Hoppy with an up-step:

Z’Uk Zuk+1

F(z,1)—

—Uu —Uu

F(z,u) = zuf™ 4 . F(z,u),

which we conveniently rewrite as

F(z,u)(1 —u+ 2u"™) = 20 (1 — w) + 2uF F(2,1).
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Since the left-hand side cancels for u = u, we get that u = @ is also cancelling the
right-hand side (which is a polynomial in u), and this implies that

u(1 — ) + F(z,1) = 0.

This finally gives

zuk

Fow = 1

u(l —u) —u(l —u) ).
( )

But Hoppy can also start with a downstep. So we have to add the result of the previous
computation, and get finally

k k

2U - - 2uU -
Gew) = g (00 =) (=) 4 T (7 w)
or better
k
N ZU _9 2
Gzu) = T——— (W — o).

Now we need

9

%G(Z, 1) — G(Z, 1)

This subtraction is necessary, since the contribution of u’ is not j as before but only j — 1.

The result is
-
z z

Hoppy knows that @ has beautiful coefficients:
d—1+(/€+1)€> d

w:z< g

>0

kl+d
and he inserts £ = 2 which gives A030983:
32 4 1622 + 832% + 4422 +24202° + - -+ |

k = 3 which gives A334608:

5z 4 342 +2362° 4+ 17142% + 129222° 4 - - - |
k = 4 which gives A334610:

7z 4 5827 + 5052% + 46502 + 446772° + - - .
In general, we have

w1 1+ (k+1)(+1) 2 14+ (k+1)¢\ 2 '
Z—2u—2_2l< (+1 )k(£+1)+2_2< ¢ )k:é+2]z'

£>0

Happy Hoppy decides to stop this line of computations here.
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3. COMBINATORICS OF THE OEIS SEQUENCE A002212

The following (sub)sections give some (mostly new) results about the sequence
1,1, 3,10, 36, 137, 543, 2219, 9285, 39587, 171369, 751236, 3328218, 14878455, . . .,

which is 4002212 in the OEIS. In the following four sections we consider different combina-
torial structures enumerated by this sequence.

e Hex-trees are identified as weighted unary-binary trees, with weight one (see the
article by Hana Kim and Richard Stanley [26]). Apart from left and right branches,
as in binary trees, there are also unary branches, and they can come in different
colours, here in just one colour. Unary-binary trees played a role in the present
authors scientific development, as documented in [17], a paper written with the
late and great Philippe Flajolet, about the register function (Horton—Strahler
numbers) of unary-binary trees. In Section 4, we offer an improvement, using a
“better” substitution than in [17]. The results can now be made fully explicit. As a
by-product, this provides a definition and analysis of the Horton—Strahler numbers
of hex-trees.

e Then we move to skew Dyck paths, as considered by Emeric Deutsch, Emanuele
Munarini, and Simone Rinaldi in [12]. They are like Dyck paths, but allow for an
extra step (—1, —1), provided that the path does not intersect itself. An equivalent
model, defined and described using a bijection, is from [12]: marked ordered trees;
see Section 5. They are like ordered trees, with an additional feature, namely
each rightmost edge (except for one that leads to a leaf) can be coloured with
two colours. Since we find this class of trees to be interesting, we analyze two
parameters of them: number of leaves and height. While the number of leaves for
ordered trees is about n/2, it is only n/10 in the new model. For the height, the
leading term /7n drops to %m Of course, many more parameters of this new
class of trees could be investigated, which we encourage to do.

e The next two classes of structures are multi-edge trees; see Section 6. Our interest
in them was already triggered in an earlier publication, together with Clemens
Heuberger and Stephan Wagner [24]. They may be seen as ordered trees, but with
weighted edges. The weights are integers > 1, and a weight @ may be interpreted as
a parallel edges. The other class are 3-Motzkin paths. They are like Motzkin paths
(Dyck paths plus horizontal steps); however, the horizontal steps come in three
different colours. A bijection is described. Since 3-Motzkin paths and multi-edge
trees are very much alike (using a variation of the classical rotation correspondence),
all the structures that are discussed in this paper can be linked via bijections.
Since these trees are not so common in the combinatorics community, details and
examples are presented for the readers’ benefit.

e Skew Dyck paths are finally discussed in more detail in Section 7.
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4. BINARY TREES AND HORTON-STRAHLER NUMBERS

This section is classical and serves as the basis of some new developments about weighted
unary-binary trees. A full account can be found in [36].

Binary trees may be expressed by the following symbolic equation, which says that they
include the empty tree and trees recursively built from a root followed by two subtrees,

which are binary trees:
% = 0O + / \

B B

Binary trees are counted by Catalan numbers and there is an important parameter reg,
which in Computer Science is called the register function. It associates to each binary tree
(which is used to code an arithmetic expression, with data in the leaves and operators in
the internal nodes) the minimal number of extra registers that is needed to evaluate the
tree. The optimal strategy is to evaluate difficult subtrees first, and use one register to keep
its value, which does not hurt, if the other subtree requires less registers. If both subtrees
are equally difficult, then one more register is used, compared to the requirements of the
subtrees. This natural parameter is among combinatorialists known as the Horton—Strahler
numbers, and we will adopt this name throughout this paper.

There is a recursive description of this function: reg(CJ) = 0, and if tree ¢ has subtrees
t1 and t5, then

regl(t) = max{reg(t1),reg(te)} if reg(ty) # reg(ta),
& 1+ reg(ty) otherwise.

The recursive description attaches numbers to the nodes, starting with 0’s at the leaves
and then going up; the number appearing at the root is the Horton—Strahler number of
the tree.

Let %, denote the family of trees with Horton-Strahler number equal to p, then one
gets immediately from the recursive definition:

- A A R

Rys By Ry SR SRy A,

J<p J<p

In terms of generating functions, these equations are translated into
Ry(z) = zR>_(2) + 22R,(2) Y R)(
i<p
the variable z is used to mark the size (i.e., the number of internal nodes) of the binary

tree. A historic account of these concepts, from the angle of Philippe Flajolet, who was
one of the pioneers is [50]; compare also [48].



A walk in my lattice path garden 31

Amazingly, the recursion for the generating functions R,(z) can be solved explicitly!

The substitution
U

(14 u)?
that de Bruijn, Knuth, and Rice [9] also used, produces the nice expression

z =

P
1—u?

1-
u2p+

Ry(z) =

u 11—

Of course, once this is known, it can be proved by induction, using the recursive formula.
For the readers benefit, this will be sketched now. We start with the auxiliary formula

u? u u?
()<2J:.<pl—u?j+1 T l—u  1—w
which we will prove now by induction: For p = 0, the formula 0 = *~ — %~ is correct,
and then
u? u u? u?
0§j2<;3+1 " 1—u 11— 1_gn
u u? (14 u?") u? u "
Tl-u 1w T 1w T 1w 1w
Now the formula for R,(z) can also be proved by induction. First, Ry(z) = 1_u“2 =1,
as it should, and
ZR2_1(2) +22R,(2) > Ry(
i<p
v (1—u?)?  u?® N 2u Ry(5)Y 1—u? o
(I+wu)? @ (I-u®)? (14+u) 7= w 1—u?"”
w11 —-u)? 201 —wu u?
J<p
Solving
R(2) = w1 —u)?  2(1—w) (2) u ¥
v (1 —u?)? (1+w) l—u 1—u?
leads to
1—u u?” u? 71— u)?
R 1 =
p(z) 1 Y [ + 1 — ugp] (1 ugp)Q ’

or, simplified
w1 -w?) 1 —u?
(1—u®)(1+u?) u 1—u®

which is the formula that we needed to prove. Alternatively, this formula can also be
proved by converting the sum into a telescoping sum, by extending the numerator and

Ry(z) =

denominator by (1 —u?), and using a partial fraction decomposition. O
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Weighted unary-binary trees and Horton—Strahler numbers. The family of unary-
binary trees .# might be defined by the symbolic equation

///:D+?+R

ANDY
The equation for the generating function is
M(z) =1+ 2(M(2) — 1) + 2M (2)?

with the solution

1—z—+/1-06z+522
M(z) = © 5 Froz =1+4+24+322+102° +362* 4 - ;
2

the coefficients form again sequence A002212 in [52] and enumerate Schroder paths, among
many other things. We will come to equivalent structures a bit later.

In the instance of unary-binary trees, we can also work with a substitution. Set
Z = {i3eqers then M (z) = 1 4+ u. Unary-binary trees and the register function were
investigated in [17], but the present favourable substitution was not used. Therefore, in
this previous paper, asymptotic results were available but no explicit formulae.

This works also with a weighted version, where we allow unary edges with a different

colours. Then
s-o+al + A

AT

and with the substitution z = —, the generating function is beautifully expressed

1+(a+1§)u+
as N(z) =1+ u. For a =0, this covers also binary trees.
We will consider the Horton—Strahler numbers of unary-binary trees in the sequel. The

definition is naturally extended by
reg ( T )z reg(t).

t

Now we can move again to R,(z), the generating function of (generalized) unary-binary
trees with Horton—Strahler number p. The recursion (for p > 1) is

c%’pzﬂ +R + R—i—a-?

Rps Bpr Ry X R LRy K, Z,

i<p i<p
In terms of generating functions, these equations read as
Ry(z) = zR2_1(2) + 22R,(2) Y _ Rj(2) + azR,(2), p>1; Roy(z)=
J<p

Amazingly, with the substitution z = formally we get the same solution as in

_u
1+(a+2)utu?"’
the binary case:

w1 — w2t
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The proof by induction is as before. One sees another advantage of the substitution. On a
formal level, many manipulations do not need to be repeated. Only when one switches
back to the z-world, things become different.

Hex-trees. Hex-trees either have two non-empty successors, or one of 3 types of unary
successors (called left, middle, right). The author has seen this family first in [26], but one
can find older literature following the references and the usual search engines [2,23]. We
start with a symbolic equation, as usual.

A =0+ O + /O\ + P + ? + q
2\{0}y 2\{0}y  2\{0p  2\{0} 2\ {0}
The generating function satisfies (by translation of the symbolic equation)
1—z—/(1—2)(1-52)

2z
=14 2+322+102° +362% + 1372° + 5432% + 221927 + 92852% + 3958727 + - - - .

H(z) =14+ 2(H(z) = 1>+ 2+ 32(H(z) — 1) =

The same generating function also appears in [24], and it is sequence A002212 in the
OEIS [52]. One can rewrite the symbolic equation as

- N

H A A\{O}
and sees in this way that the hex-trees are just unary-binary trees (with parameter a = 1).

Continuing with enumerations. First, we will enumerate the number of (generalized)
unary-binary trees with n (internal) nodes. For that we need the notion of generalized
trinomial coefficients, viz.

:1,a,1
(n, ],{a, ) = [2F](1 + az + 2™
Of course, for a = 2, this simplifies to a binomial coefficient (2,:‘) We will use contour
integration to pull out coefficients, and the contour of integer, in whatever variable,
is a small circle (or equivalent) around the origin. The desired number is (recall that
2= Taroera)
1 dz
Nt = o0
204 u) = o f o (14 w)

L ]{ du(l —u?)(1+ (a+ 2)u + u?)"*?

 2mi (14 (a+ 2)u + u?)?urt!
= [ (1 = w)(1+u)*(1+ (a + 2)u + )"

(n—l;l,a+2,1> (n—l;l,a—i—Q,l)
= +
n+1 n

n—11a4+2,1 n—11a+21
n—1 n—2 '

(1+u)
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Then we introduce S,(z) = R,(2)+ Rpt+1(2)+ Rpi2(2)+- - -, the generating function of trees
with Horton—Strahler number > p. Using the summation formula proved earlier, we get

2P 1 2
— U
_ k2P
k>1

1—u?® wu

Sp(2) =

v 1 —u?

Asymptotics. We start by deriving asymptotics for the number of (generalized) unary-
binary trees with n (internal) nodes. This is a standard application of singularity analysis
of generating functions, as described in [16] and [20].

We start from the generating function

1—az—\/1—2(a+2)z+a(a+4)z2

N

(2) 2z

and determine the singularity closest to the origin, which is the value making the square
root disappear: z = %H. After that, the local expansion of N(z) around this singularity is

determined:

N(z)~2—+Va+4\/1—(a+4)z.

The translation lemmas given in [16] and [20] provide the asymptotics:

"IN (2) ~ [7] (2 Var i1 (avt 4)2)

n=3/2 1
I 4 n+1/27'
ey~ e
Just note that a = 0 is the well-known formula for binary trees with n nodes.

Now we move to the generating function for the average number of registers. Apart
from normalization it is

ZpRp(Z) = Z Sp(2) =

p=>1 p=>1

=—Va+4(a+4)"

2

S = L Sy,

p>1k>1 U >

1 — u?

u

where vy(n) is the highest exponent k such 2% divides n.

This has to be studied around v = 1, which, upon setting © = e™*, means around ¢ = 0.
Eventually, and that is the only thing that is different here, this is to be retranslated into
a singular expansion of z around its singularity, which depends on the parameter a.

For the reader’s convenience, we also repeat the steps that were known before. The first
factor is elementary:

t

1 — u?

1
~2+ =t
U 3
For

Z Z €—k2pt’

p=1k>1
one applies the Mellin transform, with the result
I'(s)¢(s)
25 —1
Applying the inversion formula, one finds

e 1 T()C(s)
e e e e

S1ks1 271 J2—ico
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Shifting the line of integration to the left, the residues at the poles s = 1, s

5=Xk = ffg”; , k # 0 provide enough terms for our asymptotic expansion.

1 v 1 log 7 logt

oL F t Xk
2log2 4 210g2+210g2 log2,§) xk)COxe)

Combined with the elementary factor, this leads to

1 1 log t
2+<7—— BT Og> ngZka Y (x)t™ + O(t* log t).

log2 2 log2 log?2 i

Now we want to translate into the original z-world. Since z = m,
into the singularity z = ﬁ. Further,

t~vVa+4-4y/1—2z(a+4),

u = 1 translates

let us abbreviate A = a + 4, and we now want to get the asymptotic behaviour of the

coefficients in the power series expansion of

VA1 =2zAlog(1l — zA)

2log2

v 1 logm logA>
- V1=
* (logZ 2 log2 210g2 VA A

2 1—xp 1—xg
"‘MI;)F(Xk)C(Xk)A 25 (1 24) 2

By singularity analysis (see [16,20]), one has

0=~ f

and
—3/2

n=32logn n
"llog(1 — 2)v1 — 2z ~

We start with the most complicated term:

(—2+ v+ 2log?2).

nf n3/2logn n=3/2
[ ]f\/l ;ﬁ&gl(;g(l zA) \/Z A ( Qfg + N (—2 + v+ 210g 2))
[2"]N(2) ~ 2log2 A2 o
v 1
=1 1 — .
0841+ L+ 2log2 log?2

The next term we consider is

( v 1 1og7r+ 1ogA)\/Z[z"]m

log2 2 log2 ' 2log2 (27| N(2)

N( Y 1 logm logA)\/Z \[/ZZ”%\/]l\/—lz_ﬁ

log2 2 log2 * 2log 2
y 1 logm  log A
log2 2 log2 2log2’
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The last term we consider is

- e [0 2A) T AVET(wC )
o2 WA A T =A™ Tlos? ()

Eventually we have evaluated the average value of the Horton—Strahler numbers:

Theorem 4.1. The average Horton—Strahler number of weighted unary-binary trees with
n nodes is given by the asymptotic formula

v 1 +§+log7r_logA v Z I (X >(X>A%"“nx;c/2
2log2  log2 2 log2 2log2  log2 =7 F( )

log,n —

vy 1 +§ logm  log A
2log2  log2 2 log?2 2lg

= log,n — + ¢ (log, n),

with a tiny periodic function ¥ (x) of period 1.

These oscillations are usually bounded by 107°, say. See [19] for some explicit error
bounds.

5. MARKED ORDERED TREES

In [12] we find the following variation of ordered trees. Each rightmost edge might be
marked or not, if it does not lead to an endnode (leaf). We depict a marked edge by the
red colour and draw all of them of size 4 (4 nodes):

O AL

Ficure 2. All 10 marked ordered trees with 4 nodes.

Accordingly, the marked ordered trees satisfy the following symbolic equation (where
f - - o refers to > 0 copies of &7):

a =0O + N@ i /(x + /O\\
o o o - o d\{o} o - o F\{o}

In terms of generating functions, this gives the functional equation

Alz) =2+ - _1<Z)z+ : _ZA(Z)z(A(z) ~2),

whose solution is

1 —2—+1—6z+522
A(z) = - 2 - =2+ 22 +2°+32° + 102" +362° + - -
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In fact, as proved in [12], these trees are in bijection with an interesting family of lattice
paths, called skew Dyck paths. The bijection performs a walk around the contour of the
tree (that is, a depth-first search traversal) and translates it into a skew Dyck path as
follows

e black or red edges on the way down become a (41, +1) step,
e black edges on the way up become a (+1, —1) step,
e red edges on the way up become a (—1, —1) step.

Thus, the 10 trees of Figure 2 translate as follows into skew Dyck paths of length 6:
We will analyze several parameters of skew Dyck paths in Section 7. But, as the present

author believes that trees are more manageable (than these paths) when it comes to
enumeration issues, let us now investigate these marked trees in more detail.

Parameters of marked ordered trees. There are many parameters, usually considered
in the context of ordered trees, that can be considered for marked ordered trees. Of course,
we cannot be encyclopedic about such parameters. We just consider a few parameters and
leave further analysis to the future.

The number of leaves. To get this, it is most natural to use an additional variable u when
translating the symbolic equation, so that z"u* refers to trees with n nodes and k leaves.
One obtains

F(z,u) = zu+ zu+ 2(F(z, u) —ZU)),

1 F(> ) (
1 - F(z,u)
with the solution

1 1
F(z,u):—z+%+§—5\/422—4z+22u2—22u+1

:zu—i—22u—|—(2u—|—u2>z3+<4u+5u2+u3)24+~--.

The factor 4u + 5u? + u?® corresponds to distribution of leaves in the 10 trees of Figure 2.
Of interest is also the average number of leaves, when all marked ordered trees of size n
are considered to be equally likely. For that, we differentiate F'(z,u) with respect to wu,
and set u := 1, with the result
2

z zZ—z z . .. v
B + =G5 =T with the parametrization z = 1o 30500 (5.1)
Since F(z,1) = z(1 + v), it follows that the average is asymptotic to
n z n] 1 ny 1 1 n=1/2
e e il B Gl v v/ = - N ) 5:2)

™

[2tz(1+v)  [27)(1+v) 5"+%2\Lﬁn3/2 B 5”+%ﬁn3/2 10°

Note that the corresponding number for ordered trees (unmarked) is §, so we have
significantly less leaves here.
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The height. As in the seminal paper [9], we define the height in terms of the longest chain
of nodes from the root to a leaf. Further, let p, = pn(z) be the generating function of
marked ordered trees of height at least h. From the symbolic equation, one has
2 2

Pha1 = 2+ : +2z(ph—z):_z+2z—z (for h > 1) and p; = 2.

L —pn L —pn L—pn
By some creative guessing, separating numerator and denominator, we find the solution
(where we use the auxiliary algebraic function v, implicitly defined in (5.1)):

(14 20)"=1t — vh(v + 2)"71
(1 + ZU)h—l _ ’Uh+1(’0 + 2>h—1 ’

This formula is in fact proved by induction (we start with p; = z(1 +v)
the induction step is best checked using a computer).

The limit of p, for h — oo is z(1 + v), the generating function of all marked ordered
trees, as expected. Taking differences, we get the generating functions of trees of height at
least h:

pn=2(1+v)

l—v
== = 2z and, then,

(v + 2)h=Lyh
14 2u)h=1 — pht1(y 4 2)h-1"
From this, the average height can be worked out, as in the model paper [24]. We sketch
the essential steps. For the average height, one needs

pm—ph:zﬂ—va(

S a1 —1?) (v + 2)" 1ot
= (1 + QU)h—l _ Uthl(U + Q)h—l
and its behaviour around v = 1, viz.
Z 3h—1yh Z ot
22(1 —v) — — ~ 2z(1 —v)
=0 3h—1 _ ph+13h—1 = 1 — 9t

The behaviour of the series can be taken straight from [24]. We find there

Z ,Uh - _log(l —/U)
h>1 1 —oh 1—vw
and ( .
v+ 2)"" v
1-o ~ —221log(1 — v).
;;OZ( v )(1_‘_20)1171 —Uh+1(v+2)h71 z og( v)

Thus, the coefficient of z"*! is asymptotic to —2[2"]log(1 — v). Since 1 — v ~ v/5y/1 — 5z,
—2zlog(1 —v) ~ —2zlog V1 — 5z = —zlog(1 — 5z),

and the coefficient of z"*! in it is asymptotic to %" This has to be divided (as derived
inside Formula (5.2)) by
5nta

1
2y/mn3/?’

o™ 1 32 2
2;5n+%ﬁn —%\/ﬂ'n.

Note that the constant in front of y/7n for ordered trees is % = 1, so the average height
for marked ordered trees is indeed a bit smaller thanks to the extra markings.

with the result
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6. A BIJECTION BETWEEN MULTI-EDGE TREES AND 3-COLOURED MOTZKIN PATHS

Multi-edge trees are like ordered (planar, plane, ...) trees, but instead of edges there
are multiple edges. When drawing such a tree, instead of drawing, say 5 parallel edges,
we just draw one edge and put the number 5 on it as a label. These trees were studied
in [14,24]. We also considered this model in our unpublished preprint arXiv:2105.03350;
the bijection presented hereafter is new.

The generating function F(z) (where one counts edges) satisfies

FE) =Y (12F0) = ==
Z) = A :—’
o N — 2 1 — = F(2)
whence
1— 21— 621522
Flz)= -~ O | 243224 102% 4+ 3620 + 13725 + 54325 1 ... .

2z
The coefficients form sequence 4002212 in the OEIS [52].

A Motzkin path consists of up-steps, down-steps, and horizontal steps; see sequence
4091965 in [52] and the references given there. As Dyck paths, they start at the origin
and end, after n steps again at the z-axis, but are not allowed to go below the z-axis. A
3-coloured Motzkin path is built as a Motzkin path, but there are 3 different types of
horizontal steps, which we call red, green, blue. The generating function M (z) satisfies

1—3z—+1—06z+522
222 ’
So multi-edge trees with N edges (counting the multiplicities) correspond to 3-coloured
Motzkin paths of length N — 1.
The purpose of this section is to describe a bijection. It transforms trees into paths, but
all steps are reversible.

M(z) =1+32M(z) + 2*2M(2)? = F(z) =14 2zM(z).

The details. As a first step, the multiplicities will be ignored, and the tree then has only
n edges. The standard translation of such tree into the world of Dyck paths, which is in
every book on combinatorics, leads to a Dyck path of length 2n. Then the Dyck path will
be transformed bijectively to a 2-coloured Motzkin path of length n — 1 (the colours used
are red and green). This transformation plays a prominent role in [13], but is most likely
much older. I believe that people like Viennot know this for 40 years. I would be glad to
get a proper historic account from the gentle readers.

The last step is then to use the third colour (blue) to deal with the multiplicities.

The first up-step and the last down-step of the Dyck path will be deleted. Then, the
remaining 2n — 2 steps are coded pairwise into a 2-Motzkin path of length n — 1:

/—>/’ \.—>'\. N e V— e

The last step is to deal with the multiplicities. If an edge is labelled with the number a,
we will insert @ — 1 horizontal blue steps in the following way. Since there are currently
n — 1 symbols in the path, we have n possible positions to enter something (in the
beginning, in the end, between symbols). We go through the tree in pre-order, and enter
the multiplicities one by one using the blue horizontal steps.
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To illustrate this procedure, we give in Table 1 the list of 10 multi-edge trees with
3 edges, and the corresponding 3-Motzkin paths of length 2, with intermediate steps
completely worked out.

Multi-edge tree ‘ Dyck path ‘ 2-Motzkin path ‘ blue edges added

1
1
1

/N /N

=N
*—eo—o

N =
*—eo—o

w
*——e

—_

P

SRS IEED

—
=
—

[y
=

TABLE 1. First row is a multi-edge tree with 3 edges, second row is the
standard Dyck path (multiplicities ignored), third row is cutting off first
and last step, and then translated pairs of steps, fourth row is inserting blue
horizontal edges, according to multiplicities.

Connecting unary-binary trees with multi-edge trees. This is not too difficult: We
start from multi-edge trees, and ignore the multiplicities at the moment. Then we apply
the classical rotation correspondence (also called: natural correspondence). Then we add
vertical edges, if the multiplicity is higher than 1. To be precise, if there is a node, and an
edge with multiplicity a leads to it from the top, we insert @ — 1 extra unary nodes in a
chain on the top, and connect them with unary branches.
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In Table 2 below, we illustrate this procedure on 10 objects.

Multi-edge tree | Binary tree (rotation) \ vertical edges added ‘

1 /|
/
/

N
N
N
2P
N

DN B N B I I R R R N

LS

TABLE 2. First row is a multi-edge tree with 3 edges, second row the
corresponding binary tree, according to the classical rotation correspondence,
ignoring the unary branches. Third row is inserting extra horizontal edges
when the multiplicities are higher than 1.

—_

41
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7. THE COMBINATORICS OF SKEW DYCK PATHS

Let us come back to skew Dyck paths, which we introduced in Section 5 as objects
in bijection with marked ordered trees. As we saw, skew Dyck paths are a variation of
Dyck paths, where additionally to steps (1,1) and (1,—1) a south-west step (—1,—1)
is also allowed, provided that the path does not intersect itself. Also, like for Dyck
paths, it must never go below the z-axis and end eventually (after 2n steps) on the
z-axis. These paths were considered in [6,12,26,44]. We extend here on our paper [46],
giving here additional results on the prefixes of these paths. The enumerating sequence is
1,1,3,10, 36,137,543, 2219, 9285, 39587, 171369, . . ., which is 4002212 in the OEIS [52].

Let us now give a more thorough analysis of skew Dyck paths, using generating functions
and the kernel method. Here is the list of the 10 skew Dyck paths consisting of 6 steps:

SN R AA

FicUure 3. All 10 skew Dyck paths of length 6.

3

We prefer to work with the equivalent model (resembling more traditional Dyck paths)
where we replace each step (—1,—1) by (1, —1) but label it red (see Figure 4, and compare
with Figure 3):

NN NN AN
AN AN N N A

F1GURE 4. The 10 paths of length 6 redrawn, with red south-east edges
instead of south-west edges.

The rules to generate such decorated Dyck paths are: each edge (1, —1) may be black
or red, but /\ and \/ are forbidden.

Our interest is in particular in partial decorated Dyck paths, ending at level 7, for fixed
7 > 0; the instance j = 0 is the classical case. The analysis of partial skew Dyck paths was
recently started by Baril et al. in [6] (using the notion ‘prefix of a skew Dyck path’) using
Riordan arrays instead of our kernel method. The latter gives us bivariate generating
functions, from which it is easier to draw conclusions. Two variables, z and u, are used,
where z marks the length of the path and j marks the end-level. We briefly mention that
one can, using a third variable w, also count the number of red edges.

Again, once all generating functions are explicitly known, many corollaries can be
derived in a standard fashion. We only do this in a few instances. But we would like to
emphasize that the substitution 2z = {52, which was used in [24,44] allows to write
explicit enumerations, using the notion of a (weighted) trinomial coefficient:

;1,3,1
<”’ 1;3’ ):: [5](1+ 3t + £2)".



A walk in my lattice path garden 43

Generating functions and the kernel method. We catch the essence of a decorated
Dyck path using a state-diagram:

FiGure 5. Three layers of states according to the type of steps leading to
them (up, down-black, down-red).

It has three types of states, with j ranging from 0 to infinity; in the drawing, only
j = 0..8 is shown. The first layer of states refers to an up-step leading to a state, the
second layer refers to a black down-step leading to a state and the third layer refers to
a red down-step leading to a state. We will work out generating functions describing
all paths leading to a particular state. We will use the notations f;, g;, h; for the three
respective layers, from top to bottom. Note that the syntactic rules of forbidden patterns
/N and \/ can be clearly seen from the picture. The functions depend on the variable z
(marking the number of steps), but mostly we just write f; instead of f;(z), etc.

The following recursions can be read off immediately from the diagram:

fo=1, finn=zfi+zg;, 120,
9i = 2fix1 + 2911 + zhiy1, 120,
hi = zgiy1 + zhiy1, 120,
And now it is time to introduce the promised bivariate generating functions:
F(z,u) = ;} fi()u', G(z,u) = ggi(z)ui, H(z,u) = ;} hi(2)u'.

Again, often we just write F'(u) instead of F(z,u) and treat z as a ‘silent’ variable.
Summing the recursions leads to

Z U fiy = Z u'zf; + Z u'zg;,

i>0 i>0 i>0
ZU 9i = ZU Zfiv1 + ZU ZGi+1 + ZU zhiy1,
i>0 i>0 i>0 i>0
Zu h; = Zu zhiy1 + Zu 2Gi1-
i>0 i>0 i>0

This can be rewritten as

i(F(u) — 1) = 2F(u) + 2G(u),

Glu) = ~(F(u) = 1)+~ (Glu) = G(0)) + = (H(u) — H(0)),

H(u) = ~(G(u) = G(0)) + — (H(u) — H(0)).

Such systems of equations having more unknowns than equations can be solved with the
kernel method (see [37] for a gentle example-driven introduction to this method).



44 H. Prodinger

We begin by rewriting our system as
22uG(0) + 2*uH (0) + 2%u —u — 2° 4+ 2z
—23 —u+ 2z + zu? — Z2u

R 2
Hu) 2(—uzH(0) — z —_z;tgG_(Oi i g;z((_]: z—uj _1{5234— H(0) -z G(O))‘ (7.3)

F(u) =

, (7.1)

The denominator is the same for each equation and it factors as z(u — r1)(u — r9), with

1+ 224+ v1—62%2+52% 1+22—+/1—062%2+52*
= 3 o = .
2z 2z
Consider Equation (7.1), since F(u) is a power series in z, the factor u — 7o in the
denominator is “bad”?, thus this factor must also be a factor of the numerator (seen as a
polynomial of degree 1 in u). This implies

(&1

G(O):—H(O)—1+Zl2+z_2/z.

T

Applying the same principle to either (7.2) or (7.3), we get after simplification

1 —42 42+ (22— 1)V — 622 + 521

2 — 22
Thus, with W = /1 — 622 + 52* = \/(1 — 22)(1 — 5z2), one has
—1-22-W 1+224+W

H(0)

Flu) = 2z(u—1) B 2zr1(1 —u/ry)’
G()_—1+22+W_ 1—22-W
W= 22(u—7r1)  2zri(1—u/ry)’
_ 2 . 2
Hu) = 1+3*+W  1-3z w

2z(u—ry)  2zr(1—u/r)
The total generating function (summing the 3 cases that lead to the same level) is
3-32-W

2zr1(1 —u/ry)
The coefficient of u/z" in S(u) counts the partial paths of length n, ending at level j. We
will write s; = [u’]S(u). At this stage, we are only interested in

5= fi4 <—|—h-—[uj] 3—-322—-W _3—322—W
i = JiT 9 7 2z (1 —u/r) 2zr{+1 ’

which is the generating function of all (partial) paths ending at level j. Parity considerations
give us that only coefficients [2"]s; are non-zero if n = j mod 2. To make this more

transparent, we set
1422+ V1 —622+ 521
= 5 )

S(u) = F(u) + G(u) + H(u)

P(z) = 2r;

%In an identity having the form A(z,u) = B(z,u)/(u — r(z)), we say that the factor (u — r(2)) is bad if
A(u, z) is a power series in z while 1/(u — r(z)) is not.
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We thus get
i3 = 322 - W

9 Pi+l
Now we read off coefficients. We do this using residues and contour integration. The path
of integration, in both variables x resp. v is a small circle or an equivalent contour. The
following computation is abbreviated.

]y 17{ dr (14 v)(1+ 2v)
79 [ ogmtl Vit (y 4 2)+1
(1+v)%(1+2v)(1 —v)
(v+2)itt

si=f+gi+hj==z

(1+ 3v + v?)

[z

_ [Um+j+1] (1 + 30+ U2)m—1+j‘

Note that
(1+v)*(1+20)(1 —v) = =9+ 27(v +2) — 29(v + 2)* + 13(v + 2)* — 2(v + 2)%;

consequently
(0?21 +20)(1—v) 1 —7—1 1 (—J 1 —7+1
(] (v 4 2)i+1 n _92j+1+k k + 272j+k k) 292j—1+k k
1 -7 +2 1 —J+3\
With this abbreviation A;,, we find
o (14 0)2(1 4 20) (1 — o) Ly M (m—14551,3,1
m+j+1 ( 1 3 2ym—1+j _ s RS .
T g (v >l

This is not extremely pretty but it is ezplicit and as good as it gets. Here are the first few
generating functions:

o so=1+22+32" +102° +362° + 137210 454322 + ... |
o 5. =2+4+2224625+212"+792° + 3112 + 126523 + - - .

We could also give such lists for the functions f;, g;, h;, if desired. We summarize the
essential findings of this section in the following theorem.

Theorem 7.1. The generating function of decorated (partial) Dyck paths, consisting of n
steps, ending on level j, is given by

_3—322—\/1—622+5z4

g _
(z,) 2zr1 (1 —u/ry) ’
with
1+ 2% 4+ V1 — 622+ 524
r = .
2z
Furthermore
- 3—-322—+/1—622+5z4
/]S (2, u) = - |

221
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Open ended paths. If we do not specify the end of the paths, in other words we sum
over all 7 > 0, then at the level of generating functions this is very easy, since we only
have to set u := 1. We find

(z+1)(z2+32—2)+ (2 +2)V1 — 622+ 524
22(22 4+ 22— 1)
= 1424222433472 +112° +262° + 432"+ 10228 + 17527 + 416210 + - - - .

S(1) = —

Counting red edges. We can use an extra variable, w, to count additionally the red
edges that occur in a path. We use the same letters for generating functions. Eventually,
the coefficient [z"u/w*]S is the number of (partial) paths consisting of n steps, leading to
level j, and having passed k red edges. The endpoint of the original skew path has then
coordinates (n — 2k, j). The computations are very similar, and we only sketch the key
steps.

fO:]-7 fi+1:Zfi+Zgi7 ZZOa
9i = 2fix1 + 29it1 + 2hip1, ©2>0,
hi = wzgit1 +wzhip1, 1> 0;

1

LF() ~1) = 2F(w) + 20(),
Glu) = Z(F(u) = 1)+ 2(G(w) = G(0)) + =(H(u) - H(0))
H(w) = “Z(G) - GO) + "= (H() - G(0));
o - S0 s
T
H(u) = 2202l (0) = 2 — 2uG(0) + G(0) — 22H(0) + H(0) — 2G(0))

—wz? —u+ 2+ wz+ zu? — wzlu

The denominator factors as z(u — ry)(u — rg), with

14+ wz2?+ \/1 — (44 2w)2% + (4w + w?)z*
L= 9, )
14+ wz? — \/1 — (44 2w)2% + (4w + w?)24
2z '
Note the factorization 1 — (4 + 2w)z? + (4w + w?)z* = (1 — 2?w)(1 — (4 + w)2z?). Since the
factor u — ro in the denominator is “bad,” it must also cancel in the numerators. From
this we eventually find, with the abbreviation W = \/1 — (44 2w)2% + (4w + w?)2*:

o =—

—1—wz2—-W _—1+w22+W

1+ 24w+ W
’ Glu) = 22(u—ry) '

F(u) = H(u) =

2z(u — 1) 22(u — 1)
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The total generating function is
-2 —w+ 24 (w + w?) + wW
22(u — 1) '

S(u) = F(u)+ G(u) + H(u) =

The special case u = 0 (return to the z-axis) is to be noted:
C 2—w+ 2 (wtw)+uwW 1l -w-W
N —227, N 222 ’

S(0)

Since there are only even powers of z in this function, we replace x = z? and get

l—wx—\/1—(4+2w)$+(4w+w2)x2
2z
=1+a+ (w+2)2* + (w? + 4w + 5)z° + (w* + 6w? + 15w + 14)2* + - - - .

Compare the factor (w? + 4w + 5) with the earlier drawing of the 10 paths.
There is again a substitution that allows for better results:
v

z= ,
1+ 24+ w)v + v?
Reading off coefficients can now be done using modified trinomial coefficients:

S(0) =

then S(0) =1+ w.

n;1,2+w,1 n
( ):[tk](1+(2+w)t+t2) .
k
Again, we use contour integration to extract coeflicients:
1 dx
Na+v) =5
(1 +0) = 5 § (1 +0)

1 dx 11—
B 277”'7{1)"“ (14 (24 w)v + v?)?
= "1 =) A+ ) (1+ 2+ w)o+0°)"

<n—1;1,2—|—w,1> (n—1;1,2+w,1>
= +
n n—1

n—112+w1 n—112+w,1
n—2 n—3 '

Now we want to count the average number of red edges. For that, we differentiate S(0)
with respect to w, and set w := 1. This leads to

—1+ 6z — 522 + (14 32)v1 — 6z + Ha?
2(1 —z)(1 — bax) '

(14 (2 +w)v + )" (1 +v)

—/5lan]/T =5z 5

So, a random path consisting of 2n steps has about n/5 red steps, on average. For
readers who are not familiar with singularity analysis of generating functions [16,20], we
just mention that one determines the local expansion around the dominating singularity,
which is at z = % in our instance. In the denominator, we just have the total number of
skew Dyck paths, according to the sequence 1002212 in the OEIS [52]. In the example of

Figure 2, the exact average is 6/10, which curiously is exactly the same as 3/5.

A simple application of singularity analysis leads to
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We finish the discussion by considering fixed powers of w in S(0), counting skew Dyck

paths consisting of zero, one, two, three, ...red edges. We find
1—+v1-4 1—-2x—+1—-4
w')$(0) = ==, [w!]S(0) = - %
2x 241 —4x
3 4
5 B x 5 _2'(1—-2x)

The generating function [w°]S(0) is of course the generating function of Catalan numbers,
since no red edges just means: ordinary Dyck paths. We can also conclude that the
asymptotic behaviour is of the form n*~3/24" where the polynomial contribution gets
higher, but the exponential growth stays the same: 4". This is compared to the scenario
of an arbitrary number of red edges, when we get an exponential growth of the form 5”.

Dual skew Dyck paths. The mirrored version of skew Dyck paths with two types of
up-steps, (1,1) and (—1,1) are also cited among the objects in 4002212 in the OEIS [52].
We call them dual skew paths and drop the ‘dual’” when it isn’t necessary. When the paths
come back to the x-axis, no new enumeration is necessary, but this is no longer true for
paths ending at level j.

Here is a list of the 10 skew paths consisting of 6 steps:

FIGURE 6. All 10 dual skew Dyck paths of length 6 (consisting of 6 steps).
We prefer to work with the equivalent model (resembling more traditional Dyck paths)

where we replace each step (—1,—1) by (1, —1) but label it blue. Here is the list of the 10
paths again (Figure 2):

N
AN

F1cure 7. All 10 dual skew Dyck paths of length 6 (consisting of 6 steps).

S
3

/\/\/\
NN AAA

The rules to generate such decorated Dyck paths are: Each edge (1,—1) may be black
or blue, but " and /\ are forbidden.

Our interest is in particular in partial decorated Dyck paths, ending at level j, for fixed
7 > 0; the instance j = 0 is the classical case.

As before, two variables, z and u, are used, where z marks the length of the path and

7 marks the end-level. We briefly mention that one can, using a third variable w, also
v

count the number of blue edges. The substitution x = ————— is again the key to the

success 1+3v+v?
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Generating functions and the kernel method. We catch the essence of a decorated
(dual skew) Dyck path using a state-diagram:

FiGURrE 8. Three layers of states according to the type of steps leading to
them (down, up-black, up-blue).

It has three types of states, with j ranging from 0 to infinity; in the drawing, only
j = 0..8 is shown. The first layer of states refers to an up-step leading to a state, the
second layer refers to a black down-step leading to a state and the third layer refers to
a blue down-step leading to a state. We will work out generating functions describing
all paths leading to a particular state. We will use the notations c;, a;, b; for the three
respective layers, from top to bottom. Note that the syntactic rules of forbidden patterns
/N and " can be clearly seen from the picture. The functions depend on the variable z
(marking the number of steps), but mostly we just write a; instead of a;(z), etc.

The following recursions can be read off immediately from the diagram:

ag = 1, Aiy1 = 204 + sz + 2Cq, 1 > O,
bi = za; 11+ 2biq, >0,
Ciy1 = 2a; + z¢;, 1 > 0.

And now it is time to introduce the bivariate generating functions:

A(z,u) =Y ai(2)u’, B(z,u) =Y bi(z)u', Clzu) =) alz)u’

>0 >0 >0

Summing the recursions leads to

douta; =14 ud u'(za;+ 2b; + z¢;) = 1 + uzA(u) + uzB(u) + uzC(u),

i>0 i>0

Z u'b; = Z u'(zajq + 2biyq) = — Z u'a; + — Z u'b;,
i>0 i>0 U i>1 U i>1

Z uici = uz Z uiai + uz Z uici.

i>1 i>0 i>0

This can be rewritten as
A(u) = 14+ uzA(u) + uzB(u) + uzC(u),
z z
Blu) = Z(A(u) — ap) + =(Bu) — bo),
C(u) = cog + uzA(u) + uzC(u).
Note that ag = 1, ¢y = 0. Simplification leads to

Oy = FAW g puy = 2AW 1= 50)

1—wuz U —z
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This leaves us with just one equation
(z —u+uz? + uz?B(0)) (uz — 1)
u?z3 +uz? —2ulz — z+u

This is again a typical application of the kernel method: One writes

Au) = :
w2 Fuz? — 20z — 2+ u = 2(22 = 2)(u — 51)(u — sp).

The denominator thus factors as 2z(2% — 2)(u — s1)(u — s3), with

14224+ V1 —622+ 521 1422 — V1 —622+521

o 22(2 — 22) 2T 22(2 — 2?)
Note that s;89 = ﬁ Since the factor u — s, in the denominator is “bad,” it must
also cancel in the numerators. We get B(0) = T and, again with the abbreviation
W =+/1—622+ 524,
1-— 1 24w 1—-222—-W 1 24w
A(u):( uz)(l+ 22+ W) Blu) = z Clu) = + 22 4 u

22(22 — 2)(u — s1)

and for the function of main interest

22— 22)(u—s1) 2(22-2) u—s;’
322 -3+ W

G(u) = A(u) + B(u) + C(u) = 22— B u—s)

Since one has

1 1422 —+/1—622+ 524 g and 1 14+ 224+ V1 —622+ 524
—_— = = Z n e s

S1 2z S9 2z

we then get
322 -3+ W 322—-34+W  322-3+W

J — [4,d — A i g+l
[U ]G(U> [u]22(22_2)81(1_u/81) 22(22—2)8{+1 2(22_2) 225
So [u/]G(u) contains only powers of the form z/*2¥. Now we continue
: : 322 -34+W .
2N 2N 1

[N G (u) = [2 ]WS”
B [xN]Bx—3+\/1—6x—|—5x2 1+2—1—6x+502\""
B 2(z — 2) 2

= [z"](v + 1) (v +2)

which is the generating function of all (partial) paths ending at level j.
Now we read off coefficients as before:

(272N 3G (u) = [N (v + 1) (v + 2)7

R F-CEREE

“ ori ) N+
1 dv (1 —?) ,
— % % W(l -+ 3v —+ U2)N+lm(v -+ 1)(7) -+ 2)J

= [0"](1+3v+ ") (1 —0)(1 +v)*(v +2).
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Note that
(1—0)(1+0)?=3—T(v+2) +5(v+2)— (v+2)%
consequently
(272N G () = [V](1 + 30 + v?)N ! [3 — T +2)+5(v+2)* - (v+ 2)3] (v +2)7.
We abbreviate:
[ = [Uk] {3(7} + 2)]‘ _ 7(U + 2)j+1 + 5(1) + 2)j+2 _ (U + 2)j+3

SR VA DAY b I o 5 DTS J+2\ ek [T+ 3548k
R e S o

With this notation we get

. . N-1:1,3,1
[ZJ+2NUJ]G(U) = Z Njﬂf( N — k >

0<k<N—1

Here are the first few generating functions:
o Go=1+22+32"+102°+362% 4+ 13720 4+ 5432'2 + 22192 + ... |
o G =22+32"+102" 4 362" + 1372° 4+ 5432" + 22192"% + 92852"° + ... |
o Gy=42" 482" +2920 + 1112° + 44220 4+ 18132 + 76092 + 32521210 + .. |
o (G3=2824202"+ 782" +3152° + 13062 + 55272 4 237792% + 10369927 + - - -

We could also give such lists for the functions a;, b;, ¢;, if desired. We summarize the
essential findings of the rest of this section:

Theorem 7.2. The generating function of decorated (partial) dual skew Dyck paths,
consisting of n steps, ending on level j, is given by

322 -3+ V1 —622+524

G =
() 22(2—2%)(u—s1)
with
2z
S1 = .
1422 —+1—622+ 524
Furthermore ,
. 32° =3+ V1 =622 452 . .,

with

g 1422 —+/1—622+ 524

N 222 ’

Open ended paths. If we do not specify the end of the paths, in other words we sum
over all j > 0, then at the level of generating functions this is very easy, since we only
have to set u := 1. We find

1 1-3
G) = (14 2)( 2)
22(22 +22—1) — /1 — 622+ 524
=1+4+22+52%2+112% +272* +622° + 1512% + 35427 + 85928 + 20362% + - - - .
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Counting blue edges. We use an extra variable w as before to count additionally the
blue edges that occur in a path. Eventually, the coefficient [z"u/w*]S is the number of
(partial) paths consisting of n steps, leading to level j, and having passed k blue edges.
The endpoint of the original skew path has then coordinates (n — 2k, j). The computations
are very similar, and we only sketch the key steps.
ap =1, a;11 = za; + zb; + z¢;, >0,
by = 2a41 + 2bip1, 120,

Ciy1 = wza; +wze;, 1> 0.
This leads to

A(u) =14 uzA(u) + uzB(u) + uzC(u),

B(u) = %(A(u) —ag) + %(B(u) “by),

C(u) = co +wuzA(u) + wuzC(u).
Solving,

u — wuz® — 2A(0) — 2B(0) + uwz?A(0) + vwz*B(0)
u2z3w + u — wulz — u?z — 2z + wuz? '

S(u) = A(u) + B(u) + C(u) =

The denominator factors as —z(1 + w — 2%w)(u — s1)(u — s2), with

1+ 22w+ V1 - 222w+ 2w? — 422 4+ 424w
1= 22 (1 +w — 22w)
1422w — V1 - 222w 4 2Mw? — 422 + 42w
2= 2z (1 +w — 2%w) '

)

Note the factorization 1 — (4 + 2w)z? + (4w + w?)z* = (1 — 2%w)(1 — (4 + w)2z?). Since the
factor u — ry in the denominator is “bad,” it must also cancel in the numerators. From
this we eventually find, with the abbreviation W = \/ 1 — (44 2w)2% + (4w + w?)z*)

71—z2w—W
a 222 ’

G(0)

and further
w— 22w — wW + 2 — 222w
2z (—w — 1+ 22w) (u — s1)

The special case u = 0 (return to the z-axis) is to be noted:

G(u) =

GO)=1+2"+w+2)z" + (W +4w+5) 2%+ (w+2) (w? + 4w +7) 5+ - .

Compare the factor (w? + 4w + 5) with the earlier drawing of the 10 paths. There is again
a substitution that allows for better results:
v

T IT@rwpre hem GO =l+4v

Since S(u) = G(u) with S(u) from the first part of the paper, as it means the same objects,
read from left to right resp. from right to left, no new analysis is required.
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8. MORE ABOUT MOTZKIN PATHS

Several other interesting problems related to Motzkin paths were considered in the
literature. To wet the readers appetite, we briefly mention below the Retakh paths, the
amplitude of paths, and then analyze in more detail skew Motzkin paths.

Retakh’s Motzkin paths. V. Retakh [15] introduced a restricted class of Dyck paths:
Peaks are only allowed on level 1 and on even-numbered levels. For the analysis of this
class using generating functions, including also the average height and the number of
leaves; see [43].

The amplitude of Motzkin paths. Another interesting parameter is the amplitude of
Motzkin paths that was recently analyzed in [45]. Here, we want to give a few introductory
remarks. The average height of a random Motzkin path of length n was considered in an
early paper [35], it is asymptotically given by ﬁ )

In the recent paper [8] an interesting new concept was introduced: the amplitude. It is
basically twice the height, but with a twist. If there exists a horizontal step on level h,
which is the height, the amplitude is 2h + 1, otherwise it is 2h. To clarify the concept, we
created a list of all 9 Motzkin paths of length 4 with height and amplitude given.

Motzkin path ‘ horizontal on maximal level ‘ height ‘ amplitude
Yes 0 1
No

)3h

N\

/

)
== === ==
RO [ DN QW | W [W | IN |

er?

The goal of an extended analysis is to investigate this new parameter, using trinomial
coefficients (",;3) = [t*](1 +t + t*)" (notation following Comtet’s book [7]). The intuitive
result that the average amplitude is about twice the average height, can be confirmed.

Skew Motzkin paths. This section was written to provide a more complete analysis
related to [30]. The methods are of course by now familiar to the readers.

As seen before, Motzkin paths allow additional flat (horizontal) steps of unit length. A
skew path allows ‘left’ step (—1,—1) as well, but the path is not allowed to intersect itself.
We prefer ‘red’ steps (1, —1); see our analysis in [46]. For Motzkin paths, some analysis
was provided in [30]. Here, we provide further analysis that allows to consider partial
paths as well, so we do not need to land at the z-axis. It uses the kernel method [37].
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Apart from being not below the x-axis, the restrictions are that a left (red) step cannot
follow or precede an up-step. The situation is best described by a graph (state-diagram);
see Figure 9.

F1GURE 9. Four layers of states according to the type of steps leading to
them. Traditional up-steps and down-steps are black, level-steps are blue,
and left steps are red.

In further sections, the asymptotic equivalent for the number of skew Motzkin paths of
given size is derived, as well as the height, meaning that the generating function of paths
with a bounded height (bounded by H) is given, as well as the average height, which is
approximately const - v/n, which is typical for families of paths.

Generating functions for skew Motzkin paths. We translate the state diagram accordingly;
fis gj, hj, k; are generating functions in the variable z (marking the length of the path),
ending at level j. The four families are related to the four layers of states.

firi=z2fj+2g9;+zhj, fo=1,
9i = 2fit1 + 2gj41 + 2l + 2k,
hj = zf; + zg; + zh; + zk;,
kj = zgj1 + zhjp1 + 2kjp0.

Now we introduce bivariate generating functions, namely

F(u):=Y f/, Gu):=> g, Hu):=> haw!, K(u):=> k.

>0 >0 >0 >0

The recursions then take this form:

F(u)
uG(u)
H (u)
ukK (u)

u

1+ zuF(u) + zuG(u) + zuH (u),

2F(u) + 2G(u) + zH(u) + 2K (u) — 2 — 299 — zho — zko,
2F(u) + 2G(u) + zH (u) + 2K (u),

2G(u) + zH (u) + K (u) — zgo + zho + zko.

u
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Solving the system,

F
Flu) =
(u) 2z —u+ zu — 22u 4 2u? — 23 — 23’
Glu) = 7
22— U+ zu— 22u+ 2u? — 23— 2By
H(u) “a
u) = —
22 —u + 2u — 22u + 2u? — 23 — 23u
H
K(u)

T 22— u+tau— 2utaud— 28— 2y
with

F = =23+ 22 —u+ zu+ 22u+ 22ugy + 22uhg 4+ 22uko + 2Buge + 2Suhg + Zuko,

9 = —22h0 + 24 4 2 — z2ugo — 22— 2%k — 2% — 2Puhg — ZPuko + z4h0 + 23— z2g0 + zhg

+ zg0 + zko + z4g0,
H =+ 2z2go + 222h0 + 222k0 +22%2 — zu— z4go — z4h0 — z4ko — z3ugg — Z3uh0 — zguk‘o,
H = zgy — 2° — 22q0 — 22ho + zko — 22 ko — 2290 — 22ho — k.
One cannot immediately insert u = 0 to identify the constants, but one can use the

kernel method. For that, one factorizes the denominator:

22 —u+ zu — 22u+ 20’ — 2° — 2u = z(u — uy)(u — uy)

with
-2+ 22+ (L4 2)W -4+ - (1 )W

Uy = Ug =
2z ’ 2z

and

W = \/(1—2)(1—3z—z2—z3) =V1—4z+222+ 24
Since uy ~ 2z for small z, u — uy is a ‘bad’ factor and must cancel from both, numerator
and denominator. This yields

Flu) = —14+ 24 22 + 220 + 22hg + 2%ko + 2390 + 23ho + 23k

2(u — uy) ’
—22 — 2299 — 22hg — 2%ky
G(U) - Z(U o Ul) )
H(u) —2z — 2399 — 23hg — 23k
u) =
2(u — uy) ’
K(u) = —22g0 — 2%hg — 2%k

z(u — uy)
Now we can plug in u = 0 and identify the constants:
2P+ BW - 22— W +32-14+W
90 = 222 (=2 + 2?)
224+ 22—-14+W

ho = —
0 9, )

A B L 2WH W -324+1-W
222 (=2 + 22) '

Y

ko =
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Adding these quantities yields

—22 4 22— 14 W
222 ’

1+go+h0—|—k0:—

which is the generating function of the number of skew Motzkin paths (returning to the
x-axis); the series expansion is

1+ 2422245234132 + 3525 49720 + 27527 +7942° 423272 + 69052 4207052 + - - - |

as already given in [30], the coefficients are the sequence 4082582 in the OEIS [52].
We further get

—142—22—23+uyz

2(u— uy) ’
Glu) = (u —(Zul_)(u12>+ z)’
) =
Rl = <52—2?>Z<1_ et
Altogether,
ORI
and

_1+z—222—z3—|—zu2

21+ 2)ui"

W)(F(2) + G(2) + H(2) + K(2))

Y

which is the generating function of partial skew Motzkin paths, landing on level j. Here
are the examples for j = 1,2, 3,4 (leading terms only):

24222 + 523 + 1321 +362° + 1022° + 29527 + 8662° + 25742° + 7730210 + 234192
224 32% 4+ 921 4+ 262° + 772° + 23027 4 6942° + 211027 + 645920 + 198902 + 6157722,
23 42t 41425 + 4525 + 14327 + 4512% 4 14212° 4 447820 + 141292 + 4465422,

2P 4 52° 42025 + 7127 4 2422° + 80627 + 265320 + 86702 + 2821322

One can also substitute u = 1, which means that all partial skew Motzkin paths are
counted with respect to length, regardless on which level they end:

2-32-T72 -2+ —-2+2)1+2)W
22(14+2) (222432 —-1) ’

The series expansion is

1422+ 522+ 1422 +402* + 1172° + 3482°% + 104927 + 31962% + 982327 + 3041320 + - ..
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Counting flat and left (red) steps. Using two extra variables ¢t and w, we can count the
number of flat resp. left steps in a skew Motzkin path. The recursions are self-explanatory.
fivr = 2[5+ 295+ zhy, fo=1,
9 = 2fir1 + 2gj41 + 2hjp + 2k,
hj = 2tf; + ztg; + zth; + ztk;,
kj = zwgji1 + zwhjpy + 2wk,
Again, here is the system for the multi-variate generating functions;
F(u) =1+ zuF(u) + 2uG(u) + zuH (u),
uG(u) = 2F (u) + 2G(u) + zH(u) + 2K (u) — 2 — 299 — zho — zko,
H(u) = ztF(u) + 2tG(u) + 2t H(u) + 2t K (u),
uK(u) = 2wG(u) + zwH (u) + zwK (u) — zwgy + zwhy + zwky.
And following a similar procedure as before we get
—ZW + Usg
2(1+wt)
=1+tz+#+1)2% + (tw+ 3t +°)2° + (2 + 66° + w + 3wt> + 12" + -+ ;

1+ go+ ho+ ko =

the quantity us is now

1 —tz+ w2+ twz?® — \/(1 —22w)(1 =2tz 4 (2 — 4 — w) 22 — 2twz3 — wit?z4)
Uy = 5 :
Quantities like F'(u), G(u), H(u), K (u) can also be computed easily, following the approach
from the previous section.

Asymptotics for the number of skew Motzkin paths. We must analyze the generating
function

(1—2)%— \/(1 —2)(1 =3z — 22 — 23)

222
which is of the sqrt-type [16,20] around the singularity p closest to the origin, which we
call p. It is a solution of 1 — 3z — 2% — 2% = 0 and can be expressed as

\/26 4 6 /33 8 1
p= — — — ~ 0.295597.
3 3{/26+6v33 3
Expanding the generating function around z = p, we get
(L= p) +2\/(0—p—p)z—p)
202 '

Singularity analysis of generating function [16,20] gives the estimate
V1—p—p? 32

2y/mp3 '

The error at n = 100 is about 3%. This is to be expected by this type of approximation.

S M=

LM~

(2").S ot ~ (8.1)
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Skew Motzkin paths of bounded height. Now we introduce a parameter h and do not allow
the path to reach any level higher than h. We can still work with the system
Jivi=2z2fj+z29;+zh;, 0<j<h—-1, fo=1,

9i = 2fj41+ 2gj41 + 2hja + 2k, 0 <j <h,

hj :ij—l-Zgj—f—Zhj—l-Zk’j, OSJ S h,

k‘j = Z20j+1 + Zhj_H + Zk?j.H, 0 S] < h.
This is now a finite linear system, and we are only interested in paths that return to the
z-axis. For a given h, we write s[h] = fy+ go + ho + ko for the generating function of path

of height < h. It can be proved that both the numerator and the denominator of s[h]
satisfy the recursion

Xpyo + (=142 — 2 — Zg)Xh-s-l + (222 = 2 X, = 0.
Thus, adjusting this to the initial conditions, we get

slh] =

A1+ 22+ 22 — 24+ W)+ B,(1+ 22+ 22—z —w)!
A1+ 24+ 22— 24w+ B,(1+ 234 22—z —w)h

with

W= V204225 + 324 — 522 — 22 + 1,
Ay= (P +22+32 -1z +1)+ (2 — 1w,
o= (2 + 22 +32-1)(z+1) - (2 - 1w,
22— 224+32-1

Av=1 -+ 22+32-1)+ N w,
—z
3 _ .2 3z —1
Bu=(1-22)(+2+32—1)— = Zl+ S
-z

When h goes to infinity, the second terms go away, and we are left with

1—2)2— /(1 —2)(1—3z—22—23
s[OO]ZjZZ( ) \/( 225 ):5”//1,

as expected. Now we consider s[> h], the generating function of skew Motzkin paths of
height > h. Taking differences, we find
AoBy, — AuB, 1+28422—2—w)h
s[> h] = soo] — s[h] = (+27+2"—2—w)
A, A1+ +22—z24+w)+B,(1+ 234+ 22— 2 —w)h
1+28+22—z—w\"
Al 1 1+23+22—2—w\"
I1+23422—24w

A computer computation leads to (always in the neighbourhood of z = p)
A,B, — A,B,
A2

u

~ 18.854986275200314363+/p — z.
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Now we approximate and write for convenience:
1+ 28422 —2—w

~ 1 —5.2213516788791457598+/p —
1+ 23422 —-24w p==

~ exp(—5.2213516788791457598/p — 2 ) = ¢ ",

For the average height, we need apart from the leading factor,
—th

> s[> B~ 3

h>0 h>0
Since we only compute the leading term of the asymptotics of the average height, we might
start the sum at h > 1, and expand the geometric series:
logt
S s[>hl~ > etk — Zd(l{:)e_kt ~ ——g,
h>1 hok>1 k>1 t

with d(k) being the number of divisors of k. This type of analysis, although having been
done often before, has been described in much detail in [24]. Together with the factor in
front, we are at

log+\/p — =
— 18.854986275200314363+/p —
P 75 2013516788791457598/p — =

~ —1.8055656307800996608 log(1 — z/p).

Singularity analysis [16] gives the following estimate for the coefficient of z":

1.8055656307800996608”—.
n

For the average height we need to normalize, that is, we divide by the total number of
skew Motzkin numbers of size n given by (8.1):
1.8055656307800996608%
5.1256244361431546460%/)*%*3/2

= 0.70452513767814089508+/7n.

9. OSCILLATIONS IN DYCK PATHS REVISITED

This section in honour of Rainer Kemp was written for this personal survey.

Rainer Kemp’s paper [25] was unfortunately largely overlooked. An extension was
published quickly [28], and then it fell into oblivion. We want to come back to this gem,
with modern methods, in particular, the kernel method and singularity analysis. Kemp was
interested in peaks and valleys of Dyck paths, which he called MAX-turns and MIN-turns,
probably motivated by computer science applications. The peaks/valleys are enumerated
from left to right, and the height of the j-th one is analyzed. In the corresponding ordered
(plane) tree, the peaks correspond to the leaves.

Very precise information is available for leaves of binary trees [22,27,33,34] but the situa-
tion is a bit different for Dyck paths since the number of peaks/valleys isn’t directly related
to the length of the Dyck path. (Narayana numbers enumerate them.) Kemp’s results in a

nutshell are: The average height of the m-th peak/valley is ~ 4,/2m /7 (it is asymptotically

independent of the length n of the path), and the difference between the height of the
peak and the next valley is about 2, with more terms being available in principle.
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A trivariate generating function for heights of valleys. The goal is to derive an
expression for ®(u) = ®(u; z,w), where z is used for the length of the path, w for the
enumeration of the valleys (w™ corresponds to the m-th valley), and w is used to record
the height of the m-th (and last) valley of a partial Dyck path (the path does not need to
return to the z-axis). We could think about it continued in any possible fashion, as in the
following figure. We will figure out the generating function of partial Dyck paths with m
valleys, and the generating function of the ‘rest’, which (if it is not empty) is a partial
Dyck path starting with an up-step and ends on the z-axis, where the number of valleys
is immaterial. The enumeration of the rest is easy, when one thinks about it from right
to left, since then it is just a Dyck path ending on a prescribed level 5 with a down-step.
This can be obtained from the first part by setting w = 1, i.e., not counting the valleys.

F1GURE 10. The third valley at level j.

Our goal is, as often, to use the adding-a-new-slice technique, namely adding another
‘mountain’ (a maximal sequence of up-steps, followed by a maximal sequence of down-
steps), or going from the m-th valley to the (m + 1)-st valley. We investigate what can
happen to ’:

o
Z Z PR T
1>1 =1
Working this out, the following substitution is essential for our problem:
2,k k+2

27U , z :

u! — 2.
(u— 2)(1 — zuk) (u—2)(1 — k1)
Working this into a generating function of the type

O(u) = > w"pn(u),

m>0

W

where the variable w keeps track of the number of mountains, we find from the substitution

UJZQU ’UJZS

T I e TS T

where 1 stands for the empty path having no mountains. Rearranging,

zlu—s)(u—s9) - w23 B
) =) T ) )
and . ,
O(u) = (zu— 1) u—z— &CI)(Z) :

2(u— s1)(u — $2) (1—22)
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Here,

2241 —w2— 2t —222 — 224w 4+ 1 — 2wz? + w2zt 1
Sy = 5y and s = =
2

In the spirit of the kernel method, the factor u — s is ‘bad’ and must cancel out. That
leads first to
(1 —2%)(sy — 2)

wz3

d(z2) =

and further to

(zu—1)  s9(1 — zu)

z(u— s1) - 2(1 — usq)

=1+wz? +wuz® + (W +w +wu?)2* + 2uu 4+ wu + wu?)2® 4 - -

O(u) =

From this it is easy to read off coefficients in general:

; cSo(l—zu) 1 g
W]P(u) =[]~ = —s)7 — ).
wie) = W] 2 = o
Note that setting w = 1 ignores the number of mountains, and the generating function
would then be enumerating partial Dyck paths ending on level 7 with a down-step. The
answer could then be derived by combinatorial means as well.

For Kemp’s problem, we need

1 , 1 . ,
S=3(ceb ) (S - o)

Jj=0

w=1

Recall that the two parts of the Dyck path, according to our decomposition, are glued
together, which just means multiplication of generating functions. The factor j comes
in because of the average value of the height of the valley, the first factor is what we
just worked out, and the third factor is the rest, which, when read from right to left, is
just what we discussed, since the number of valleys or mountains in the rest is irrelevant.
Thanks to computer algebra (not available when Kemp worked on the oscillations), we get

=3z 4+ Wiz = Wi + 1) (=Wo + wzWs + 1 + 2%w?* — wz? — 2wz — 2)

(
S=4
Z(—3Z—W12+1—W1 —wz+sz1 —W2+W2W1)2

with

Wy =+v1—4z and W,y =+v22—22z— 222w+ 1 — 2wz + w222

Note carefully that z? was replaced by z, since Dyck paths (returning to the z-axis) must
have an even number of steps. Their enumeration is classical:

1- 11
D(z)=-—Y""" L9 oyT 4,

2z

for z close to the (dominant) singularity z = i. We are in the regime of the subcritical
case; see [20, Section IX-3].
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The function S has a similar local expansion:

S ~ Ci(w) — Co(w)v1 — 4z,

and the function % is the resulting generating function. Working out the details,
w4/ (1—w)(9—w)—3
g wti-w)(-w)
-1+w
w? + 2w — 3+ (1 +w) /(1 —w)(9—w
B _1_%( ((1 >)Z< ) ( >>+_“
—w

Eventually we are led to

w2+2w—3+(1+w)\/(1—w)(9—w)
2(1 —w)? '
To say it again, the coefficient of w™ in this is the average value of the m-th valley in a

‘very long’ Dyck path. To say more about it, we can use singularity analysis again and
expand (this time around w = 1, which is dominant):

22 27 V2
(1_w)3/2 l—w 8yVI—w

The traditional translation theorems [16,20] lead to the average value of the height of the

m-th valley:
m 5v2
AV2\ | — — 2 .
\/_ 7 + 8v/mm *

From valleys to peaks. We do not need too many new computations, as we can modify

the previous results. If one adds an arbitrary non-empty number of up-steps after the
m-th valley, one has reached the (m + 1)-st peak! This is basically a substitution!

Valley(w) :=

Valley(w) ~

Y

F1GURE 11. The third peak at level j.

Start from .
So(1 — zu
B(u) = 2L =20
2(1 — uss)
and attach a sequence of up-steps: v/ — %uj. A factor w is also important, since the
m-th valley corresponds to the (m + 1)-st peak. Now
zuw  So(l — zu USoW s
el ) = 2 —w Z u’ s,
I —zuz(l—usy) 1—uss

j21
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The computation

w) jsh - s}

Jj=0

w=1
was basically done before, and the local expansion leads to
ow  2wy/(1—w)(9—w)
1—w (1 —w)?
and the generating function of the average values of the m-th peak is

wy/ (1 —w)(9—w
Peak(w) = \/((1_31}()2 )

1—14z,

A local expansion of this results in

2v/2 15 V2

Peak(w) ~ 1 o)" RV

Taking differences:

Peak(w) — Valley(w) ~ -
and translating into asymptotics:

2 —

The formula 2+ O(m~'/2) was already known to Kemp [25]. As Kemp stated in [25], which
was confirmed in [28], the generating functions Peak(w) and Valley(w) can be expressed by
Legendre polynomials at special values. This is a bit artificial and not too useful in itself.

10. DEUTSCH-PATHS IN A STRIP

Emeric Deutsch [11] had the idea to consider a variation of ordinary Dyck paths, by
augmenting the usual up-steps and down-steps by one unit each, by down-steps of size
3,5,7,...; the set of down-steps is {(1,—1), (1,-3),(1,—5),...}. This leads to ternary
equations, as can be seen for instance in [41].

The present author started to investigate a related but simpler model of down-steps
1,2,3,4,... and investigated it (named Deutsch paths in honour of Emeric Deutsch) in
a series of papers [39,40,42]. This simpler model can also be seen in the context of
Fukasiewicz paths, except that horizontal steps are not allowed; see [5]. Another relevant
paper that deals with infinite step sets is [3].

This section is a further member of this series (and extends our unpublished preprint
arXiv:2108.12797): The condition that (as with Dyck paths) the paths cannot enter
negative territory is relaxed by introducing a negative boundary —t. Here are two recent
publications about such a negative boundary: [51] and [49].

Instead of allowing negative altitudes, we think about the whole system shifted up by ¢
units, and start at the point (0, ¢) instead. This is much better for the generating functions
that we are going to investigate. Eventually, the results can be re-interpreted as results
about enumerations with respect to a negative boundary.
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The setting with flexible initial level ¢ and final level j allows us to consider the Deutsch
paths also from right to left (they are not symmetric!), without any new computations.

The next sections achieves this, using the celebrated kernel method. An additional upper
bound is introduced, so that the Deutsch paths live now in a strip. The way to attack this
is linear algebra. Once everything has been computed, one can relax the conditions and
let lower /upper boundary go to Foo.

Generating functions and the kernel method. As discussed, we consider Deutsch
paths starting at (0,t) and ending at (n, j), for n,¢,7 > 0. First we consider univariate
generating functions f;(z), where 2™ stays for n steps done, and j is the final destination.
The recursion is immediate:

fi2) = [t =l + 2fi-a(2) + 2 3 fu(2),
k>j
where f_1(z) = 0. Next, we consider F/(z,u) 1= > ;50 fj(z)u’, and get
F(z,u) =u' +zuF(z,u) + 2> W Y fulz) =u' 4+ 2uF (z,u) + 2 Y fulz) D> o

i>0  k>j k>0 0<j<k

1 — k
=u' 4 zuF(z,u) + 2 ) fu(2) “ =u' + 2uF(z,u) + z
>0 1—u 1—u
u'(1 —u) + zF(z,1)
z—zu+zul+1—u

[F(z,1) — F(z,u)]

Since the critical value is around v = 1, we write the denominator as
Zu—1P2+w—-1)(z—1)+z=2(u—1—7r)(u—1-ry),
with

_1—z+\/1—2z—322

_1—z—\/1—22—322
2z ’

o =

2z
The factor (u—1—ry) is bad, so the numerator must vanish for [u*(1—u)+2F (2, 1)]|u=11rs)
therefore 2F(z,1) = (1 4 r3)'re. Furthermore

ul (1—u)+2F(z,1)

r

Flzu) = — 42
(z,u) z(u—1q)
The expressions become prettier using the substitution z = 1-"—; then ry = %, ro =v. It
can be proved by induction (or computer algebra) that
u' (1 —u) +ov(l+0v) =t
( ) ( + ) :_UZ(l_i_,U)tflfk_ut.
u—1—-v P
Furthermore
1 B 1
z(u—1—mr) 2(1+7r)(1 = )
and so
t—1 ¢

fi(z) = (W] F(z,u) = [u] |v Z(l + o) TR ! Z “

= = Z(l + /r.l)erl .
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Les us mention two interesting special cases: the case ¢ = 0 (which was also studied
before [39])

f- (14 v+ v

T (1)t
and the case 7 = 0 for general ¢, as it may be interpreted as Deutsch paths read from
right to left, starting at level 0 and ending at level ¢ > 1 (for ¢t = 0, the previous formula
applies). It gives

t—1 . t Ul
fQ(Z) = [UO} ’Ukz:%)(l + U) 1 kuk +u g%w
=ov(l+ v)t_lm =v(l+v+0*)(1+0v)2

The next section will present a simplification of the expression for f;(z), which could be
obtained directly by distinguishing cases and summing some geometric series.

Refined analysis: lower and upper boundary. Now we consider Deutsch paths
bounded from below by zero and bounded from above by m — 1; they start at level ¢t and
end at level j after n steps. For that, we use generating functions ¢;(z) (the quantity ¢ is
a silent parameter here). The recursions that are straight-forwarded are best organized in
a matrix, as the following example shows.

1 —2 —2 —2z —2 —2 —z =2\ [¢o 0
—z 1 =z —z —2z —z —z —z||py 0 }t
0 —2 1 -z —2 —2 —z —z| |2 0
0 0 -2 1 —2 —2 —2 —2z||ews| |1
0 0 0 —2 1 —z —z —z||ws| |0
0O 0 0 0 —2 1 —z —z|]|es 0
0O 0 0 0 0 —z 1 —=z]||vs 0
o o0 o o0 0 0 —2 1 ©7 0

The goal is now to solve this system. For that the substitution z = =5 is used
throughout. The method is to use Cramer’s rule, which means that the right-hand side
has to replace various columns of the matrix, and determinants have to be computed. At
the end, one has to divide by the determinant of the system.

Let D,,, be the determinant of the matrix with m rows and columns. The recursion

14+v+v)2mpe — (1 +v+ 01+ 0)2Dypyr +v(1 +0)2D,, =0
appeared already in [39] and is not difficult to derive and to solve:

<1+v)m—1 1_Um+2
I+v4+0v2)m 1—w

D, =
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To solve the system with Cramer’s rule, we must compute a determinant of shape
-3

COO0O00O0CO0O00O0O = OOOOO

m

where the various rows are replaced by the right-hand side. While it is not impossible to
solve this recursion by hand, it is very easy to make mistakes, so it is best to employ a
computer. Let D(m;t, j) the determinant according to the drawing,.
It is not unexpected that the results are different for 7 < t resp. 7 > t. Here is what we
found: . ,
(1 + v)I=3Fm (1 — It hy(1 — ™)
(1—0v)2(14+v+0v2)m-t ’
7ijt(]_ _ Ut+2)(1 _ vl*jer)
(1—v)2(1+v+v2)m (1 +v)i—tHd-—m’
To solve the system, we have to divide by the determinant D,,, with the result
D(m;t,j) (1+0)7772(1 =0/ ™)o(1 — o™ ) (1 + v + v?)

D(m;t, j) =

for j < t,

D(m;t, ) = for j > t.

o _ for j <t
4=, T—o(-v) S
. G—t(1 _ o t+2 _ pl=g+m 2
(pj:D(m,t,j):U (1 v )(1 U )(1+U+U), for j > t.
D, = o) +op 21— 07 ?)

We found all this using computer algebra. Some critical minds may argue that this is only
experimental. One way of rectifying this would be to show that indeed the functions ¢;
solve the system, which consists of summing various geometric series; again, a computer
could be helpful for such an enterprise.
Of interest are also the limits for m — oo, i.e., no upper boundary:
D(m;t, ) (1+0)™72(1 — 0 ™)o(1 4+ v+ v?)

0= M S (i) st

V(1 =0 (1T + v+ 0?)
A R TSRt R
The special case t = 0 appeared already in the previous section:
V(14 v+ 0v?)
o=

for 7 > t.

Likewise, for ¢t > 1,

o =v(l+v+0*)(1+v)>
In particular, the formulse show that the expression from the previous section can be
simplified in general, which could have been seen directly, of course.



A walk in my lattice path garden 67

Theorem 10.1. The generating function of Deutsch path with lower boundary 0 and upper
boundary m — 1, starting at (0,t) and ending at (n,j) is given by

(1+0)772(1 — v (1l — o™ ) (1 + v + v?)

) < t
(1 —0)(1 — vm+2) o Jorg <t
G—t(1 _ o tE2\(1 _ . l—jtm 2
vI7H1 — ot2)(1 v )(1—1—1}—1—2})’ forj >t
(1 =v)(1 4 v)i—tH+2(1 — vm+2)
with the substitution z = L.
14 v+ 02

By shifting everything down, we can interpret the results as Deutsch walks between
boundaries —t and m — 1 — ¢, starting at the origin (0,0) and ending at (n,j —t).

Theorem 10.2. The generating function of Deutsch path with lower boundary —t and
upper boundary h, starting at (0,0) and ending at (n,i) with —t < i < h is given by

(1+0)72(1 — v D1 — o) (1 4 v + v?)
(1 —v)(1 — vhtt43) ’

Uz(l _ Ut+2)(1 _ U2—i+h>(1 +u+ 02)
(1 _ U)(l + U)i+2(1 _ Uh+t+3) ’

fori <0,

foriv>0.

It is possible to consider the limits ¢ — oo and/or h — oo resulting in simplified formulae.

Theorem 10.3. The generating function of Deutsch path with lower boundary —t and
upper boundary oo, starting at (0,0) and ending at (n,i) with —t < i is given by
(14 0)2(1 — vt )p(1 + v + v?)
(1—v)
v (1 — o) (1 + v + v?)
(1—0v)(1+wv)H2 7

,  fori <O,

fori > 0.
Theorem 10.4. The generating function of Deutsch path with lower boundary —oo and
upper boundary h, starting at (0,0) and ending at (n,1) with < i < h is given by

(1+v)"20(1 — "N (1 + v +0?)
(1—-v)

Ui(l _ inHh)(l + v+ 112)
(I —=v)(1 4 v)it2

, for1 <0, , for1 > 0.

Theorem 10.5. The generating function of unbounded Deutsch path starting at (0,0) and
ending at (n,1) is given by

v'(1+ v+ 0v?)
(1 —0v)(1+wv)t2’

(1+0v)20(1 +v+0?)
(1—v)

, fori <0, fori > 0.

11. CONCLUSION

After this personal survey was completed (it will never be complete!) a few more
papers about skew Dyck path papers were written; see, e.g., Baril, Kirgizov, Maréchal,

Vajnovszki [4] and [47].
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Abstract. For L-convex polyominoes we give the conjectured asymptotics of the
generating function coefficients, obtained by analysis of the coefficients derived from
the functional equation given by Castiglione et al.

For 201-avoiding ascent sequences, we conjecture the solution, obtained from the first
twenty-three coefficients of the generating function. This solution is D-finite, indeed
algebraic. The conjectured solution then correctly generates all subsequent coefficients.
We also obtain the asymptotics, both from direct analysis of the coefficients, and from
the conjectured solution.

As well as presenting these new results, our purpose is to illustrate the methods
used, so that they may be more widely applied.

Keywords: L-convex polyominoes, ascent sequences.

1. INTRODUCTION

In [4], Castiglione et al. gave a functional equation for the number of L-convex poly-
ominoes. These are defined as polyominoes with the property that any two cells may be
joined by an L-shaped path, that is to say, a path with at most one right-angle bend.
An example is shown in Figure 1. It can be seen that such polygons can be described as
a stack polyomino placed atop an upside-down stack polyomino. A stack polyomino is
just a row-convex bargraph polyomino. The perimeter generating function of L-convex
polyominoes has a simple, rational expression,

(1—=)
21—1z)2 -1
and is the sequence 4003480 in the On-line Encyclopaedia of Integer Sequences (OEIS), [9].
Accordingly, one has

P(z) = =1+ 22+ 72% +242° + - - -,

(2" P(a) = ¢ @1 Vo).

24 VD) - 2 VD)™ 1442
4+/2 4

The area generating function is given by Castiglione et al. [4]

_ ¢"* fi(q)
Alg) =1+ g) (1—q)2(1— 22 (L — gF)2(1L — gk 1Y)

=1+q+2¢*+6¢° +15¢" + -,

(1.1)
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where
fe(@) = 2fi1(q) — (1 — ¢*)* fro,

with initial conditions fo(q) = 1, and fi1(q) = 1 + 2¢ — ¢*>. We used this expression to
generate 2000 terms of the sequence, and these are given in the OEIS as sequence A126764.
Analysis of this sequence allowed us to derive the conjectured asymptotics as

(1A ~ 2 eyl T506),

In the next section we will describe how this estimate was obtained.

FiGURE 1. An L-convex polyomino.

The second problem we are considering is that of 201-avoiding ascent sequences, defined
below. Given a sequence of non-negative integers, ninsns . ..nyg, the number of ascents in
this sequence is

asc(ningng...ng) = {1 <j <i:nj; <njl}|
The given sequence is an ascent sequence of length £ if it satisfies n; = 0 and
n; € 0,1+ asc(ningns...ng_q)] for all 2 < i < k.

For example, (0,1,0,2,3,1,0,2) is an ascent sequence, but (0, 1,2,1,4,3) is not, as 4 >
asc(0121) +1 = 3.

Ascent sequences came to prominence when Bousquet-Mélou et al. [2] related them to
(2 4 2)-free posets. They have subsequently been linked to other combinatorial structures.
See [10] for a number of examples. Later, Duncan and Steingrimsson [6] studied pattern-
avoiding ascent sequences.
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A pattern is simply a word on non-negative integers (repetitions allowed). Given an
ascent sequence (n1m2n3 ... 1), a pattern p is a subsequence n;, n;, . .. n;,, where j is just
the length of p, and where the letters appear in the same relative order of size as those in
p. For example, the ascent sequence (0,1,0,2,3, 1) has three occurrences of the sequence
001, namely 002, 003 and 001. If an ascent sequence does not contain a given pattern, it
is said to be pattern avoiding.

The connection between pattern-avoiding ascent sequences and other combinatorial
objects, such as set partitions, is the subject of [6], while the connection between pattern-
avoiding ascent sequences and a number of stack sorting problems is explored in [5].

Considering patterns of length three, the number of ascent sequences of length n avoiding
the patterns 001, 010, 011, and 012 is 2"~! (the sequence 4000079 in the OEIS). For the
pattern 102 the number is (3" + 1)/2 (OEIS A007051), while for 101 and 021 the number is
just given by the n'* Catalan number (OEIS A000108).

For the pattern 201, the first twenty-eight terms of the generating function are given in
the OEIS as sequence A202062, and it is this sequence that we have used in our investigation.
First, we found, experimentally, that the coefficients given in the OEIS satisfied a recurrence
relation, given in Section 3 below. This recurrence can be converted to a second-order
inhomogeneous ODE, or, as we prefer, a third-order homogeneous ODE. The smallest root
of the polynomial multiplying the third derivative in the ODE is x = 0.1370633395. .. and
is the radius of convergence of the generating function, and of course the reciprocal of the
growth constant p = 7.295896946 . ..

This ODE, readily converted into differential operator form, can be factored into the
direct sum of two differential operators, one of first order and one of second order. The
solution of the first order ODE is a rational function while the solution of the second turns
out to satisfy a cubic algebraic equation. This can be solved by one’s favourite computer
algebra package (we give the solution below), and expanding this solution, and adding it
to the expansion of the solution of the first-order ODE, gives the required expansion.

This analysis required only the first 24 terms given in OEIS, so the correct prediction of
the next four terms gives us confidence that this is indeed the exact solution. Expanding this
solution and analysing the coefficients, as described in Section 3, leads to us conjecturing
the following asymptotic behaviour for these coefficients:

“n
where
14 13 8
= 3 cos (arCC(;S(M)) + 3
and
1/2
35 (4107 &4 T 1 255709+/9289
= — | — — —+92 — 4+ = - )
C 16 < - - 9289 cos <3 + 3arccosl 51653006 D)

In the next two sections we give the derivation of the results given above.
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2. L-CONVEX POLYOMINOES

As mentioned above, a typical L-convex polyomino can be considered as a stack poly-
omino placed atop an upside-down stack polyomino. Stack polyominoes counted by area
have generating function

n

I

S(q):anq":Z d

n>1 (D)n—-1(0)n
where (q), := [17—,(1 — ¢*), and, as first shown by Auluck [1], one has

exp(2my/n/3)
Thus putting two such objects together, one would expect a similar expression for the
asymptotic form of the coefficients of the generating function (1.1), that is to say, an

expression of the form

exp(cwmﬂ)’ (2.1)

by, ~

cnd
where we write L(z) = Y [,,2™ for the ordinary generating function of L-convex polyominoes.
We expect both exponents $ and d to be simple rationals, as for stack polyominoes, and
the constants a and ¢ to be products of integers and small fractional powers.

The analysis of series with asymptotics of this type is described in detail in [8] and we
will not repeat that discussion here, but simply apply the methods described there.

First, we consider the ratios of successive coefficients, r, = [,,/l,_1. For a power-law
singularity, one expects the sequence of ratios to approach the growth constant linearly
when plotted against 1/n. In our case the growth constant is 1. That is to say, there is
no exponential growth. From the asymptotic behaviour (2.1), which is called of stretched
exponential type, it follows that the ratio of coefficients behaves as

po— o :1+“57T+0(1>7 (2.2)

[ nl=>6 n

so we expect the ratios to approach a limit of 1 linearly when plotted against 1/n'=% and
to display curvature when plotted against 1/n. We show the ratios plotted against 1/n
and 1/y/n in Figure 2.
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<= 110 ~% 1.08]
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1'000 0.001 0.002 0.003 0.004 0.005 1.006 0.01 0.02°0.03 0.04 0.05 0.06 0.07

1
0 Jr

FIGURE 2. L-convex ratios r, plotted against 1/n (left) and against 1//n (right).
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These plots are behaving as expected, with the plot against 1/n displaying considerable
curvature, while the plot against 1/4/n is visually linear. This is strong evidence that
B =1/2, just as is the case for stack polyominoes.

In fact we can easily refine this estimate. From Equation (2.2), one sees that

rn—lza&r-nﬁ_1+0<i>.

Accordingly, a plot of log(r,, — 1) versus logn should be linear, with gradient § — 1. We
would expect an estimate of 3 close to that which linearised the ratio plot. In Figure 3 we
show the log-log plot, and in Figure 4 we show the local gradient plotted against 1/4/n.
The linearity of the first plot is obvious, while the second is convincingly going to a limit
of —0.5 as n — oo.

-0.500
-1.61
- 1.84 -0.5051
— -2.07 —
| I -0.5101
k: _2.2- m_":
?/
= 24
-0.515+
-2.6+
-2.81 -0.520 . . . : . . :
0 0.010.020.030.040.050.060.07
5 55 6 65 71 15 1
In(n) Jn
F1cURE 3. Log-log plot FiGure 4. Gradient of
of r, — 1 against n. log-log plot.

Having convincingly established that 5 = 1/2, just as for stack polyominoes, it remains
to determine the other parameters. There are several ways one might proceed, but here is
one that works quite well. From the conjectured asymptotic form, we write

_ log(l,,) oy dlogn  logc
om/n Tn o myn’

so one can readily fit successive triple of coefficients Ax_1, Ak, Ag11, to the linear equation

An

logn . 1
e
N R V.

with k increasing until one runs out of known coefficients. Then e; should give an estimator
of a, es should give an estimator of —d and ez should give an estimator of —log(c). The
result of doing this is shown for e; and e; in Figures 5 and 6 respectively.

)\n:€1+62
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FIGURE 5. Plot of e; against 1/4/n. FIGURE 6. Plot of e; against 1/y/n.

We estimate the limits as n — oo of e; as approximately 1.472, and ey as —1.5. From
the asymptotic expression for s,, we expect a to likely involve a square root. So we look at
e? = 2.16678, which we conjecture to be 13/6. The exponent ¢ is expected to be a simple
rational, and 3/2 is indeed a simple rationall We don’t show the plot for eg, as it does not
give a precise enough estimate to conjecture the value of log(c) with any precision.

So at this stage we can reasonably conjecture that

N exp(m/l3n/6)' 23)

c-n3/?

n

We reached this stage based on only 100 terms in the expansion. In order to both gain
more confidence in the conjectured form, and to calculate the constant, we needed more
terms, and eventually generated 2000 terms from Equation (1.1).

With hindsight, an arguably more elegant way to analyse this series is to consider

only the coefficients [,2. Denote ¢,, := l,2. The conjectured form (2.3) then becomes
by ~ exp(# %513/6). We have 44 coefficients of the series /,, available, and these grow in the

usual power-law manner, that is, ¢, ~ D - u™ - n9.
We now analyse this sequence assuming its asymptotic form to be
exp(nmy/a
0, ~ M, (2.4)

c-nb

with a, b, and ¢ to be determined. Then we form the ratios,
szsq) = ln/lp—1 = p(1 = b/n+o(1/n)),

where 1 = exp(my/a) and where the superscript (sq) is a mnemonic recalling that we here
consider sequences derived from the subsequence ¢,, = [,,2 of square indices. Plotting the
ratios r(* against 1/n should give a linear plot with gradient —bu and ordinate p. For
a pure power-law the term o(1/n) is O(1/n?), and the estimate of p can thus be refined
by plotting the linear intercepts £ =n -7, — (n — 1) - r,_; against 1/n%. The results of
doing this are shown in Figures 7 and 8 for the ratios and linear intercepts respectively.
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FIicURE 7. Plot of ratios TSQ) F1cURE 8. Plot of linear in-
against 1/n. tercepts £{°9 against 1/n>.

It can be seen that the linear intercepts have a faster convergence. We can go further and
eliminate the O(1/n?) term by forming the sequence t,, = (n2-£69 — (n—1)2-4%9)/(2n—1),
and these are shown in Figure 9. From this we estimate that the intercept of the plot with
the ordinate is about 101.931. This is the growth constant u = exp(my/a), from which we
find a &~ 2.16666, which strongly suggests that a = 13/6 exactly.

To estimate the exponent b in the asymptotic form (2.4), we introduce

o = (r? /= 1) - m,
noting that lim, g, = g = —b. Then, using the estimate of u just given, we obtain the
plot shown in Figure 10. This is rather convincingly approaching g = —3.
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F1GURE 9. Plot of sequence FicURE 10. Plot of exponent

t, against 1/n>. estimates ¢, against 1/n.



A numerical study of L-convex polyominoes and 201-avoiding ascent sequences 7

We can do better by calculating the linear intercepts g2, :=n-g¢g, —(n—1) - g,_1. A plot

of g2, against 1/n? is shown in Figure 11. The result g = —3 is totally convincing.
-2.998
-2.999+
%‘O=
_3_
-3.001

0  0.0005 0.0010 0.0015 0.0020 0.0025
1

2
n

FIGURE 11. Plot of sequence g2, against 1/n3.

In order to calculate the constant ¢ in the asymptotic form (2.4), we introduce the

sequence
exp(my/13n/6)
Cp = [
and extrapolate the sequence ¢, using any of a variety of standard methods.

For this extrapolation, we used the Bulirsch-Stoer method (see [12, Chapter 3.5] or [3]
for more details), applied to the coefficient sequence {/,}, with parameter 1/2, and 44
terms in the sequence (corresponding to 44% = 1936 terms in the original series). This
gave the estimate ¢ ~ 0.023938510821419. This unknown number is likely to involve a
square root, cube root or fourth root of a small integer, just as did s,.

We investigated this by dividing by various powers of small integers, and tried to
identify the result. Fortuitously, dividing the approximate value by /2 gave a result
that the Maple command identify reported as 13/768. This implies ¢ = 131/2/768 =
0.023938510821419577 . . ., agreeing to all quoted digits with the approximate value. The
occurrence of 13 in this fraction, as well as in the exponent square-root, is a reassuring
feature, as is the factorisation of 768 as 3 - 28.

Thus we conclude with the confident conjecture that the asymptotic form of the
coefficients of L-convex polyominoes is

328 exp(m/13n/6)

13v/2 - n3/2

Ly, ~
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3. 201-AVOIDING ASCENT SEQUENCE

From the coefficients u(n) for n =0, ..., 27 (this is the sequence 4202062 in the OEIS),
we used the gfun package of Maple [11] and immediately found that the coefficients satisfy
the recurrence relation

(2n? 4+ n)u(n) + (6n* + 451 + 60)u(n + 1) + (—34n* — 263n — 480)u(n + 2)
+ (44n® 4 421n + 984)u(n + 3) + (—20n* — 235n — 684)u(n + 4)
+ (2n* + 31n + 120)u(n + 5) = 0,
with «(0) = 1,u(1) = 1,u(2) = 2,u(3) = 5,u(4) = 15.
This recurrence can be converted to a second-order inhomogeneous ODE, or, as we prefer,

a third-order homogeneous ODE, using the gfun command diffeqgtohomdiffeq, giving

" " /7

By(x)f (x) + Po(x) f (2) + Pi(2)f (2) + Po(z) f(x) = 0,
where
Py(z) = —22%(2® + 52 — 8z + 1) (42 — 302° + 482* — 362 + 15)(x — 1)%,
Py(x) = —3x(z — 1)(122% — 3027 — 65225 + 27342° — 47672" + 47582° — 28432® + 870z — 85),
Py(z) = —242° + 302® 4 27542" — 132782° + 288842° — 381062 + 324362° — 1662027 + 43502 — 420,
Py(z) = 30(3x — 2)(32° — 102" + 192° — 282% + 242 — 7).

The smallest root of the cubic factor in Ps(x) is x = 0.1370633395 . .. and is the radius
of convergence of the solution. Accordingly, the growth constant p thus satisfies

1 14 I 8
= Lo W (oo L8 pss06046..
v 3 3 3

This ODE can then be studied using the Maple package DEtools. We first convert the
ODE to differential operator form through the command de2diffop, then factor this into
the direct sum of two differential operators by the command DFactorLCLM. One of these
operators is first order and one is second order.

The solution of the first order ODE is immediately given by the dsolve command, and
is the rational function

() 2t + 2623 — 4522 + 18z + 1
€T g
s 12(z — 1)23

To solve the second-order ODE, we obtain a series solution, the first term of which is
O(z~3). We multiply the solution by 2% to obtain a regular power series, then use the gfun
command seriestoalgeq to discover the cubic equation,

Az — 1)%ya()’
—3(z —1)(2? — 2 + 1)(2% — 2352° + 14302 — 16952° + 27022 + 2292 + 1)y ()
+ 22 4+ 5102 — 146312 4 800902 — 218058z + 316290x" — 2532392°
+ 1315622° — 70998z* + 379502 — 89552% — 522x + 1 = 0. (3.1)
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This can be solved by Maple’s, solve command, giving three solutions. Inspection of
their expansion reveals the appropriate one, and simplifying this gives the following rather
cumbersome solution: Let

P, = 22 4+ 5102 — 146312 + 800902 — 2180582% + 31629027 — 253239° + 1315622°

— 70998z 4 379502 — 895527 — 5227 + 1 — 24\/335(:[; — 1) (23 + 522 — 8z + 1)7,
Py = (2* — 2+ 1)(z — 1)*(2® — 2352° + 14302* — 16952° + 2702 + 229z + 1),
Py = (3%/%; 4+ 3Y3), and P, = (—3%%i + 3'/3). Then, one has

=3B (P(=Pr (2= 1)) + P Py)

T) =
() 12 (=P - (x — 1)5)P (z — 1)3
The solution to the original ODE is then

y2(2)

This analysis required only the first 24 terms given in the OEIS, so the correct prediction
of the next four terms gives us confidence that this is indeed the exact solution.

We next obtained the first 5000 terms in only a few minutes of computer time by
expanding this solution. We used these terms to calculate the amplitude. That is to say,
we now know that the coefficients behave asymptotically as u(n) ~ Cu"n~%2. Equivalently,
the generating function behaves as

Ux) = Zu(n)x" =Al—p- x)7/2,

where C'= A/T'(=7/2) = 105A/(16+/7). We estimate C' by assuming a pure power law,
so that

—yi(w) =1+ 2+ 22* + 52° + 152* + -

u(n) - n/?

- =C(1+ Y ap/n).

H k>1
We calculated the first twenty coefficients of this expansion, which allowed us to estimate
C' = 13.4299960869 ... with 74-digit accuracy (as checked later). Unless one is very
fortunate (for example, when the Maple command identify determines an expression
for this constant, which it doesn’t in our case), to identify this constant requires some
experience-based guesswork.

Such constants in favourable cases are a product of rational numbers and square roots
of small integers, sometimes with integer or half-integer powers of 7. These powers of 7
usually arise from the conversion factor in going from the generating function amplitude A
to the coefficient amplitude C. That is to say, we might expect the amplitude A to be
simpler than C. And, to eliminate square-roots, we will try and identify A? rather than A.

We do this by seeking the minimal polynomial with root A2, using the command
MinimalPolynomial in either Maple or Mathematica. In fact, one only requires 20 digit
accuracy in the estimate of A2 to establish the minimal polynomial, A% — 1369A4* +
17839A2 + 1, which can be solved to give

1/2
35 (4107 84 o1 955709+/9289
=20 (20 °% /g T2 29909V 9289 .
¢ 16( 7 989COS<3+3MCCOS[ 24653006 D)
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This derivation includes a degree of hindsight. In fact we searched for the minimal
polynomial for the amplitude C, by including various powers of 7, and then choose the
polynomial of minimal degree. This required a much greater degree of precision in our
estimate of C to ensure we found the correct minimal polynomial.

It has been pointed out to us by Jean-Marie Maillard that the amplitude A can be
obtained directly from the solution of the cubic equation (3.1), by extracting the coefficient
of (1 — p- )72, as explained in [7, Chapter VII.7.1]. This gives the minimal polynomial
that we obtained by numerical experimentation. This alternative way to derive asymptotic
expansions is a more elegant method, as it is automatic, but it only works for algebraic
functions. There are thus many sequences for which it is not applicable, as in the case of
L-convex polyominoes (for which the generating function is not algebraic, as its radius of
convergence is not algebraic), while our numerical approach can still yield conjecturally
exact results.

4. CONCLUSION

We have shown how experimental mathematics can be used to conjecture exact asymp-
totics, in the case of L-convex polyominoes, and to conjecture an exact solution, in the case
of 201-avoiding ascent sequences. We hope that the results will be of interest, and that
the methods will be more widely applied, as there are many outstanding combinatorial
problems that lend themselves to such an approach.

We recognise that these results are conjectural. We leave proofs to those more capable,
and in the hope that the maxim of the late lamented J. M. Hammersley to the effect that
“it is much easier to prove something when you know that it is true” will aid that endeavour.

Acknowledgements. AJG wishes to acknowledge helpful discussions with Jean-Marie
Maillard, and with Paolo Massazza on the topic of L-convex polyominoes, and to thank the
ARC Centre of Excellence for Mathematical and Statistical Frontiers (ACEMS) for support.
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Abstract. Research in combinatorics has often explored the asymmetric simple
exclusion process (ASEP). The ASEP, inspired by examples from statistical mechanics,
involves particles of various species moving around a lattice. With the traditional
ASEP particles of a given species can move but do not change species. In this paper
a new combinatorial formalism, the DASEP (doubly asymmetric simple exclusion
process), is explored. The DASEP is inspired by biological processes where, unlike the
ASEP, the particles can change from one species to another. The combinatorics of the
DASEP on a one dimensional lattice are explored, including the associated generating
function. The stationary probabilities of the DASEP are explored, and results are
proven relating these stationary probabilities to those of the simpler ASEP.

Keywords: ASEP, DASEP, lattice, algebraic combinatorics, steady state probabilities,
species, lattice paths.

1. INTRODUCTION

The ASEP (asymmetric simple exclusion process) is a structure that has frequently been
referred to in the combinatorics literature. In its simplest form, the ASEP consists of a one
dimensional infinite lattice, with each point on the lattice being populated with either a
particle or a hole. At random intervals, each particle attempts to move either to the left or
the right with different but fixed probabilities (hence the term ‘asymmetric’). The ASEP
can be thought of as a form of Markov process as noted in [4] by Corteel et al. Multiline
queues [5] were introduced by Ferrari et al. as a combinatorial approach to the analysis of
the ASEP. Originally the ASEP particles were thought of as all belonging to a single species.
More recent work by Cantini et al. [3] generalized the concept to multiple species and
uncovered a link with Macdonald polynomials. Although we focus on the homogeneous
ASEP (transition probabilities do not depend on position in the lattice), several researchers
(Lam et al. [7], Ayyer et al. [1], Cantini [2], Mandelshtam [9], and Kim et al. [6]) have
explored the inhomogeneous ASEP in which transition probabilities do depend on lattice
position.

2. DEFINITIONS

Following [4], a partition can be defined as follows:

Definition 2.1. A partition \ is a nonincreasing sequence of n nonnegative integers
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We will start by working through a simple example of the ASEP before introducing the
new concept of the DASEP. We will ordinarily write a partition as defined above as an
n-tuple: A = (A1, Ag, ..., \p).

Definition 2.2. We write S,,(A) to mean the set of all permutations of .
Example 2.3. So, for \ = (2,2,1), S3(\) = {(2,2,1),(2,1,2), (1,2,2)}.

The multispecies asymmetric simple exclusion process ASEP(\) is then defined to be a
Markov process on S, (A) with certain specific transition probabilities:

Definition 2.4. For all partitions A as defined in Definition 2.1, ASEP()) is a Markov
process on S,(A). We let t be a constant with 0 <t < 1. The transition probability P, ,
between two permutations p € S,(\) and v € S,,(\) is given by:

o If n = (N17...7uk7i7j7ﬂk+27...7un) and v = (/’L17"‘Juk7j7i7ﬂk+27"'7:“%)7 with
i#j,then P, =Lifi>jand P,, =2 if j > i.

o If u = (4,2, 3, fin-1,7) and v = (J, 2, i3, - -, fln_1,1) with ¢ # 7, then
P,==Ltifj>iand P,, =+ ifi>j.

e If neither of the above conditions apply but v # p then P,, = 0. If v = p1 then
Pop=1=%,2,F..

It is possible to compute steady state probabilities for ASEP(\). For the purposes of
the example that we will develop as we introduce DASEP, we are primarily interested in
ASEP(A) for A = (2,2,0), A =(2,1,0), and A = (1,1,0), so we will focus mostly on these
three processes as we work through the computation of the steady state probabilities.
Continuing to follow [4] as we develop this example, to compute these probabilities we
need to define the concept of a multiline queue.

Definition 2.5. A ball system B is an L x n matrix each element of which is either 0
or 1. Moreover for all 7 the number of 1’s in row 7 + 1 is less than or equal to the number
of 1’s in row 1.

Definition 2.6. Given a ball system B a multiline queue () is obtained by augmenting B
with a labeling and matching system. Each cell in B will be labelled with a number from 0
to L inclusive, and each cell with a 1 element in row ¢ 4+ 1, for ¢ > 1, will be matched to a
cell with a 1 element in row ¢. Such a matching must be obtained through an application
of the following algorithm:

e Step 1: Find the highest numbered row with unlabelled 1 elements. Label each
of those elements with the number of the row. If this is row 1, or there are no
remaining unlabelled 1 elements in the matrix, exit.

e Step 2: Find the row with labelled but unmatched elements. If this is row 1,
go back to step 1. If it is row ¢ + 1, for ¢ > 1, first match each labelled but
unmatched element that can be matched to an unlabelled element directly below
it to that element. This is considered a trivial match. Then proceed from right
to left (highest to lowest numbered columns) matching each remaining labelled
but unmatched element to an unlabelled element in the row below—these are the
nontrivial matches. Give all newly matched elements in row ¢ the same label as
the element it has just been matched to. Repeat step 2.
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A multiline queue is often visualized as a ball system with an element with a 1 value
being shown as a ball and a 0 value by the absence of a ball. Matches between elements
(balls) are drawn by lines between the matched balls. The following shows a multiline
queue associated with ASEP(\) where A = (2,2,0). Note that the line matching the ball
at upper right to the one at the lower middle wraps around to the right.

5o

The labels in the bottom row determine the partition of the associated ASEP. The
above multiline queue has A = (2,2,0) since the bottom row includes two 2’s and a 0-by
convention an element without a ball is assumed to be labeled with a 0. Likewise the
following would be a multiline queue with A = (2,1,0):

- @
Each multiline queue is also associated with a permutation a € S,,(\) corresponding

to the labels of its bottom row in unsorted order. For example, for the above multiline
queue, A = (2,1,0) but a = (0, 1,2). We will write A(Q) = A and a(Q) = «a.

3. STEADY STATE PROBABILITIES WITH EXAMPLE

To determine steady state probabilities—and continue with the example started in the
introduction—we next assign to each nontrivial matching p in @ two values f(p) and s(p).
f(p) is the number of choices that were available for the match when the match was
made. s(p) is the number of legal matches that were skipped, if we imagine ourselves
considering possible matches from left to right and wrapping around the end if needed,
before the actual choice was made. We can then define a weight on p as wt(p) = (11:);(;: :
Here we are proceeding from [4] but with the simplifying assumption that ¢ = 1, since
in the sequel we will rely on a theorem that requires ¢ = 1. Next we can define a weight
on the entire multiline queue wt(Q)) = [I,co Wt(p) where the product is taken over all
nontrivial matches p in ). A theorem due to Martin [10] then gives the required steady
state probabilities:

PI‘(OJ) _ Za(Q):a Wt(Q) '

2oA@)=A WEH(Q)

Before moving on to the DASEP, we need to evaluate the steady state probabilities for
the examples that we will ultimately use to develop the DASEP. For the above multiline
queue, there is exactly one nontrivial pair p. When this pair is matched, there are two
available options so f(p) = 2. As we picked the second available option, s(p) = 1. So
wt(Q) = U=t As noted above, o = (0,1,2) and the only other multiline queue with

o

a = (0,1,2) is as follows:
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Here there is no nontrivial matching pair, so wt(Q)) = 1. Hence:

1 —1)t 1+ 2t
Z Wt(Q)zl—i—(l_t; :1+t‘
a(Q)=(0,1,2)

For reasons of symmetry:
Y. w@) = > wt(@= > = wi(Q) =
a(Q):(07172) O‘(Q):(17270) O‘(Q):(zvovl)

Next we look at a = (0, 1,2), for which there are also two multiline queues. The first of
these is as follows:

® D -

Here there is one nontrivial matching pair p. When this pair is matched, there are
two available options so f(p ) = 2 As we picked the first available option, s(p) = 0. So

wt(Q) = 1= ,1,0) is as follows:
g @©

Again there is no nontrivial matching pair, so wt(@)) = 1. Hence:

1+ 2t
14+t

1—t¢ 241
Z Wt(Q):1+1_t2:1+t'
a(Q):(Qvlvo)
For reasons of symmetry, one has
241
Yo o w@) = > wt(Q) = Z wt(Q) = 1ot
a(Q)=(2,1,0) a(Q)=(1,0,2) a(Q)=(0,2,1)
So we get
142t 2+t
)‘(Q):(27170)
We are now ready to give the steady state probabilities
1+2¢t
Pr(0,1,2) = Pr(1,2,0) = Pr(2,0,1) =
((0,1,2) = Pr(1,2,0) = Pr(2,0.1) = g2
and 54t
Pr(2,1,0) = Pr(1,0,2) = Pr(0,2,1) = :
r( » ) r( » ) r( = ) 9(1 _I_ t)

Trivial computations also give
Pr(0,1,1) = Pr(1,1,0) = Pr(1,0,1) = =
and .
Pr(0,2,2) = Pr(2,2,0) = Pr(2,0,2) = -.

This concludes our computation for the steady state probabilities of this model; in the
next section we introduce the DASEP model.
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ASEP(1,1,0)

ASEP(2,1,0)

ASEP(2,2,0)

FIGURE 1. An example of DASEP(n, p, q): DASEP(3,2,2).

Each of the 12 small triangles represents a state of the DASEP in the circular lattice
with n = 3 sites with ¢ = 2 balls (i.e., the nonzero labels), each nonzero label is < p = 2
(i.e., one has p = 2 species). Each state corresponds to a permutation of the partition
(2,2,0), (2,1,0), or (1,1,0). The transitions are explained in Definition 4.1 hereafter.
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4. DOUBLY ASYMMETRIC SIMPLE EXCLUSION PROCESS

We are now ready to introduce the DASEP (doubly asymmetric simple exclusion process).
While the ASEP is inspired by statistical mechanics where particles do not change species,
the DASEP, by contrast, is inspired by biological processes where particles can change
species, which we denote by DASEP(n, p,q) where n is the number of positions on the
lattice, p is the number of types of species, and ¢ is the number of particles.

Definition 4.1. For all positive integers n, p, and ¢ with n > ¢, DASEP(n,p,q) is a

Markov process on the set U Sn(A), where one uses the notation of Definition 2.2,
A<p, \|=¢

and where \] = ¢ refers to the dual partition [8] of A, namely X, and uses the fact that A}

gives the number of nonzero terms in the original partition A. The transition probability

P,, on two permutations p and v is as follows:

o If o= (puas oy phs @y Js fieras - ooy p) And v = (U1, o, ooy flig, Jis 0y B2, - - - fln) With
i #j, then P,, = - ifi > jand P,, = 5- if j > i.
o If = (i, 12, ... fin—1,J) and v = (j, p2, 43, ..., fin—1, @) with i # j, then P,, =
if j>iand P,, = 5 if i > j.
o If = (pa, oy iyt sy -y i) and v = (1, ..oy ey @ + 1, flgaay - -, fbn) With
i > 1, then P, , = 3-.
o If = (pa, ooy pirs® 4+ 1, phgyoy ooy ) and v = (fi1, ..oy [k, &y fkt2y - - - 5 fbn) With
t>1, then P, , = %
e If none of the above conditions apply but v # p then P,, = 0. If v = u then
BPup =1 =20z B
Figure 1 shows the simple example of the DASEP that we are working through. All
possible transitions within a single ASEP (the first and second bullet points in the definition
above) are shown with blue arrows on this diagram. To keep the diagram relatively clean in
appearance, only selected transitions between different ASEPs (the third and fourth bullet
points) are shown (with red arrows). Other ASEPs such as ASEP(1,0,0) or ASEP(2,0,0) are
not shown since these are not part of DASEP(3,2,2). This is because, per Definition 4.1,
for DASEP(3,2,2) we always have \] = 2, whereas for ASEP(1,0,0) and ASEP(2,0,0), we
would have \] = 1.

Similar to with the ASEP, with the DASEP we wish to compute steady state probabilities
for permutations a which we will call Pd(a)). We will focus on continuing to develop the
example we have been working on which turns out to be DASEP(3,2,2). Here n = 3 means
that the particles move on the circular lattice with 3 sites, p = 2 means that each particle
is allowed to take on the value 0, 1, or 2, and ¢ = 2 means that each permutation « has
exactly 2 nonzero values. We therefore find ourselves interested in the following 12 steady
state probabilities:
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Note here that particles in the DASEP are allowed to switch back and forth between
species 1 and 2, but not back and forth from 0 to anything else. That is because a value
of 0 is understood to not so much be a species but the absence of a species. Due to
symmetries we can now focus on solving for the following four probabilities:

w=Pd(0,1,1), x=7Pd(0,1,2), y=7Pd(0,2,1), =z=Pd(0,2,2).
From the above transition probabilities, this reduces to solving the system

2uw =+ vy
2+t)r+z+ur=(14+2t)y+2z+uw
(I+2)y+y+uy=2+t)r+uw+z
2z = u(x +y)
which in turn implies the relation
(542t +u)x = (3+ 4t + u)y.

We can then ask ourselves the question of when the proportions of steady state probabil-

ities for the DASEP are the same as for the previous ASEP. Noting that Pr(0,1,2) = gﬁfi)

and Pr(2,1,0) = ﬁ such equality will happen if (542t +u)(1+2t) = (3+4t +u)(2+1),

or 5+ 2t + u + 10t + 4t* 4 2tu = 6 + 8¢ + 2u + 3t + 4t* + tu, or (1 + u) = 1 + u. So this
will happen if and only if £ = 1. We have therefore proven the following proposition.

Proposition 4.2. If D = DASEP(3,2,2) is parameterized as described above by t and u,
then the following two statements are equivalent:
ot =1.
e For all partitions A with S,(A) C D and all permutations pu, v € S,(\), the
following equality holds: Eigﬁ ; = IESE‘V‘ ; That is, the ratio between steady state

probabilities does not change in moving from the ASEP to the DASEP.

In fact, we conjecture the following more general statement.

Conjecture 4.3. If D = DASEP(n,p, q) is parameterized as described above by t and u,
then the following two statements are equivalent:

ot=1.

e For all partitions A with S,(A\) C D and all permutations p, v € S,(\), the
};% = 1;383. That is, the ratio between steady state

probabilities does not change in moving from the ASEP to the DASEP.

following equality holds:

Partial proof. We will prove this only in the = direction. If t = 1 we can replace A\ with
a similar partition but with species of the same type being replaced by similar distinct
species. For example, if A = (3, 3,3,2, 1,0, ...) we would map this to A= (31,32,33,2,1,0,...)
and allow adjacent species originally of the same type to be exchanged with the same
transition probability. This will create a completely symmetric situation, so all steady
state probabilities are equal. As an equal number of Ns can be derived from each \ this
means all original steady state probabilities are equal as well, so 1;%5 ; = %ﬁg = 1. This
completes the proof in the = direction. Il
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Let us motivate Conjecture 4.3 by showing that it holds on one example. Following
are the nine values (of the nine steady state probabilities) we must solve for to prove this
conjecture for DASEP(3, 3, 2):

a; = Pd(0,1,1),  a»=Pd(0,2,2), a3 =Pd(0,3,3),
by = Pd(0,2,3), b, =Pd(0,1,3),  b;y=Pd(0,1,2),
¢ =Pd(0,3,2), ¢ =Pd(0,3,1), ¢ =Pd(0,2,1).

These values can be obtained by solving the following set of nine equations:

2ua, = by + c3

(2 4+ t)bs + ubs + ubs + by = (1 4 2t)cs + by + as + uay
(14 2t)cg + ucs + ucg + cg = (2 + t)bg + ¢o + as + uay
as + as + uas + uas = by + ¢ + ubs + ucs

(2 4+ t)by + uby + by = (1 + 2t)cy + by + ubs

(14 2t)cg +ucy + o = (24 )by + ¢1 + ucs

2a3 = uby + ucy

(24 )by + uby + by + by = (1 4 2t)cy + ag + ubs + uas
(14 2t)ey +uey + 1+ 1 = (24 )by + az + uas + ucs.

Without working through all the details, this can be solved to give
(4u® + 36ut + 90ut® + 72t° + 32u® + 206ut + 270t + 108u + 322t + 120)c3
= (4u® + 24ut + Hdut® + 36t° + 44u® + 190ut + 198> + 160u + 350t + 200)bs.

As previously discussed, Pr(0,1,2) = 9l(ﬁi) and Pr(2,1,0) = 9(21th)’ so for b3 = Pd(0,1,2)

and c3 = Pd(2,1,0) to be in the same ratio we would require by = k(1+2t) and ¢3 = k(2+1)
for some k. It follows, after also dividing through by 2, that

(2u® + 18ut + 45ut® + 36t + 16u” + 103ut + 135t + 54u + 161t + 60)(t + 2)
= (2u® + 12u®t + 2Tut® + 18° + 22u* + 95ut + 99> + 80u + 175¢ + 100) (2t + 1).

This can be expanded to

20t + 18ut? + 45ut® + 36t* + 4u® + 52ut + 193ut?

+ 207t% 4 32u® + 260ut + 431> 4 108u + 382t + 120

= 4udt 4 24u*t? + 5dut® + 36t + 2u® + 560 t+

217ut? + 216t° + 22u? + 255ut + 449t* 4 80u + 375t + 100.

This can be reduced to
20t 4 6ut? + Jut® — 2u® + 4Pt + 24ut® + 9t* — 10u® — Sut + 18t — 28u — 7t — 20 = 0.

This can be factored as

(t — 1)(2u® + 6ut + 9ut® + 10u” + 33ut + 9t* + 28u + 27t + 20) = 0.

Since u > 0 and t > 0, it follows that ¢ = 1. This completes the proof in the <=
direction for the DASEP(3, 3, 2) case.
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5. PROOF OF THE CONJECTURE FOR DASEP(3,p,2)

It would be an endless game to prove the conjecture “case by case”, with more and
more cumbersome computations, so let us now prove it for an infinite family of models.
More precisely, we now prove Conjecture 4.3 for DASEP(3, p,2) (our previous examples
covered the cases p = 2 and p = 3). To solve this case we essentially need to solve for each
of p? prior probabilities p; ; = Pd(0,4,7) for 1 <i,j < p. The steady state probabilities
can be obtained by solving a set of p? linear equations each of which essentially demands
equilibrium for each of the possible states of the process. The generic form of such an
equation, for ¢ < 7, is given by

(4+t+2u)pij = (14 28)pji + Pi1,j + Pige1 + upi-1,; + upij-1. (5.1)
For i > j the equation is

(342t +2u)pij = (2 +1)pji + Piv1j + Pij1 + UPi—1; + upij1
For ¢ = j the equation simplifies to

(24 2u)pi; = pi1i + Piir1 T UDi—1,6 + UPii—1-

The equation may be similarly simplified for other edge cases such as i = 1 < j,
1<j=p,i=1<j=p,i>j=1li=p>j,i=p>j7j=1i=7=1andi=7j=p.
For the sake of brevity we do not list all such cases in detail.

From the first above equation we can define a polynomial A; ; by gathering all terms on
the left:

Aij=A+t+2u)p; — (14 2t)pji — Dit1, — Pij+1 — UDi—1,j — UP;j—1.

We can similarly define A, ; under the conditions stated for the various edge cases. We
next define a p? x p? matrix B as follows:

Bp(i1fl)+j1,p(i2*1)+j2 = [pil,ﬁ]AiQ,jz .

The next step is to prove that the rank of B is p?> — 1. To see this, we first observe
that the sum of all rows of B is identically zero, meaning that the rank cannot be p?.
For the rank to then be p? — 1, we would then need to show that no nontrivial linear
combination of a proper subset of the rows can be zero. If we let row ¢, j be R;; and for
some coefficients ¢; ; we have 3, ; ¢; j; ; = 0, then we need to show that if any ¢; ; = 0,
then all ¢; ; = 0. The only rows with a ¢ term in column %, j will be R; ; and R;;. Hence if
¢;,; = 0, it follows that c;;=0.

We next show that if ¢; ; = 0 it follows that ¢;_; j_; = 0. We can do this by first showing
that ¢;_1; and ¢; ;_1 must be negations of one another. The only rows with a u term in
column ¢, 7 will be R; ;, R;_1 ;, and R;;_1, with the latter two having the same coefficient.
Hence the following two statements are equivalent: ¢; ; = 0 and ¢;—1; +¢; ;-1 = 0. We can
similarly show that ¢; ; = 0 and ¢;41; + ¢; j+1 = 0 are equivalent. So from ¢; ; = 0 we can
derive ¢;—; j_1 = 0. By repeated application of the same argument we will get ¢;; = 0 or
c1x = 0 for some k.
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Likewise, using the equations for the edge cases i =1 < j and ¢ > j = 1, the only rows
with a w term in column 1,k will be R, and R; ;_; and the only rows with a v term in
column £, 1 will be Ry and R;_1;. So from ¢;; = 0 we can derive ¢;_1; = 0 and from
c1, = 0 we can derive ¢; ;1 = 0. By repeated application of this we will get to ¢;; = 0.
By reversing the above arguments it follows that ¢; ; = 0 for any 4, j and we have proven:

Lemma 5.1. The rank of the matriz B as defined above is p* — 1.
We next prove a result about the values of the p; ;.

Proposition 5.2. One has
9 +i—2 w22
Dij +pj,i = and Dii = T
(Zizowt)

(st
Proof. This can be proven by eliminating the variable ¢ from the set of linear equations
above. For example, if we add the equations for i < j and 7 < ¢ we get the following:
(4+t+2u)pi; + (342t + 2u)p;,
= (24 0)pij + (L4 20)pji + Pivry + Djitt + Pig1 + Djti
T Upi—1,j + UPji—1 + UP; -1 T UPj—1-
If we let ¢; ; = p;; + pj,; the above can be simplified to

(242u)qij = qiv1,5 + Gij+1 +ugi—1j + ug; j_1.

If we substitute in the values for ¢;; from the theorem we are attempting to prove
to the above equation, we see that it does satisfy the above equation. Therefore the
values of ¢; ; given in the theorem represent one possible feasible solution to the set of
equations. Moreover, via Lemma 5.1 about the rank of B, the solution must be unique.

This completes the proof. U
To continue With the proof of Conjecture 4.3 in the <= direction, we note that
Pr(p) __ Pd(p Pr021) _ Pd(0,2,1) 24t pa .
from Pr(’;) = Pd() it follows that Pr(012) — Pa@r2) O iiar = ﬁ. This expands as
(24 t)p12 = (1 + 2t)py1. From the above theorem we know that
2u
P12t P21 =

2(1+2t)u
3(1+t) (Tih )
From the equation (5.1) for i =1 < j we get
(B+t+2u)pro = (1+2t)pe1 + pao + P13+ uprs.

We can then solve for p; o giving

P12 =

Substitute in to get
2B+t 4+2u)(1+20)u 22+ t)(142t)u N 31+t)(1+wu

314+0) (Timhut)” B(L+0) (Spmhat) 301+ 1) (Shod k)

5 P13
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This simplifies to
(5ut—|—u—|—t— Du

3(1+1) (Spzhut)”
A similar argument to that used to produce the above equation for p; o will give us
B 2(1 + 2t)u?
5
3(1+t) (Thog ub)

Equating the last two equations and solving gives us ¢ = 1. This completes the proof of

Theorem 5.3. Conjecture 4.3 holds for D = DASEP(3,p,2).

6. FUTURE WORK

Three main potential directions for future work are indicated. One is that further results
should be obtained with a view to eventually proving Conjecture 4.3. We proved it for
DASEP(3, p, 2) and the suggestion would be to prove it for DASEP(n, 2, 2) and DASEP(n, 2, q)
before eventually proceeding to DASEP(n,p,q). Similarly considering the case where 0
represents a ball with species 0 rather than the absence of a species is a variant that
should be explored. The other, and more ambitious, possible goal for future research
would be to come up with a complete combinatorial characterization of the steady state
probabilities for the DASEP. For the ASEP, this has been done in [4] and [10] leading to a
deep relationship being discovered between the ASEP and Macdonald polynomials.
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Abstract. We give a summary of recent progress on the signed area enumeration of
closed walks on planar lattices. Several connections are made with quantum mechanics
and statistical mechanics. Explicit combinatorial formulae are proposed which rely on
sums labelled by the multicompositions of the length of the walks.

Keywords: lattice walks, signed area enumeration, Hofstadter model, exclusion
statistics.

1. INTRODUCTION

The seminal problem of the signed area enumeration of walks on planar lattices of
various kinds has been around for a long time. It is well known that this purely combina-
torial problem can be equivalently reformulated in the realm of Hofstadter-like quantum
mechanics models (note that, in physics, the “signed area” is often called the “algebraic
area”). Recently, in [16], this problem has been given a boost in the form of an explicit
enumeration formula which in turn could be reinterpreted [5,14,15] in terms of statistical
mechanics models with exclusion statistics, again a purely quantum concept. It is a striking
fact that an enumeration quest regarding classical random walks should be in the end so
intimately connected to quantum physics.

In this note we give a summary of this recent progress starting with the original signed
area enumeration problem for closed walks on a square lattice and then enlarging the
perspective to other kinds of lattices and walks via the statistical mechanics reinterpretation.
The first question we address is: Among the ( N%)Q closed N-step walks that one can
draw on a square lattice starting from and returning to a given point (note that N is then
necessarily even), how many of them enclose a given signed area A7

The signed area enclosed by a directed walk is weighted by its winding number: If the
walk moves around a region in a counterclockwise direction, its area counts as positive,
otherwise it counts as negative; if the walk winds around more than once, the area is
counted with multiplicity. These regions inside the walk are called winding sectors.
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+1

FI1GURE 1. A closed walk of length N = 36 starting from and returning to the
same bullet red point with its various winding sectors m = +2,+1,0, —1, —1
(containing respectively 2, 14,1, 1, 1 unit lattice cells). Note the double arrow
on the horizontal link (above the 42 sector) which indicates that the walk
has moved twice on this link, here in the same left direction.

In Figure 1, the O-winding sector inside the walk arises from a superposition of a +1 and
a —1 winding. Summing the areas of each sector, with the corresponding multiplicative
weight, gives the signed area A = (—1) x 2+ (+0) x 1 4+ (+1) x 14+ (+2) x 2 = 16.

More formally, if 7 : [0,1] — R? is a closed path that begins and ends at the origin, the
signed area of this path is

o0

A= / n(7y,x)dx = Z mSy,,
R2 e

where 7(7,x) is the winding number of v around the point x € R?, and where S, denotes
the classical area of the m-winding sectors inside the path (i.e. the number of unit lattice
cells it encloses with winding number m, where m can be positive or negative).

Winding sectors for continuous Brownian curves as well as for discrete lattice walks
have been the subject of study for a long time. In this respect, we note in the last few
years some advances in [2] where' an explicit formula for the expected area (S,,) of the
m-winding sectors inside square-lattice walks is proposed, to the exception of the 0-winding
sector, for the simple reason that the latter is difficult to distinguish from the outside
(i.e. O-winding again) sector, which is of infinite size. Taking the continuous limit allows us
to recover the results previously obtained in [4] for Brownian curves. One notes that for
Brownian curves the expected area (Sy) of the 0-winding sectors is also known by other
means thanks to the SLE machinery [7]. However, it remains an open problem for discrete
lattice walks.

INote that Timothy Budd gave a talk on his article [2] at the conference Lattice Paths, Combinatorics
and Interactions, at CIRM, in 2021. A video of his talk is available on the website of this conference.
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Counting the number of closed walks of length N on the square lattice enclosing a
signed area A can be achieved in a most straightforward way by introducing two lattice
hopping operators (symbols) u and v respectively in the right and up directions, as well as
operators u~! and v~! corresponding to hops in the left and down direction. A directed
walk on the square lattice starting at the origin is then represented by the ordered product
of the hopping operators corresponding to its individual steps. By convention we order
the operators from right to left as we trace the steps of the walk: vu corresponds to a up
step u, followed by a right step v. Clearly the set of all walks of length N on the lattice is
reproduced by the 4V terms in the expansion of

(u+u_1+v—|—v_1)N (1.1)

into monomials of products of symbols, each with N factors. The operator u+u=*+v+v~!
can be considered as the generator of walks.

We are interested in closed walks, and in counting their multiplicity according to their
signed area. To this end, we endow the above operators with the relations

wl=uvtu=vw'lt=vtv=1,

to which we add a non-commutativity relation (which expresses the fact that the elementary
walk circling one lattice cell in the counterclockwise direction has signed area 1):

viutvu=Q,
where Q is a central element (that is, Q commutes with all operators). This entails
vu=Quv, vu'l=Q v, viu=Q luwv!, v lu'=Qu vl (1.2)

which allows us to reduce all terms in (1.1) into monomials of the form u™v", (m,n) € Z?
being the lattice coordinates of the end of the walk, with coefficients which are powers of Q.
In particular, closed walks correspond to the monomial u%0® in (1.1).

The non-commutativity relation vu = Q uv has the effect of flipping a right-up two-step
segment into an up-right one, producing a factor of Q, and similarly for each relation in (1.2).
In each case, the coefficient is QQ to the power of the signed area of the unit lattice cells
left behind by the exchange. Repeated application of these relations reduces each walk to
hook-shape walk u™v"™ with an overall coefficient Q*, with A the signed area of the original
walk prolonged into a closed walk by joining its end to the origin with a vertical and a
horizontal straight walk. In particular, closed walks correspond to monomials Q“4u’2°,
with A the signed area of the walk. This area is maximal if the walk forms a square of
width N/4, and then the signed area is +=N?/16. Therefore, using the notation [u’v°] for
the extraction of the constant term in a Laurent polynomial in « and v, the distribution
of the signed area of closed walks of length NV is given by

N s
(100" (u +u v+ v_l) = Y Cny(A) QY (1.3)
A=—|N2/16]|
where C'y(A) counts the closed walks of length N enclosing a signed area A. For example,
one easily checks that [u%v] (u +ut o+ v_1)4 = 28 4+4Q+4Q™!, indicating that among

the (;1)2 = 36 closed walks making 4 steps Cy(0) = 28 enclose a signed area A = 0 and

Cy(1) = C4(—1) = 4 enclose a signed area A = +1.
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2. THE HOFSTADTER MODEL

In any irreducible representation of the operator relation vu = Quv, the central element Q
will be represented by a number. Restricting to unitary representations, for which uf = v,
vt =071, Q will necessarily be a complex number of norm unity, i.e., a phase. This provides
a mapping between the u, v representation for walks and quantum mechanics, interpreting
u and v as unitary operators acting on a quantum Hilbert space, and the operator
u+u"t + v+ ! as the Hamiltonian of a quantum system.

In fact, such a quantum system exists and corresponds to a well-known model in physics.
Interpreting u and v as operators that generate hops of a quantum particle by one link on
the square lattice, the non-commutativity relation vu = Quv indicates that translations
of the particle in the horizontal and vertical directions do not commute. This can be
interpreted as that the particle is charged and coupled to a homogeneous magnetic field
perpendicular to the lattice. The magnetic flux associated to this (constant) vector field is
da? for any surface of area a?.

Let us now take Q = e27®/® where ® is the magnetic flux through any unit lattice cell
(i.e. for the surface of the square of width a = 1) and where ®, = h/c is the flux quantum
(h is the Planck constant and c¢ the particle’s charge). The Hermitian operator

H=u+u'+v+v! (2.1)

then becomes a Hamiltonian modelling a quantum particle hopping on a square lattice and
coupled to a perpendicular magnetic field. This model is known as the Hofstadter model [8].

To make the physics connection completely explicit, we note that in quantum mechanics
the hopping operators u and v are written as

Y

where A, = —®y and A, = 0 are the two components of the vector potential of the
magnetic field in the Landau gauge and p, = —ihd, and p, = —ihd, those of the momentum
operator (where we use the standard notation & = h/(27)). Thus, assuming (1), the relation
vu = Quu follows from the Baker—Campbell-Hausdorff formula, using the Heisenberg
commutators [z, p,;| = [y, py] = if (this identity is often called the “canonical commutation
relation”).

One now introduces the quantum state W, ,, representing the probability amplitude of
the particle being at lattice site (m,n), on which hopping operators act as

U\Ijm,n = elchD/h\Ijm—i-l,n 5 ,U\I]m,n = \Ijm,n-l—l-

As c®/h = 2n®/(h/c) = 2D/ P,, the factor appearing in the action of u on ¥, , is Q".
Using translation invariance in the horizontal direction we can further choose ¥, ,, to be
an eigenstate of p,, that is, U,,,, = e™k: @, The action of u,v on ®,, becomes

ud, = "= Q ", , vP, = O, ;.

For the Hofstadter model, the Schrodinger equation H¥ = EW¥ (which determines the
eigenvalue E of the spectrum) can be rewritten as

(ut+u o+ ), =EV,,, =&, +&, + Qe 4+ Qe *)d, = ED,.
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Going a step further, a simplification arises when the flux is rational (i.e. when one has
Q = e2™/¢ with p, ¢ two coprime integers): It induces a g-periodicity of the Schrédinger
equation in the vertical direction. Then, as Bloch’s theorem states that solutions to the
Schrodinger equation in a periodic potential take the form of a plane wave modulated by
a periodic function ®,,, we can write

®, =c"d, | D, =D, (2.2)

Indeed, for this rational flux Q7 = 1, thus w9, v? become Casimirs (a physicist’s term for
central elements), and the choice of Bloch states (2.2) can be interpreted mathematically
as choosing an irreducible representation of the u, v algebra. Acting on such states, u? and
v9 become u! = €%+ and v? = ¢%v. One ends up with v and v, acting on ®,,, becoming
the ¢ x ¢ matrices

Q 0 0 0 0 0 1 0 0 0
0 Q> 0 0 0 0 0 1 0 0
. 0 0 3 0 0 .10 0 0 0
u = el < ) . and v = e
0 0 0 - Q1o o o o0 -~ 0 1
0 o 0 -+ 0 1 1 0 0 -~ 0 0
involving two real quantities k, and k,. Finding the energy spectrum (which depends on k,
and k,) reduces to computing the eigenvalues Ey, ..., E, of the ¢ x ¢ Hamiltonian matrix
Hy:=u+u?t+ov+v! ie.
Qeikz + Qflefikz eiky 0 . 0 efik:y
o—iky Qs 4 Q 2ethe iy . 0 0
0 e iky () e 0 0
H, = ) ) ) ) )
0 0 0 e () ek
eik;y 0 0 . e—ik’y Qqeik‘w + Q—qe—ikw

All the machinery of quantum mechanics is now at our disposal. Selecting as in (1.3)

N
the u°v” monomial of (u +ut v+ v‘l) translates in the quantum world to computing
the trace of H év . The quantum trace is defined as

Terzzl/” /” dhy dky / / dky dky S EY, (2.3)
&l qJ)-rnJ-x 21 21 —x 2T 27T.

=1

that is, one sums over the ¢ eigenvalues E; of H, (yielding the standard matrix trace tr H, év )
and integrates over k, and k, while enforcing a continuous normalization in k,, k, and one
rescales by a factor 1/¢ (thus, if one considers for example the g x ¢ identity matrix I,
one has tr [, = ¢, while Tr I, = 1). Under this definition of the trace, Tr u™v" = 0,,, 0n.0
(integration over k,, k, eliminates the traces of terms involving u?™ and v9"). We thus get
a first noteworthy result (also obtained via another approach by Bellisard et al. in [1]):

Theorem 2.1. Assuming q > =, the signed area enumeration of closed paths is given by

Z Cn(A) Q' =Tr H). (2.4)
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3. THE SIGNED AREA ENUMERATION

It is known (see e.g. William Chambers’ book [3]) that the determinant of the matrix
I, — zH, satisfies

lqa/2]

det(I, — zH,) = (Z (—1)”Z(n)22”) - 2<cos(qu) + cos(qky)>zq,

n=0
where the Z(n)’s are independent of k, and k, and Z(0) = 1. Christian Kreft [12] was
able to rewrite Z(n) in a closed form as trigonometric multiple nested sums

q—2n+2 ki kn-1 n

Zn)= > > > Il ske2n, (3.1)

ki=1 ko=1  kp=1j=1
where
sp = 4sin*(mkp/q) =2 — QF — Q7. (3.2)
We call s the spectral function of the model. This is the starting point for the signed
area enumeration. We give here a summary of the procedure, more details can be found
in [14,16]. First introduce the coefficients b(n) via

la/2] o0
—log (Z (—1)”Z(n)22”) = Zlb(n)z%. (3.3)

n=0

The b(n) are related to the desired traces. Start by noting that
1
Tr Hg” = —tquM for n < q.
q

Indeed, one has tru‘v? = q d;0d;0 for i, j < q and so the values of the Casimirs k,, k, do
not appear, making the integration over them in (2.3) trivial. Then the identity

o0 n La/2]
—log det(l, — zH,) = —tr log(I, — zHy) = > —tr H} = Y b(n)z*" + O(z9)
n=1 " n=1

implies that the quantum trace (2.3) is proportional to b(n) for n < ¢
2n
Tr H" = —b(n).
q
Now, by keeping ¢ as a free parameter and extending it to arbitrarily big values, the
quantum trace can be calculated for all n.

Note that the term of order 2" in det(I, — 2H,) is —(2"/n)tr H plus terms involving
products of traces, tr H;* tr H;? - - - with ny+ny+--- =n. Aseach trace tr H;" contributes
an overall factor ¢, b(n) can also be obtained as the order ¢ term in Z(n), ignoring terms
of higher order ¢?,...,¢". Since each sum in Formula (3.1) contributes a factor of ¢, we
get the following explicit expression for b(n):

n q—j+1

I )
b(n) =3 Yo el k) Y Skgj—1""" 5%152 ) (3.4)
' k=1

Jj=1 l1,l2,0005
(11+12) (z2+13) (lj71+lj)
l l li—
where C(ll,lg,...,lj) = 1 l 2 l]' i 7

composition of n
T b4l Tt R
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Here, the coefficients c(ly,ls, . ..,1;) are labelled by the compositions 1,1, ...,[; of n,
i.e. the ordered partitions of n (thus, there are 2"~! compositions of n, for example
3=23,2+4+11+4+21+1+1). Note that the expression for c(l;,ls,...,l;) is closely
related to the enumeration of Dyck paths (up to a factor [;); see Christian Krattenthaler’s
article [11, p. 516]. We have further elaborated on this relation in [6].

Putting everything together, we get
2 q—j+1

n - n
THP =3 3 llind) X st sl

Jj=1 l1,l2,0005
composition of n

What is more, the trigonometric sums involved in this formula can be computed, keeping ¢
as a free parameter. Finally, returning to (2.4) (with N = 2n) the desired number of
closed walks of given area is given by the following theorem.

Theorem 3.1. The number of closed walks of length 2n enclosing a given signed area A is
<l1+l2) <l2+l3> (ljfwlj)
Con(A) = QnXZ 3 h ) g Nl ) o N )

P iy D I+ 1 i+

composztwn of n

ZZ D8 [ ORI A | AR A

This formula grows quickly in complexity since one has to sum over 2" — 1 compositions.
Its complexity is analysed in more detail in the following proposition.

Proposition 3.2. The formula for Cs,(A) in Theorem 3.1 involves asymptotically, up to
some polynomial factor, (4/(5 — /17))" ~ 4.56™ summands.

Proof. This number of summands is given by

=) S 2+ 1) (2 + 1) (20 4 1).
jzl l17l27"'7lj
composition of n

The sequence starts like (r(n)),>1 = (1,2, 6,24, 106, 480, 2186, 9968, 45466, . .. ). Thus,
r(n) counts compositions of n where each summand I; (for ¢ > 3) can have 2[; + 1 colours.
Let us consider first compositions of n where each summand /; (for ¢ > 1) can have 2[; + 1
colours; their generating function is

1 o (z-1)?
1= (2i+1)21 222 —5z+1
This corresponds to the sequence A060801 in the On-line Encyclopedia of Integer Sequences.
In our case, the ¢ > 3 constraint modifies a little bit the generating function and one has

to sum the compositions having 1 or 2 parts and those having 3 parts or more; one gets
the following generating function

z z \2 z \2
— n: —1
3 e (1) + (1) 5@ -1
22 —dz41 2
222 -5z +11—2

S(z) =
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It entails 7(n) = 5r(n — 1) — 2r(n — 2) — 2 (with 7(1) = 1 and r(2) = 2); accordingly,
r(n) grows like ¢" with ¢ = 4/(5 — v/17), which is coherent with the fact that 1/¢
is the dominant pole of R(z). In conclusion, our formula for Cy,(A) involves in total
asymptotically ¢" &~ 4.56" summands (each leading additionally to a polynomial cost in n
for the product of all the binomials), which is still much less? than the naive generation of

all (277)2 closed walks of length 2n, which would be of cost > 16" /(wn). O

Note that it is in fact possible to compute C5, in polynomial time: Using the non-
commutative relations (1.2), the expansion of (u + v + u~! 4+ v71)?" simplifies a lot and
in fact has O(n*) monomials u*7Q*. This gives an algorithm of complexity O(n°) to
compute Cy,(A). Thus, our formula (of exponential cost) in Theorem 3.1 is not the fastest
way to compute Cs,(A), but it has the benefit of being the first explicit formula (as far as
we are aware of!).

Let us end this section with a probabilistic remark. In the limit of the elementary lattice
size a — 0 and the walk length 2n — oo with the scaling na®? = t, walks converge to
Brownian motion curves and we recover the continuum limit of a particle moving on the
plane in a constant magnetic field. To implement this limit, we rescale the lattice cell area
to a?, which amounts to setting A — A/a? in Cy,(A). Numerical simulations then suggest
the following conjecture.

Conjecture 3.3. The signed area of closed walks of length 2n converges, after rescaling,
to the following distribution (for any o> 0)

2n Cy,(an) s

<2n>2 ” cosh?(arr)’

n

FIGURE 2. We conjecture that the distribution of the signed area asymp-
totically follows...not a Gaussian limit law (as it may be thought at first
glance), but the 1/ cosh? distribution of Paul Lévy. For small values of A,
and n up to 70, we checked numerically that the convergence gets better
when n increases.

This conjecture is consistent with the law for the distribution of the signed area enclosed
by a Brownian curve after a time ¢ (obtained by Paul Lévy in 1950; see [10,13]). It can
also be obtained directly in the continuum limit by considering the partition function of a
quantum particle in a magnetic field with a Landau level energy spectrum.

2We thank one of the referees for drawing our attention to this point.
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4. EXCLUSION STATISTICS

The quantities Z(n) and b(n) introduced previously admit a statistical mechanical
interpretation. Let us write the spectral function s, in (3.2) as sj, = e #% (3 is the inverse
temperature) and interpret is as the Boltzmann factor for a quantum 1-body spectrum e
labelled by an integer k. The structure of Z(n) in (3.1) then precisely corresponds to an
n-body partition function for a gas of particles with 1-body spectrum ¢, and exclusion
statistics ¢ = 2: The +2 shifts in the spectral function arguments ensure that no two
particles can occupy adjacent quantum states. Exclusion statistics is, again, a purely
quantum concept which describes the statistical mechanical properties of identical particles.
Ordinary particles are either bosons (¢ = 0), which can occupy the same quantum state, or
fermions (g = 1), which cannot occupy the same quantum state. We see that square-lattice
walks map to systems with statistics beyond Fermi exclusion, in which particles can occupy
neither the same state nor adjacent states. In a sense, each particle excludes two quantum
states, thus g = 2. In general, for g-exclusion particles the n-body partition function (3.1)
would become

q—gntg ki

Z Z Z Ski+gn—gSka+gn—2g * " " Skn_1+9Skns (41)

k}l 1 k’2 1 rL*l
where one observes a shift ¢ instead of 2 in the arguments of the spectral function. In line
with (3.3), (3.4) the associated n-th cluster coefficient can be shown to take the form

q j+1

n
n) = Z Z cg(li,la, . .. Z Sk+j 1" kz+15€<17 (4.2)
Jj=1 l1,l2,0005
g—composition of n

where

Cg(ll,lg, ce ,lj) =

(ll‘i“i‘lgfl_l)' ]ﬁ_l(lz++ll+gl_1>
I .

ll! T lgfl! i=1 i+g—1
In (4.2) one sums over all g-compositions of the integer n, obtained by inserting at will
inside the usual compositions (i.e., the 2-compositions) no more than g — 2 zeroes in

succession. For example, for n = 3 and g = 3 one has 9 such 3-compositions:
3,2+1,1+2,14+1+1,2404+1,14+042,14+0+14+1,1+140+1,14+0+1+0+1.

For general g there are ¢g"~! such g-compositions of the integer n (see [9] for an analysis of
these extended compositions, also called multicompositions).

One has reached the conclusion that the signed area enumeration for walks on the square
lattice is described by a quantum gas of particles with statistical exclusion g = 2. To
relate this explicitly to properties of the Hofstadter Hamiltonian itself, let us perform on
the hopping lattice operators u and v the transformation

U— —uv, v,
which leave their own commutation relation invariant to get the new Hamiltonian
H=-uv—v'u'+v+0v! (4.3)

still describing the same walks but on a deformed lattice.
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This new Hamiltonian (if one compares it with the initial Hamiltonian operator (2.1) of
the Hofstadter model) has the advantage to lead to simpler matrix

1 —(1-Q)z 0 0 0
—(1—g)z 1 —(1 - Q%)= 0 0
0 —(1— &)z 1 0 0
Iq—ZHq = . ( . QQ) . . )
0 0 0 1 —(1-Q1 1)z
0 0 0 —(1— gi=1)2 1

(4.4)

where we set k, = k, = 0 for simplicity (since, as we explained in Section 3, k, and k, do
not appear in the counting formula). The Hofstadter spectral function (3.2) becomes

1
1— —

).

The matrix (4.4) is a particular case of the more general class of matrices having the

following shape®

1 —f()z 0 0 —9(q)2
-9z 1 —f(2)z 0 0
I,—zH, = (_) _g(:Q)Z 1 O 0 (4.5)
b 0 0 1 —f(q.— 1)z
—fl@)z 0 0 —9(q—1)z 1

and associated spectral functions

sk = f(k)g(k),

which become the building blocks of the Z(n)’s in (3.1) (up to spurious “umklapp” terms,
a name deriving from momentum periodicity effects on lattice quantum models, which
disappear if f(q) and g(q) both vanish).

For statistics g = 3, the matrix (4.5) generalizes in a natural way to

1 —f(1)z 0 0 0 —g(qg—1)z 0
0 1 —f2)z 0 0 0 —9(q)z
—g(1)z 0 1 —f(3)z 0 0 0
0 —g2z 0 1 0 0 0
I, —zH, = ) . . ) . . ;
0 0 0 0o .- 1 —flg—2)z 0
0 0 0 0o .- 0 1 —flg—1)z
-fl@)z 0 0 0 —9(q—2)z 0 1
(4.6)

that is, with an extra vanishing paradiagonal below the unity main diagonal, which is the
manifestation of the stronger g = 3 exclusion.

3We hope that the reader will easily distinguish between too similar (but unrelated!) notations: the
function g(k) for the entries of the matrix I, — zH,, and the integer g (the parameter of the exclusion
model, a standard notation in the literature).
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The spectral function corresponding to this matrix is

sk = g(k)f(k)f(k+1)

and the determinant det(/, — zH,) assumes the form (4.1) with g = 3. For g-exclusion
the generalization of (4.6) amounts to a Hamiltonian of the form

H = F(u)v+v'"79G (u), (4.7)

and I — zH is then a matrix with g — 2 vanishing paradiagonals below the main diagonal
(here q is left arbitrary but always understood to be larger than g). The spectral parameters
of this matrix are

F(QY) = f(k), G(Q)=g(k),
and the spectral function is
se = g(k)f(R)f(k+1)... f(k+g—2).

Clearly the Hofstadter Hamiltonian (4.3), which rewrites as H = (1 — u)v + v'72(1 —u™?),
is a particular case of (4.7) with g =2 and F(u) =1—u, G(u) =1 —u"",

5. CHIRAL WALKS ON THE TRIANGULAR LATTICE

Let us illustrate this mechanism in the case of g = 3 exclusion with the specific example of
chiral walks on a triangular lattice. The three hopping operators U,V and W = QU 1V ~1
described in Figure 3 are such that VU = Q*UV.

F1GURE 3. The three hopping operators U,V and W on the triangular lattice.

The triangular lattice Hamiltonian is
H=U+V+W.

It generates walks composed of triangles either pointing up and winding in the coun-
terclockwise direction, or pointing down and winding in the negative direction. In this
sense, the walks are chiral. The factor Q in the definition of W and the factor Q? in the
commutation of U,V are chosen so that up-pointing (positive) triangles are assigned area
+1. Figure 4 depicts some examples of chiral walks on the triangular lattice.



Signed area enumeration for lattice walks 103

UWUWV?

Urw2v?

FI1GURE 4. Examples of closed chiral walks on the triangular lattice.
To bring H to the exclusion form (4.7) one chooses the representation U = —iuv and
V =iu"'v, with u and v as before, in which case H rewrites as
H=i(—u+uv+v>

In this form, H is indeed a Hamiltonian of the type (4.7) for ¢ = 3 exclusion, with
F(u) =i(—u+u™'), G(u) = 1, spectral parameters

1
fk) = —i(Q* — @), g(k) =1,
spectral function
sk = g(k) (k) f(k + 1) = 4sin(2mpk/q) sin (27p(k + 1) /q), (5.1)
and matrix
1 i(Q— é)z 0 0 0 —2 0
0 1 Q2 — &)z 0 0 0 —z
—z 0 1 (Q — )2 0 0 0
0 —z 1 0 0 0
Iq — ZHq - . . . : . : : . ’
0 0 0 0 e 1 (QI — )2 0
0 0 0 0 0 1 QI — i)z
0 0 0 0 A 0 1

which is of the type (4.6) with a vanishing bottom-left entry. The non-Hermiticity of the
triangular Hamiltonian, and thus of I, — zH,, is a consequence of the chiral nature of the
walks.

The triangular signed area enumeration follows [14], yielding an expression similar to
Theorem 3.1 with the trigonometric single sums appearing in (4.2) involving the triangular
spectral function (5.1) and the sum done over all 3-compositions of the length of the
triangular walks.
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6. CONCLUSION

In conclusion, we have shown how tools from quantum and statistical physics allow for
an explicit enumeration of closed walks of fixed length and signed area on planar lattices.

The enumeration formulae rely on an explicit sum over compositions, and their number
of terms grows quickly with the length of the walk (although much less quickly than a
brute-force counting formula). It would certainly be rewarding to rewrite it as a sum with
a smaller number of terms. The use of symmetry on the lattice or alternative ways to write
the generator of walks (Hamiltonian) may offer promise towards this goal. We leave this
issue as well as other questions of interest to the lattice walk combinatorics community:.
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Abstract. In a Dyck path a peak which is (weakly) higher than all the preceding
peaks is called a strict (weak) left-to-right maximum. We obtain explicit generating
functions for both weak and strict left-to-right maxima in Dyck paths. The proofs of
the associated asymptotics make use of analytic techniques such as Mellin transforms,
singularity analysis and formal residue calculus.

Keywords: Dyck paths, generating functions, asymptotics, left-to-right maxima.

1. GENERAL INTRODUCTION

A Dyck path is a lattice path in the first quadrant, that starts at the origin (0,0) with an
up step (u = (1,1)) and thereafter only up and down (d = (1, —1)) steps are allowed under
the conditions that it may not go below the z-axis and that it may terminate only if the
end point is on the z-axis. A Dyck path with n up steps must end at the point (2n,0); see
the definition in [16]. Such a Dyck path is said to have length 2n. For a detailed study of
properties of Dyck paths see [7]. For further recent work on Dyck paths; see [1-4,6,9, 15].

Given an arbitrary Dyck path, we mean by a strict left-to-right maximum, any peak
(successive pair of the form ud) in the Dyck path which is greater than the height all
peaks to its left. A weak left-to-right maximum is a peak which is greater than or equal to
the height of all peaks to its left. From here on, by left-to-right maxima we mean strict
left-to-right maxima unless otherwise stated.

A standard combinatorial problem is the accounting for the number of left-to-right
maxima in combinatorial structures such as permutations and words over a fixed alphabet.
In this paper we focus on obtaining a generating function for the number of left-to-right
maxima in Dyck paths. This is a bivariate generating function which tracks the number of
up steps by z and the number of left-to-right maxima by . We also obtain a generating
function for the total number of left-to-right maxima in Dyck paths with n up steps.
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P P

2 4 6 12 2 5 11
F1GURE 1. Two Dyck paths of length 14 and height 3

As an introduction to the method we will use for the construction of the first generating
function above, here follows a sketch (Figure 1) of two Dyck paths of height 3. The left-to-
right maxima are marked in the left case by A and P and in the right case by £ and P. P
also marks the first maximum height attained by the Dyck paths. We begin at the origin
with a u step tracked in the generating function by z which leaves us at the point E. This
single up step is followed by a possibly empty upside-down Dyck path of maximum height 1.

In the left example in Figure 1, this part is indeed empty (and therefore not requiring x)
but not in the right example where the path between E and B is an upside-down Dyck
path of height 1 which gives rise to a left-to-right maximum thus requiring an x tracker.
Then we have another single u step and we proceed recursively in this way leaving us
eventually at the next left-to-right maximum which is point A in the left example and P
in the right. In the left example, right of A is again a possibly empty upside-down Dyck
path, this time of maximum height 2 where the non empty case is tracked again by =x.
We are referring to the path between A and B which is actually of height 1. Once P is
reached, it is followed by the rest of the path which is conceived as a right to left portion
of a Dyck path. In the section dealing with this, the generating function for these latter
Dyck paths ending at height r will be given and used, as will the generating function for
Dyck paths of a fixed height h, which is used as indicated above for the possibly empty
upside-down Dyck paths that occur sequentially before the point P is attained.

2. LEFT-TO-RIGHT MAXIMA IN DYCK PATHS

We start this section by referring to the paper [14] by Prodinger on the first sojourn
in Dyck paths. Using the notation from [14], we let C'(h) be the number of paths of
height < h with steps which follow all rules of Dyck paths except that they terminate at
height h, and we let A(h) be the number of Dyck paths of height < A (which by definition
end at height zero). It is shown in [14] that

h /1 — 42
C(h) = e
A1h+2 _ )\2h+2

and
)\lh-l-l _ )\2h+1

A(h) = A2 — APt

where Ay and A, are given by

14+ V1 —422 \ 1 —+/1—422
- = ——.

A
! 9 2
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As explained in the introductory section, we consider a sequence of possibly empty
Dyck paths of height < h for h =1,2,... . At the end of each path in the sequence, we
have a single up step that leads to the next left-to-right maximum and eventually to the
first overall maximum of the entire Dyck path. We let = count the number of left-to-right
maxima attained by the Dyck path. This leads to our first theorem:

Theorem 2.1. The generating function for the number of left-to-right mazxima tracked
by z, for Dyck paths of maximum height r and length tracked by z is

F(z,z,r):=2"2C(r ﬁl—i—x h) —1)).

So, the total number of left-to-right maxima for Dyck paths of fixed height r is found
by differentiating the above function with respect to x and setting x = 1. The derivative
at this point is given by

2F(xzr) 1:[ h) 4+ 2"C(r 1:[14 :A(Z)

ox =1 Ali)
(50

=1

@ (% 75) 22

i=1

ﬂ?‘
._\,_.

o0 Il
oI

Note that 2"C(r) [T} A(h) telescopes to become
2% (1 — 42?)
( /\1+r + )\%-‘—7‘) (_/\%-&-r + )\%+r)

but the full generating function becomes very complicated as a function of z.
To simplify this generating function, we substitute

P p—
(1w
n (2.2) which implies
1w (A —uw) (I +u)ttrer (4w (1 —u'tr)
)\l_1+u) )\2_1—1—“’ C(T)— 1_u2+T ?A(>_ 1_u2+r
and obtain
0 (1 —u)?u"(1+ u) = 1 —u?t
T(r) .= —F = — .
(7“) or (% Z, 7“) 1 (1 _ ul-}—r) (1 _ u2+7“) r ; (1 T u) (1 _ ul—H)

The full generating function for the total number of left-to-right maxima in all Dyck
paths of length n is

Tot(u Z T(r



108 A. Blecher and A. Knopfmacher

Consequently, we have the following proposition:

Proposition 2.2. The generating function Tot(u) for the total number of left-to-right
mazima in Dyck paths of length n tracked by z is given by (using 2* = (H#)Z’ ):

Tot(u i 1;12 (1(1J:;+T< Z; 1_u+um)>. (2.3)

7’*1

In order to obtain the series expansion for this, we use the equivalent inverse substitution
for u, namely
1 —22%2 — /1 — 422

u= 52 : (2.4)

and obtain in terms of z,

Tot(u) = 2% + 22* + 62° + 192® + 632" + 2162'% + 7582 + 27052 + 97772
+ 3569822 + O(2*).

We illustrate the bold term of the series by means of the black dots in Figure 2.

Ficure 2. All 14 Dyck paths of length 8: they have 19 strict left-to-
right maxima (indicated by black dots) and 10 weak left-to-right maxima
(indicated by circles).
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The type of series expansion for Tot(u) in Proposition 2.2 involves what is called Lambert
series. There are currently no computer algebra packages that can automatically simplify
expressions like Equation (2.3). Instead, it is therefore necessary to make the following
lengthy calculations in order to derive Theorem 2.3.

To simplify Equation (2.3) we swap the order of the summations in the double sum,
and thereafter use partial fractions on the r-indexed sum (which then telescopes as in
line (2.5)) to obtain

> (1—wu (1+u) '3 1 — u*t

2 (1 —wr) (1 —u2tr) 2 (14 u) (1 —ult)

7‘*1 =1
> 1= u2+ 00 ur
— (1 —u)? '
( U) ; (1 — u1+z) T;A (1 — u1+r) (1 _ u2+r>

ulJrz

_ (1_u)2i:21(1_u1+i) (1_u)(1_u2+i>.

Now changing the index of summation from ¢ to r,
> 1 u2+i u1+i ul-l-'r

P P (e [ R P Py e

=1

Altogether,

& 1+r

1— 2,,r 1 00
3 (1 —u)*u" (1 +w)r =0y u
(1 _ ul-‘rr) (1 _ u2+r) = (1 _ ul-‘rr)
(1—wu" (r—u—ru*+u
(1 _ u1+r) (1 _ u2+r)
ru’ — u1+r _ Tu1+7“ + u2+7“ _ Tu2+r + Tu3+r + u3+27° o u4+2r
: (1=t (1 —u?) |
Drop the first term ru” in the numerator above and apply partial fractions to the rest of
the summand which simplifies to

Tot(u)

3+r)

(e 112 L

Il
i

—1—7r+2u—ru—u?®+ru? r+ru — ru?
1—u+ + .
(1—u) (L —u'*) (1 —u) (1 —u*)
The separated first term with numerator ru” after partial fractions leads to
ru” rum !

(1—w)(1—u*)  (1—u)(1—u>)

Altogether,
0 —1—r+2u—ru—u®+ru? r 4+ ru — ru’
Tot = 1-—
ot = 3 (1w T gt
s ru” s ru’ !

+Z(1—u)(1—u1+’") _2(1—u)(1—u2+r)‘

r=1 r=1
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To facilitate the evaluation of the infinite sums, we define a new function (where co is
replaced temporarily by finite M in Tot(u)), namely:

M 2 2 2
—1—r+2u—ru—u"+ru r+ru—ru
Tot2 = 1-—
0t2(u) ;( u T (1—u)(1—u2+r)>
+§: ru” % ru’ 1
Zi-wi-wm) Hl-ui-w)

We now separate this into disjoint sums and shift the index of summation in the third and
last sums:

M l—r4+2u—ru—uw?+r®> 0 —-1)1+u—u?

Tor2) =3 L= e T % G- ai- e

+§:1 (1- “)7:1[— ultr) A?:: (1 —(;)_(11)—u;1+’“)

B b

+ i (7(“1—_111 )(tl_{__uu_l—::j) (1]\{ (ul) J(rlu_—uij)w) + 4o u)l(b1 —

+i 1- u)ﬁt ) ; i _(Z)—(ll)_u;m) s fﬁt@w). (2.6)

We combine the terms in the sums from r equals 2 to M in (2.6) to get

—24u+u"
(1 —u) (1 —ultr)

Then we simplify the rest to get

M
—24+u+u 2
Tot2(u) = ; 1—w)(l—u*)  1—u2

M (_2 4o M 2 M 9 3EM u4+M)

(1 —u) (1 —u?tM)

Note that Tot2(u) and Tot(u) match at least for terms up to {uM } . Since for the present

we are only interested in the terms up to [uM }, we may set all higher power terms equal
to zero, to produce

—2+4u+u" 2 M(Q—u)

To2b(w) =2 e 1w M

r=2
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Noting that M =1+ >M, 1,

L 24w+ 2 (2-u)  §~(2-u)
Tot2b(U)—7§(1_u)(1_u1+r) o 1_u2+(1—u)+,§<1_u)
& 24w+t u o~ (2—u)
_r:2(1—u)(1—u1”)+1+U+7;2(1_“)'

Combine the summands in >*,. We may now allow M — oo to finally obtain the
simplified generating function as per the next theorem:

Theorem 2.3. The simplified generating function for the total number of left-to-right
maxima in Dyck paths is
2 (1 —w)u”

Tot(u) =) S

r=1

(2.7)

2.1. Formula for total number of left-to-right maxima. In this section, we will
obtain an exact formula for the total number of left-to-right maxima in terms of a well-
known arithmetic function, namely the divisor function d(r). Compare with [5]. Note
that

s [e.9]

ilﬁw =Y _d(r)u’.

r=1 r=1

To read off coefficients from equation (2.7), we observe that for any formal power
series f(2)

[2"]f(2) = [u")(1 = w)(1 +w)™ " f(2(u)).
This can be justified by using formal residue calculus; see for example [12]. Therefore

] Tot(2) = )1 = w)(1 4wt 3 L

r=1

= [w"](1 — u)(1 4 u)** i(d(’f’ + 1) —d(r))u”

r=1

_ zn:(d(r +1) —d(r)) ((?::) - <n2—n7“_—1 1)) .

r=1

Thus we have shown:

Theorem 2.4. The total number of left-to-right mazima in Dyck paths of semi-length n is

given by
s+ -aen (221 - (1)

r=1
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3. ASYMPTOTICS FOR STRICT LEFT-TO-RIGHT MAXIMA

In this section we find the asymptotic expression for the total number of strict left-to-
right maxima in Dyck paths. We will follow the approach used to study the height of
planted plane trees by Prodinger in [12]. For related asymptotic calculations concerning
the height of trees and lattice paths; see [10,11,13] and the seminal article by de Bruijn,
Knuth and Rice [5].

First, we extract coefficients of 2" in Tot(u). That is we find

l—u S o

[2"] > e

u r=2

When u is in terms of 2%, by (2.4) the function Tot(u) has its dominant singularity at
z = 1/2 which is mapped to u = 1. To study this further we set u = e~* and let ¢t — 0.

Thus

l—u 23
=el—eH)=t+—+—+--- . 3.1

” e'( e’) +2+6+ (3.1)

o) et

To estimate the harmonic sum fi(t) := 3272, 1= as t — 0, we take the Mellin transform
of f1(t), see [8], which is f;(s) := [° fi(t)t*" ! dt. Thus
fi(s) =T(s)¢(s)(¢(s) = 1), for R(s) > 1.
By using the Mellin inversion formula, we have f;(t) = 55 [712° fi(s)t~* ds (again see [8]).
By computing residues this yields
—1 4~ —log(t)
t

3 13t
S 2
+4 144jL ’ (32)

fi(t) ~

where ~ is Euler’s constant.
Let
gi(t) =€ (1 —e™) fi(2).
From (3.1) and (3.2)

3 1
G(t) ~ —log(t) — 1+ + (4+2(—1+7—10g(t)))t+~--.
Let y = V1 — 422 and writing e*t:u:};—z, Weﬁndt:—log%:2y+¥—l—---

In terms of the y variable, we therefore need to compute g; (2y + % + ).

o (204 2 )~ (S~ 0g(2) ~ ogly) + 51+ 2y ~ 2108(2) = 21ox(s)y

2

Y
— L 4.

3

Replacing y by /1 — 422 gives
1 1
—1+7—log(2) — 7 log (1-42%) + 5 (1427 —2log(2) —log (1 — 42)) VI — 422
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To use singularity analysis, see [8], it is convenient to put 22 = z, then we find the
coefficient of ™ in the above expression as n — oo. It is asymptotically equal to
1 log(n 1-3
gen (L log(n) o). (3.3)
2n  4\/mnd/2 0 And/2\ /1
To obtain the mean value we must divide by the total number of Dyck paths of
semi-length n, i.e., as n — oo

Lo e L9 M5\ 5.4
n+1\n/) n32\/m 8 nd2/m 128 n'/2\/7 ' '
Hence, dividing (3.3) by (3.4) yields

Theorem 3.1. The average number of strong left-to-right maxima in Dyck paths of
semi-length n, as n — o0 s

v loe(m) 1 gy 4 omry,
2 4 4
Remark 3.2. The asymptotic formula of Theorem 3.1 when n = 200 yields 11.0257 for the
average number of strong left-to-right maxima. Using the exact formula of Theorem 2.4
divided by the Catalan number for n = 200 yields 11.0503 which is indeed a very good
match.

Remark 3.3. The number of strong left-to-right maxima is bounded above by the height
of the path, which is known to be ~ /mn as n — oo, (see, e.g., [12]). We see that
asymptotically the average number is half of the height.

4. WEAK LEFT-TO-RIGHT MAXIMA IN DYCK PATHS

For this question we first need a generating function for Dyck paths of height < h which
have only a single return to the x axis. So using the formula above from (2.1), we obtain
the generating function for these where h > 1 as

D(h,z) = 2A(h — 1).

Now in order to construct the generating function E(h,x, z) for the number of times
a Dyck path of height < h and length n tracked by z, returns to 0 where the latter is
tracked by a variable x in the generating function, we construct a sequence of such Dyck
paths where each term in the generating function for this sequence is multiplied by =x.
Thus we obtain
1
E(h,x,z) = = 2D(h2)

We now reiterate the construction in Theorem 2.1 to obtain the following theorem.

Theorem 4.1. The generating function for the number of weak left-to-right maxima,
tracked by x, for Dyck paths of maximum height r and length tracked by z is

F(z,z,7r) =220 —1) ﬁ E(h,z,z). (4.1)

h=1
To obtain the generating function for the total number of weak left-to-right maxima, we
once again differentiate (4.1) with respect to x and evaluate this at x = 1. We obtain
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Theorem 4.2. The generating function for the total number of weak left-to-right maxima
for Dyck paths of length n tracked by z is

Wot(u) == 3 L= WY Skl (1_r+<1+u>i1‘“1“i),

1 _ ul—i—r (1 _ u2+7“) = 1 — u2+z

r:l

2 u
where z° = oz

Proof. The derivative of (4.1) is

0 - " D(i,2)

—F =200 -1 [[ E(h,1,2) (1 — .

SeFe | ==y [ Bk (143 252 )
Putting 22 = i +u)2 in the formula above we obtain

- 1 (1 —uwu (1 —u?)
)hl;[l 1— 22A(h - 1) a (1 _ u1+r> (1 _ u2+7“)’

2O —1

while the remaining bracketed part becomes

1 —ult
=1

Now, we simplify Theorem 4.2. The double sum becomes

2.2 1 — u1+i 00 u”
1—u? . -
( ) ; 1 — y2+e TZ::Z (1 _ ul-i—r) (1 _ u2+7")
We use partial fractions on the r-sum and then the double sum telescopes to
(1 _ u2)2 0 i+l

(1—uwu Zl—u”?'

i=1

This is then combined with the single sum which simplifies to

i ((1 —u)u” (1 —u?)(1—7) P W)t > : (4.2)

S\ (L=ut ) (1 —w?t) (1 —wu (1 —u?r)

In order to further simplify (4.2) we replace oo by finite M and then apply partial fractions
to the summand of the first term which splits up as

(-1+r)l-w(l+u) (l4+r+DI-w)(l+u) (1-u)(l+wu)

U (1 _ u1+r) U (1 _ u2+r) u (1 _ u?-i—r) :

This is telescoping and simplifies to

(M)A -w)(+w M( (1 —u2)?ultr _(1—u)(1+u)>

W (1 — a2+ +; I—wu(l—a")  a(l—w)

Now, replace M by > 1. Then, letting M tend to oo, and finally combining all
summands, we obtain
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Theorem 4.3. The simplified generating function for the total number of weak left-to-right
maxima for Dyck paths of length n tracked by z is

> (1 —u?)u"

r=1

This has series expansion
224322 492042928 + 98210+ 341212+ 121024 +43562'° + 1586028 + 5827622+ O (221) .

This is illustrated in Figure 2, where the dots and circles mark all 29 of the weak left-to-right
maxima in Dyck paths of length 8.

4.1. Formula for total number of weak left-to-right maxima. In this section, we
again obtain an exact formula for the total number of left-to-right maxima in terms of the
divisor function d(r). To read off coefficients from Theorem 4.3, as before

(22 f(2) = [w")(1 = u) (1 4+ u)*" " f(2(u)).
Therefore
1 —u?)u"

[2*"] WTot(2) = [u"](1 —u)(1 4+ u)*"* i (1 —

r=1

— (L = (L4 ) S (dr 4+ 2) — A

r=1

We thus get the following theorem.
Theorem 4.4. The total number of weak left-to-right mazima in Dyck paths of semi-length

n s given by
s+ -aen (221 - (2 71).

r=1

5. ASYMPTOTICS FOR WEAK LEFT-TO-RIGHT MAXIMA

To find an asymptotic expression for WTot(u), we reiterate the approach in Section 3.
This yields

Theorem 5.1. The average number of weak left-to-right maxima in Dyck paths of semi-
length n, as n — oo s

Vv —log(n) + ;(5 —67) + O(n~Y?).

Remark 5.2. The asymptotic formula of Theorem 5.1 when n = 200 yields 20.536 for the
average number of weak left-to-right maxima. Using the exact formula of Theorem 4.4
divided by the Catalan number for n = 200 yields 20.368. Taking larger n improves the
accuracy.
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6. OPEN PROBLEMS

Theorem 2.4 and Theorem 4.4 are very similar to each other with only a slight change in
their respective summands; this suggests that there is an underlying combinatorial proof.
Also from Theorems 2.3 and 4.3 we obtain

1
WTot(u) = Lt Tot(u) — 1.
u

We think that accounting for these similarities may be an interesting combinatorial problem
which we leave to the reader. It might also be possible to derive Theorem 2.3 in a simpler
and more direct way instead of using Proposition 2.2.

The statistic left-to-right maximum, ‘lrmax’ is quite important in permutations due to
the fact that it is equidistributed with the ‘cycle’ statistic and is counted nicely by Stirling
numbers of the first kind. One of the main reasons for studying lrmax in permutations is
this equidistribution with the number of cycles. Hence in the current setting one should
anticipate a counterpart statistic in Dyck path to be equidistributed with Irmax.

With respect to permutations, there are other statistics equidistributed with Irmax. In
the Dyck path context one can also introduce such concepts. This may potentially lead to
further interesting research.
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Abstract. In this paper we study a subfamily of a classic lattice path, the Dyck paths,
called restricted d-Dyck paths, in short d-Dyck. A valley of a Dyck path P is a local
minimum of P; if the difference between the heights of two consecutive valleys (from
left to right) is at least d, we say that P is a restricted d-Dyck path. The area of a
Dyck path is the sum of the absolute values of y-components of all points in the path.
We find the number of peaks and the area of all paths of a given length in the set of
d-Dyck paths. We give a bivariate generating function to count the number of the
d-Dyck paths with respect to the semi-length and number of peaks. After that, we
analyze in detail the case d = —1. Among other things, we give both the generating
function and a recursive relation for the total area.

Keywords: Dyck path, d-Dyck path, generating function.

1. INTRODUCTION

A classic concept, the Dyck paths, has been widely studied. Recently, a subfamily of
these paths, non-decreasing Dyck paths, has received a certain level of interest. It is
because of some statistics are given by linear combinations of Fibonacci numbers and
Lucas numbers. In this paper we keep studying a generalization of the non-decreasing
Dyck paths. Other generalizations of non-decreasing Dyck paths have been given for
Motzkin paths and for Lukasiewicz paths [14,15].

We now give some definitions that we use in this paper. A Dyck path is a lattice path in
the first quadrant of the xy-plane that starts at the origin, ends on the z-axis, and consists
of (the same number of) North-East steps U := (1, 1) and South-East steps D := (1, —1).
The semi-length of a path is the total number of U’s that the path has.
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A walley (peak) is a subpath of the form DU (UD) and the valley vertex of DU is the
lowest point (a local minimum) of DU. The level of a valley is the y-component of its
valley vertex. Following [16,17] we define the wvalley vertices vector of a Dyck path P as
the vector v = (11, va, ..., 1) formed by all y-coordinates (listed from left to right) of all
valley vertices of P.

For a fixed d € Z, a Dyck path P is called restricted d-Dyck or d-Dyck (for simplicity),
if either P has at most one valley, or if its valley vertex vector v satisfies that v, 1 —1; > d,
where 1 < i < k. The set of all d-Dyck paths of semi-length n is denoted D4(n), where
rq(n) denotes its cardinality, and the set of all d-Dyck paths is denoted by D,.

The first well-known example of these paths is the set of 0-Dyck paths; in the literature,
see [4,6,7,9,10,12], this family is known as non-decreasing Dyck paths. The whole family
of Dyck paths can be seen as a limit of d-Dyck and it occurs when d — —oc. Another
example, from Figure 1 we observe that v = (0, 1,0, 3,4, 3,2) and that v;,; — v; > —1, for
i=1,...,6, so the figure depicts a (—1)-Dyck path of length 28 (or semi-length 14).

V1:O 1/2:1 I/3:O V4:3 V5:4 V6:3 V7:2

FIGURE 1. A (—1)-Dyck path of length 28.

The recurrence relations and/or the generating functions for d-Dyck when d > 0 have
different behavior than the case d < 0. For example, generating functions accounting for
the number of valleys, the number of peaks, and the area, for d-Dyck when d > 0, are all
rational for all variables (see [4,6,7,10,12,16,17]). However, when we analyze in this paper
several aspects for d < 0 (the number of paths, the area of the paths, and the number of
peaks) we find that the generating functions are all algebraic (non-rational).

In this paper we give a bivariate generating function to count the number of paths
in Dy(n), for d < 0, with respect to the number of peaks and semi-length. We also
give a relationship between the total number of d-Dyck paths and the Catalan numbers.
Additionally, we give an explicit symbolic expression for the generating function with
respect to the semi-length. For the particular case d = —1 we give a combinatorial
expression and a recursive relation for the total number of paths. We also analyze the
asymptotic behavior for the sequence r_;(n).

It is well known that there are many bijections between Dyck paths and other combi-
natorial objects, we are wondering if there are other bijections between d-Dyck paths for
d < —1 and other object of combinatorics.

The area of a Dyck path P is the sum of the values of y-components of all points in the
path. That is, the area of P, denoted by area(P), corresponds to the surface area under
P and above of the z-axis. For example, if P is the path in Figure 1, then area(P) = 70.
We use generating functions and recursive relations to analyze the distribution of the area
of all paths in D_;(n).
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The problem of enumerating the area in directed lattice paths, in a general setting, was
solved by Banderier and Gittenberger [3], building on the enumerative and asymptotics
results from [2], where Dyck, Motzkin, and Lukasiewicz paths are particular cases.

A summary of notation used throughout the paper appears in Table 1 in the appendix.

2. NUMBER OF d-DYCK PATHS AND PEAKS STATISTIC

Given a family of lattice paths, a classic question is how many lattice paths are there of
certain length, and a second classic question is how many peaks are there depending on
the length of the path. These questions have been completely answered, for instance, for
Dyck paths [8], d-Dyck paths for d > 0 [4,17], and Motzkin paths [20] among others. In
this section we give a bivariate generating function according to the semi-length and the
number of peaks of the d-Dyck paths with d < 0.

Given a d-Dyck path P, we denote the semi-length of P by ¢(P) and denote the number
of peaks of P by p(P). So, the bivariate generating function to count the number of paths
and peaks of d-Dyck paths is defined by

Lifwy) = 3 Py,
PeDy

2.1. Some facts known when d > 0. These results can be found in [17].

e If d > 0, then the generating function Fy(z,y) is given by
ry(1 — 22 + 22 + xy — 29t1y)

La(w,y) =1+ (1—2)(1 — 22 + 22 — x¢tly)
e Ifd>1,
i (A= D)k =1)
ra(n) = > ok :
k=0

e If n > d, then we have the recursive relation
rg(n) =2rqgn—1) —rqn —2) +ry(n —d —1),

with the initial values r4(n) = (;) +1,for 0 <n <d.
e Let py(n, k) be the number of d-Dyck paths of semi-length n, having exactly k
peaks. If d > 0, then

iy = ("R )

For the whole set of Dyck paths, the number p_.(n, k), is given by the Narayana
numbers N (n, k) = %(Z) (kﬁl)

2.2. Peaks statistic for d a negative integer. For the remaining part of the paper we
consider only the case d < 0 and use e to denote |d|. A pyramid of semi-length h > 1 is a
subpath of the form X"Y"; it is maximal, denote by A, if it can not be extended to a
pyramid X1y h+1,
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Theorem 2.1. If d is a negative integer and e := |d|, then the generating function Le(x,y)
satisfies the functional equation

Le(x,y) = wy + xLe(x,y) + x5c(2,y) Le(, ), (2.1)
where Se(x) satisfies the algebraic equation
Yy —
T Se(l’7 y) =0.

(1= 2Se(z,y)(y + (1 — y)zSe(x,y)) — Se(x,y)(1 — xSe(x,y))**" — -

Proof. We start this proof by introducing some notation. The set Qq; C Dy denotes the

family of non-empty paths where the last valley is at level .. We consider the generating

function
Ql(e)(l,’y) — Z xZ(P)yp(P)'
PcQg,;

me+2

It is convenient to consider the sum over the Qge) (x,y). We also consider the generating
function, with respect to the lengths and peaks, that counts the d-Dyck paths that have
either no valleys or the last valley is at level less than e. That is,

e—1
Y e
Se(xvy) ZE+ZQ§)(L9) (22)
§=0

A path P can be uniquely decomposed as either UD,UT D, or UQDT (by considering
the first return decomposition), where T' € D,; and (@ is either a pyramid or is a path in
uig Q. (see Figure 2, for a graphical representation of this decomposition). Notice that
Vi1 — v; > d and the decomposition UQ DT ensures that ) holds as in the former line.

FI1GURE 2. Decomposition of a d-Dyck path.

From the symbolic method we obtain the functional equation
Le(z,y) = vy + xLe(x,y) + xSe(x,y) Le(x, y).

Now we are going to obtain a system of equations for the generating functions Q;(x,y).
Let ) be a path in the set Qg;. If © = 0, then the path () can be decomposed uniquely as
either UQ'DA or UQ)'DR, where A is a pyramid, R is a path in Qg9, and @’ is either a

pyramid or Q' € U} Qai- Therefore, we have the functional equation

e T e
QF (wy) = wSe(a,y) 7 + aSu(,9)Qf (.v).

For ¢ > 0, any path ) can be decomposed uniquely in one of these two forms UR,D or
UQDR,, where Ry € Qq;-1,Rs € Qq;, and @ is either a pyramid or ) € U, Qi S0,
we have the functional equation

QY (z,y) = 2Q\ (x,y) + 2S.(x,1)Q\ (2, ). (2.3)
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Summarizing the discussion above, we obtain the system of equations:

(a,y) =28z, y) 2L + xS (z,1)Q (x,1)

O(zy)  =2QY (2,y) +2Se(z,9)Q\ (x,y)

: 2.4
Q) = 2Q\ (x,y) + 2S(z,1)Q (x,) 24)

Qge—)l(x7y) = (EQé?g(LU,y) +xSe(x,y)Q£e_)1(x,y).
Summing up the equations in (2.4), we obtain that

e—1

o1 e—2
ZQEG)(JZ,y) = zS.(x,y) (Z QE’S)(%Q) + 11?1.) +xZQ§.€)(m,y).
j=0 7=

=0

From this and (2.2) we have

Se(xay> - 1 Y

— X

=z (Se(:v,y) B Qge—)l(xv 3/))

l1—=z

+ S (,y) (Se(x,y)— ° )+1x2yx56(:v,y)- (2.5)

11—z —

Iterating (2.3), we have Ql(-e) (x,y), with i > 0, can be expressed as
"y S (2, y)

(e)
» = —. 2.6
R [ Kean o 20
Substituting (2.6) into (2.5) we obtain the desired functional equation. O
Solving (2.5) for Se(z,y) we have
l—z+zy—/1—2x+ 22— 2zy — 222y + x%y? + 42 ée_) T,
Se(z,y) = y \/ Y Y Y Qe ( ?J) (2.7)
2z
We observe that substituting (2.7) into (2.1), we have
Ly
Le Y =
(z,9) 1 —x—xS(x,y)
_ 1Y
1l—x+xy— \/1 — 2 + 2% — 2wy — 222y + 2%y? + 4x2le(a:, Y)

11—z
2
Since S,(z,y) is a power series and by (2.6), we obtain that Q' (z,y) — 0 as e — oo,
where here we assumed that |z| < 1 (for details on convergence of generating functions;
see [11, p. 731]). Therefore,

11—z —ay—+/1-—2x+ 22— 2xy — 222y + x2y>

2 '
This last generating function is the distribution of the Narayana sequence. This corroborates
with the fact that the restricted (—oc)-Dyck paths coincide with the non-empty Dyck
paths.

Jim Li(.9) =
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Theorem 2.2. If 1 < k < |d| + 3, then the k-th coefficient of the generaling function

Le(z,1) coincides with the Catalan number Cy = %H(Zkk).

Proof. We first observe that the shortest Dyck path that contains a forbidden sequence of
valleys is P = U*™?DUD*"?UD (clearly, {(P) = e + 4) with e = |d|. Therefore, if d < 0,
then rq(n) = C,, forn=1,2,...,|d| + 3. O

The first few values for the sequence rq(n), for d € {—1,—2, -3, —4} are

{ro (n)}as1 = {1, 2, 5, 14, 41, 123, 375, 1157, 3603, ...},
{roa(n)}as1 = {1, 2, 5, 14, 42, 131, 419, 1365, 4511,.. .},
{rs(n)}as1 = {1, 2, 5, 14, 42, 132, 428, 1419, 4785,...},

(n)

{r_a(n }n21 {1, 2,5, 14, 42, 132, 429, 1429, 4850, ... }.

n

For example, there are 41 (—1)-Dyck paths out of the 42 Dyck paths of length 10. Figure 3
depicts the only Dyck path of length 10 that is not a (—1)-Dyck path.

V1 = 2 Vo — 0
FIGURE 3. The only Dyck path of length 10 that is not a (—1)-Dyck path.

Recall that d is a negative integer and that e := |d|. Then by Theorem 2.1, we have

(Le(w,y) +9)° (vL2(x,y) + (vy + 7 — 1) Le(,y) + )
(1= @)Ll ) — wy) (L) =0

1—
This implies that

PR P P IS S T (R P X

+ Zx( ) L)Y + T (Ll ) =

Hence, by taking y = 1 and collecting powers of L.(x, 1), we have

Lo(x.1) (aofz% >>J’),
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where Z =1, and
x

1—(e+2)x’

a<—; xe+2 — € =23 e
I (e+2) ] j—1)) T TEG

. (e+2)r(l—2)—1+z(1+x)
et = (1—xz)(1— (e +2)2)

Hence, by the Lagrange inversion formula, we expand the generating function L.(z,1) as
a power series in Z to obtain

anl ' e+1
Le(l” 1) — Z [ ] Z n ' 102212-1- “+(e+1)iet1 H CL
n>1

baliol oot
i0+igtigt - tier1=n 20:22: let1:

ag =

n
that leads to the following result.
Theorem 2.3. We have

Z it (et 1)ies1=n—1 4 "i n—ig——icq1flet1 He‘: e—i'-2 _ f ij
Le<x7 1) = nzz:l ZigH(et)ien 1 (2 ..... e;-;()lx_ (e " Q)x)n Jj=2 (I( J ) (] 1)) 7

where
| _ _
(» n ): n! | andt:(e—l—Z)x(l ) 1+x(1+x).
12, let1

ig!"'ie+1!(n—i2—"'—Ze+1)! 1—=
For example, Theorem 2.3 with e = 2 gives

n n—ig—1, io ( —3z2+bx—1\i
D 2ig43iz=n—1 (i2’i3)£€ 2708 (6 — 2)2 (2Rl
L2(x7 1) = Z n(l o 4&:)”
n>1

Thus,
T 22(6z — 2) 3t 2236z — 2)?  batt(6xr — 2)
+ + + +
1—4x  (1—4x)?  (1—4x)4 (1 —4x)> (1 —4x)b
5zt (6z — 2)3 + 325%  21a25(62 — 2)%t  282°(—2 + 62)t? + 142°(—2 + 62)*
(1 —4x)7 (1 — 4x)8 (1 —4x)° ’
where ¢t = (—32? + 5z — 1)/(1 — x).

Ly(z,1) =

3. SOME RESULTS FOR THE CASE d = —

In this section we keep analyzing the bivariate generating function given in the previous
section for the particular case d = —1. For this case, we provide more detailed results.
We denote by Q the set of all non-empty paths in D_; having at least one valley, where
the last valley is at ground level. We denote by Q,, the subset of Q formed by all paths
of semi-length n and denote by ¢, the cardinality of Q,. For simplicity, when d = —1
(or e = 1) we use L(z,y) instead of Li(x,y). As a consequence of Theorem 2.1, taking
d = —1, we obtain this theorem.
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Theorem 3.1. The bivariate generating function L(x,y) is given by
(x — 1)y (1 —x(2+y) — \/(1 —x —2zy — 222y + 2%y? — 23y?) /(1 — 1:))
2(1 — 2z + 22 — 2zy + 22y) '

Notice that a path ) € Q can be uniquely decomposed as either UADUA'D, UADR,
URyDRy, or URDUAD, where A, A’ are pyramids, and R, Ry, Ry € Q (see Figure 4 for

a graphical representation of this decomposition).

L(z,y) =

FIGURE 4. Decomposition of a (—1)-Dyck path in Q.

Therefore, if

Q(z,y) =Y 2" @yrP)]
QeQ

then

Q(z,y) = 2 ( Y )2 +x (1_yx) Q(z,y) + 2(Q(x, y))?* + 2? <1y

11—z

Solving the equation above for Q(z,y), we find that

) Q).

l—x—zy— 2%y — \/(1 —x)(1 —x — 2zy — 22%y + 22y? — 23y?)
2(1 —z)x '

Q(z,y) = (3.1)

Expressing L(z,y) as a series expansion we obtain these first few terms:
L(x,y) = zy + 2* (yQ +y> + z? (y3 + 3y? +y) + (y4 + 6y° + 6y° +y>
+27 (1 + 10y* + 199" + 10y + y) + 2° (y° + 15y + 46y" + 459" + 15y° +y) + -+

Figure 5 depicts all six paths in D_;(4) with exactly 3 peaks. Notice that this is the
coefficient of z*y?, in boldface type, in the above series.
The generating function for the (—1)-Dyck paths is given by

—14+4r — 322+ V1 — 4o + 222 + 24
2(1 — 4z + 22?) '

L(z) := L(z,1) = (3.2)

Thus,
L(z) = x + 227 + 5% + 142" + 412° + 12325 + 37527 + 11572° + - -+ .
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AN SYNA INAA
AN ANA AN

FIGURE 5. All six paths in D_;(4) with exactly 3 peaks.

For the sake of simplicity, if there is not ambiguity, for the remaining part of the paper
we use r(n) instead of r_1(n). Our interest here is to give a combinatorial formula for
this sequence. First of all, we give some preliminary results. Let b(n) be the number of
(—1)-Dyck paths of semi-length n that either have no valleys or the last valley is at ground
level. Note that b(n) — 1 is the n-th coefficient of the generating function Q(z, 1); see (3.1),
or equivalently

Zb 1+ 1 1—22 =1 —4dx+ 222 + 24
(L‘ —=
l—x 2(1 — x)x

n>0

=1+x+ 22>+ 423 + 92* + 222° + 5725 + 1542 + 42928 + - - -

This generating function coincides with the generating function of the number of Dyck
paths of semi-length n that avoid the subpath UUDU. From Proposition 5 of [19]
and [5, p. 10] we conclude the following proposition.

Proposition 3.2. For all n > 0 we have

_1+Lijn_j(”;j)(n27_‘;ijl> fzk( )i,

= k=0 j=0

where N(n, k) = %(Z) (kL) are the Narayana numbers, with N(0,0) = 1.

We tried to find a combinatorial proof of the previous proposition. However, we were
not able to do it. This remark summarizes our observations toward a potential proof. It
will be interesting to see such a combinatorial proof.

Remark 3.3. Let B(n) = Q,, U{A,} denote the set of (—1)-Dyck paths having either no
valleys or the last valley is at ground level. That is, b(n) = |[B(n)|. A South-East step in
P € B(n), satisfies one of these two conditions.

e The step belongs to a pyramid.
e The step is part of a valley, say for example, the m-th valley, such that v,, —v,,_1 =
—1. In this case, the valley with height v, is called (—1)-valley.
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We denote by Bj(n) the set of paths in B(n) with exactly j valleys, where k of them
are (—1)-valley. Now, a path P € B;x(n) can be decomposed as

P = USOAtl Ust At2DT’1 Us2... AtjilDrj_Q USj—lAtj Drj_lAtj+l,

where r; € {0,1}, t; > 1, s; > 0, and with the additional property that there are exactly k
indices 7 for which r; = 1.

There are n — k South-East steps that belong to one of the j + 1 pyramids in the path.
So, we can represent the possible choices of the ¢; as an integer composition of n — k into
7+ 1 parts in (?;f:ll) = ("7;“71) ways. This means that setting ¢; = 1 for all ¢, in the spirit
of Proposition 3.2, the Narayana numbers N(j, k 4+ 1) should correspond to the number
of (—1)-Dyck paths of semi-length j + 1 + k containing exactly j valleys and k < j — 1
(—1)-valleys where the last valley is at ground level. That is [B;x(j +k+1)| = N(j, k+1)
for j > 0.

Theorem 3.4. The total number of paths in D_1(n) is given by

=33 (" e,

k=0 1 ¢

where

q(i) (n) _ Z b(nl)b(ng) .. b(nz)

ni+nz+-+n;=n

Proof. Recall that ¢(P) denotes the semi-length of a path P. Let us denote by Q@ (n) the
set of i-tuples (P, ..., ;) of paths P; € B = U,,>0 B(m), such that £ (Py)+---+{(P;) = n.
It is clear that ’Q(i) (n)’ = ¢ (n). Note that the empty path A € B. Let C;(n) be the

set of integer compositions of n with ¢ parts. The cardinality of this set is given by the

binomial coefficient (?:11)

Let QC(n) be the set of (2i + 1)-tuples (ci, P, ..., ¢, Pi,cip1) such that the element
(Py,...,P),(c1,...,cit1)) is in QW (5) x Ciiq1(n — 7). (Note that QC(n) is isomorphic to
Ui ;(Q9(4) x Ciz1(n — j)).) We now consider the function

v:QC(n) — D_1(n),
defined by
o ((c1, Pr,co, Pay .o 6, Pyycipr)) = U MU - - MU DY,

where the integer g > c¢;11 is the number of necessary down-steps to reach the x-axis, and
M; is given by

Dei, it Pp=

P;D, otherwise.

Figure 6 depicts two examples on the application of the function ¢.
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(Cl,Pl,CQ)

FIGURE 6. Function ¢ applied to the vectors (c1, A, co, A, ¢3) and (¢, Py, o).

For the remaining part of this proof we use Ay = A. We define ¢ from D_;(n) to QC(n)
via the Algorithm 1 below.

Algorithm 1 Function ¢

(1) Leti=1.

(2) 1If there are (—1)-valleys, go to step (3), else, the path is non-decreasing, and for some
integers s,, > 0, g > 0, and t,, > 0, it can be decomposed as

P = USOAtlUSIAtQ e UsjilAtjAthrng.

e If no valleys, that is j = sy = g = 0, then return the vector (¢;).
e If there is just one valley, that is j = 1, set

( ’ ,)Z{(So,tl), 1f80>07

S0y U1 <
(t1,0), otherwise;

and then return the vector (sg, Ay, t2).
e In the general case, set

(8/ / ) _ (Sma tm—i—l), if Sm > 0,
o (tm+1,0),  otherwise;

for m < j and then return the vector (sg, Ay, s, .. ., Atg_,tjﬂ).

(3) Find the rightmost occurrence of an (—1)-valley, that is, a subpath of the form
DADU, with k > 0. Denote the height of this valley as h;. Decompose the path P
as P = IBOPZ-D]Bl, where P; is the maximal subpath that is a Dyck path to the left of
the aforementioned (—1)-valley. Notice that P; ends on DAy and so, it belongs to B.
Let Py = ByD"* and P, = P,D~", where D" means deleting the last 7 South-East
steps of the path. By assumption, the path P is non-decreasing: go to step (2) using
Py and call the returned tuple 71. Increase the value of i by one and go to step (2)
with the path Py and call the returning tuple 7. Return (10, Piy 11)-
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We now give an example of the application of the Algorithm 1. Consider, for instance,
the path given in Figure 7. First of all, search for the rightmost (—1)-valley (in the first
case, it is denoted by dashed circle after Py), they are decorated by a red circle around
them, the algorithm applied to P, = UD (where P, = UDD) gives 7, = (1). We extract
the path P; and we locate the next (—1)-valley, the right part on this instance, given
by UDU DU, corresponds to 71 = (1,A,1,\, 1), and the left part of P, corresponds to
(1,Aq,1), and so the whole path is encoded by the vector (1, Ay, 1, P, 1, A\, 1, A\, 1, P, 1).

P

1, A1 LA

¢(P) - (LAI, 17P27 17)‘7 17)\a 1,P1, 1)
FiGURE 7. Example inverse function.

Using these decompositions, we show by induction that ¢ o 90|Qck(n) = idgc,(n) and
© 0 G|, (n) = idp,(n) for every k > 0. These equalities and the functionality of ¢, given by
choosing the paths P; in a maximal way, imply that ¢ is a bijection and ¢ is its inverse.
Let S(k) be the statement

¢ 0 ¢locyn) = idacymy and @ 0 Pli,m) = idp,(m)-
For the basis step, S(0), first notice that if P € By(n), then the Algorithm 1 Part (2)
guarantees that ¢(P) contains only paths of the form A, for ¢ > 0. On the other hand,
¢ returns a path without (—1)-valley when given a tuple 7 € QCq(n) by definition of
the M;’s, and so the functions and their compositions are well defined when restricted
to By(n) and QCo(n). Let P = UA;, -+ Ay, Ay, , D9 € By(n), using Algorithm 1 we get
¢(P> = (867 Atll, N At;" ti—l—l)-

it+1
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Now, we have
(P(P)) = @(s0: Dury s Ayrstiga) = UM, --- MU+ DY,

with M,, = D*n-1 = Dtm if t,=0and s, | =tn, or M,, = Ay = A, if 5,1 >0, for
1 <m <. This gives p(¢(P)) = P.
Let 7 = (¢1, Ay, ..., Ciy Ay, Ciy1) With ¢, > 0 and ¢, > 0, then

o(r) = UM, - - U MU+ DY,

M, — Den it t, = 0;
A, , otherwise;

where

and let 1 <@y <2y <--- <x, <17 besuch that ¢, = 0, that is the paths A,, in 7 that
are of the form Ay = \. Notice that ¢,, > 0 and the definition of M, imply that either
UerM,, = A, exactly for t,, =0 or U A,  for t,, > 0, which allows us to decompose

p(7) as
p(7) = (UA, - U1 A, ) UA

g—Cit1
DI+t

SRR UOA% (UCachAtqu - An) Aci+1
where every pyramid in the decomposition is non-empty and so the decomposition is unique.
We now have that ¢(p(7)) = (c1, A¢ys -5 o1, Dty 15 Capy Ay oo oy Cags Ay, Cig1) = T

For the inductive step S(k), we assume that we have the desired equalities for ¢ < k.
Notice that any tuple 7 € QCx(n) can be decomposed as 7 = (79, Py, 71) with 7 containing
¢ < k paths that are not pyramids, P, # A, for any ¢ > 0, and 71 € QCy(n’). Notice,

further, that
¢((70, Pr, 1)) = (70) D~ PLDp(11) D%,

where ¢(79)D~ means deleting the South-East steps suffix of ¢(7p). By the recursive
step in the Algorithm 1, we have that ¢(o(7)) = 7 by using the inductive hypothesis.
Analogously, we can decompose a path as in the recursive step of Algorithm 1, and the
inductive hypothesis give p(¢(P)) = P. d

Proposition 3.5 is a direct consequence of the decomposition given in the proof of
Theorem 3.1. The first result follows from Figure 4 and the second result uses the first
part of this proposition and the decomposition UT D, UADT, or UQDT as given in the
proof of Theorem 3.1.

Proposition 3.5. If n > 1, then these hold
(1) If @n = [Qnl, then

On = 2¢n—1+ Qn—2 + Qn-3 + T§Qi(Qn—i—l — Qn—i—2) + 1,
for n > 3, with the initial values ¢, :l(;, g =1, and g3 = 3.
(2) If r(n) = |Dy(n)|, then
r(n)=3r(n—1)—r(n—2)+ ¢, 2+ nz_:gqi(r(n —i—1)=r(n—1i-2)),
i=2
for n > 3, with the initial values r(1) =1, r(2) =2, and r(3) = 5.
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The generating function of the sequence r(n) is algebraic of order two, then r(n) satisfies
a recurrence relation with polynomial coefficients; see [1, Proposition 4]. This can be
automatically solved with implementation of Kauers in Mathematica [18]. In particular
we obtain that r(n) satisfies the recurrence relation:

2nr(n) —4nr(n +1) + (12 4+ 5n)r(n + 2) — 4(15 + 4n)r(n + 3)
+10(9 4+ 2n)r(n+4) —2(21 +4n)r(n+5)+ (6 + n)r(n+6) =0, withn >6
and the initial values 7(0) = 0,7(1) = 1,7(2) = 2,7(3) = 5,r(4) = 14, and r(5) = 41.
In Theorem 3.6 we give an asymptotic approximation for the sequence r(n). To
accomplish this goal, we use the singularity analysis method to find the asymptotes of the
coefficients of a generating function (see, for example, [11] for the details).

We recall that in literature f, ~ g, means that f, and g, are asymptotic equivalent.
That is, f,/g, — 1 as n — oc.

Theorem 3.6. If p is the smallest real positive root of 1 — 4x + 22 + x*, then the number
of (—=1)-Dyck paths has this asymptotic approzimation

) pr P —dp—4p?)

i 4(—1+4p —2p?)’
where p is called the dominant singularity of the generating function L(x).

Proof. From a symbolic computation we find that

1 4 223
p=--1-—2 4 \?/2 (13 + 3@) ~ 0.295598.
3 /13 +3v/33

From the expression given in (3.2) for L(x) we have

144z —32° VI—4dz + 222 + 2 4—4dp—4p°
Lix) = +4xr — 3z +\/ T +2°+x N(p_w)m\/ﬂ( p—4p*) as T — p.
2(1 — 4z + 22?) 2(1 — 4z + 22?) 2(1 —4p+ 2p?)
Therefore,
“12-1 o4 — dp — 4p3 —nJp(d — 4p — 4p8
) o \/p( p—4p°)  p \/p( p p). -

=2y 20— 4p+20%) e A(—1+4p— 207
4. THE AREA OF THE (—1)-DYCK PATHS

In this section we use generating functions and recursive relations to analyze the
distribution of the area of the paths in the set of restricted (—1)-Dyck paths. We recall
that the area of a Dyck path is the sum of the absolute values of y-components of all
points in the path. We use area(P) to denote the area of a path P. From Figure 1 on
Page 118, we can see that area(P) = 70. We use a(n) to denote the total area of all paths
in D_q(n). In Theorem 4.1 we give a generating function for the sequence a(n). We now
introduce a bivariate generating function depending on this previous parameter and ¢(P)
(the semi-length of P). So,

A(.ﬁE,Q) — Z :L,Z(P)qarea(P).
PeD_1
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Let @ C D_1(n) be the set formed by all paths having at least one valley, where the last
valley is at ground level; let Q,, C Q be the set formed by all paths of semi-length n, and
let ¢, = |Q.].

Theorem 4.1. The generating function for the sequence a(n) is given by

_ b(z) — c(x)V1 — 4o + 222 + x4
(1 —2)2(1 — 42 + 222)3(1 — 3z — 22 — 23)’

where
b(z) = 2z — 232° + 1072° — 2622 + 3592° — 2562° + 822" — 52° — 102” + 62,
c(r) = x — 102* + 412° — 892" + 1082° — 732° + 182" + 22°,

Proof. From the decomposition UD, UT' D, UADT, or UQDT given in the proof of Theo-
rem 3.1 we obtain the functional equation

A(z,q) = ©q + 2qA(z¢*, q) + E(x,q)A(z, q) + zqB(xq*, q) Az, q), (4.1)

where E(z,q) == Y5, 27¢/" and B(z,q) = Y peg #*Wg**2®). Note that E(x,q) corre-
sponds to the generating function that counts the total number of non-empty pyramids in
the given decomposition.

From the decomposition given in Figure 4, we obtain the functional equation

B(z,q) = E(v,q)* + E(z,q)B(x,q) + 2¢B(¢*z,q) B(x,q) + 2¢B(q*x, ) E(z,q). (4.2)
Let M(z) be the generating function of the total area of the (—1)-Dyck paths in Q. From
the definition of A(x,q) we have
0A(z,q)

V(z) = 94

q=1
Substituting = by x¢* in (4.2), and then differentiating with respect to ¢ and taking ¢ = 1,
we obtain

W(a) i S T oo+ e+ (Wm +zx3¢§f)>
T 30Q(2)* + 2Q(a )( (x) +4x% ) ( 7)+2 8%?)
+ 1‘3fo( o ( —1—4338256)) + 1;1(3_;;)@(3:), (4.3)

where Q(x) := Q(x,1) and Q(x,y) is the generating function given in (3.1) on Page 124.
Now, differentiating (4.1) with respect to ¢ and then taking ¢ = 1 we obtain,

V(z)=x+aL(z)+x <V(x) + 2:58155:)) + ?fx_—;)lg)lj(m)

+ 1fV( x) +2Q(z)L(x) + W (x)L(z) + 2Q(x)V (x). (4.4)
Solving (4.3) for W (z) and substituting into (4.4) and then solving the resulting expression
for V(z) we obtain the desired result. d
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The first few values of the series of V' (z) are

V(z) =Y a(n)az" =z + 62 + 292° + 130z" + 5472° + 21982° + 85512" + - - - .

n>1

We now give a recursive relation for a(n). Again for the sake of simplicity, the proof
here is based on a geometric decomposition of the paths. So, we avoid some details.
However, in [13] there are detailed proofs of Proposition 4.2 and Theorem 4.3. We recall
that ¢, = |Q,| and that for simplicity we use 7(n) instead of r_;(n).

The following two results may follow as a direct application of (4.2). However, we
include here a different combinatorial proof.

Proposition 4.2. If A, with n > 1 is the total area of all paths in Q,,, then
Ap =2A, 1+ Apn_g + 240 3+ Gn — Guo1 + 2nGn_2 + 2(n — 5)qn_3 + 4n® — 14n + 13+

n—4
> 2(Ai+ig +i(i 4+ 1)) (gnoic1 — Gni—2), withn >4,
i—2

and the initial values Ay =0, Ay =2, A3 =13, and Ay = 58.

Proof. From Figure 4 we know that a path in Q,, can be decomposed in one of these four
cases; AN, i, AQ, XQY A, XQ'Y(Q where Q, Q' € Q

Case 1. The area of A;A,,_; is i+ (n —14). Since for a fixed i € {1,2,...,n— 1}, there
is exactly one path of the form A;A,_; in Q,, we have that the total area of this type of
paths is X' (i2 4+ (n —4)?) = n(n —1)(2n — 1)/3.

Case 2. The area of P, := A;Q is i* + A,_;. Since for every i € {1,2,...,n — 2} there
are ¢,_; paths of the form P;, we have that the total area of all paths of the form F; is given
by i2qn—; + A;. Therefore, the total area of this type of paths is Y77 i2qn—; + >7—5 A;.

Case 3. For a fixed 7, the area of a path of the form XQ'YQ" is given by 2i +
1+ A+ A, i1, where Q' € Q;, Q" € Q, ;1 and i € {2,3,...,n — 3}. Note that
for a fixed i and a fixed Q € Q,,_; 1 there ¢; paths of the form XQ'YQ with @ € Q;.
This implies that for a fixed i € {2,3,...,n — 3} the total area of this type of paths is
Ap—ic1qi + (20 + 1)qiqn—i—1 + Aign_i—1. We conclude for i varying from 2 to n — 3, we
obtain that the total area of this type of paths is

n—3 n—3

Z Apic1gi + Z((Ql + 1)qign—i—1 + Aiqn—i—1).

i=2 =2

Case 4. The area of H; := XQ,Y A, is given by area of A; (which is i) plus the area
of XQ,Y (this is given by Ay, the area of @y, plus 2i 4+ 1 which is the area of the trapezoid
generated by X and Y'). Since for every i € {1,2,...,n — 3} there are ¢,,_; 1 paths of the
form H; with Q € Q,,_;, we conclude that the total area of this type of paths is

n—2

n—3
Z P i1 + Z((Ql +1)q; + A;).

i=1 =2
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Adding the results from Cases 1-4, we obtain that the recursive relation for the area A, is
given by

n—1 n—2 n—1 n—3 n—3
TR SR RURTO NS SR PS5 ORI PINES Py
i=1 = =2 1=2 =

Z AiGn—(iv1) + Z Ai + Z iQQn—(i-i-l) + 2(22 + 1)q
=2 =2 i=1 =2

Subtracting A, from A, .1 and simplifying we have

Ap =2A, 1+ Ap_g + 24, 3+ (2n —5)gp_s + (2n — 4)gn_2 + Gn_1 + 4n® — 14n + 15+

n—4 n—3
S (2A; + (20 + 1)¢) (@it — Gnoi2) + D (28 = 2+ 1) (guoi — guoi-1).
=2 1=2

We now rearrange this expression to obtain ¢, (see the expression within brackets) given
in Proposition 3.5

Ap=2A, 1+ Ay o +24, 3+ (20— 6)qy_3+ (2n — 4)gn_2 — Gn_1 + 4n* — 14n + 13+

n—4 n—3
> 2(A;i +iqi) (Gnoio1 — Groi—2) + Y 2 (@'2 _ z) (n—i — Qn—i—1)
i—2 i=2

n—4

+ [2¢n-1 + Gn—2 + -3 + Z 4i(G—itn—1 — q—itn—2) + 1].
i=2

After some simplifications we obtain the desired recursive relation. O

The proof of the following theorem is similar to the proof of Proposition 4.2. We recall
that r(i) = |D_1(4)| and ¢; = | Q.

Theorem 4.3. If a(n) is the total area of all paths in D_i(n), for n > 1, then a(n)
satisfies the recursive relation

a(n) =3a(n—1)—a(n —2)+ A2+ 2(n—1)gy—2+2nr(n — 1) +2(3 —n)r(n — 2)
—dr(n—3)+(n—1)>*+ "23 gi—1(a(n —i) —a(n —i—1))

—i—Z( o1+ (20— 1)g— 1+Z)( (n—i)—r(n—1-—1)).

Proof. First of all, we note that a path in D_;(n) can be decomposed as XQ1Y, A;Q,_,
and XQ'Y D, where Q;,D € D_;, and @' € Q,. This decomposition gives these three
cases to consider.

Case 1. The area of XQY is (2n — 1) + a(n — 1), where a(n — 1) is the area of
Q € D_1(n—1) and 2n—1 is the are of the trapezoid generated by X and Y. This gives that
the total area of all paths of the form X QY with @ € D_1(n—1)is (2n—1)r(n—1)+a(n—1).

Case 2. The area of K; := X'Y'Q is > + a(n — i), where Q, € D_1(n —1). Since for a
fixed i € {1,2,...,n — 1} there are r(n — i) paths of form K, we conclude that the total
area of all these paths is Y ti?r(n — i) +a(n — ).
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Case 3. The area of M; := XQ'YD is ((204+ 1)+ A; +a(n —i—1), where ' € Q; and
D € D_i;(n—i—1). Note that for a given path D € D_;(n—i—1), there are as many paths
of the form X Q'Y D as paths in Q;. It is easy to see that for a fixed i € {2,3,...,n — 2}
there are r(n — i — 1) subpaths of the form XQ'Y. Note that X and Y give rise to a
trapezoid, where the two parallel sides have lengths 2i and 2¢ 4 2, giving rise to an area of
21 + 1. So, the contribution to the area given by the first subpaths of the form XQ'Y is
equal to the area of the trapezoids plus the area of all paths of the form @’ (these are on
top of the trapezoids). Thus, the area of a trapezoid multiplied by the total number of
the paths of the form @’ plus the area of all paths of the form " and then all of these
multiplied by the total number of paths of the form D. Thus, the contribution to the area
given by the first subpaths of the form X Q'Y (overall paths of the form M; for a fixed 1),
is (2t +1)gir(n —i—1)+ A;r(n —i —1)).

We conclude that the total area of this type of paths is

ZArn—z—l)—l—i(?z—i-l)ql (n—1i—1).

Adding the results from Cases 1-3, we obtain that the recursive relation for the area a(n)
is given by

n—1 n—1

a(n) :a(n—1)+(2n—l)r(n—l)—l—z;zgr(n—i)+;a(n—z’)
+"2qu n—i—1) +ZATn—z—l)+§(2i+1)qir(n—i—1).

Subtracting a(n) from a(n + 1) and simplifying we have

a(n) = 3a(n—1)— (n—2)+A,_2+2(n—1)g_o+2n—1)r(n—1)+(3—2n)r(n—2)+(n—1)*

+ZCIZ a(n—1i) —aln—i—1)) —1—21411 r(n—1i)—r(n—i—1))
+2<2i_1)%‘1(7”(71—2')—r(n—i—1))—1—22’2(?(71—@')—r(n—i—l)).

After some other simplifications we have that
a(n) =3a(n—1)—a(n —2)+ A2 +2(n — 1)g,—2 + 2nr(n — 1)

+2B3—n)r(n—2)—4r(n—3)+ (n—1) —I—Z(h aln—1)—aln—1—1))

n—2

+ 3 (Aia + (20 = gy +3%) (r(n — i) = r(n — i — 1)).

1=3

This completes the proof. O

Notice that the total area of the Dyck paths (cf. [21]) is given by 4" — (2”+1).

n
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5. APPENDIX. NOTATION TABLE

Concept Notation
Set restricted d-Dyck paths Dy
Set restricted d-Dyck paths of length n D,
Cardinality of Dy(n) rq(n)
Cardinality of D_;(n) r_1(n) or r(n)
Area of a path P area(P)
Semi-length of P ((P)
Number of peaks of P p(P)
Number of paths in Dy(n) having exactly k peaks. pa(n, k)
Paths with the last valley at level ¢ Qi
General pyramid A
Pyramid (XY)* Ay

TABLE 1. Summary of notation.
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COUNTING LATTICE PATHS
BY CROSSINGS AND MAJOR INDEX II:
TRACKING DESCENTS VIA TWO-ROWED ARRAYS

SERGI ELIZALDE!

'DARTMOUTH COLLEGE, HANOVER, USA; https://math.dartmouth.edu/~sergi

Abstract. We present refined enumeration formulas for lattice paths in Z? with
two kinds of steps, by keeping track of the number of descents (i.e., turns in a given
direction), the major index (i.e., the sum of the positions of the descents), and the
number of crossings. One formula considers crossings between a path and a fixed
line; the other considers crossings between two paths. Building on the first paper of
the series, which used lattice path bijections to give the enumeration with respect to
major index and crossings, we obtain a refinement that keeps track of the number of
descents. The proof is based on new bijections which rely on certain two-rowed arrays
that were introduced by Krattenthaler.

Keywords: lattice path, major index, crossings, descents, bijection.

1. INTRODUCTION

1.1. Background. Lattice paths in the plane with two kinds of steps have played an
important role in combinatorics and mathematical statistics for decades [14,19]. The
statistic giving the number of times that a path crosses a fixed line has been studied
at least since the sixties [4-6, 10,21, 23], often in connection to random walks. For
tuples of paths, the enumeration in the special case of non-crossing tuples, in its closely
related non-intersecting variant, is given by the celebrated Lindstrom—Gessel-Viennot
determinant [9,17], and has applications to symmetric functions, plane partitions, tilings,
and statistical physics [7].

On the other hand, a very different statistic, the sum of the positions of the turns
in a given direction, has been studied in [12,15,20]. This statistic is called the major
index because it arises naturally when interpreting the paths as binary words, and it was
introduced by MacMahon [18].

In the first paper of this series [3], we enumerated paths with respect to the number
of crossings of a line and the major index, as well as pairs of paths with respect to the
number of times they cross each other and the sum of their major indices. The goal of
the present paper is to refine the results from [3] by another important statistic, which is
related to the major index and arguably more natural: the number of turns in a given
direction, or equivalently, the number of descents of the associated binary word.
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The number of turns arises when studying the distribution of runs in random walks [19],
the coefficients of Hilbert polynomials of determinantal and Pfaffian rings [16], and
summations for Schur functions [12]. A thorough investigation of this parameter on lattice
paths was provided by Krattenthaler [13]. In particular, a refinement by this statistic of
the classical determinantal formula of Lindstrom—Gessel-Viennot [9,17] counting tuples of
non-intersecting paths was given in [11, Thm. 1] and [13, Thm. 3.6.1]. In related work,
Krattenthaler and Mohanty [15] enumerated lattice paths constrained to a strip with
respect to the number of descents and the major index.

The tools that were used in [3] to deal with crossings and the major index consisted of
bijections with a neat description in terms of lattice paths. While these bijections were
suited to study the major index, unfortunately they do not behave well with respect to the
number of descents, which is why the results obtained in [3] do not include this statistic.
Instead, in this paper we will construct different bijections that are not described in terms
of paths, but rather in terms of two-rowed arrays.

Such arrays, which are more general than paths, have been used by Krattenthaler
and Mohanty to study descents and major index on lattice paths in a strip [15], and by
Krattenthaler to enumerate tuples of non-intersecting paths with respect to the number of
turns [11, 13] and to the major index [12]. However, to our knowledge, they have never
been used while also keeping track of the number of crossings. While two-rowed arrays
allow us to track simultaneously track multiple statistics, including the number of descents,
the trade-off is that they make the proofs more involved and less intuitive than those in [3].

Paralleling the results in [3], this paper solves two problems: the enumeration of single
paths with respect to the number of times that they cross a fixed line, and the enumeration
of pairs of paths with respect to the number of times that they cross each other, refined in
both cases by the number of descents and the major index. This paper is self-contained
and does not rely on any material from [3].

Our work is partially motivated by the simplicity of the resulting formulas in both cases.
For single paths with given endpoints, crossing a line at least a certain number of times
and having a fixed number of descents, we will show that the polynomial enumerating
them with respect to the major index is given by a product of two ¢-binomial coefficients
and a power of ¢. For pairs of paths crossing each other, the formulas we obtain involve a
product of two generating functions whose coefficients have again the same form.

The second source of motivation is that our results for paths crossing a line have
applications to the refined enumeration of integer partitions according to the number of
sign changes of their successive ranks (or off-diagonal ranks). These applications, which
generalize results of Seo and Yee [22], will be explored in [2] in connection to the study of
partitions with constrained ranks.

1.2. Preliminaries. For points A, B € Z2, we denote by P4_, 5 the set of lattice paths with
steps N = (0,1) (north) and E = (1,0) (east) that start at A and end at B. Sometimes it
will be convenient to consider paths with steps U = (1,1) (up) and D = (1, —1) (down)
instead. For nonnegative integers a, b, we denote by G, ; set of paths with a steps U and b
steps D starting at the origin.
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FIGURE 1. A path P € Gg¢' with maj(P) = 1+ 3+ 7+ 10 = 21. The
four valleys are marked with teal diamonds, and the three crossings of the
line y = 1 are circled in black. The middle crossing is a downward crossing,
whereas the other two are upward crossings.

In both cases, encoding paths as binary words, with Os recording N (resp. U) steps, and
1s recording E (resp. D) steps, we define a descent (also called a wvalley) of the path to
be a vertex preceded by an E and followed by an N (resp. preceded by a D and followed
by a U). The number of descents of a path P is denoted by des(P). The major index
of P, denoted by maj(P), is defined to be the sum of the positions of the descents, where
the position is determined by numbering the vertices along the path, starting at 0. See
Figure 1 for an example. We also define a peak of the path to be a vertex preceded by
an N and followed by an E (resp. preceded by a U and followed by a D).

The enumeration of binary words by the number of descents and the major index
is implicit in work of MacMahon [18]. An explicit proof was given by Fiirlinger and
Hofbauer [8]. To state this result in its lattice path version, recall that the ¢-binomial
coefficients are defined as

if 0 < n <m, and as 0 otherwise.

Lemma 1.1 ([8,18]). Fora,b >0,

des(P) maj(P) _ n n? |Q b
5 e =g B,

PeGap n>0

Equivalently, for x,y,u,v € Z,

des(P) maj(P) _ n n? |U—T v=y

PEP (&)~ (u,v) n=0

A self-contained proof of this lemma will be included in Section 3.1. The rest of the
paper is structured as follows. In Section 2 we state our results, both for single paths
crossing a line and for pairs of paths crossing each other. In Section 3 we prove them in
the case of single paths crossing a line, by introducing two-rowed arrays to encode paths,
generalizing the notion of crossings to such arrays, and then describing certain bijections
on them. In Section 4 we prove our results for pairs of paths crossing each other, by
generalizing crossings to pairs of two-rowed arrays, and then defining bijections on such
pairs.
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2. MAIN RESULTS

2.1. Paths crossing a line. First we consider the enumeration of paths with U and
D steps according to the number of times that they cross a fixed horizontal line. For
integers £, r with r > 0, let gﬂ’é denote the set of paths in G, that cross the line y = ¢
at least r times. A vertex of the path on the line y = £ is a crossing if it is either preceded
and followed by a D —in which case it is called a downward crossing—, or preceded and
followed by a U —called an upward crossing. See Figure 1 for an example.

We will provide expressions for the polynomials

Giz,f (t, q) _ Z 7fdes(P)qmaj(P)
Peg>7‘,l

a,b

for arbitrary integers a, b, r, ¢ with a,b,r > 0. Note that the polynomials for paths crossing
the line y = ¢ exactly r times can be obtained from the above simply as Gi?e(t, q) —

Gap (L ).
An expression for GiZ’e(l, q) was given in [3, Thms. 2.1 and 2.2]. The following result
refines these theorems by incorporating the statistic des.

Theorem 2.1. Let a,b,m >0, and let { € Z.
LLIfO<{l{<a—Db, then

Gyt g) = f,im’e(t,q)zZt”q"“”““”l ¢ 1 [ b ] (2.1)
q

S0 n—mj.

IT. If 0 > ¢ >a—b, then

GZ g) = G (1, q) = Y g rmim D) [n “ ] [ b ] @)
q

>0 +m n—mq

II. If 0 > ¢ < a — b, then

Gilz)mu,e(t’ q) = Gizm+1,€(t7 =Y tnqn2+(m+1)(m*€) la —f=1 ] lb +i+1 ] . (2.3)
q

"0 n—m-—1 n—l—m—l—lq

IV. If0 <l >a—0, then

>2m+2,0 _ ~>2mtL _ n n2mmierny @ —C—=1] |[b+L+1
Gy () =G () ;)t q [ o A I XY

V. If0O=/{¢<a—b, then

>2ml — n, n2+m(m+1) a b
Ga,b (t,Q) 7;)15 q ln ] [n + m]qv (25)

>2m+1,4 _ n_n24+m(m+1) a—1 b+1
Goy T (ta) n§>:0tq ln—m—llq[nﬂnﬂq’ (2.6)
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VI. If0=/¢>a—0, then

>2m, 5 n n +m m—1) | a ] b ]
G Z>jot ntml ln—ml (2.7)
n - dqt 49
>2m+1,0 _ n, n24+m(m+1) [ a—1 11 b+1 ]
Goo () ;ot q ntml ln—ml (2.8)
nz - dq b 49
VII. If0 < ¢ =a — b, then
>2m,t — n, n2+m(m4-£+1) e [ b ]
Ga,b (tv q) g)t q n—m n+m 5 (29)
nz - dq L 49
>2m+1,¢ _ n n24+m(m+e+1) fa+1] [b—1]
Goy" T (ta) Z>:0t q S I (2.10)
nz - dq L 49
VIIIL. If0 > ¢ =a — b, then
>2m,L n n 2+m(m—~L—1) a b
Gayr (L) ;}t [n—l—m] ln_m] , (2.11)
n q
>2m+1,¢ _ n n24(m41)(m—0) a+1 b—1
Gey' (L q) Z;th [n—i—m—l—l Y I (2.12)
IX. If0={¢=a—b, then
1 — g% 2m 7
G2t g) = SD prgtemomin 22 [ ¢ ] [ “ (2.13)
7>0 l—q* |n+m] [n—m|
1 — got2(m+1) r
>2m+1,4 _ n n2+m(m+1)q— a a
Gy (L 4) ngotq T [n+m+1]q_n_m_1]q. (2.14)

2.2. Pairs of paths crossing each other. Next we consider the enumeration pairs
of paths with respect to the number of crossings between them. For this problem it is
convenient to consider paths with N and E steps. Let P and () be two such paths, and
suppose that Vi, V5, ..., Vi (where s > 1) is a maximal sequence of consecutive common
vertices such that

e neither Vj nor V; are endpoints of P or Q;
e for each of P and @, its step arriving at V; is of the same type (N or E) as its
step leaving V.
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In this case, vertex Vj is called a crossing of P and (). This definition differs slightly from
the one used in [3], where the term crossing refers to the first vertex V; of the sequence.
Of course, the number of crossings of P and () does not depend on this convention, but
defining the crossing to be V; will be more convenient in the proofs in Section 4. Figure 2
shows some examples of crossings.

GID—. D—II---.
e ) o---I—@---; *---

FIGURE 2. Two examples of crossings, circled in black, and a pair of paths
that do not cross (right).

o =-=-=-

Let x(P, Q) denote the number of crossings of P and @); see Figure 3 for an example.
¢+ 5

@---»

Ajo—o—o—b

&
> ------
O

FIGURE 3. A pair of paths with (P, Q) = 3, des(P) + des(Q)) = 6, and
maj(P) + maj(Q) = 45.

For Ay, Ay, By, By € Z*, 7 > 0, and {0, e} = {1,2}, let
,PEI—}BO’AQ%B. = {(PaQ) 1P e PA1—>Bov Q S PA2—>B.7X(P7 Q) > ’l“}.

To enumerate such pairs of paths with respect to the sum of their numbers of descents
(the total descent number) and the sum of their major indices (the total major indez), we
define the polynomials

2 (t.q) = 3 pes(P)+des(@) gmai(P) +mai(Q)

1—+Bo,A2—Ba

>
(P7Q)E’PZ:~>BO,A2~>B.

Note that the polynomials for pairs of paths that cross each other exactly r times are given

. > >r4l
by the difference HZIﬁBoﬁAQﬁB.(t, q) — glr:Bo’AQﬁB. (t,q).
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To state our formulas, let us first define the following polynomial in ¢ and ¢ that depends
on the points A; = (z1,41), A2 = (x2,¥2), B1 = (u1,v1), By = (ug2,v2), and a parameter
k € Z:

fr, 41,420,828, (£, @)

_ k(ktz—z1) n _n(n+k) |2 — 21 V2 — U1 n n(n—k) |1 — L2 U1 — Y2
s (oo 0] ] ) (geee [0 [0

n>0 n>0

We use the notation A; < As to mean that z; < x5 and y; > 3. The theorem below
refines [3, Thm. 2.4].

Theorem 2.2. Let Ay = (x1,11), As = (22, y2), B1 = (ug,v1) and By = (ug,v2) be points
in Z2 such that Ay < Ay and By < By. Suppose additionally that

1+ Y1 = T2 + Yo (2.15)

Then, for all m >0,
HE?EE;AQ—>B1 (t7 q) = EfﬁBQ,AQ%Bl (t’ q) = f2m,A1,A2,BQ,Bl (ta Q), (2'16)
HE?;”E?,A2*}B2 (tv q) - Ef;ngll,AgﬁBz (ta q) - f2m+1,A1,A2,B2,Bl (tv q)' (2‘17)

Let now A = (x,y) and B = (u,v) be points in Z*. Then, for all v > 0,

Hngl,AaBg <t7 Q) = fT7A1A7321Bl (tv Q>’ (2‘18)

HgfaB,AzeB(t: Q) = fr,A1,A2,B,B(t7 Q)> (2'19)
fo.a,4,8,8(L,q) if r =0,

H3' g asp(t q) = (2.20)

2ijl(_1)j_1fr+j,A,A,B,B(taQ) if r > 1.

Let us now detail the proofs of these results.
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3. PROOFS FOR PATHS CROSSING A LINE

In this section we prove Theorem 2.1. Before diving into the details, we remark that it
would be possible to give an alternative proof by induction on the length (number of steps)
of the path, by first separating each of the nine cases of the theorem into two subcases,
according to whether the last step of the path is a U or a D. For example, if 0 < £ < a — b,
the refinement to be proved by induction would state that the generating function for
paths in Qig’g that end with a D, where r = 2m or r = 2m + 1, equals

r n_n?+m(m a b—1
FOUTED st I I e
q q

"0 n—m n—+m

and so the generating function for those that end with a U equals

Goy'(tq) — Gty (ta) = 2}tnqn2+m(m+z)+h_” [n “ m] [n JI: ml_ 11 :
nz q q
Then, to prove each one of these formulas, we would remove the last step of the path, and
deduce them from the formulas for shorter paths that hold by the induction hypothesis.
This often requires additional subcases; for example, for the above paths ending in U, the
cases { +1 <a—band ¢+ 1 =a— bwould be considered separately.

Instead of such a tedious induction proof, we have chosen to present a proof that relies
on certain two-rowed arrays that have been used by Krattenthaler and Mohanty [15]. One
advantage of our proof is that it is bijective. Additionally, the methodology of two-rowed
arrays that we introduce here will later allow us to prove Theorem 2.2 for pairs of paths,
where a potential proof by induction is much less clear.

3.1. Two-rowed arrays. Let z,y,u,v,k € Z and n,j > 0 throughout the section. We
use the notation

(z,ul; ={(c1,...,¢j) v < <ca<---<c¢j <u},
[y,v); ={(d1,...,d;) :y <dy <dy <--- <dj <v},
(z,0); ={(c1,...,¢j)) x <1 <<+ < <vl,
y,ul; ={(dy,....d;) ry <dy <dy <--- < d; <u}.

We consider pairs of such sequences arranged in a particular way, which we call two-rowed

arrays, following [11-13,15]. We denote by {E;;‘)]Zj:}, or {gﬁ)}}nik for short, the set of

arrays of the form
rT <c < c < < Cpyk S U
y<di <ds <+ <dp_p<w ’
with the convention that this set is empty unless |k| < n. The two rows are interlaced
from the left, starting with the leftmost element in the bottom row. Elements in this set
are denoted by §, where ¢ = (c1, ..., i) € (2, ulpyp and d = (dy, ... ,dn—) € [y, V)n—-

Similarly, we denote by {([iz])} - the set of arrays of the form

r < < < < Cpyk <V
y§d1<d2<---<dn_k§u '
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The reason two-rowed arrays are useful for our problem is that elements of {%Z;‘)]} o
) n

(:p,u]} , encode lattice paths in P, y)— (). This is because

which we denote simply by {

[y,v)
such paths are uniquely determined by the coordinates of their valleys. There exists a path
in Pz y)— () Whose valleys are at coordinates (ci,d), (c2,d2), ..., (cn, dy,) if and only if

r<c<c<---<c,<u and y<di<dy<---<d,<w,

that is, ¢ = (¢1,...,¢,) € (x,u], and d = (dy,...,d,) € [y,v),. Thus, this encoding is a
bijection

{P € Play)sun) : des(P) =n} — {?5933]}“' (3.1)
It has the property that, if P is encoded by §, then
maj(P) =Y (¢;+d; —x —y) = |lc|| + ||d]| — n(z + y), (3.2)

i=1
where ||c|| denotes the sum of the entries of c. Next we enumerate two-rowed arrays with
respect to this statistic.

Lemma 3.1. (i) We have

S glel = gUa) e lu i x] : S gl = Ut lv - y] ,
q q

ce(x,ul; defy); Ji
Z QHCH = q(j;l)ﬂm lv N .’17 N 1] ) Z q”dll = q(jgl)ﬂ(yfl) [U - y T 1] .
c€(z.v); J q dely,ul; J q
(ii) We have
lelldl—n(a+y) _ n?+kkra—ys) [€— 2| [0 =y
c (g] ! ! _n—i—k‘]q[n—kq’ (3.3)
de{[yfm}nik
lelldl-n(a+y) _ nP+khra—ysn) [0 =T = 1| Ju—y+1
. (zz;) 1 1 n+k n—k ' (3-4)
d E{ [y,u] }nﬂ

Proof. We prove the first identity in part (i), since the other three are analogous. Writing
¢, =c¢; —1—x for 1 <i < j, the left-hand side is equal to

j+1 . / /

E : citte; . (75) iz el

q — q( 2 ) q 1 J.
z<e1<ca<<e<u 0<c) Sch < <ef<u—z—j

This sum counts partitions with at most j parts with largest part at most © —x — j, which
is a well-known interpretation of the g-binomial coefficients (see e.g. [1, Thm. 3.1]).
Part (ii) follows easily from part (i) using the simplification

<n+/2€+1>_|_(n—;{:—i—l)+(n+k)x+(n—k)(y_1)_n(x_|_y) k(g 1)

in the exponent of q. O

To see how Lemma 3.1 will be applied, let us first use it to give a proof of Lemma 1.1.
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Proof of Lemma 1.1. The two statements are clearly equivalent, so we prove the second
one. Using the encoding (3.1), together with Equations (3.2) and (3.3) for k& = 0, we get

eles(P) gmai(P i glell+ldl-n(z+v) g [“ - x] lv - y} _
Pep(gﬁ(w) nz>% c {%«:u}} nZ>:O L 1y
lyv) ),
O
3.2. Crossings in single two-rowed arrays. To encode paths in G,; as two-rowed
arrays, we first turn the U and D steps into N and F steps, respectively. Additionally,
to study crossings of the line y = £ in the original path, we move the starting point to
(¢,0), so that these crossings become crossings of the diagonal y = x for the resulting path.
Denoting by P3", 5 the set of paths in P4, that cross the diagonal at least r times, this
transformation is a bijection
Gy’ — 7D(eo o (b+a)" (3.5)
See Figure 4 for an example. In analogy to the definitions for paths in G, crossing a line
y = {, we define upward (resp. downward) crossings of paths in P4 p to be vertices in
the diagonal y = = that are preceded and followed by an N (resp. by an E).

B
8 T //’
&
5 7 .
L (6,5) . 1<2<@<4<6<7 (1,7)
{[0,8)}4

0<0<1<4<®<8

A1 2 3 4 6 7

F1GURE 4. The path in 73(21:0’0) (78) obtained by applying the transforma-
tion (3.5) to the path in Figure 1, and the corresponding two-rowed array
given by the encoding (3.1), where the crossings have been circled.

Next we show how these crossings of the diagonal can be read from the encoding (3.1)
of the path as a two-rowed array. Indeed, suppose that P € P ) (u,0) is encoded by

g€ {E;:g)]}n, and let ¢y := x, dy := ¥y, Cyy1 = U, d,yq := v by convention. An upward
crossing of P occurs when, for some 0 < ¢ < n, the vertex (¢;, d;) —which is a valley or
the first vertex of the path— lies below the diagonal and the vertex (c¢;, d;11) —which is
a peak or the last vertex of the path— lies above the diagonal. This happens precisely
when d; < ¢; < d;y1 for some 0 < i < n. Similarly, a downward crossing occurs when, for
some 1 < i < n+ 1, the vertex (¢;_1,d;) —which is a peak or the starting point of the
path— lies above the diagonal and the vertex (¢;, d;) —which is a valley or the last vertex
of the path— lies below the diagonal. This happens precisely when ¢;_; < d; < ¢; for some

1<e<n+1.
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This description allows us to extend the notion of crossings to two-rowed arrays § €

{%;Z)]} » with k& € Z, whose rows may have different lengths. Using the convention ¢, := =z,

do ==Y, Cpiks1 = U, dp_jy1 = v, say that { has an upward crossing at c; if 0 <17 < n— |k
and

di <G < di+1, (36)
and that it has a downward crossing at d; if 1 <i <n — |k| + 1 and

Ci1 < dl < G-

For two-rowed arrays of the form § € {([”;Z])} " the definition of upward and downward
’ n

crossings is the same, now using the convention ¢y := x, dy := vy, Cpigr1 =V, dp_gr1 = U.

Figure 5 shows two examples, where the crossings have been circled. As usual, the term

crossings refers to both upward and downward crossings.

(2,5)

0<1<@<5<7§7€$w% 0<3<®@<6 gmw
3+1 [0,8] J 351

2<2<@<5 0<D<2<B<7<8

(0,04
FIGURE 5. Two two-rowed arrays § with their crossings circled, and the
corresponding paths T'( ). Note that for the array on the right, c; = 6 is
not a crossing because it violates the condition i < n — |k|.

In both of the above cases, let T'(3) € Play)—(en k1 1:dn_n+1) P the path whose valleys
are at coordinates (¢;, d;) for 1 < i < n — |k| (with the caveat that, in the special case
when § € {([ZZ]) }n and d, = u, the vertex (c,,d,) is not actually a valley of this path).
Then the upward and downward crossings of the two-rowed array § can be identified with
the upward and downward crossings of T'(J); see the examples in Figure 5. Note that
T'(§) is essentially the path corresponding to the two-rowed array obtained by truncating
the longer row of § so that both rows have equal length. To be precise, this path depends
not only on § but also on the endpoints x,y, u,v,

Throughout the paper, the rth crossing of a two-rowed array refers to the rth crossing
from the left, in the order in which the entries are placed, namely y, z, dy, ¢1,ds, ca, ... We
note that this convention is different from the one used in [3], where path crossings were
numbered from the right. The unusual convention in [3] was needed because the path
bijections in that paper, in order to track the major index, changed the portion of the
paths to the left of a crossing. On the other hand, the notation in this paper becomes
slightly simpler by defining bijections for two-rowed arrays (in Sections 3.3 and 4.3) that
change the portion of the arrays to the right of a crossing instead.
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For nonnegative r, the superscript >7 on a set of two-rowed arrays denotes the subset
of those that have at least r crossings. When r > 1, a symbol 1 (resp. |) next to this
superscript denotes the subset where the rth crossing is an upward (resp. downward)

i where the rth

. (z,u] >rT . . (zyu] \ =
crossing. For example, {[yw)}nik consists of two-rowed arrays in {[y,v)}

crossing is an upward crossing. In the case r = 0, we simply define

{en = = (o) == = {e (3.7

n+t

by convention.
The encoding (3.1) restricts to a bijection

>r

{(PeP tdes(P) = n} — {1 (3.8)

(z,y)=(u,v) [y,0) S n

Composing this with the bijection (3.5) and using Equation (3.2), it follows that

Gig,ﬁ(t’ q) — Z " Z q”C”Jr”d”*n(m‘i’y)’ (39)
n>0 2r
Z c (z,u]
de{[y,v)}n

where (z,y) = (¢,0) and (u,v) = (b+ ¢, a).

>r
To prove Theorem 2.1, we will construct bijections between {g:)]}_ and sets of the

form {g:)]}nik or {([;Z])}nik for some k € Z, which will depend on the relations between x

and y and between u and v, and then apply Lemma 3.1.

> 1, and let & b rowed in either {0V gp L=
Lemma 3.2. Let r > 1, and let | be a two-rowed array in either o) S r O Uy [y’

If v >y or v =y = d, then the rth crossing of § is an upward crossing if r is odd, and a
downward crossing if r is even.
If x <y or x =y < dy, then the rth crossing of § is a downward crossing if r is odd, and
an upward crossing if r is even.

Proof. As noted above, upward and downward crossings of § are the same as those of
the path T(3) € Ply)—(eopisidn_ipr)- 1 T >y (resp. x < y), this path starts below
(resp. above) the diagonal, which forces the first crossing to be upward (resp. downward),
with successive crossings alternating between upward and downward. If 2 = y, then T°(J)

starts with an F if y = dy, and with an N if y < d;, from which the same conclusions
follow. O

The next lemma shows that the relationships between z and y and between v and v
often force the number of crossings of a two-rowed array to have a given parity. We use
the notation n F s to mean n + (—s).
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Lemma 3.3. Let s,m > 0.
(a) If x >y and u < v, then

(o = = e = (3.10)
>2m 42 o)) 22m+2 o)) 22ml ey 22l
{([;Z})}n;s T {([yﬁu})}nqcs I {([y,’u})}m o {([yju])}m+ : (3.11)
(b) If x >y and u > v, then
) S () e i) W () (312
>om+1 ey 221 o)) 22m )] 22
{lmen 22 _ (o 2T _ (o2 _ o 28, (3.13)
(¢) If v <y and u < v, then
Gy =G = = o (3.14)
>2m+1 zo)) 22m+l o)) 2m o)) >2m
] R U S () Sl (o il (3.15)
d) If x < du>wv, th
(d) If x y(:i:l z:m+1v (e:} >2m+1] 228 [ ()] 22
{[y:v)}nst - {[y’ }njFS :{ : }mFS = {[ij)}n?g; (3.16)
= = = (317)

(e) If x >y and u = v, then (3.10)—(3.12) hold for s > 1, and (3.13) holds for s > 0.

(f) If x <y and u = v, then (3.14)—(3.16) hold for s > 1, and (3.17) holds for s > 0.

(g) Statements (a), (b), (e) also hold if we replace x > y with x = y and restrict to
two-rowed arrays § with y = d.

Proof. In each equation, the outer equalities follow from Lemma 3.2 (using the conven-
tion (3.7) as needed), and the left-hand side is trivially contained in the right-hand side. To
prove the reverse containment, we will show that the parity of the number of crossings of
the relevant two-rowed arrays is determined by the relation between x and y and between
u and v in each case.

oc : . . (2] (z,v)
Recall that if | is a two-rowed array in either {[y’v)}n:tk or {[%u]}nik, for some k € Z,

then T'(3) is a path from (x,y) to (cu—|kj+1, dn—|k+1) Which has the same upward and
downward crossings as . The parity of the number of crossings is determined by what
side of the diagonal the endpoints of the path are on. If x > y, T(§) starts below the
diagonal; if x < y, it starts above the diagonal; and if x = y = d;, it starts with an F
leaving the diagonal, so it behaves as in the x > y case.

Suppose first that § € {g:)]} L where s > 0 and u < v. Then the last vertex of T'(§) is

(Cn—s+1,v), which lies above the diagonal, since ¢,—s1 < u < v. Thus, if 2 > y, then T'(§)
starts below the diagonal and ends above the diagonal, so it must have an odd number of
crossings, proving Equation (3.10). If x = y = d;, the same conclusion holds. On the other
hand, if <y, then T'(j) starts and ends above the diagonal, so it must have an even
number of crossings, proving Equation (3.14). Modifying the hypotheses so that s > 1 and
u > v, the last vertex of T'(§) still lies above the diagonal, since ¢,—s41 < Chs2 < u <0,
so Equations (3.10) and (3.14) also hold in this case.
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If § € {([zz])}nst, where s > 0 and v < v, then the last vertex of T'(J) is (v, dyp—s41),

which lies below the diagonal, since dy,—4y1 < u < v. Thus, T(5) must have an even
number of crossings if x > y or © = y = dy, proving Equation (3.11), and an odd number
of crossings if x < y, proving Equation (3.15). These two equations still hold with the
modified hypotheses s > 1 and u < v, since d,, 411 < d,_s12 < u < v in this case, so the
last vertex of T'(§) still lies below the diagonal.

If § € {Sg}n%, where s > 0 and u > v, then the last vertex of T(§) is (u,dn—s+1),

which lies below the diagonal, since d,,_s11 < v < u. This vertex also lies below the diagonal
when s > 1 and u > v, since d,,_sy1 < dp_s12 < v < u. This proves Equations (3.12)
and (3.16).

If ;€ {([;Z})}nis, where s > 0 and u > v, then the last vertex of T'(J) is (ch—st1,u),
which lies above the diagonal, since ¢, 11 < v < u. This vertex also lies above the
diagonal when s > 1 and u > v, since ¢;,_s11 < ¢_s12 < v < u. Finally, when s = 0 and
u = v, the path T'(§) ends on the diagonal (at (v,u)), but its last step is an E step, since
Cn—s < v. This proves Equations (3.13) and (3.17) for all s > 0 and u > v. O

3.3. The bijections «, and fS,. We are almost ready to define the key bijections «,
and (.. These are reminiscent of the bijections o, and 7, defined in [3] for paths. An
important difference, however, is that the image by [, of a two-rowed array that encodes
a path does not encode a path in general, so one cannot view 3, as a map on paths.

[y.v) [y.u]
§ at ¢; (vesp. d;) is proper if ¢; & {u, v} (resp. d; & {u,v}).
For r > 1, the map a, applies to two-rowed arrays § whose rth crossing is a proper
upward crossing, and it swaps the parts of the top and the bottom rows of the array to
the right of this crossing. Schematically, if the rth crossing is at ¢;, we have

c ~ : : (z,u] (z,v) :
Let 4 be a two-rowed array in either { }nik or { }nik. We say that a crossing of

The properness of the crossing guarantees that ¢;,; exists and that ¢; < ¢;11. Additionally,
) are increasing. The two-rowed array
a,(§) has a crossing at ¢;, since d; < ¢; < ¢;41, and this crossing is still proper. This is
in fact the 7th crossing of a,.(§), because the portion of the arrays to the left of ¢; is not

we have ¢; < d;;1 and d; < ¢;41, so the rows of a,.(

affected by «,.. It follows that «,. is an involution.

Similarly, the map 3, applies to two-rowed arrays § whose rth crossing is a proper
downward crossing, and it also swaps the top and the bottom rows of the array to the
right of this crossing. Schematically, if the rth crossing is at d;, we have

B x

Again, the rth crossing of 3,(g) is still at d; and is a proper crossing, and the map 3, is
an involution.
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Lemma 3.4. Let x,y,u,v,k € Z, n > 0 and r > 1, satisfying that, if u > v, then k <0,
and if u < v, then k > 1. The map «,. restricts to a bijection

{= e {e ™,

and the map 0, restricts to a bijection

(z,u] 2r Br (z,v) 2r
{ [y.v) }ni(kfl) { [y,u] }nsz'
Both «,. and B, preserve the sum of the entries of the arrays.

Proof. The conditions on k, which depend on the relationship between u and v, guarantee
that the rth crossing of a two-rowed array in any of the four sets above is always proper, and

so the maps a, and /3, are defined. Indeed, an improper upward crossing of § € {g;‘)}} »
> n

at ¢; could only occur if u = ¢; < dip1 <wvand k <0. Arrays § € {([;”Z]) } -, cannot have

improper upward crossings, since ¢; = v is incompatible with i < n — |k|. An improper
(w,u]

[y:v)}ni(k_n
k—12>0. And an improper downward crossing of § € {([Z;Z])}ﬂk at d; could only occur if
u=d; <c; <wvandk<O0.

Having already seen that «,. and (3, are involutions, it remains to describe their images.

downward crossing of (ci € { at d; could only occur if v = d; < ¢; < u and

. c (xyu]}ZTT . . . .. ¢
Given j € {[y’v) - whose 7th crossing is at ¢;, if we write j as

x<CM<@<'“<%Q<CHM< e <Cn+k< U
v
Y <di<dog< - <di<di+1<di+2< cee << v

then a,(§) is the two-rowed array

x<ﬁ<@<“'i@<@ﬂ<%ﬁ<'”<%%<v

v
Y<dy<dy< -+ <d;<Ciy1< E <Cn+k< U
Y
. . (z,) >rt
which has an upward crossing at ¢; and thus belongs to {[y’u]} R
’ n:F
s : c (1‘,11]}27«i . . . .. ¢
Similarly, given j € {[y,v) et (k1) whose rth crossing is at d;, if we write J as
T <<l vrr CCG1 <G <Cijpr < -0 <Cpt+k—1< U
v
Yy<di<dy< --- <@<diz1< - <dp_p1< v
7
then f3,(3) is the two-rowed array
T < <C< - <G <£i+1< s <dy 1< v
v
Yy<di<dy< --- <@<ci<Ciyi< - <Cn+k—1< U

)

>r
which has a downward crossing at d; and thus belongs to {([zft])}_;

It is clear by construction that both «a,. and 3, preserve the sum of the entries of the
arrays. U
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3.4. Proof of Theorem 2.1. For a,b,r > 0 and ¢ € Z, we interpret elements of ga%;;‘
as paths in Pé’ﬂy)%(u > Where (z,y) = (£,0) and (u,v) = (b+ ¢, a), using the transforma-
tion (3.5). For any n > 0, the subset of paths having n descents is in bijection with the

set {%Zg)]}:r, using the encoding (3.8).

The proof is divided into nine cases according to whether the paths start below (0 < ¢,
equivalently x > y), on (0 = ¢, equivalently = = y), or above (0 > ¢, equivalently = < y)
the line being crossed, and whether they end below (¢ > a — b, equivalently u > v), on
(¢ = a — b, equivalently u = v), or above (¢ < a — b, equivalently u < v) this line. In
each case, we determine Gi’gg(t, q) by first using Equation (3.9) to rewrite it in terms
of two-rowed arrays, then repeatedly applying the maps from Lemma 3.4 to construct

>r
bijections between {%;;L)}}_ and certain sets of two-rowed arrays with no requirement on
the number of crossings, and finally using Lemma 3.1. The cases are labeled as in [3] for

consistency, but we will prove them in a slightly different order.

Case I: 0 < ¢ < a — b, equivalently x > y and u < v. By Equation (3.10) with s = 0,
{(x,u]}22m+1 . {(mvu]}ZZm

ly) v Sy

and so Giimﬂ’g(t,q) = Cigm’g(t,q). Using Lemmas 3.3(a) and 3.4, noting that the
condition £ > 1 in the latter holds at each step, we construct a composition of bijections
1 0 3300 Qa1 0 Pop:

{(Lu]}E?m _ {(%u]}Z?mi 524 {(mvv)}22m¢ _ {(Iw)}E?m—lT a2m1 {(Lu]}Z?m—lT . {(%u}}ZZm—Qi

ly:v) I n o) n lv:ul J ng1 [vul J g1 [v:0) S a1 RSO PES]
Bam—2 L., (z,u] 217 _ J(z] 204 _ (=]
— — {[yvv)}nim - {[yvy)}nim - {[yvv)}nim. (318)
See Figure 6 for an example. Since these bijections preserve the sum of the entries of the
two-rowed arrays, Equation (3.3) gives

Z q||C||+||dH*n($+y) — Z qHC||+||dan(x+y)
c _[(z,u] >2m c_[(zu]
de{ [y,v)}n de{[y,v)}nim
_ n*+m(mtz—y+1) u—x v—y _ nP+m(m+L+1) a b
1 [n%—m]q[n—mk 1 n—mj n+mq' (3.19)

Using Equation (3.9), this proves Equation (2.1).

wLNZ2 . B W2 ezt AN s
{[078)}4 o {[078)}4 — {[077]}4:F1 o {[077}}4;1 — {[078)}4i1 o {[0,8)}4&1
1<2<@<4<G<7 1<2<@<4<8 1<2<@<4<5<6<T7
0<0<1<4<®<8 0<0<1<4<®<6<T 0<0<1<4<8

FIGURE 6. An example of the bijection (3.18), where (z,y) = (1,0), (u,v) =
(7,8), m=1and n = 4.
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Case II: 0 > ¢ > a — b, equivalently z < y and u > v. Similarly to Case I, the
equality G>2m+1 “t,q) = G>2me(t q) follows now from Equation (3.16) with s = 0. Again
Lemmas 3.3(d) and 3.4, noting that the condition & < 0 holds at each step, allow us to
build a sequence of bijections 31 0o ag 0+« 0 Bo_1 © Qo

{Eg,ﬁ)}}ij = {%5,7:)]}?2771?

IR ] SR () S () R (] W

o N SR 7| I (i N (i

Then, by Equation (3.3),

Z q||0||+||d|\—n(x+y) - Z qHC||+||dH—n(x+y)
o) 22 c _[(zu]
;e{%y,v)]}n de{[yzv)}n$m
_ qn27m(fm+a:7y+1) u—x U=y _ qn2+m(mf€fl) a b (320)
n—mj [n+mf n—i—mqn—mq’

proving Equation (2.2).

Case III: 0 > ¢/ < a — b, equivalently x < y and u < v. The equality G>2m+”(t, q) =

Giimﬂg(t,q) follows now from Equation (3.14) with s = 0. Lemmas 3.3(c) and 3.4
produce a sequence of bijections 5y o g0 -+- 0 Bopi1:

{fn = {[z;“]}n
[

Bam 1 {(m)}ﬁm*” [ o2m {(x,u]}zm _ {(x,u}}ﬂm—”

— vul ) g1 yul J g1 [y:0) J nt1 [Y:v) ) nt1
Pam1 b @ 7N @2 f@w)
- — {[W]}n;(mﬂ) N {[y,u} }nq:(m—i-l) N {[y,u]}n¢(m+1)'
By Equation (3.4),
Z qHCII+IIdH—n(x+y) — Z q||0H+||d||—n(:c+y)
c [ (zu] 22m+1 c_[(zw)
de{[y,v)}n de{[y7u]}n$(m+l)

_ qn27(m+1)(7m+mfy) v—x—1 u_y+1
n—m-—1 . n+m-+1 .

_ n2+(m+1)(m—~) a—+{¢—1 b+€+ 1
q [n—m—ltln—km—l—lq’ (3.21)

proving Equation (2.3).
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Case IV: 0 < ¢ > a—0b, equivalently z > y and u > v. Here Gﬁmw’e(zﬁ, q) = Giimﬂ’z(t, q)
because of Equation (3.12) with s = 0. Lemmas 3.3(b) and 3.4 give a sequence of bijections
Q10300 Qo

{(a:,u]}22m+1 {(Lu}}ZQerlT

[y,v) Iy ly,v) I
R (] MR () St SR (i) W (|
R T ] SR U T (1

Thus, using Equation (3.4), we get Equation (2.4):

Z QIICH+HdII—n(9E+y) _ Z q||0H+HdII—n(w+y)
(z,u] 22m+1 c (z,v)
(Cie{[y,’l))}n de{ [yvu]}n;tm
:qn2+m(m+w_y+1) v—zxz—1| lu—y+1 :qn2+m(m+g+1) a—0—1] |[b+/¢+1
n+m n—m | n-+m n—m q'
(3.22)

Case VII: 0 < ¢ = a — b, equivalently z > y and v = v. In this case, the parity of the
total number of crossings is not forced by the endpoints, so we consider the cases r = 2m
and r = 2m + 1 separately. The case r = 2m is proved like Case I, constructing a sequence
of bijections oy 0 53 0 -+ 0 Qg1 0 Pop:

(] V22 [ (] 22 (@} 2T f@a 2% [l
{[y7v)}n o {[yfv)}n — {[yfv)}n:l:m o {[y7v)}n:|:m o {[y)v)}nj:m’ (323)
where we use Lemma 3.2 for the left equality, and Lemmas 3.3(e) and 3.4 to compose the
bijections. Equation (2.9) now follows using Equation (3.19) again.

The case » = 2m + 1 is proved like Case IV, constructing a sequence of bijections
Q10330+ 0 Qopqt:

N (C Eia I ICL (OO E R (CX)
{[y’v) }n o {[yvv) }n — { [yfu'} }n:l:m o { [y’u} }nj:m - { [yvu] }n:l:m (324)
Now we use Equation (3.22) and the fact that £ = a — b to prove Equation (2.10).

Case VIII: 0 > ¢ = a — b, equivalently z < y and v = v. This case is analogous to
Case VII. When r = 2m, we use the same sequence bijections as in Case II,

T, 22m T,
Bl oy o0 fam1 0 amm: {%y)l}n N {fy;}nm (3.25)
using Lemma 3.3(f). Equation (2.11) now follows from Equation (3.20).
When r = 2m + 1, we use the same sequence of bijections as in Case III,
. A (2,0)
51 O (xg O @] 62m+1 . {[yw)}n — {[y,U} }nZF(m-i-l)' (326)

Equation (2.12) follows from Equation (3.21) after the substitution ¢ = a — b.
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Case V: 0 = ¢ < a — b, equivalently x = y and u < v. We will reduce this case to
Case VIII by applying an involution v on two-rowed arrays that changes the sign of each
entry, reverses each row (so that the negated entries increase from left to right), and swaps
the top and the bottom rows. The map v restricts to bijections

(xvu] ¢ v S (71)773/] (xvv) ¢ v N [7u77y]
{[yﬂ)) }n:l:k; {[_uf_m)}nq:k’ { [y,u] }n:l:k; {(_v»_w)}n:':k; (327)
for any k € Z. Additionally, in the case k = 0, it restricts to a bijection

{oh ™ o (o) (3.28)

n n

since it preserves the number of crossings; specifically, upward crossings turn into downward
crossings, and vice versa. Indeed, the two-rowed array

T < <c < - <c,<u
y<di<ds <--- < d, <
is mapped by v to
v < —d, < —dpq < - < —d; < -y
—u < —¢ < —Cpor < e < =0 < —X '

Thus, the first array has an upward crossing at ¢; if and only if the second one has a
downward crossing at —¢;, since condition (3.6) is equivalent to —d;11 < —¢; < —d;, and
similarly for the other type of crossing. In terms of the corresponding lattice paths given
by the encoding (3.8), the involution v translates to a reflection along the line x 4+ y = 0.

The conditions = y and v < v are equivalent to —v < —u and —y = —=x, so we can
apply the bijections from Case VIII to the set on the right-hand side of (3.28). When
r = 2m, Equation (3.25) gives a bijection

e . (—’U,— 22m (_Uv_y]
61 O 0y © © 62777,—1 O Qg - {[,%,m)} — {[,u,,x)}n:‘:m-
Conjugating by v, we get a bijection

vofioazo---0fyy 10Q,0U: {%;g)]}?m - {g:f)}}nim

that preserves the sum of the entries. Using Equation (3.19) with ¢ = 0, we deduce
Equation (2.5).
When r = 2m + 1, Equation (3.26) gives a bijection

froaso---0fymiy : {[(:5,’:;/%}22%1 — {(’“’*x)

n

and conjugating by v we get

vofioazo---0 oV {SZ)}}ZM — {([syﬂ::])}ni(mﬂ)’

Swapping the top and bottom rows and using Equation (3.21) with ¢ = 0, we deduce
Equation (2.6) .
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Case VI: 0 =/( > a — b, equivalently x = y and u > v. By applying the map v, this case
reduces to Case VII, since the conditions x = y and u > v are equivalent to —v > —u and
—y = —x. When r = 2m, conjugating the bijection (3.23) with v gives a bijection

<x7u1}22m N {(w]

VOOéloﬁQO-..OOéQm,1052mOI/ : {[ij) . [%v)}n?m.

Using Equation (3.20) with ¢ = 0, we deduce Equation (2.7).
When r = 2m + 1, conjugating the bijection (3.24) with v gives a bijection

Vo 0fBy0++0Qgmi OV : {%::)]}?mﬂ — {([ZZ])}nij

Swapping the top and bottom rows and using Equation (3.22) with ¢ = 0, we deduce
Equation (2.8).

Case IX: 0 =/ = a — b, equivalently x = y and u = v. We consider two cases according
to the first step of the path. Via the bijection (3.8), paths in the left-hand side starting

>r
with an N are encoded by two-rowed arrays § € {%;Zf)]}_ with y < dy; equivalently, by

>r
g€ {[ﬁ’l“l))}* . Note that replacing the lower bound y with y + 1 does not affect the
number of crossings of the array, since § cannot have a crossing at co in either case. Since
x < y+1, the conditions in Case VIII hold with y+ 1 playing the role of y. Equation (3.25)

gives a bijection

Broaz o0 fyn 1 0am: {[y(iiqfl)}i2m — {[y(iﬂ)}nﬂm'

Then, using Equation (3.3), it follows that

Z q||0||+||d||—n(x+y) = q" Z qHCII+HdH—n(I+y+1)
c z,u =2m c (z,u]
de{[y(+1,L>}n de{[yﬂ,v)}nm
_ n nP—m(—mta—y) | UL v—y—1 _ nPtntm? a a—1
749 [n—m}q[n%—m . g n—mqn+mq' (3.29)

Similarly, Equation (3.26) gives a bijection

(zu] }2‘””“ _>{ (20)

Broago---0 Py : {[y+1,’u) n [y+17“]}n:|:(m+1)’

and Equation (3.4) implies that

Z qHCII+IIdH—n($+y) =q" Z q||0||+||dH—n(w+y+1)
(z] 22T c [ (zv)
36{[y+1,v)}n de{[yﬂ,u}}n;(mﬂ)
_ qnqn27(m+1)(fmfl+zfy) v—x—1 u—-y
n—m-—1 . n+m+1 .

_ n2+n+(m+1)2 a — 1 a
q [n—m—l]q[n—i—m—i—l]q' (3.30)
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On the other hand, paths in the left-hand side of (3.8) starting with an F are encoded

by two-rowed arrays 3 € {%Z;L)]}jr with y = d;. Let us use the notation {ggz}zr for such
arrays, where the double bracket indicates that the first element in the bottom row is
forced to equal its lower bound. By Lemma 3.3(g), we can use the same bijections as in
Case VII, noting that the condition y = d; is preserved when applying the maps from

Lemma 3.4. For r = 2m, we get a bijection

103300 Qgm_10 Po : {&z,:ﬂ}jZW — {&zﬂ}nim’

and Equation (3.3) implies that

Z q||0||+||d||*n(z+y) _ Z q||0||+||dH*n(x+y)
c [ (zu] 22m c_[(zu]
de{[[y,v)}n de{[[y,v)}nim
— Z qHC|I+IIdH—n(x+y) — " Z q||C|I+|IdII—n(:v+y+1)
C (x7u] (¢ (x,u]
de{[y,w}nim de{[yﬂ,v)}nim
— qn2+m(m+x—y+1) u—x v=y . qnqn2+m(m+x—y) U—=x V=Y 1
n+mqn—m n+mq n—m
— n2+m(m+1) [ a ] a _.n n2+m?2 a a—1
q n—+m [n—m] 74 ln+m} ln—m
L lq q q q
_ qn2+m(m+1) a ] a _ on—m | @ 1
n—+m n—m n—m
L lq q
_ qn2+m(m+1) [ a ] a—1 (3 31)
n+m| |[n—m-—1| ° ’
L 1q q
Similarly, for r = 2m + 1, we get a bijection (see the example in Figure 7):
€, 22m+1 x,v
10 Bs0 -0 agmis : {Ey;}n — {Ey:uﬁ}nim. (3.32)

071122 _ {0,723 ag £, 23T _ [0, 22 a1 £\ 22 _ s\ 2T ey 0712 _f(0,7)

{II077)}3 _{[[077)}3 4{II()v’r]}S _{II077]}3 #{[[Ou’?)}S:Fl_{[[O:?)}Z}:Fl [[077]}3:|:1_{[[0’7]}3:‘:1
0<@Q<3<6<7 0<@<3<b<7 0<@<3<7 0 <@<3<5<6<T
0=0<3<B<7 0=0<3<6<7 0=0<3<G<6<7 0=0<3<7

FIGURE 7. An example of the bijection (3.32), where (z,y) = (0,0), (u,v) =
(7,7), m=1and n = 3.



158 S. Elizalde

Then, Equation (3.4) implies that

Z qIICHH\dIIfn(Hy) — Z qIICHH\dIIfn(Hy)
sefid) st}
— Z q||0||+||d|\—n(ar+y) —q" Z q||6\|+||d||—n(w+y+1)
36{([535]) }nim 36{[;1&1 }nim

:qn2+m(m+zfy+1) v—z—1 u—y+1 _qnqn2+m(m+:pfy) _U—Ji—l u—-y
n+m n—m _n+m qn—m

n24m(m _a—l _a—i—l n n24m2 a—1 a |
q

q n-—+m n—m n—+m n—mq

— n2+m(m+1) i a — 1_ [ a
4 _n—i—m_q_n—m—lt' (3.33)

Adding Equations (3.29) and (3.31) to account for all paths with at least 2m crossings,
we get

Z qHC|I+IIdH—n(w+y)

seflouy™

_ P +m(mt1) [ n-m a a—1 a a—1
q (q [n—m]qln—kmqu n—l—mq n—m—lq

e

— 4 1—q° n+mqn—m

which proves Equation (2.13).
Similarly, adding Equations (3.30) and (3.33) to account for all paths with at least

2m + 1 crossings, we get

a+2(m—+1

> el - prmoen L= a
( ]>2m+1 1_(]11 n+m+1qn_m_1qv

c Tl |~

de{[y,v)}n

which proves Equation (2.14).
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4. PROOFS FOR PATHS CROSSING EACH OTHER

In this section we prove Theorem 2.2. Using the bijection (3.1), we will encode pairs
of lattice paths as pairs of two-rowed arrays, describe crossings in this setting, and then
define certain bijections on pairs of arrays.

4.1. Pairs of two-rowed arrays. Throughout the section, let £ € Z and n > 0, let
{Oa.} = {172}7 and let Al = (x17y1)7 AQ = (x27y2)7 Bl = (ulavl)7 and BQ = (Ug,?}g) be
four pairs of integers. We consider certain sets of pairs of two-rowed arrays, for which we
introduce the notation

{frne)

Elements of such sets are denoted by placing two two-rowed arrays side by side, namely
°1¢, where § € { (@1,0]ny } and § € {[(xz’“']w }, with n; +ny = n. When k = 0, the

dajf’ d [Y1,90)nq +k Y2,V )ngy—k
subscript k£ will often be omitted.

Applying the encoding (3.1) to each component of a pair of paths, we get a bijection

(] R VIS (P e S8 Ph vl (4.1)

ni+ns=n

{<P7 Q) € PAlﬁBO X ,PAQHB. : des(P) —+ des(Q) — n} N {(IlvUO]

[y1,v0)

raall (4.2)

[y2,ve)

See Figure 8 for an example. Suppose that condition (2.15) holds, and let z = x; + y; =

Ty + 1. If (P, Q) is encoded by §|%, then
ni n2

maj(P)+maj(Q) = > (citdi—z1—y1)+)_(ej+fi—w2—y2) = e[|+ d]+ e[+ [[f]| —nz.
i=1 j=1

(4.3)

Next we adapt Lemma 3.1 to enumerate the sets (4.1) with respect to this statistic.

0<3<®L10 2<@<4<T<®LS
2 <2 << 0<2<hH<E<T7<S8

(0,10] (2,8]
E{mm m&h

|
T

3 4 6 7 8 10

FIGURE 8. The encoding (4.2) applied to the pair of paths from Figure 3,
and the resulting pair of two-rowed arrays, where the crossings have been
circled.
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Lemma 4.1. Suppose that z = x1 + y; = x9 + y2. We have

Z " Z qHC|I+HdH+HeII+IIfII—m

n>0 cle [(z1,u0]|(z2,ue]
d fe{[yl,vo) [y27v')}n,k
_ k(ktwa—a) ni gna(ni+k) |Yo = 1| Vo = Y1
q (Zt q l - L[nl—i—k]q)x

n1>0
n no(no— U/O - xQ U. - y2
Z t"2q 2(n2—k) [ ] [ ]
(n2>0 Mo q Ny — k’ q

= fr,A1,45,80,8.(t, Q)

Proof. Using (4.1), the left-hand side expression can be factored as

S 3 glleli+lidll—naz 3 g 3 glelHlidli=naz 1 (4.4)

n12>0 Ce{[(xLUO]nl } n220 Ce{[(%’u‘}"z }

d = L[y1,v0)ng +k d = [y2,9e)ne—k

For fixed ny, Lemma 3.1(i) gives

Z qHC||+||dH—"12 — ( Z q||0||> ( Z qdll) q—nl(x1+y1)
c (z1,u0]n cE(1,uUoln d€y1,v0)nq+k
de{[ylvvo)nlik} ' '
— n1(n1+k)+(k)+ky1 Uo — T Vo — U1
q 2 [ o o 4 q, (4.5)

where we used the simplification

ny+1 n+k+1 L
( 12 ) + ( 1 , ) +nxr+(n+k)(y1 —1) —ny(z1+y) =ni(ng + k) + <2> + ky;.
Similarly,
llell+][dl|—n2z — n2(n2—k)+(k;1)—ky2 Ue — T2 Ve — Y2
>« q T A (4.6)

sl [;f,ilzgl]: 2}

Substituting (4.5) and (4.6) into (4.4) and using that (g) + (k;r1> + k(yr — y2) =

k(k 4+ x9 — 1), we obtain the stated identity. O
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4.2. Crossings in pairs of two-rowed arrays. Let vertex V; be a crossing of two paths
P and @, as defined in Section 2.2. We say that V; is an upward (resp. downward) crossing
of (P,Q) if the step of P leaving V; is an N (resp. E); equivalently, if the step of @
leaving V; is an E (resp. N).

Crossings of a pair of paths can be read from their encoding (4.2) as a pair of two-
¢ where § € {(xl’“°]“1} and

rowed arrays. Indeed, suppose that (P, Q) is encoded by §

d [ylyvo)nl
e T2,Ue|n R R R R R R
p {([yw.)]nj}, and let ¢y 1= z1, dy 1= Y1, Cpy41 = Uo, dpyt1 = Vo, €9 = T, fo = Yo,
€nytl ‘= Ue, fn,41 = Vs by convention. For simplicity, let us assume that A; < A

or Ay = Ay. Then (P,Q) has an upward crossing at (c¢;, f;), where 0 < 7 < n; and
1 <5 <ng+1,if all of the following hold:
(IT) €51 <¢g < €; and d; < f]' < di+1,
(ii") (ej-1, fi—1,€j-2, fizas -+ €0, fo) <an (Ciydiycim1,diy, ..., Co, do) and
(dis i1, di1,Cimay - .y Co, do) <are (fj, €51, fi—1,€j-2,. .., €0, fo),
where <, is defined recursively by (aq,az, as,...) <ay (b1, be,bs,...) if either a; < by,
or a; = by and (ba,bs,...) <ay (a2,as,...). Indeed, condition (i) states that (c;, f;)
belongs to both P and @, and that P (resp. @) leaves this vertex with an N (resp. E).
Condition (ii') states that, if V; is the first vertex of the maximal sequence of consecutive
common vertices ending at (¢;, f;), then P (resp. Q) arrives at V; with an N (resp. E).
Similarly, (P, @) has a downward crossing at (e;, d;), where 1 <i <mn;+1and 0 < j < ny,
if
(i*) o1 <ej < ¢ and f; < d;i < fia1,
(ii*) (¢im1,di1, Cima, diza, - .., o, do) <ar (€5, fj,€j-1, fj-1,-- -, €0, fo) and
(firej—1, fi—1,€j-2, ..., co,do) <ar (di, ci—1,di—1,Ci2,. .., €0, fo).
For example, the pair of paths in Figure 8 has a downward crossing at (e, ds) = (3,4).
Condition (i*) states that 3 < 3 < 6 and 2 < 4 < 5, and condition (ii*) states that
(3,2,0,2) < (3,2,2,0) and (2,2,0) <a (4,3,2,0,2).

Next we generalize the definition of upward and downward crossings to pairs of two-
§¢ € (G}, with k € Z. Suppose that § € {7 } and

rowed arrays
VS a [y1,v0) | [y2.ve) [Y1,V0)my -+

pS {[;inﬂ;-]nzk}, where ny +ny = n, and use the convention cq := 1, do := Y1, Cpy 41 = Uo,
Ve )ng —

Anytkt1 = Vo, €0 1= Ta, fo = Y2, €nyt1 = Ue, [no—k+1 = Ve. Let my = min(ny,ny + k)
and my = min(ng, ny — k). Then ;’? has an upward crossing at (¢;, f;) if 0 <@ < m; and
1 < j <my+ 1, and conditions (i') and (ii") hold. Similarly, it has a downward crossing

at (ej,d;) if 1 <i<mj;+1and 0 < j < my, and conditions (i*) and (ii*) hold.

It is convenient to think of crossings of a pair of two-rowed arrays as crossings of the
pair of paths obtained by truncating the arrays, similarly to what we did in Section 3.2
for single arrays. Let T'(3) be the path in Pz, y1)s(cm, 41.dm,+1) having valleys at positions
(ciyd;) for 1 <4 <my, and let T'(5) be the path in Pz, 4,)—( having valleys at
positions (e, f;) for 1 < j < my. Then the upward and downward crossings of 3“; can be
identified with the upward and downward crossings of the pair of paths (7'(§),T(F)). See
Figure 9 for an example. In particular, upward crossings are always at vertices of the form

(¢i, f;), and downward crossings are at vertices of the form (e;,d;), for some ¢, j.

emo+1,fmo+1)
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0 S 3 1 <®< 4 S 4 {(073] (1,4]}
1<2<510<2<4 [15)[04) 31
toos-(44)
.
(2,2)1
—e—@»(3,2)
(0,14
(1,0)

FIGURE 9. A pair of two-rowed arrays 3";‘ with its crossing circled, and the
corresponding pair of paths (T'(3),7(%)).

It is clear from this description that there is a natural ordering of the crossings by
increasing z-coordinate, or equivalently, by increasing y-coordinate. As in the case of
single arrays, the rth crossing of a pair of two-rowed arrays will always refer to the rth
crossing in this ordering.

>r
For r > 0, denote by {(wl’“°] (”32’”’]}_ the subset of {(xl’%] (@2,ua]

[W1,v0) | [y2,ve) S 1y [y1,00) | [y2,ve)
of arrays that have at least r crossings. The encoding (4.2) restricts to a bijection

{Pir : des(P) + des(Q) = n} — {(rruel| ezl =
LB Ay B, - €8 es n o)

[y2=v.) n ’
Using Equation (4.3), it follows that, if z = 21 + y1 = 2 + ¥, then

} i consisting of pairs
n,

H3 L poaysp(tg) =D t" 3 glell+idl+le]+gl|-nz (4.7)
n>0 >r
= cle [(z1,uo]|(z2,ue]
Bl

(Z ’uo} (:L' 7u.] >r
[yll,vo) [yj,y.)}n and sets of

} i for some k € Z, and then apply Lemma 4.1.

To prove Theorem 2.2, we will construct bijections between {

the form {([le ;‘22)]

(x27u1]
[y2,v1)

(¢

d

e

Lemma 4.2. Let r > 1. If Ay < Ay, then the rth crossing of a pair of arrays 4|y €

{(xl’“o}

[y1,v0)

2r L . L .
(2,10 is a downward crossing if r is odd, and an upward crossing if r is even.
[y2,ve) S i ’

Proof. Interpreting crossings of 3‘? as crossings of the pair of paths (T°(3),T(%)), which
start at A; and As, respectively, the fact that A; < A, implies that downward and upward
crossings must alternate, with the first crossing being downward. U

For r > 1, a symbol 1 (resp. |) next to the superscript >r denotes the subset of pairs of
arrays where the rth crossing is an upward (resp. downward) crossing. For r = 0, in the
case A; < Ay, we simplify define

{([m,uO)} (wQ,uo]}ZOT _ {(zl,uo] (wg,u.]}zm _ {(m,uO]
Y100

[y2,ve)  Ulyvo) | [yzve) J [y1,v0)
by convention.

(xg,u.}}zo _ {(zl,uo]

[v2,ve) Sk Uly1,vo)

(:E 7u°]
n,k [92277)') }n,k (48)
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>0

In the case A, = Ay = (z,y) and B, = By = (u,v), we define {%;6;1)} E;E:)]}_;:
x,u T, u ZOJ’ : x,u x,u 7

(resp. {%y:v)] %y”)}}nk) to be the set of pairs §| € {%y,’u)} %yﬂ’)]}n,k such that ; # ¢ and

the leftmost entry in the usual zig-zag order where § and § differ is in the top row and
satisfies ¢; < e; (resp. ¢; > e;), or it is in the bottom row and satisfies d; > f; (resp. d; < f;).
Equivalently, ;“; is in the first (resp. second) set if the first step where the paths 7°(§)
and T'(7) disagree is an IV (resp. E) step of T'((3) and an E (resp. N) step of T'(3). See
the examples in Figure 10.

In analogy to Lemma 3.3 for single arrays, the next lemma shows how the relative
locations of the two initial points and of the two final points often force the number of

crossings of a pair of two-rowed arrays to have a given parity.

Lemma 4.3. Let m > 0.
(a) If Ay < Ay, By < By, and s > 0, then

(z1,u2]| (z2,u1] 22m+1 _ S (z1,u2]| (z2,u1] 22m+1) _ S (z1,u2]| (z2,u1] 22mt _ S (z1,u2]| (z2,u1] 22m
1 R et e § SR { o o) ORI o o § SR
(4.9)
(z1,u1]] (z2,u2] 22m+2 _ J(z1,u1]| (m2,u2] 22m+21 _ S (z1,u1]| (2,u2] 22m+1} _ J(z1,u1]| (z2,u2] 22m+1
(Gl oy = e Gy 2 = Gl Gy = Gy
(4.10)
(b) If Ay < As and By = By, then (4.9) and (4.10) hold for s > 1.
(¢) If Ay = Ay = (x,y), By = By = (u,v), and s > 1, then
(zu]| (z,u] 22m+1 _ S (zu]| (zu] 22mt (z,u]| (z,u] 22m+21 _ S (x| (zu] 22m+1
{[m [ym}w = {[ym [y,v)}n,s and {[y,v) [y,v>}n,_s = {[ym [ym}n,_s
(4.11)

Proof. In each of Equations (4.9) and (4.10) for A; < As, the two outer equalities follow
from Lemma 4.2 (and convention (4.8) in the case m = 0), and the left-hand side is
trivially contained in the right-hand side. To prove the reverse containment, we will show
that the parity of the number of crossings is forced in each case.

Let us first prove Equation (4.9) with the hypotheses of part (a). Let

c
d

e (CC1,’U,2}
¢ € { [y1,v2)

(“’“ﬂ}ns, so that § € { (@1,u2]ny } and § € { (@2,u1]ny }

[y2,v1) [Y1,92)n +s [Y2,91)ngy—s
for some ni,ny summing to n. Crossings of 3‘? are crossings of the pair of paths
(T(3):T(3)) € Pa,spy X Paysp;, where By = (ug, dy,11) and B} = (€, 11, 1) Since

dpy+1 < v9 and ey, 511 < ug, the condition By < Bs implies that B| < Bj. Thus, since
A; < A,, the number of crossings of S‘? must be odd, proving Equation (4.9) in this case.
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With the hypotheses of part (b), letting By = By = (u,v) and s > 1, the same argument
yields endpoints B) = (u,d,,+1) and B} = (€,,_sy1,v) with d,, 11 < dp,1s11 = v and
Cny—si1 < u. Let f(?) be the path obtained by removing the run of F steps at the end of
T'(%), which does not affect any crossings since Bj is strictly below these steps. Crossings

of §|§ are now crossings of (T(g),f(?)) € Pa,—By X Paypr, where BY = (en,—s,v). Since

€ny—s < Eny—s+1 < u, we have B < Bj, implying again that the number of crossings of

¢ is odd, which proves Equation (4.9) also in this case.

c
d

With the hypotheses of part (c), the same argument gives a pair
(T<;)7T(§)) € Paspy X Pasny,

>2m
? c {(wm] (fr’“]}_ T, For m > 1, this means

[y,v)| [y,v)

that the 2mth crossing of (T'(g), T(?)) is an upward crossing; for m = 0, this means that

the first step where these paths disagree is an N step of T'(5) and an E step of ’f(‘fe)
The fact that By < B} forces these paths to cross, with the 2m + 1st crossing being a
downward crossing, which proves the first equality in (4.11).

where BY < Bj as before. Suppose that §

n,s

The proof of Equation (4.10) is similar. Let §|% € {([legll)] ([;22:22)]} 80 that § €
(z1,u1]n e (z2,u2]n : cle ’ .
{[ywl)nlis} and ¢ € {[yzm)nzis} for some ny,nsy. Crossings of d‘f are crossings of

(T(3),T(F)) € Payp; X Payspy, where B} = (¢n,—s11,v1) and Bl = (ug, fn,41)-

Since ¢y —s11 < uy and fi,11 < v9, the condition By < B implies that Bf < Bj. Thus,
if the hypothesis of part (a) hold, the number of crossings of S“; must be even, proving
Equation (4.10) in this case.

Letting now By = By = (u,v) and s > 1, we get endpoints B} = (¢,,_s11,v) and
B} = (u, fny+1) with ¢, —s4+1 < wand f,,4+1 < v. Removing the run of E steps at the end
of T'(§), which does not affect any crossings, we obtain a pair

(’f(s),T(?)) € Pa,—ny X Paypy, where B = (cp, s, ).

Now ¢, —s < ¢py—s+1 < u, and so Bf < B), implying again that the number of crossings
of §|§ is even. This proves Equation (4.10) with the hypotheses of part (b).

Finally, with the hypotheses of part (c), we obtain a pair
(T(S%T(‘;)) € Pa, By X Paypy, where B < Bj,.

If ©|e e {(al @l =2 o om 41 ing of (T(5),T(°)) is a d d crossi
als € {[W) [yvv)}n,fs , the 2m + st crossing of (T'(5),7'(5)) is a downward crossing,

so the paths must cross again, and the 2m + 2nd crossing must be an upward crossing.
This proves the second equality in (4.11). O
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4.3. The bijections ~, and J,. The bijections 7, and 4, play a similar role for pairs of
two-rowed arrays as the bijections «, and 3, played for single arrays. They are reminiscent
of the bijection 6, defined in [3] for pairs of paths; however, 7, and ¢, do not restrict to
bijections for pairs of paths, since they change the relative lengths of the rows of the

arrays.

cle (@1,uo]| (z2,ue]
For d|f {[Zh,vo) [y2,ve)

crossing at (ej,d;)) is proper if ¢; # u, and f; # ve (vesp. €; # ue and d; # v,), that is,
neither entry equals the upper bound for its row.

} , we say that an upward crossing at (c;, f;) (resp. a downward

For r > 1, the map ~, applies to pairs of two-rowed arrays 3“; whose rth crossing is a
proper upward crossing, say at (c;, f;), and it swaps the entries to the right of ¢; in each
row of the first array with the entries to the right of f; in each row of the second array.
Schematically, we have:

=

‘yl

B Of
b Al

The fact that (c;, f;) is a proper crossing of 3‘? guarantees that ¢;;; and f;4q exist, and
that ¢; < ¢iy1 and f; < fj11. Condition (i) in the characterization of upward crossings
implies that ¢; < ej, di < fj41, €j-1 < ¢iy1 and f; < di41, and so the rows of the arrays in
’Yr(;
because e;_1 < ¢; < ¢ip1 and d; < f; < fj41, and condition (iiT) holds because the relevant
entries are not affected by ~,. This crossing is clearly proper, and it is the rth crossing of
Yr(§|¢) because the entries to the left of ¢; and f;, and thus the first 7 — 1 crossings of the
pair of arrays, are not affected by ~,. It follows that , is an involution.

e : . . c
¢) are increasing. The pair v, (g

¢) still has a crossing at (¢;, f;): condition (i) holds

Similarly, the map 4, applies to pairs of two-rowed arrays 3“;’ whose rth crossing is a
proper downward crossing, say at (e;, d;), and it again swaps the entries to the right of d;
in the first array with the entries to the right of e; in the second array. Schematically, we
have:

’xl ’xQ N
W PR

@1 = @
i CRENI

The same argument shows that the rows of the arrays in (5,{3‘?) are increasing, that

6-(§|¢) still has a proper crossing at (e, d;), which is its rth crossing, and that the map 4,
is an involution. In fact, if we denote by ¢ the involution that swaps the two two-rowed

arrays in a pair, that is,

<(alt) =¥¢a (4.12)

then the maps 7, and 6, are related by 6, = ¢o~, os.
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If Ay = Ay = (x,y) and B; = By = (u,v), we can extend the definitions of -, and 4, to

¢ e {(I’“} (171‘]}20? If the leftmost entry where € and ¢
£ Uyo) vo) S y d £

differ is ¢; < e;, then the vertex (c;, f;) satisfies condition (i') from the characterization of
upward crossings, since e; 1| < ¢; < e; and d; = f; < d; 11, even if it fails condition (iiT) since
(diycic1ydizq,y ... co,do) = (fiseiz1, fic1y-- -5 €0, fo). If ¢; #w and f; # v, we define v by
swapping the entries to the right of ¢; in each row of § with the entries to the right of f;
in each row of ¢, just as in the usual definition of v, if (c;, f;) had been the rth crossing.

If the leftmost entry where § and { differ is d; > f;, now it is the vertex (¢;_1, f;) that
satisfies condition (i), since ¢;_y = ¢;_1 < ¢; and dj_1 < f; < d;. If ¢;_1 # w and f; # v,
we define o by swapping the entries to the right of ¢;_; in each row of { with the entries
to the right of f; in each row of §, just as in the definition of v, if (¢;—1, f;) had been the
rth crossing. See the example in Figure 10.

The bijection dy can be defined analogously, or as dg = ¢ o 7y o ¢, but it will not be
needed in the proofs.

the case r = 0 as follows. Let 3

0<2<4<4 ‘ 0<2<4 {(0,4]‘ (o,4]}20T Jo 0<2<4 ‘ 0<2<4<4 {(0,4] (M}ZOT
0<1<3 0<1<2<3 03)103)f3-1  0<1<3 |0<1<2<3 0,3)[0.3) S 3,0
L—‘(ﬁh 3) (4,3)
-~ - (4,2) *---b
(0,0) (0,0}

F1GURE 10. An example of the bijection ~y. For each pair of two-rowed

(¢}

arrays §|¢, the leftmost entry where they differ is dy = 3 > 2 = f,, so

(c1, f2) = (2,2) satisfies condition (i"). The corresponding vertex in the pair
of paths (T'(3),7(;)) has been marked with a dotted circle.

Lemma 4.4. Fizn >0, k € Z and r > 1. Suppose that either By < By and k > 0, or
that By = By. The map 7, restricts to a bijection

{(a:l,ug] (wz,ul]}ZTT Yr {(xl,ul] ($27u2]}ZTT (4 13)
ly1,v2) | [y2,01) n,k [y1,01) | [y2,v2) n,—k—l. '
The map 6, restricts to a bijection
{(:cl,ul] (SUQ,U/Q]}ZT\L 57~; {(:c1,u2] (:@ﬂu]}zm (4.14)
[y1,01) | [y2,v2) n,—k [y1,v2) | [y2,v1) n,k—i—l. '

Both v, and 9, preserve the sum of the entries of the pair of arrays.
Additionally, if Ay = Ay and By = By, then the above statements also hold for r = 0.
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Proof. Suppose first that » > 1. Let us first check that pairs of arrays in the four sets
above cannot have improper crossings, and so the maps 7, and J, are defined. For

cle (z1,u0]| (z2,ue] : : ..
als € {[lef)‘) [:227;‘.)}%” where h € Z, to have an improper upward crossing at (¢;, f;), we

must have either ¢; = u,, in which case u, = ¢; < e; <wu, and h > 0, or f; = v,, in which

case Vo = f; < diy1 < v, and h > 0. Similarly, for 3‘? to have an improper downward
crossing at (ej,di), we must have either e; = u,, in which case u, = ¢; < ¢; < u, and
h <0, or d; = v,, in which case v, = d; < fj41 < v, and h < 0.

If §|% is in the left-hand side of (4.13) (resp. (4.14)) and has an improper upward
(resp. downward) crossing, the previous paragraph forces us < uy or vy < vy, contradicting
the hypothesis that By < By or By = B,. If g"; is in the right-hand side instead, the
forced inequalities u; < ug or v; < vo hold when B; < Bs, but the requirement on h states
that k + 1 <0, contradicting the hypothesis that £ > 0 in this case.

Having already seen that ~, and ¢, are involutions preserving the first r crossings and
preserving the sum of the entries, it remains to describe their images when restricted to

the above sets. Let §|; be in one of the sets in (4.13), so that one has

seln) me relen)

Y1,V0)nq+h Y2,V )ng—h

for some ny, ny summing to n, and h € Z. If the rth crossing of ;‘? is an upward crossing
at (Ci, fj)a then

e (1,u0]ngti—sj+1 (T2,u0]ny —itj—1 (z1,ue]| (z2,u0]
f) € {[yhUO)nQ—h—&-i—j} X {[y2a'00)n1+h—i+j} < {[y1,v.) [y2,vo)}n,—h—1'

When h € {k, —k — 1}, then —h — 1 equals the other element in the set, so this argument
works in both directions.
Similarly, if ;’? is in one of the sets in (4.14) and its rth crossing is a downward crossing

at (ej, dz), then

e (l'l;uo]nngifjfl} {(I27uo]n17i+j+1} C {(x1,u.]
f) < {[yLUo)nQ—h-H—j X [Y2,90)ny+h—its ) = Lly1,ve)
When h € {—k,k+ 1}, then —h + 1 equals the other element in the set.

Finally, in the case that A; = Ay and By = Bs, a similar argument shows that the maps
o and Jq are defined and they are bijections between the stated sets. O

(]

(g

(3723“0]

[yZﬂJO) }n7_h+1 :

5.(¢

d

4.4. Proof of Theorem 2.2. The proof is divided into four cases according to which
endpoints of the paths coincide. In each case, we determine Hy' Bo.As—sB. (1 q) by first

using Equation (4.7) to write it as a sum over pairs of two-rowed arrays. Then we repeatedly

r

(@1,uo]| (z2,us] | =
el e} and

certain sets of pairs of two-rowed arrays with no requirement on the number of crossings,
and finally we use Lemma 4.1 to obtain the desired expressions. Again, the cases are
labeled as in [3] for consistency.

apply the maps from Lemma 4.4 to construct bijections between {



168 S. Elizalde

Case 1: endpoints A; < Ay and By < By, If P € Py, p, and @ € Py, p,, the
relative position of the endpoints forces x (P, Q) to be odd, which proves the first equality
in Equation (2.16). Using Lemmas 4.3 and 4.4, we construct a sequence of bijections

510720"'052m—1072m1

{(whuQ] (x2:u1]}22m — {(IMLQ]

(z2,u1] 22m? Y2 (z1,u1]
[y1,v2) ] [y2,v1) [y1,v2) ) 1} { L

(@2,u2) \ 22T _ [ (@1,u]
[y2,v1) [ 0 [y1,01) } {

_ (x2,u2]}22m—1¢
ly2,v2) [y1,01)

[y2,v2)

n n,—1 n,—1

Sam=1 f (@1,ua]| (w2,u1] |\ 22N f (21,u2]
— {[yl,vz) [y27v1)}n,2 - {[3/1702)

(@2, 12T _ f(21,u9]
[yj,vll)} - {[yll,v;)

(l‘g,uﬂ } sz—QT
[y2,v1)

n,2

Y2m—2 . 51 {(ml,UQ]

o : ) (gcz,ul]}zl‘L _ {(:pl,ug}
Y1,v2

(w2,u1]
ly2,v1) [y1,v2) [y;,vll) }n72m7 (4 ]_5)

where the last equality comes from (4.8). See Figure 11 for an example. Since these
bijections preserve the sum of the entries of the arrays, Equation (4.7) and Lemma 4.1 give

>2 d f||—
HE12327A2*>31 (t,q) = Z " Z qHC|I+II I+llell+lIfll—nz _ Fom. Ay Ag.Ba.3y (1, Q)

n>0 cle {(zl,uz] (zg,uﬂ}
d|f~ Llyrv2) | [y2v1) 4, om

n,2m n,2m

proving Equation (2.16).

(0,10]] (2,81122 _ f(0,10]] (2,81 221 Y2 0,8]] (2,10122T _ f(0,8]| (2,00 2
{ [277) [078)}6 o {[277) [078)}670 — {[278)’ [077) }6,—1 - {[278) [0’7) }6,—1
0<3<@®I0] 2<@<4<T<®LS 0<3<®<7<8<S8 2<®<4<10
2<2<d<T 0<2<H5<E<T<S 2<2<@<T<8 0<2<5<G<T7
1 0,10 2,81\ =M _ (0,10)] (2,8]
- {en [o,8>}6,z = {5 ‘ [078)}6,2
0<3<4<10 2<@<6<T7T<8LY

2<2<P<BE<6<T I 0<2<7<8

FIGURE 11. An example of the bijection (4.15), where m =1 and n = 6.

Similarly, if P € P4, 5, and Q € Pa,p,, then x(P, Q) must be even, which proves
the first equality in Equation (2.17). In this case, we construct a sequence of bijections
0107920+ 0 dymy1:

(z1,u1]] (z2,u2] >2m—+1 _ S (z1,u1]| (m2,u2] >2m+14 59,11 (z1,uz]| (z2,u1] >2m+1])  ((e1us)| (@2,u1] >omt
{[yl,’vl) [yz,vz)}n B {[yl,vl) [1/2,112)}11,0 — {[yl,vz) [yZ,’Ul)}nJ - {[yLUQ) [y27vl)}n,1
Y2 (z1,u1]| (z2,u2] >2mt [ (z1w]| (m2,u2] >2m—1]
2 {[91,111) [yz,m)}n’,Q - {[yl,yl) [3127”2)}71,—2
dzmt O, [(@im]| @]V Y (@] (r2)
SN {[91,112) [vavl)}n,2m+1 o {[yl,UQ) [yQ’vl)}n,2m+1'

Equation (4.7) and Lemma 4.1 now give
>2m+1 n d f||—nz
HK1—)El,A2—>B2 (ta Q) = Zt Z ch||+|| I+ llel+IEl = f2m+1,A1,A27Bz,B1 (tv Q)a

n>0 cle {(wl,ug] (:Bg,uﬂ}
[y2,v1) n,2m-+1

dl £ “Uyr,v2)
proving Equation (2.17).
We now handle Case 3, followed by Cases 2 and 4.
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Case 3: endpoints A; < As and B. If P € Py, g and Q € Pa,_,p, the parity of x(P,Q)
is no longer forced by the endpoints, so we consider two cases. When r = 2m for some
m > 1, the rth crossing is an upward crossing by Lemma 4.2, and Lemmas 4.3 and 4.4
give a sequence of bijections d; 0 5 0 -+ 0 oy, © Youu:

(w1,u]| (z2,u] >2m _ S (z1,4]] (z2,1] >2mt A, (z1,u]] (z2,u] >2m? [ (z1,u]| (z2.4] >2m—1J
{[ylﬂJ) [nyU)}n o {[yl,’U) [y277~))}n70 # {[y1,v) [y277~})}n7—1 - {[ylvv) [y27v)}n7—1
d2m—1 (x1,u]] (z2,u] >2m—1] _ [ (z1.4]| (2] >2m—21
=5 [yw)}ng ={o [ym}n,z
vem=z 8 [(oa] (e V2N f @l @2 20T f (@l | (22,
— — {[y1,v) [y27v)}n,2m o {[ylvv) [y27v)}n,2m 7 {[yl,v) [yz,’l})}n’2m’ (416)

using again (4.8). Equation (4.7) and Lemma 4.1 give
B ) =00 Y el )
n>0 cle (ml,u} (IQ,U}
fe{[yl,v) [yQ’v)}n,2m

d
proving Equation (2.19) for even r.

When r = 2m+1 for some m > 0, the rth crossing is a downward crossing by Lemma 4.2,
and we get a sequence of bijections d; 0 9 0« 0 dgpyy1:

(w1,0]| (@a,u] |22 f ]| (o) | 22T G2t ()| o, u V22PN (] (o) | 22T
{[yw) [yz,v)}n o {[yl,v) [yz,v)}n,() — {[yw) [yg,v)}nl - {[y:hv) [ygﬂ,)}n’l
(z1,u]| (w2,u] 22m? _ S (z1,]| (z2,u] 22m—1}
= {[y 1,0) [yQ’”)}n -2 {[yh”) [y2ﬂ))}n7_2
dom—a (1] (22, 2N [ (e1u]| (22,)
—) {[yL’U) [y2,v)}n72m+1 - {[yl,'u) [yQ,v)}n72m+l7

(4.17)

from where
>29m+1 _ n llcll+lId]l+]ell+]fll-nz _
HA1—>Bl,A2—>BQ ,Q) == Z t Z q — f2m+1,A1,A2,B,B(t7q)7
n>0 c ee{(acl,u (xg,u]}
f [y1,0)] [y2,v) n,2m+1

d
proving Equation (2.19) for odd 7.

Case 2: endpoints A and B; < Bs. We will reduce this case to Case 3 by applying the
involution v, defined above Equation (3.27), componentwise to each of the two-rowed
arrays in a pair. With some abuse of notation, we also denote this map on pairs of
two-rowed arrays by v. It restricts to a bijection

(zyu1] | (z,u2] (Vo [ (=on=yl| (—vz,—y]
{[yvvl) [y’v2)}n7k {[_ulf_x) [_UQ»_w)}n,—k;
for any k € Z. In the case k = 0, translating v into a map on pairs of paths via the

encoding (4.2) yields the involution that reflects each path along the line x +y = 0. In
particular, it preserves the number of crossings, so it restricts to a bijection

{fzan o) 20 2y (ool Coni ™0

[y»'UZ) n [_ulv_x)
The hypothesis (u1,v1) < (u2,v2) implies that the initial points of the reflected paths
satisfy (—vy, —up) < (—ve, —us), whereas the final point is the same for both paths, namely
(—y, —z). This allows us to apply Case 3.
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When r = 2m, Equation (4.16) gives a bijection

(—v2,~y] }ZQm — {(_Ulv—y]

[—u2,—) f [—u1,—z)

(—v1,—]
[—u17—:£)

51 o) r-)/2 O+ 0 52m—1 o 72771 : { [(__’:22::5})}71,,2771'
Conjugating by v and composing with the map ¢ from Equation (4.12) yields a bijection
(z,u2] 22m (z,u2]| (z,u1]

} — { [yvvl)}n,2m

[y,vz) n [y7v2)
that preserves the sum of the entries. Similarly, when r = 2m + 1, conjugating the

(Izul]
[y,v1)

goy0(510720'--052m,1072moy:{

bijection (4.17) with v and composing with ¢ produces a bijection

(z,u2] 22m+1 (z,u2)
[y, Uz)} - {[yyvz)

(z,u1]
[y,v1) }n,2m+1 )

GOV 00,090 00, 1OV : {([”“”)}

In both cases, using Equation (4.7) and Lemma 4.1, we get

n c e fl|—nz
HA_>Bl A_>B2 (t,q) Zt Z qH [I-+lIdll+llell+£ll = fraAB.8 (t,q),
n>0 cle [(mu1]|(z,u2]
d fe{[yﬂ)l) [yﬂ-)?)}n,r

proving Equation (2.18).

Case 4: endpoints A and B. The map ¢ from Equation (4.12) restricts to a bijection

(Ealaho < (Ealih,
for any r > 0 and k € Z. For r > 1, we also have
) M ] s R (o [
and so Equation (4.7) gives
HA—>B asp(tg) =2 Z t" Z qHC||+HdH+||e||+IIfII—nz (4.18)
RS
—2Yy > el el +g|—n (4.19)
RS
Our next goal is to prove that
Hi'pasp(t @) + HiDg anp(ta) = 2fr41,4.48,8(t,9) (4.20)

for all r > 1.

For arrays with at least r = 2m crossings, Lemmas 4.3 and 4.4 give bijections d; o 5 o

©+ 0 52m71 O Yom:

o ) S £ ) I £ 5
m— z,u]l| (z, 22m—1 z]| (zu] | 222
s e = e
2 {Ey:v)] %y ’U)}}n,;?’n - {%y:v)] %y,’v)]}n,(;;' (4.21)
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Similarly, for arrays with at least r = 2m + 1 crossings, we get bijections 6; oy 0---0
02m—1 © Y2m © O2m+1:

(]| (2u] | 22N Domsa [ (]| (2u] ) 22N f ()| (@0 | 22T
{[y,v) [y’v)}n {[y’v) [y U)}nl {[y7v) [yvv)}nJ
Y2 (z,u]| (z,u] 22m? _ S (zu]| (zu] 22m—1
— {[y,v) [, v)}n 2 {[y,v) [yw)}n,—Q
d2m—1 ! (z,u]| (z,u] 21 _ S (z]| (z,u] 201
— — {[ym) v, v)}n 2m+1 {[y,v) [yvv)}n,2m+1' (4.22)
In both cases, we can compose these bijections with ¢ o vq:
(z,u]| (z,u] 20T (z,u]| (z,u] 201 S (z,u]| (z,u] 204
{[y»v) [yvv)}nﬂ‘ — {[y,v) [y’v)}n,—r—l — {[yvv) [y’v)}'mr—‘,-l‘ (423)
Composing (4.21) with (4.23), where r = 2m, and using Equation (4.18), we get
Hjir% p(tiq) =2 Z n Z qHCIIJrIIdH+He||+||f||—nz
n>0 >0l
cle [(zu]|(z,u
d fe{[w) [y,v>}n,2m+1

for m > 1. Similarly, the bijection (4.22) and Equation (4.19), where r = 2m + 1, give
HE () =23 ¢ 3 lel+l+lel+l -ns.
n20 e [(zu]| (2] 201
fe{[m [y,v>}n,2m+1

Adding the last two equations, using the fact that

e AR ) N (5

[vv) ) nk )| [yv) S n ke [y,v)
for all k£ # 0, and applying Lemma 4.1, we obtain a proof of Equation (4.20) for r = 2m.
On the other hand, composing (4.22) (with m — 1 playing the role of m) with (4.23)
(with » = 2m — 1) and using Equation (4.19), we get

c
d

Hm leB (t,q) =2 Z 4 Z glicli+lali+lell+ ]l -
n>0 >0l
= cle [(zu]|(z,u]
d|f E{ [y,v) [y,v) }n,2m
for m > 1. Similarly, the bijection (4.21) and Equation (4.18), where r = 2m, give
HZE?}B aop(tg) =2 Z n Z glet+lali+lel+fl—nz
n>0 >0t
= cle [(zu]|(z,u]
d fe{[y,w [y,w}n,zm

Adding the last two equations and applying Lemma 4.1, we obtain a proof of Equation (4.20)
for r =2m — 1.

Solving Equation (4.20) for Hf;B’A%B(t, q) and iterating, we obtain

Hi'pasn(t,0) =2 (fri1a488(t0) = frizaasst,q) + frosanss(t,q) — )
which proves Equation (2.20) for » > 1. The case r = 0 follows immediately from
Equation (4.7) and Lemma 4.1.

Acknowledgments. The author is grateful to Christian Krattenthaler for posing the
question of whether the results from [3] could be refined by the number of descents.



172 S. Elizalde

REFERENCES

[1] George E. Andrews. The Theory of Partitions. Addison-Wesley, 1976.

[2] Sylvie Corteel, Sergi Elizalde, and Carla D. Savage. Generalized rank parity blocks in partitions. In
preparation.

[3] Sergi Elizalde. Counting lattice paths by crossings and major index I: the corner-flipping bijections.
Comb. Theory, 2(2):Article #14, 37 pp., 2022.

[4] Ora Engelberg. On some problems concerning a restricted random walk. J. Appl. Probability, 2:396-404,
1965.

[5] William Feller. The numbers of zeros and of changes of sign in a symmetric random walk. Enseign.
Math. (2), 3:229-235, 1957.

[6] William Feller. An Introduction to Probability Theory and Its Applications. Vol. I. John Wiley &
Sons, third edition, 1968.

[7] Michael E. Fisher. Walks, walls, wetting, and melting. J. Statist. Phys., 34(5-6):667-729, 1984.

[8] Johannes Fiirlinger and Joseph Hofbauer. ¢-Catalan numbers. J. Combin. Theory Ser. A, 40(2):248-
264, 1985.

[9] Ira Gessel and Gérard Viennot. Binomial determinants, paths, and hook length formulae. Adv. in
Math., 58(3):300-321, 1985.

[10] Malcolm Kern and Stanley Walter. Ballot theorem and lattice path crossings. Canad. J. Statist.,
6(1):87-90, 1978.

[11] Christian Krattenthaler. Counting nonintersecting lattice paths with turns. Sém. Lothar. Combin.,
34:Article B34i, 17 pp., 1995.

[12] Christian Krattenthaler. The Major Counting of Nonintersecting Lattice Paths and Generating
Functions for Tableaux. Mem. Amer. Math. Soc., 115, 1995.

[13] Christian Krattenthaler. The enumeration of lattice paths with respect to their number of turns. In
Advances in Combinatorial Methods and Applications to Probability and Statistics, Stat. Ind. Technol.,
pages 29-58. Birkh&user, 1997.

[14] Christian Krattenthaler. Lattice path enumeration. In Handbook of Enumerative Combinatorics,
Discrete Math. Appl., pages 589-678. CRC Press, 2015.

[15] Christian Krattenthaler and Sri Gopal Mohanty. On lattice path counting by major index and
descents. European J. Combin., 14(1):43-51, 1993.

[16] Devadatta M. Kulkarni. Counting of paths and coefficients of the Hilbert polynomial of a determinantal
ideal. Discrete Math., 154(1-3):141-151, 1996.

[17] Bernt Lindstrém. On the vector representations of induced matroids. Bull. London Math. Soc.,
5:85-90, 1973.

[18] Percy A. MacMahon. Combinatory Analysis. Cambridge Univ. Press, 1915-1916. Reprinted by Chelsea
in 1960.

[19] Sri Gopal Mohanty. Lattice Path Counting and Applications. Academic Press, 1979.

[20] Bruce E. Sagan and Carla D. Savage. Mahonian pairs. J. Combin. Theory Ser. A, 119(3):526-545,
2012.

[21] Kanwar Sen. On some combinatorial relations concerning the symmetric random walk. Magyar Tud.
Akad. Mat. Kutato Int. Kézl., 9:335-357, 1965.

[22] Seunghyun Seo and Ae Ja Yee. Enumeration of partitions with prescribed successive rank parity
blocks. J. Combin. Theory Ser. A, 158:12-35, 2018.

[23] Michael Z. Spivey. Enumerating lattice paths touching or crossing the diagonal at a given number of
lattice points. Electron. J. Combin., 19(3):Article #24, 6 pp., 2012.



Séminaire Lotharingien de Combinatoire 8TB (2023) Special issue for the 9" International Conference
Article #8, 25pp. on Lattice Path Combinatorics and Applications

THREE FAMILIES OF ¢-LOMMEL POLYNOMIALS
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Abstract. Three ¢-versions of Lommel polynomials are studied. Included are explicit
representations, recurrences, continued fractions, and connections to associated Askey—
Wilson polynomials. Combinatorial results are emphasized, including a general theorem
when R; moments coincide with orthogonal polynomial moments. The combinatorial
results use weighted Motzkin paths, Schroder paths, and parallelogram polyominoes.

Keywords: Lommel polynomial, Bessel function, orthogonal polynomial.

1. INTRODUCTION

Lehmer [27] used the following Bessel function identity to study zeros of Bessel functions

Jo1(2) _ . oo (1) 2271
) —2; 2n (V) : (1.1)

where 0y, (v) is the 2n™ power sum of the inverses of the positive zeros j, of J,(z):
om(v) = 3 2 (1.2
k=1

Lehmer noted that o, () is a rational function of v, with a predictable denominator,
and a numerator with nonnegative coefficients. Kishore [19] proved Lehmer’s positivity
conjecture. Lalanne ([25, Proposition 3.6], [26, Theorem 4.7]) proved g-versions of Kishore’s
result using weighted binary trees and also weighted Dyck paths.

The above series is related to the Lommel polynomials L, ,, which are orthogonal
polynomials with respect to the linear functional

LP@) =2+ 1) (P (i) + P (=ich)) g

ie, L(Lyy,(2)Ly,(2)) = 0if n # m and L£(1) = 1; see [15, Eq. (6.5.17)]. Thus o9,(v)
in (1.2) is the (2n — 2)™ moment for the Lommel polynomials, while (1.1) is the Lommel
moment generating function.

The purpose of this paper is to study three sets of g-Lommel polynomials, whose moment
generating functions are quotients of g-Bessel functions. These polynomials were analyti-
cally studied by Ismail [15], Koelink and Van Assche [23], and Koelink [21]. In this paper
we concentrate on the combinatorial aspect of these three sets of ¢-Lommel polynomials.



174 J. S. Kim and D. Stanton

The literature already contains some combinatorial results on the quotient of Bessel
functions and the quotient of g-Bessel functions. Delest and Fédou [9] showed that a
generating function for parallelogram polyominoes can be written as a ratio of Jackson’s
third g-Bessel functions. Bousquet-Mélou and Viennot [4] generalized their result by adding
one more parameter. A recounting of the history of the combinatorics of the g-analogue of
the quotient of Bessel functions may be found in [3, Section 1] (see also [26, Section 4]). It
includes results by Klarner and Rivest [20, Eq. (19)], Fédou [12], Lalanne [25,26], Brak
and Guttmann [5], and Barcucci et al. [1, Corollary 3.5], [2, Theorems 4.3 and 5.3].

In this paper we put these results in perspective by relating them to ¢-Lommel poly-
nomials. The moment generating function has a continued fraction expansion. Using
the general theory of orthogonal and type R; polynomials we give finite versions of the
infinite continued fractions. We show that a generating function for bounded diagonal
parallelogram polyominoes is given by a ratio of ¢-Lommel polynomials, which is a finite
version of the result of Bousquet-Mélou and Viennot [4].

Even though the Lommel polynomials have a hypergeometric representation as a o Fj,
they do not appear in the Askey scheme. In this paper we rectify this, by realizing two sets
of ¢-Lommel polynomials as limiting cases of associated Askey—Wilson polynomials. One
may ask for an associated Askey scheme which contains this limiting case (see Problem 8.7).

The paper is organized in the following way. In Section 2 we define the three sets of
g¢-Lommel polynomials using three-term recurrence relations. The classical connection
between these polynomials and ¢-Bessel functions is given in Section 3. The associated
Askey—Wilson polynomials are reviewed in Section 4, along with explicit limiting cases to the
g-Lommel polynomials; see Theorems 4.7 and 4.8. In Section 5 we independently prove the
continued fraction expansions for the moment generating functions, and give two surprising
equalities of continued fractions in Corollary 5.6 and Theorem 5.12. Combinatorial
interpretations of these continued fractions are given in Section 6; see Theorem 6.9 and
Corollary 6.11. A general combinatorial result for the concurrence of type R; moments
and orthogonal polynomials moments is given in Section 7; see Theorem 7.2. In Section 8
we propose some open problems.

We use the standard notations ,Fj, for hypergeometric series and ,¢, for basic hypergeo-
metric series (also sometimes called g-hypergeometric series) [14].

2. ¢-LOMMEL POLYNOMIALS
In this section we give the defining recurrence relations for the Lommel, the classical

g-Lommel, the even-odd ¢-Lommel, and the type R; ¢-Lommel polynomials.

Definition 2.1. The monic Lommel polynomials h,(x;c) are defined by
1
(c+n)c+n—1)

We consider three versions of ¢-Lommel polynomials.
Definition 2.2 ([15, § 14.4]). The classical q-Lommel polynomials are defined by
hnii(z;e,q) = xhy(z;¢,q) — Mahn_1(z5¢,q), n >0, h_i(x;c,q) =0, ho(x;c,q) =1,

hni1(z;¢) = xhy(x;¢) — hp-1(z;¢),n >0, h_i(z;¢) =0,ho(x;c) = 1.

n—1

cq
(T —cq 1) (1 —cq)

where A, =
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Definition 2.3. The even-odd q-Lommel polynomials are defined by

Pri1(@5¢,q) = xpu(x;c,q) — Mpn-1(z5¢,9), n >0, p_q(x;e,q9) =0, po(z;c,q) =1,

cq3n—1 qn

Aoyt = )
(1 —cg>1)(1 — cq2n)’ 2n+1 (1 — cq®)(1 — cg?+1)

Note that each polynomial h, and p, may be considered as a g-analogue of the classical
Lommel polynomials since

lim(1 —¢)*ha(z/(1 = ¢);¢% ¢) = hn(;¢),  1m(1 = ¢)"pa(@/(1 = )5 ¢% 4) = a(w; ).

where Ao, =

Definition 2.4. The type R; q-Lommel polynomials are defined by

TnJrl(x;C’ Q) = (:C - bn),rn(x;c7 Q) - xanrnfl(x;c7 Q)u T*l(x; C, Q) = 07 7,,0(‘%.;67 Q) = 17

(2.1)
n 2n—1
q cq
h bn = T n — .
where 1 —cqn ¢ (1 —cqg"1)(1—cqm)
Note that if
Pa(r;c) = lim(1 — ¢)*"ra(2/(1 - 0)* ¢, q),
q—1
then ) ) - )
Pri1(z; ) = xfy (25 ¢) — Ccrn— DT Prno1(z;0). (2.2)

The polynomials 7, (z;¢) in (2.2) are closely related to the monic Lommel polynomials.
For example, it is known that their moments are the same; see (7.2).

Koelink and Van Assche study the even-odd and the type R; ¢g-Lommel polynomials®
in [23, Section 4], and Koelink continues this analytic study in [21].

Orthogonality relations for the classical ¢g-Lommel are in [15, Theorem 14.4.3], while
those for the even-odd ¢-Lommel and the type R; ¢-Lommel are in [23, Theorem 4.2]
and [23, Theorem 3.4].

3. ¢-BESSEL FUNCTIONS AND ¢-LOMMEL POLYNOMIALS

In this section we give the recurrence relation which connects g-Bessel functions to the
classical g-Lommel polynomials and the type R; ¢-Lommel polynomials.

Definition 3.1. The Bessel functions J,(x) are defined by

(2/2)" (—==%/4)"
Mv+1) n§>:0 nl(v+1),

J,(z) =

Definition 3.2 ([6, p. 188, (6.2)]). The classical Lommel polynomials L,,,(z) are (non-
monic) polynomials in 27! defined by Lo, (2) =1, L1 ,(z) = 2v/z, and
2
Loiin(2) = 20D ) Ln(2), mz L
z
Equivalently,

hn(x;¢) = Ln,C(Q/x>/<C)n~

1Continued fractions of type R and the corresponding orthogonal polynomials of type Ry or Ry; were
introduced by Ismail and Masson in [16], the notation being a mnemonic for rational interpolation.
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The Bessel function satisfy J,11(z) = 2.J,(2) — J,—1(2). Iterating this recurrence offers
the following connection with Lommel polynomials.

Proposition 3.3 ([6, p. 187]). The Bessel functions and the classical Lommel polynomials
are related by the recurrence

Jvn(2) = Loy (2)J0(2) = Ln1p11(2) 1 (2)

Definition 3.4. Jackson’s first ¢-Bessel function J(V(z;q) and second q-Bessel function
J?(z; q) are defined by

qy+1;q 00 v 14
I Geia) = L= (0,0:0 . —224),
q”“;q ) v v v
JIEZ)(Z;Q) = <(qq))(2/2) 0d1 (—§q +1§Q7 —q +1Z2/4) :

In this paper we consider only the first and third ¢-Bessel function, as the second
g-Bessel can be obtained from the first by changing ¢ to ¢~ !. Recall that we consider
formal power series in z, and have no restriction on g.

Proposition 3.5 ([15, Eq. (14.4.1)]). The first q-Bessel functions satisfy
&I @i0) = L (@) IO (@iq) — L@ @e). (3D
where Lgl)(x1q) = 1, L) (21q) = 2(1 — ¢"**)/z, and

20— = L) + ), L
Again, we need a rescaling to obtain the classical g-Lommel polynomials,
ho(w;c,q) = L) (2/%:9) /(¢"; @)y €= 1"
Definition 3.6. The Jackson’s third q-Bessel functions J$*(z;q) are defined by

i 161 (054" 4,02°) .

"5 q) 00"
J£3)(Z; Q) = ((qq))

Define the Laurent polynomials L), (z;¢) by

L (z0) = (2 4+ 27 (1= ™) L9, (50) — LS, (210).
We rescale these Laurent polynomials to obtain polynomials

n/2
(3) (... o z 3) (—1/2. 1 o
ra(r;c,q) = ————Ly (x7/%q ), c=4¢". 3.2
(wi610) = i L ) 32
Then 7"7(13)(37; ¢,q) are the type R; polynomials defined by r(i) (x;¢,q) =0, 7“(()3)<£L'; c,q) =1,

and

reh(@ieq) = (@ = b)rP (e, q) — vanr (wieq),  n >0,
n 2 2n—1
where b, = —2 &, = ca .
1 —cqn (1 —cq»1)(1 — cqm)
Using the recurrences one can easily check that

r¥(cz; e, q)

r(T;c,q) = -

’
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where r,(z; ¢, q) are the type R; g-Lommel polynomials r,(z; ¢, ¢) in Definition 2.4.
Koelink and Swarttouw [22, Eq. (4.12)] showed that the third g-Bessel functions satisfy
the following property analogous to (3.3) and (3.1).

Proposition 3.7. The third q-Bessel functions satisfy
L(z0) = L3, (5 )0 (z:0) = L1 (20) 170 (25.9).
Koelink and Swarttouw [22, Eq. (4.24)] also showed that

. 1—v

J(3) .
M—00 (ZQ;q)OO y—l(zvc.Z)?

which implies
3
Rovia(za) _ Ih(zq)

lim = ) (3.3)
me RO () B (z0)
By (3.2) and (3.3) we have
JB) (12, 1 o vH1,.(3) (1. 42
V—‘rl(x 1 q ) — lim q Ty (iC y 4 9 q) ) (34)

J,ES)(ZL‘UQ; 1) O gl/2(] q”“)rﬂl(x_l; ¢+, q)

The g-Bessel function relation for the even-odd g-Lommel polynomials which corresponds
to Proposition 3.5 is given in [23, Proposition 4.1].

4. ¢-LOMMEL POLYNOMIALS AND THE ASKEY SCHEME

The ¢-Lommel polynomials do not appear in the Askey scheme. In this section we
realize both the classical g-Lommel and the even-odd ¢-Lommel polynomials as limiting
cases of the associated Askey—Wilson polynomials; see Theorems 4.7 and 4.8. We then use
results of Ismail and Masson [16] to give explicit formulas for each polynomial. Finally,
we prove that the moments for even-odd g-Lommel and the type R; ¢-Lommel agree; see
Theorem 4.14.

An explicit formula for the Lommel polynomial h,,(z;c) is

hn('xu C) = xn2F3(_n/27 (1 - n)/27 = l—c— n, —mn; —4/1,’2)

In this section we give explicit formulas for our three families of ¢g-Lommel polynomials.
The classical ¢-Lommel polynomials have a corresponding single sum formula [15, Theo-
rem 14.4.1]:

1 [n/2] —1jC,; .
(e 0) = ¢ E O Do i,

GOn =5 (4,69); (4 @n—2j
Here are the main results for the even-odd ¢-Lommel polynomials.

Theorem 4.1. The even even-odd q-Lommel polynomials have the explicit formula

B N RN T
n\T; C, = (-1
b2 (x ‘ q> ( ) (Ca Q)2n k=0 (Q7Q)k v

n—k k—1. 1— k—142s n+k k—n k.
" (cq" q)s1 —cq (cq™**,q ,q,q)scsq

—sk—i—s(s—l)‘
= (¢q)s 1—cg*t (¢ cq™ ¢ q)s
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Theorem 4.2. The odd even-odd q-Lommel polynomials have the explicit formula

() o (

nd q ", g™ g Dk -k s
(cq: @)on = (@ Q)x

" "i’“ (g5 q)s 1 — g™ (g™, 4" ", 4" i q)s g~ O +2)s=s(s-1)
= (©q)s 1—cg (g7, cq™, ¢ q)s

Pans1(25¢,9) = (=)

Note that the inner sums in Theorems 4.1 and 4.2 are basic hypergeometric series.
The coefficient of 22* in Theorem 4.1 and z?**!
hypergeometric series.

In order to prove Theorems 4.1 and 4.2, we first write the even even-odd polynomials
as orthogonal polynomials in 22 using the odd-even trick. Then we realize the new
polynomials as limiting cases of associated Askey—Wilson polynomials, for which explicit
formulas are known. The same method will work for the odd even-odd polynomials.

We begin with the associated Askey—Wilson polynomials. First, recall that the monic
Askey—Wilson polynomials satisfy the following three-term recurrence (which, as claimed
by Favard’s theorem, is characterizing orthogonal polynomials):

in Theorem 4.2 are terminating basic

Prs1(r) = (T = bp)pn() = Aupna(z), n2>1, (4.1)

where
1 1 1
b, = §(a+a —A,—C,), Ap = ZAn_lcn,
1 —abg™)(1 — acq™)(1 — adqg™)(1 — abedg™™ 1)
a(l — abedg?—1)(1 — abedg®™) ’
o - @1 =g") (1 —beg" )1 — bdg")(1 — edg" )
" (1 — abedg®—2)(1 — abedg?—1) '

An:<

Then, the associated Askey—Wilson polynomials are defined by the same three-term
recurrence relation (4.1), with ¢" replaced by ag™.

Definition 4.3. The associated Askey—Wilson polynomials p{™ () are defined as a solution
to

P () = (2 = bu(a)pl (z) — Au(@)piy (), n>1, (4.2)

() = 0+ a™ = Aufa) = Cula),  Aale) =

Ay, q) = (1 — abaq™)(1 — acaq™)(1 — adag™)(1 — abedag™™!)
n\Q, q) = a(l _ abcda2q2n—l)(1 _ abcdazqgn) )

a(l — ag™)(1 — beag™ ") (1 — bdag™ ') (1 — cdag™!
Cula,q) = =20 ¢ )( ") ")

(1 — abcda?q?=2)(1 — abeda?q?n1)

There are two linearly independent solutions to (4.2), depending on the initial conditions.
Ismail and Rahman [15, Eq. (4.15), Eq. (8.9)] gave these two independent solutions as
double sums, the inner sum being a very-well-poised 13Ws.
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Theorem 4.4. Two linearly independent solutions ¥\ (x,q),e = 1,2 to (4.2) are given

by
P (g q) = K, z”: (g™, abeda?q™ 1, abeda? /q, az,a/z;q)k
= (q, abar, aca, ado, abede/ q; q) g
X 10Wo (abcdaqu_Q; a,bca/q,bda/q, cda/q, S, abeda?q" R gk g T)
where

_, (aba, acar, ada, abeda/ q; q)y,
(abeda?qn=1, abeda® /q; q)n
and the two choices for e correspond to

(S.T) = (¢, ), for e =1, (S,T) = (¢*,qa?), forc=2.

K, = (2a)

We next explain how Theorem 4.1 follows from Theorem 4.4. First we rewrite the
recurrence relation [6] in terms of polynomials in 2. Let ¢,(z) and s, (z) be the polynomials
satisfying

an(xv ¢, Q) = tn($2)>
Pont1 (T3¢, q) = w5, (2?).
Proposition 4.5. We have
thi1(z) = (x — Bp)tp(x) — Apty—1(x), t-1 =0, to(x)=1.
where
1

(1=¢)(1—cq)’
Bn:)\2n+/\2n+1a n > 17

An = >\2n—l)\2n7 n =1

B():

Proposition 4.6. We have
Sni1(x) = (& — Bp)sn(x) — Apsn—1(z), s-1=0, so(x)=1
where

B, = Xopt2 + Aopy1, n>1,
An = /\2n+1)\2n7 n > 1.

We shall obtain the recurrence relations in Propositions 4.5 and 4.6 by an appropriate
limiting case of Theorem 4.4. Our goal is to obtain (4, C,) = (Agni1, A2n) for t,(z) and
(An, Cr) = (Aant2, Aony1) for s, (z). Then we match the initial conditions to find the correct
linear combination of the two solutions.

First choosing a = ¢ ¢ 'a, b = ¢ = d = 1/a, we obtain

a(l —cg"™/a)’(1 — acq")
cq(1 —cg®)(1 — cg®r+t)

cq(l —¢"/a)(1 —ag"™ ')’
Oé(l _ Canfl)(l _ Can) ’

An(aa 1/Q) =

Cn(a’ 1/Q) =
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By rescaling z by Ba?z/2, i.e., pn(z) = 2"a"?"B™"p{*) (Ba’x/2), we have

Pryi(r) = (z — Bn(a))ﬁn(17) - :\n(@)ﬁn—l(x>v

by (cv) ! (Cq + 2~ Au(a,1/g) = Cula, 1/Q)> ,

" Ba?\a cq

@) = g3 Aul 1/0)Cale,1/0)

If @ — o0, the first two terms in lsn(a) vanish. Choosing B = 1/¢, we obtain the desired
values for Proposition 4.5

li A4, o1 = = Aan )

Oél_{lgo BO&Q (Oé /Q) (1 _ ngn)<1 _ Cq2n+1) 2n+1
-1 qu’mfl

lim ——C,(a,1/q) = — Aon.

N =D

The first degree limiting polynomial matches the second Ismail-Rahman solution in
Theorem 4.4 with (a,b,¢,d) = (a/cq, 1/, 1/, 1/ ),
1
1= —co)

xr —

so that
. N T (@,2) (.
Aim py(z) = lim o7 (x;1/q),

which is the stated explicit formula in Theorem 4.1.

For the odd even-odd polynomials in Proposition 4.6, we choose (a, b, c,d) = (cqg*a, 1/,
1/a,1/a),
(1 —caq™)°(1 — cg"*'/a)
acg®(1 — g1 (1 — cq2nt2)’
acg’(1 —ag")(1 —¢"'/a)’

(1 _ Cq2n)<1 _ Cq2n+1)
As before choosing p,(z) = 2"a~2"B~"p(®) (Ba’z/2) and B = —cq® we find

n

An(a7 Q) =

CH(O‘7 Q) =

] 1 cq3n+2
ah—>r§o BaQ*An(Oé, q) = (1 — c?)(1 — cg?n+2) = Aan+t2,
) q"
lim —C,(a,q) = = Aopt1-
o Baz? <O‘ q) (1— ch")(l _ Cq2n+1) 2n+1

The first degree limiting polynomial matches the first Ismail-Rahman solution in
Theorem 4.4 with (a,b,c,d) = (c¢*a, 1/, 1/, 1/a),
14 cq
(1—c)(1—cq?)

xr —

so that
. N _ . (Oé,l) .
dim p(z) = lim o7 (2;q),
which is the stated explicit formula in Theorem 4.2.
We summarize these limits for the even-odd ¢-Lommel polynomials.
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Theorem 4.7. The even-odd q-Lommel polynomials are the following limits of associated
Askey—Wilson polynomials

ponlesenq) = lim P00 (022 /24:1/q),  (abc,d) = (afcq, /o, 1/a, 1/a),

a—oo 2N

o (=2/cg®)™
Pant1(75c,q) = x lim (Z2/eq)”

a—00 aﬂn

1/}((1’1)(_0(]2062*@2/2; Q)a (CL, b7 C, d) - (Cq206, 1/06, 1/0{, 1/06)

n

For the classical g-Lommel polynomials h,(x;c; q), for the even polynomials choose

(a,b,c,d) = (1,q/a* ¢, 1)

and for the odd polynomials choose
(a,b,c,d) = (1,¢*/a? ¢, 1).

Similar calculations to the proof of Theorem 4.7 show the next result.

Theorem 4.8. The classical q-Lommel polynomials are the following limits of associated

Askey—Wilson polynomials

hon(z;¢,q) = lim =2"

a—yoo  2n

_2 n
P e,q) = 2 lm Ty (a2i2agg) (a,b,,d) = (1, el e 1).

a—oo 2N n

Theorem 4.9 is [15, Theorem 14.4.1].

¢(a’2)(—a2$2/25 Q), (Cl, ba C, d) = (1,q/0¢2,c,1),

n

Theorem 4.9. The classical q-Lommel polynomials are
n/2 k k2 —k
n—k <_C) q _ 9ok
hn x;C, = " )
e k; l k L(C; Drlcqg™ a7

Proof. We consider the even case, the proof for the odd case is similar. The inner sum
becomes an evaluable very-well-poised W5

_ n n _ (cq
W (cq’“ Lk ed™ " | g5 q 2’“) =

2n—2k

L k(@ )k —k(n—k)

q .
(e @)e(d5 @)

By considering the coefficient of x , we arrive at Theorem 4.9 with n replaced by 2n.
The odd case actually gives the same result. U

n

For the type R; ¢-Lommel polynomials there is a simple generating function which gives
an explicit expression.

Proposition 4.10. The type R; q-Lommel polynomials have the generating function

P (e g1 — = (—xt/c)kq_(};)
712::0(0 4 n Tali 0 _g(t/catw;q‘l)m'

Proof. If G(x,t) is the generating function on the left side, then Definition 2.4 implies
G(z,t) — 1= (z+1/c)tG(x,t) — at/c G(z,tq ") — 2t*/c G(x,1),
1 xt/c
G(z,t) = — Gz, tq™!
@) = A0 —t0 ~ G=ma =t @)

whose iterate is the result. O
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Theorem 4.11. The type R; q-Lommel polynomials have the explicit formula
1 n n—k Lk _
r(e0) = ooy 2 z<_x/c>kq<z>[ +a] [n 5 1 e
gt g1

—1. ,—1
c ’q )n k=0 a=0 a

Proof. Apply the ¢~ !-binomial theorem to Proposition 4.10 to find the resulting coefficient
of t". O

Proposition 4.12. We have the connection coefficient relation

n [n} qung—(n—k)2
o

2
n\Z"; C, =
@ea =2 |, et e g

——Pan-2k(7;5 ¢, Q).
k=0 )k

Proof. Induction on n using the three-term relations. U

Proposition 4.13. If L, is the linear functional for the even-odd polynomials p,(x;c,q),
then

C?quL2
L,(rn(2%¢c,q) = ————.
plrnl )= oo
Proof. Apply L, to both sides of Proposition 4.12. By orthogonality, £,(p;(x)) = 0 for
j > 0, so only the k£ = n term survives. U

Theorem 4.14. The moments of the type R; q-Lommel polynomials are equal to the even
moments of the even-odd q-Lommel polynomials,

L.(x™) = L,(z*™), m > 0.

Proof. Using the three-term recurrence (2.1), the type R; moments £, (z™) are recursively
determined by [18, Corollary 3.15]

2
qun
L. (ry(x;c, =aiay-- Q= ——, n>0.
Ualti ) = @t = gy M2
By Proposition 4.13 the moments £,(z*™) satisfy the same recurrence. U

For completeness, we give the inverse relation to Proposition 4.12.

Proposition 4.15. We have the connection coefficient relation

(:00) = Y m (—ohg (1)
Pon\T5C,q) =
’ iz Lkl (cq Y e g7 )k

Tnfk($2$C,Q»

Proposition 4.16. The even-odd q-Lommel polynomials have the explicit expressions

1 n

k . .
_ n— n—k+j5—11 . . (&
pon(:,0) = 7 S (= 1Fe 2 (egb; )anon Y [k - j-} [ T g,
C)q 2n k=0 ]:0 j q j q
1 & k.o 2n—2k+1, . k =g [n—-k+i] jn+(5)
pon+1(z;0,q) = ) > (-1)fx (cq”; q)on—2k41 Y o . "2,
G q)2n+1 =0 Iy J q

Proof. This follows from Definition 2.3, by considering the coefficients of x2"~2+~1, U
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5. MOMENTS AND CONTINUED FRACTIONS

In this section we review the known facts which connect continued fractions to moment
generating functions. We independently prove the continued fractions for the moment
generating functions of each of the three g-Lommel polynomials.

Definition 5.1. Take a sequence of orthogonal polynomials p, (x) which satisfy p_;(z) = 0,
po(z) =1, and

pn-l-l(x) = (I - bN)pn(ﬁ) - )‘npn—l(x)a n =0,
and whose linear functional for orthogonality is £,. Define

fin({0k Y20, { Ak o) = Lp(2").

The moment generating function for £, is

i(]EP(xn)tn - iﬂn({bk}kzm {Ak}kzo)tn.

A Jacobi continued fraction also exists, converging as formal power series in ¢:

©° 1
E L,(z")t" =
n=0

A\ 12

1— bt —
0 Mt

1—bit —
1—"-.

Definition 5.2 ([18]). For general type R; orthogonal polynomials
Tne1(x) = (x — by)rp(x) — (apx + Ap)rp-1(z), n >0,
with linear functional £,, define

fn({0k Fr205 { @ F 205 { Ak Faz0) = Lo (2"). (5.2)

The corresponding continued fraction for the type R; moment generating function
is [18, Corollary 3.7]

o0 1
L, (2" = 5.3
nz:;) <x ) alt -+ )\1t2 ( )
L= bot = £+ Aot
a
1— byt — S2b T A2
1— .

Note that both continued fractions in (5.1) and (5.3) are explicitly given in terms of the
three-term recurrence coefficients. We shall evaluate the continued fractions as quotients
of basic hypergeometric series, namely g-Bessel functions, using contiguous relations.

For the Lommel polynomials h,(x;¢), it is known that the moment generating function
is a quotient of Bessel functions, with A\, = 1/(c+n — 1)(c+ n),

s F1(6+1—t2) 1
Ly(am)tm = ° L= .
7;) h(x ) OFI(C; —t2) ) /\17152

Aot?

1—

1— -
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The moment generating function for the classical g-Lommel polynomials is a quotient of
g-Bessel functions. In this section we shall see that a corresponding result holds for our
other two g-Lommel polynomials, and in fact their moment generating functions are equal.

Theorem 5.3 ([15, Theorem 14.4.3]). The moment generating function for the classical
q-Lommel polynomials h,(x;c,q) is a quotient of Jackson’s first q-Bessel functions

= $1(0,0; cq; ¢, —t°) 1
L (")t = 2 _ 7
nz:;) h(x ) 2¢1 (07 07 G 4q; _t2) 1 )\1t2

Aot?
L
where, as in Definition 2.2, A\, = cq" ' /(1 — eq" 1) (1 — cq™)).

1—

Theorem 5.4. The moment generating function for the even-odd q-Lommel polynomials
pn(T;¢,q) is a quotient of Jackson’s third q-Bessel functions

S L, (2 = 191 (0;cq;q;qt?) 1
b S 101 (05 ¢; ¢; %) - o
L Aot?
1—
where, as in Definition 2.3,
\ _ Cq?m—l \ _ qn
n (1= cg® 1) (1 — cg®)’ n+1 (1 — cg®)(1 — cg?n 1)

Theorem 5.5. The moment generating function for the type Ry q-Lommel polynomials
rn(x;¢,q) is a quotient of Jackson’s third q-Bessel functions

iﬁ (myon = 101 (Oicaaiaz) 1
n—0 ' 1P1 (O§ C q; Z) aiz ’
1-— boZ -
(0574
1— blz -
1-— bQZ -
where, as in Definition 2./,
Y Cq2n71 b — L
" (=g ) (1 — eqn)’ S

Theorem 4.14 implies that the two continued fractions in Theorems 5.4 and 5.5 with
2z = t2 are equal.

Corollary 5.6. We have the equality of continued fractions
1 1

a1z Az
1—boz — l-—
(5% Aoz
1-bjz———F"— 1-—
1 —boz — "-. 1-"

where a,, b,, and A\, are defined as in Theorems 5.4 and 5.5.
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Theorems 5.3, 5.4, and 5.5 may all be proven using contiguous relations for hypergeo-
metric and basic hypergeometric series. To prove Theorems 5.3 and 5.4 we use Heine’s
contiguous relation [10, Eq. 17.6.19] which is

1—b)(a—
201 (ag, b; cq; ¢, 2) — 201 (a, b;¢,¢, 2) = El - ng? — 2;2% (aq,bg; cq*; 0, 2)

Equivalently,
201 (aq, bicq;q,2) _ 1 (5.4)
201 (a,b;¢;¢, 2) (1=b)(a—c)z 201 (bg,aq; cq?; q,2)

(1=c)(1—cq) 201(b,aq;cq;q,2)
Applying (5.4) iteratively, we obtain Heine’s continued fraction, which is a g-analogue of
Gauss’s continued fraction.

Lemma 5.7 (Heine’s fraction). We have

201 (ag, bcqiq,2) 1
201 (a:bicig2) 0 Bz
1— Baz
1
where )
_ (1=b¢")(a —cq")q" _ (I —ag")(b—cq")q"”
52714—1 - 2 2 1\’ /627’1 - 2n—1 2 :
(1 —cq*)(1 — cq?+t) (1 —cg®1)(1 = cg?)
Theorem 5.3 is the special case a = b = 0 and z = —t* of Lemma 5.7. Theorem 5.4 is
also the limiting case z = —t?/a, b =0, a — oo of Lemma 5.7.

For Theorem 5.5 we need the ¢-Norlund fraction [8, Eq. (19.2.7)]. However, to simplify
the expressions we need some notation for continued fractions.

Definition 5.8. For sequences a; and b;, let

I7n< <CL’L> — ao :f% <al) = —aO
=0\ b; b + ay ’ =0 \ b, b + ap
0 b1 -+ Ay, 0 bl ‘I’
.. + bi

The following lemma will be used later.

Lemma 5.9. For any sequences {a; : 0 <i <m}, {b;: 0<i<m}, and{c; : =1 <1 <m},

we have
m m

K (az> K (azcz lcz)
i=0 \ b c_q1 =0 bcZ '

Proof. By multiplying the numerator and denominator of the i*" fraction by ¢;, we obtain

Qo aoCo

aq a1CoCy
bp + ————  boco +
by + L G bici + A Crm—1Crm
b, ' b,
which is equivalent to the equation in the lemma. O
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Lemma 5.10 (¢-Norlund fraction). We have
201 (a,b;¢;q, 2) 1l (a+b—ab—abq)z N 1 f% ( cm(2) ) |

291 (aq, bq; cq; q, z) 1—c 1—cm=1\e, + dnz
where
em(2) = (1 —ag™)(1 = bg™)(cz — abg™2%)q"™ ™,
em=1—cq",

dpm = —(a+b— abg™ — abg™**)g™.

The ¢g-Norlund fraction can be restated in the form of a continued fraction for type R;
orthogonal polynomials.

Proposition 5.11 (¢-Norlund fraction restated). We have

201 (aq,bq; cq; q,2) 1
ngl (CL, ba ¢ q, Z) 1— bz — arz + )\122 7
0 _— Aoz + No2?
1-— ng - .
where
. (a+b— abg™ — abg™ ™) g™
m 1 _ Cqm )
(I —=ag™)( —bg™)eqg™!
m = — m—1 m
(1 —cqgm=1)(1 —cqm)
v (1 —ag™)(1 — bg™)abg*™ !

(1 —cqgm1)(1 = cq™)

Proof. By taking the inverse on each side of the equation in Lemma 5.10, we obtain

201 (ag,bg;¢q:¢,2) _ 1 —c e [ cn(2)
2¢1 (CL, ba G4, Z) CO(Z) m=0\ &, + dmz .

Applying Lemma 5.9 with ¢; = 1/(1 — ¢q") and m — oo yields
201 (ag,bg;cq39:2) _ (1= cg (1 —¢) g < Cm(2)/(1 — g™ 1)(1 — cq™) )
201 (a, b5 ¢; ¢, 2) co(2) m=0\en/(1 = cq™) + dmz/(1 = cqm) )’
which is the same as the desired identity. O

Proof of Theorem 5.5. Replace z by z/b, put a = 0, and let b — oo in Proposition 5.11.
The result is Theorem 5.5. U

Note that when b = 0 both Lemma 5.7 and Proposition 5.11 give a continued fraction
expression for

261 (a,0;¢;¢, 2)
201 (aq, 0;cq; ¢, 2)
Therefore we obtain the following theorem.
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Theorem 5.12. We have the equality of continued fractions

1 B 1
= X 7
1— bz — @z - MF
(5% Aoz
1—byz—————— 1-—
1—boz— "-. 1-"
where
(ag" — 1)cqg" ; aq”
ap = ) n = T
(1 —cq® ") (1 —cqm) 1—cq"
N _Cq2n—1(1 _ aqn) \ _ (CL _ an)qn
n (1= cg® 1) (1 — cg®)’ 1 (1 — cg®)(1 — cq?n+1)

When Theorem 5.12 is interpreted as an equality for moment generating functions, we
find the following generalization of Theorem 4.14 which holds for ¢-Lommel polynomials.

Corollary 5.13. Let \,,a, and b, be given by Theorem 5.12. The 2n'" moment of the
orthogonal polynomials defined by ppi1(2) = Tpn(x) — Appu_1(x) is equal to the n'™ moment
of the type R; polynomials defined by r1(x) = (x — by)ry(x) — apzr,—1(z).

6. COMBINATORICS OF MOMENTS OF TYPE R; ¢-LOMMEL POLYNOMIALS

The moment generating function for type R; polynomials is given by the continued
fraction in (5.3). For type R; g-Lommel polynomials we give in this section a general
combinatorial interpretation for this infinite continued fraction in terms of parallelogram
polyominoes. We also interpret the finite continued fraction and give an explicit rational ex-
pression using ¢g-Lommel polynomials. To be specific we give a combinatorial interpretation
for the ratio

rP@ g ) rith (@ g g)
of (rescaled) type R; ¢-Lommel polynomials, Theorem 6.9. This is a finite version of the
result of Bousquet-Mélou and Viennot [4]. The n — oo limit of Theorem 6.9 yields a
quotient of ¢-Bessel functions,

e R TR I Ce

which is the moment generating function for the type R; ¢-Lommel polynomials. This
material appears in our unpublished manuscript [17, Section 5.

We shall need several definitions related to parallelogram polyominoes and Motzkin
paths.

Definition 6.1. An NE-path is a lattice path from (0, 0) to (a, b) for some positive integers
a, b consisting of north steps (0,1) and east steps (1,0). A parallelogram polyomino is a
set of unit squares enclosed by two NE-paths with the same ending points that do not
intersect except the starting and ending points. Denote by P the set of parallelogram
polyominoes.

For a parallelogram polyomino a € P let U(a) be the upper boundary path and D(«)
the lower boundary path; see Figure 1. A diagonal of « is the set of squares in o whose
centers are on the line x + y = ¢ for some integer . The size of a diagonal is the number
of squares in it. See Figure 2.
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F1GURE 1. The boundary paths U(«) and D(«) for a parallelogram polyomino.

FiGUurEe 2. A diagonal with size 3 in a parallelogram polyomino.

NG &
n+1 "D n+1 '.D_ n+1 ..D_ n+1 "D

F1GURE 3. From left to right are shown an NN-diagonal, EE-diagonal,
NE-diagonal, and EN-diagonal of size n + 1 whose weights are, respectively,
Ay bp, cp, and d,,.

Definition 6.2. We denote by P=F the set of parallelogram polyominoes in which every
diagonal has size at most k.

Consider a € P and a diagonal 7 of . Let u (resp. d) be the northwest (resp. southeast)
corner of the topmost (resp. bottommost) square of 7. There are four cases for d. We say
that d is an NN-diagonal (resp. NE-diagonal, EN-diagonal, and EE-diagonal) if the step
in U(«) starting at u is a north (resp. north, east, and east) step and the step in D(«)
starting at d is a north (resp. east, north, and east) step. See Figure 3.

For sequences {ay, }n>0, {bn}n>0, {Cn}n>0, and {d,, },>0, define the weight wt(a; a,b, ¢, d)
of @ € P to be the product of a,, (resp. by, ¢,, and d,,) for each NN-diagonal (resp. EE-
diagonal, NE-diagonal, and EN-diagonal) of size n + 1.

Now we review Flajolet’s theory [13] on continued fraction expressions for Motzkin path
generating functions.

Definition 6.3. A Motzkin path is a lattice path from (0,0) to (n,0) consisting of up steps
(1,1), down steps (1, —1), and horizontal steps (1,0) that never goes below the x-axis. A
2-Motzkin path is a Motzkin path in which every horizontal step is colored red or blue.
The height of a 2-Motzkin path is the largest integer y for which (z,y) is a point in the
path.
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Cy d
a2 b2 3

Cy d2

a2
C1 dg

by
Co 1 bo

FIGURE 4. A 2-Motzkin path p in Motzs® with wt(p; a, b, ¢, d) = a3bobybycoc?cadid3ds.
The blue horizontal edges are represented by double edges.

Denote by Motz the set of all 2-Motzkin paths and by Motzz™ the set of all 2-Motzkin
paths with height at most m.

For sequences {ay, }rn>0, {bn}n>0, {Cn}n>0, and {d, },>0, define the weight wt(p;a,b, ¢, d)
of a 2-Motzkin path p to be the product of a,, (resp. b,, ¢,, and d,,) for each red horizontal
step (resp. blue horizontal step, up step, and down step) starting at height n; see Figure 4.

Flajolet’s theory [13] proves the following lemma for a finite continued fraction.

Lemma 6.4. Given sequences {ay }n>0, {0n}n>0, {¢n}n>0, and {d, }n>0, we have
1

> wt(pya,b,e,d) =

cod
< o1
pEMotz;m 1 _ ao _ bO _

1_al_bl_ - Cmfldm
1—a,, — b,
There is a well-known bijection between 2-Motzkin paths and parallelogram polyominoes.

Definition 6.5 (The map ¢ : Motzy™ — P<"+1). Let p € Motzy™. Then ¢(p) = « is
the parallelogram polyomino whose upper and lower boundary paths U, D are constructed
by the following algorithm.
(1) The first step of U (resp. D) is a north (resp. east) step.
(2) For i =1,2,...,n, where n is the number of steps in p, the (i + 1) steps of U and D
are defined as follows.
(a) If the i*" step of p is an up step, then the (i + 1) step of U (resp. D) is a north
(resp. east) step.
(b) If the i" step of p is a down step, then the (i + 1) step of U (resp. D) is a east
(resp. north) step.
(c) If the i'h step of p is a red horizontal step, then the (i + 1) steps of U and D are
both north steps.
(d) If the i'" step of p is a blue horizontal step, then the (i + 1) steps of U and D are
both east steps.
(3) Finally, the last step of U (resp. D) is an east (resp. north) step.

For example, if p is the 2-Motzkin path in Figure 4, then ¢(p) is the parallelogram
polyomino « in Figure 1.

It is easy to see from the construction that ¢ : Motzz™ — P<™*! is a bijection such
that if ¢(p) = «, then wt(«; a,b, ¢, d) = dy wt(p; a, b, ¢, d).

Therefore we obtain the following proposition from Lemma 6.4, which changes the
weighted 2-Motzkin paths into weighted parallelogram polyominoes.
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Proposition 6.6. Given sequences {a, }n>0, {bn }n>0, {Cn}n>0, and {d,}n>0, we have
do

> wt(esa,b,e,d) =

acPp<m+1 cody

1 —ay—by—
’ ° 1—(11—b1— - Cmfldm

1—a,, — b,

As a special case in Proposition 6.6, if {a, }n>0, {bn }n>0, {¢n }n>0, and {d, },>0 are the
sequences given by a, = ¢"*'Y, b, = ¢""* X, ¢, = ¢""' XY, and d,, = ¢"!, then one can
easily check that

XY . Wt(Oé, a, b, c, d) — Xcol(a)yrow(a)qarea(a).
Thus we obtain the following corollary.
Corollary 6.7. We have

XY
Z Xcol(a)yrow(a)qarea(a) _ q

aepsmt 1— (X +Y) -

¢eXY
1-@(X+Y)— . XY
T 1—gmH (X +Y)
For the rest of this section we will find a finite version of the following result due to
Bousquet-Mélou and Viennot [4].

Theorem 6.8 ([9] for v = 0 and [4] for general v). The trivariate generating function for
parallelogram polyominoes is

Z (qyx)col(a) (qy>row(a)qarea(a) — J:E(%(?Ul/Q; q ") '
acP o (xq7)
In fact Delest and Fédou [9] (for v = 0), and Bousquet-Mélou and Viennot [4] state
their results in the following equivalent form:

col(a), row(a) area(a) __ 9TY 1¢1 (07 q2ya g, q2l’>
> aelleyrenialgarenta) = : Eh .
o=t 1—qy  101(0;qy; 4, qx)
Bousquet-Mélou and Viennot [4] also showed that
col{ax Trow(o area(« qu
Y geoll@)yrow(a) gareala) — =y : (6.1)
acP 1 - Q(z + y) o 5

xr
1—q2($+y)—q Y

We note that in [4, Corollary 4.6] the sequence of the coefficients of (z + y) in the
continued fraction (6.1) was inadvertently written ¢, ¢, ¢°, ..., where the correct sequence
is ¢,¢% ¢%,... We also note that there are similar results in [1].

For a sequence s = {s,}n>0, define 6s = {s,41}n>0. Kim and Stanton [18, Eq. (5.4)]
showed that for given sequences b = {b, }n>0, @ = {an}n>0, and A = {\, }n>0, and for a
nonnegative integer k,

2™ P, (271 0b, da, 6N) B 1 K (—ai:p — )\ix2>

m
P, g (z7 1 ba, ) —agr — Agx? i=0 1— bz

(6.2)
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Now we are ready to prove a finite version of Theorem 6.8.

Theorem 6.9. The trivariate generating function for bounded diagonal parallelogram
polyominoes is

( v )col(a)( V)row(a) area(a) __ q21/+1 . T7(7§) (‘r_l; qy+27 q) (6 3)
U A N Ry |
acP<m+l q Terl(l’ ) qV+ ) q)

P’I"OOf. Let b= {bi}i207 a = {ai}izo, and A = {/\i}iZOa where
qy+i+1 q2u+2i+1

bi = Y, P = - - s /\z =0.
1 — qV+Z+1 a (1 _ qu—i-z)(]_ _ qu—i—z—i—l)

Then P, (z;b,a,\) = r®) (x;:¢"*', q) and P,,(x;6b,da,6)\) = r®)(z;¢"2,q). By (6.2),
ri& (@t q" 2 q) 2 Py(a7l6b,0a,6)) 1 :[7"{( —a;x >

ol (@l gt q) B P b ) —agr =0\ T — b

By Lemma 5.9 with ¢; = 1 — ¢“T*+1,

1 Im<< —a;x ) _ 1 Lf& (—éicilcix>

—apx i=0 \1 — b;x —aopx c_1 =0 \ ¢; — b;c;x

1— ql/-‘rl Im< _q2u+2i+1x
o —qtly =0 \ 1 — gqvtitl — grtitly

Letting X = ¢"x and Y = ¢”, and combining the above equations, we obtain

q21/+1 . T(3)<I_1; qu+2’q) B Im< < _q2i+1XY )

L= B ettt =O\1—gH(X +Y)

Corollary 6.7 then completes the proof. O

Remark 6.10. It is well known that the generating function for bounded Motzkin paths
is given by a ratio of orthogonal polynomials; see e.g. Flajolet [13], Viennot [28, Ch. V,
Eq. (27)], or Krattenthaler [24, Theorem 10.11.1]. The argument in this section implies
that the left-hand side of (6.3) is the generating function for certain weighted bounded
Motzkin paths. Theorem 6.9 shows that this generating function is also equal to a ratio of
type R; polynomials.

By (3.4), taking the limit m — oo in Theorem 6.9 we obtain Theorem 6.8. We may also
use Theorem 4.11 to write the finite continued fraction as an explicit rational function.

Corollary 6.11. The trivariate generating function for bounded diagonal parallelogram
polyominoes is

Z xcol(a)yrow(a)qarea(a) _ v Zk 0 Z ( >k ay_k ‘ ( >_2k {k—ga} g1 {”;a} g1

agPsn+l ZH-H ZnJrl k( )k;pay—k—aq*(g)*k {kJraL_l [n+;7a}q—1 ’

a

Cigler and Krattenthaler [7] found a different finite version of Theorem 6.8.
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Theorem 6.12 ([7, Corollary 55]). For any integer k > 1, we have

5= oo ooy _ ViV ) m o [, [37],
acpsF ?ZO(—l)J;qu< 2 )Zf g(yq) { ﬂ}q{i;zzl]q

where Pfk is the set of parallelogram polyominoes such that each column has length at

most k and [_’Jg =0;_1.

Remark 6.13. The second odd-even trick (7.1) with Aog_1 = ¢y and Ay, = ¢* gives

qy 1

b @y B qy

11— q(l’ + y) - q5xy 1— g
l—qz(l‘—i—y)— qu

X

1 L

1—

Remark 6.14. There are also finite versions of Theorem 6.9 for the classical ¢-Lommel
polynomials and the even-odd ¢-Lommel polynomials. The rational function is again a
quotient of orthogonal polynomials while the weights on P<"*! depend upon the diagonals.

Here are the infinite continued fractions for these two cases. For the classical ¢-Lommel
polynomials, Theorem 5.3 becomes

201(0,0;¢°y: 3 —qz) _ 1—qy
2¢1(0,0; qy; ¢; —q) ¢’y
1 - qy — 3
1 g2 ¢y
S q*zy
1— g3y —

For the even-odd ¢-Lommel polynomials, Theorem 5.4 becomes

101(0; ¢*y; ¢: °x) 1—qy

16105 qy; q; qx) A
1 —qy—

Ay

As
1—¢%y — —

1—q2y —

Whel"e AZk‘—l = l‘qk and A2k‘ — 37y(]3k/2+1.

7. CONCURRENCE OF MOMENTS

Recall the notation (5.2) for the moments p,, ({bk}kzo, {ar} k>0, {)\k}kzo), which we also
write p, ({bx}, {ar}, {\e}), or wn ({bx}, {\e}) when ap = 0. There is a concurrence of
moments (see Propositions 4.5 and 4.6), which we call the first and second odd-even tricks

pan ({0}, A }) = pn ({ Aok + A1}, { Aok A2k—1})
ant2 ({0}, {2 }) = Apin ({A2ks2 + Aoegr }o { A2k A2kg1}) - (7.1)
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The classical orthogonal polynomial moments are a special case of type R; moments

{0k}, {0}, {Ak}) = o ({08}, { e }) -

There is another concurrence of moments, which follows from [18, Corollary 3.7]

p2n ({0}, {ar}) = pn ({0}, {ax}, {0}). (7.2)

It is known [18] that a type Ry moment pu,, ({bx}, {ax}, {\x}) is a nonnegative polynomial
in the recurrence coefficients. Besides (7.2) Theorem 4.14 is another example of classical
orthogonal polynomial moments being equal to type R; moments

pion ({0}, {Ax}) = pin ({bx}, {ar}, {0}) (7.3)

The main result in this section is Theorem 7.2, which expresses the Ay as a function of
the sequences ay and by, thereby providing the concurrence (7.3).

To prove Theorem 7.2 we need to recall a classical result and notation. The Hankel
determinant [6, Theorem 4.2] will be used:

det (i ({0kFr20, { Ak k20))7jm0 = ATAZ -+ Ay

Recall that for a sequence a = {ay }r>0 we write da = {aj11 >0 We also define 6 'a =
{ak-1}r>0, where a_; = 1 (the value of a_; is irrelevant for our purpose).

Definition 7.1. A Schréder path is a lattice path from (r,0) to (s,0), for some integers
T, s, consisting of northeast steps (1, 1), east steps (1,0), and south steps (0, —1) that never
goes below the z-axis. Given sequences b = {by}r>0 and a = {ay }x>0, the weight wt(P) of
a Schroder path P is the product of b; for each east step starting at height ¢+ and a; for
each south step starting at height <.

Our main theorem of this section is the next theorem.

Theorem 7.2. Suppose that sequences b = {by } k>0, a = {ax } x>0, and A = {Ax}r>0 satisfy

pion ({0}, {Ax}) = pin ({bx}, {ar}, {0})

Then
fnla,b)
MDAy Ay = ———,
T f(ah)
where
fula,b) =Y wt(p),
p
and the sum is over all n-tuples p = (Py, Py, ..., P,) of non-intersecting Schroder paths,

Py : (—k,0) = (k,0),0 < k < n. Moreover,

_y fa(07a, 671)
S IR S 0)

and if a, = b, =1 then

n+l)

fa({13, {13) =202,
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Proof. Let
Pn = Hon ({0}7 {Ak}) = Hn ({bk}7 {ak}a {O}) )

A, = det(piyj)o<ij<n-
Using the odd-even trick B, = Ag, 1 + Ao, and ©,, = Ay, 1Ay, we have

Pn = H2n ({O}’ {Ak}) = :un({Bk}7 {@k})

Therefore
A, = det(piy; ({Br}, {Or}))osijan = ©1O5 1 -+ -0 = ATAZAFT'AG - Ay, A,

which shows AjAy -+ Ay = AL /A, .

Kim and Stanton [18, Corollary 3.7] showed that u,, ({bx}, {ar}, {0}) is the sum of weights
of all Schroder paths from (0,0) to (n,0). Since A,, = det(pi+; ({bx}, {ar}, {0}))o<ij<n,
the (n+ 1) x (n+ 1) determinant A,, is the signed generating function for (n + 1)-tuples
of Schroder paths (Fy,...,P,), P, : (—k,0) — (o(k),0), for some permutation o of
{0,1,...,n}. Because there are no SE edges (A = 0), any two paths which intersect do so
at integer coordinates. Thus we may apply the Lindstrom—Gessel-Viennot lemma of tail
swapping to reduce this sum to non-intersecting paths, o = identity, Py : (—k,0) — (k,0).
Thus A,, = f.(a,b) and we obtain the identity for AjAg--- Ag,.

Now using the second odd-even trick B], = Ay, 19 + Agpiq and A, = Ay, gy, we have

Pn+1 = Hont2 ({0}7 {Ak}) = Alﬂn({Bllc}v {A;c )-
Then

A, = det(pitji1)o<ijen— = AT det(pig; ({Bi}, {A%L}))Jo<ij<n—1
= ATASTIAST A o Mg,

SO
A1A2 st Agnfl — A;L/A'In—l

As in the even case, A!, = det(pi4+1 ({0}, {ar}, {0}))o<ij<n—1 is the generating function
for n-tuples non-intersecting Schroder paths p' = (P{,..., P), P : (=k +1,0) — (k,0).
For 1 < k < n, let Py be the path from (—k,—1) to (k,—1) obtained from P] by adding a
northeast step at the beginning and a south step at the end, and let 4 be the empty path
from (0,—1) to (0,—1). This gives a bijection from n-tuples non-intersecting Schroder
pathsp’ = (P{,..., P.), P} : (—k+1,0) — (k,0) to (n+1)-tuples non-intersecting Schroder
paths p = (Py, P1,...,P,), P : (—k,—1) — (k,—1). Note that the starting point of Py
has height —1, which shifts the indices of a; and b, down by one. This shows that

A, = ag " det(iry ({be-1}, {0}, {ar—1}))o<ijen = ag" fu(0 " a,07'D),

and we obtain the identity for AjAs--- Ag,_1.
Finally, the fact that A, = 2(n-2H) and A/ = 2<n;1> if a, = b, = 1 for all k£ follows
from [18, Theorem 6.15, A = B=1,C =0]. O

The first few values of A;--- Ay in Theorem 7.2 are
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A 71f1(5 ~'b) _ ai+bo
L0 161, 5 1p) 1
( b) a9 + b1
Aida = fo(a,b) - L
AlAgAg — —1 f2<(S a, 5_16)

Y (5-1a, 0-10)
a arazaz + a3by + asazby + 2asboby + bobi + arazbs + azbobz

a + bo
fQ(a7 b)
AN AsA3A, =
S AN
- A20a30Q4 + a3b1 + a3a4b1 + 2a3b1b2 + blb + a2a3b3 + 6L3b1b3
— U112
as + b1

Remark 7.3. Eu and Fu [11] used the idea relating A,, and A/, _; in the proof of Theorem 7.2
to give a simple proof of the Aztec diamond theorem, which is equivalent to the result
n+1
A, —2(+)Whenak:bk:1.
8. OPEN PROBLEMS

Recall that Kishore’s theorem is a statement about the power series coefficients of the
ratio J,11(z)/J,(z) of two Bessel functions.

Theorem 8.1 (Kishore [19]). We have

JV+1 i

l/

O

DTL,V = H (k‘ _I_ ]/) I_’n’/k“J7
k=1
and Ny, s a polynomial in v with nonnegative integer coefficients.

where

We conjecture the following finite version of Kishore’s theorem on a ratio of Lommel
polynomials L., ,(z) defined in Section 3.

Conjecture 8.2. Let

Lo yio() _ i ngfz) (m) 2n+1
Lm+1,u+1 (IE) n=0 Dfﬂ) 2 ’
where

=[] (v + k + 1)fmmk)]
k=0

n n+m-—2k+1 )
Fmn, k) = maXQk%—lJ’{ m—k+1 J), if k #m/2,
L if k=m)2.

Then N7(LT/) s a polynomial in v with nonnegative integer coefficients.
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In Section 5 we saw that the ratio
TEhEaY) = 16 (047 g, g7 )
J,S3)(z; ¢V =gt 101 (0g7 T g, gt 2?)
has two generalizations, the ¢-Norlund continued fraction and Heine’s continued fraction.
These two generalizations seem to have a similar property as follows.

Conjecture 8.3. Let

> Yala, b e)2" = 201 (ag, bg; cg; ¢, 2)
n>0 n\a, 9, 201 (a,b;¢;q, 2)

Then
Ynla,b,c) P,(a,b,c)
n+1 Y

L=e (- el
for some polynomial P,(a,b,c) in a,b,c,q with integer coefficients.

Conjecture 8.4. Let

b. .
> nlabo)z" = 201 (49,0 ¢G4, 2)
n>0 2¢1 (CL, b7 ¢ q, Z)

Then

Ynla,b,e) P/ (a,b,c)
b= (1 —egylFH)
for some polynomial P.(a,b,c) in a,b,c,q with integer coefficients.

Note that, between these two conjectures, only the second argument of the 5¢; in the
numerator differs (namely, bg vs b).

Problem 8.5. Find a combinatorial proof of Theorem 5.12.

Problem 8.6. Find a combinatorial proof of Theorem 6.9, which contains the Bousquet-
Mélou—Viennot result Theorem 6.8.

Problem 8.7. Find an Askey scheme whose top element is the associated Askey—Wilson
polynomial which contains the q-Lommel polynomials. As an alternative, a referee has
suggested that an Askey scheme with non-polynomial entries may exist which contains the
q-Lommel polynomials.
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Abstract. Building on the notion of g-integral introduced by Thomae in 1869, we
introduce g-order statistics (that, is g-analogues of the classical order statistics, for
0 < g < 1) which arise from dependent and not identically distributed g-continuous
random variables and to study their distributional properties. We study the ¢-
distribution functions and the ¢-density functions of the relative g-ordered random
variables. We focus on g-ordered variables arising from dependent and not identically
g-uniformly distributed random variables and we derive their g-distributions, including
g-power law, ¢-beta and ¢-Dirichlet distributions.

Keywords: g¢-order statistics, g-multinomial formulae, univariate and multivariate
g-continuous random variables, g-uniform distribution, g-power law distribution, ¢-beta
distribution, g-Dirichlet distribution, waiting times of the Heine process.

1. INTRODUCTION

Order statistics and their properties have been studied thoroughly the last decades.
The literature devoted to order statistics from independent and identically distributed
random variables is very extensive. The study of order statistics arising from independent
or dependent and not identically distributed, random variables, is of great research interest.
Excellent references devoted to order statistics are, among others, the work of Arnold,
Balakrishnan and Nagaraja [2], Balakrishnan [3], David and Nagaraja [8], or Papadatos [13].

In the field of discrete g-distributions, Charalambides [6, p.167] has presented the order
statistics arising from independent and identically distributed random variables, with
common distribution a discrete g-uniform distribution. Charalambides [4, 5] also has
studied the distributions of the record statistics in g-factorially increasing populations.

The main objective of this work is to introduce g-order statistics, for 0 < ¢ < 1, arising
from dependent and not identically distributed g-continuous random variables and to
study their distributional properties. We introduce g-order statistics as g-analogues of the
classical order statistics. We study the g-distribution functions and ¢-density functions
of the relative g-ordered random variables. We focus on g-ordered variables arising from
dependent and not identically g-uniformly distributed random variables and we derive their
g-distributions, including g-power law, g-beta and g-Dirichlet distributions. Moreover, we
consider the Heine process, which had been introduced by Kyriakoussis and Vamvakari [12];
see also the work of Kemp [11]. Note that our notion of ¢g-distribution is not related to
the ¢-Gaussian distribution, or to other Tsallis distributions [14].
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We prove that a conditional g-joint distribution of the waiting times of the Heine process
coincides with the joint ¢-density function of ¢g-ordered random variables arising from
dependent g-continuous random variables.

This work contains three sections along with the introductory Section 1. In the
preliminary Section 2, we present all our g-definitions. In the main Section 3, we state
and prove our results concerning the g-order statistics and their distributional properties.

2. PRELIMINARIES, DEFINITIONS AND NOTATION

In this section, we define the g-series, the univariate and multivariate g-continuous
random variables, the Heine process, and the g-uniform distribution. It will allow us to
study g-order statistics in the next section.

2.1. g-Series preliminaries. The ¢-shifted factorials are

n

(a;Q)O = 17 (a;Q)n = H(l—aqk_l), n = 1,2,..., or oo.
k=1

The multiple g-shifted factorials are defined by
k
(ala ceey QK5 Q)n = H(aju Q)n
j=1
The g-binomial coefficient is defined by

V]:(%;%wn = k=0,1,...,n,

k . (@ Dnre [Klgln — K]y’
where (@) (1 — )
% q)n =11 — 4
nl) = [1.[2], - - [n], = -
l = 12+ ol = 72 — Dt
is the g-factorial number of order n with [t], = 11%‘5.

The kth-order factorial of the number [n], is called g-factorial of n of order k and is given
by

nlk = [nlgn—1];---[n—k+1],, k=1,2,...,n.
Note that

nlgs = [l Iyt = ¢ Gnl,! and m gy m

The ¢-binomial coefficient [Z} , equals the k-combinations {mj,...,my} of the set

! k+l>

{1,...,n}, weighted by qm1+'”+mk*( 2 ),
Z qml-‘r...-‘rmk—(k;l) — |f’[| ) (21)
1<mi<--<mg<n k q

Let n be a positive integer and let z,y and ¢ be real numbers, with ¢ £ 1. Then, a version
of g-Vandermonde’s formula is

] = ] e e

n k=0
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An interesting ¢-identity deduced by the above version of ¢g-Vandermonde’s formula is

i(—nkm NGO [y[-yL]Z]q _ lyj"] , (2.2)

n

q

Note that from the above equation we have the corresponding ¢~ !-identity

Sy [] gty e L 2.3
i ) ly + Kl [y;]

1
q

The g-binomial formula is

0+t =3 ¢ H i
i=1 k=0 k .
The above g-binomial formula, by replacing ¢ by ¢! and t by —t, becomes

[1(1— tg~) = Y (-1 ) m S SR ORI m v )

i=1 k=0 k=0
The g-multinomial coefficient is defined for nonnegative integers n and k;’s by
n ] . [n]q!

vk Teily e Tl — = — Rl

-q

1

We then have the two following equivalent expressions for the ¢~ -multinomial coefficient

no ] >[ n ] (2.5)
_klv"'akr_ 1 kla 7k
_Z] 1 n k:1—~~~—k:) n

An ordered set partition of A is a sequence (A1, ..., A,,) of non-empty disjoint subsets
of A, such that A;U---UA,, = A. Using the notation from Flajolet and Sedgewick’s book
Analytic Combinatorics [9], ordered set partitions are accordingly defined by the symbolic
formula Seq(Sets>;), and thus have the (exponential) generating function 1/(2 — exp(?))
of Fubini numbers {F,},>0 = {1,1,3,13,75,541,...}. E.g., there are 13 ordered set
partitions of {1,2,3}.

Charalambides [7] showed that the g-multinomial coefficient [k: " ] equals the
15 s up

q
number of ordered partitions of the set {1,...,n} into r + 1 subsets, (Ay,..., A,41) of
size (ki,...,kq+1), if one associates a specific g-weight to each subset. Writing A; =

Myt My k=

. . . (451
{mj1,...,mx,}, this weight is ¢ 2/ and one has

k~+1)

L:llc] Z qu“+ =57, (2:6)

where the summation is over all the above mentioned ordered partitions of {1,...,n}.
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Vamvakari [15] earlier proved the following alternative summation expansion of the
g-multinomial coefficient

= Fiooo kel

where the summation is over all k;; = 0,1 such that 1 k;;, = k; (for j=1,...,r).
We shall also use the following g-difference operator (which we also call “g-derivative”)
f(@) — flgz)
d,f(z) = ————. 2.7

We refer to [1, Chapter 10.2] or [6] for a more thorough discussion of its properties. It is
clear that it is a discrete analogue of the derivative; it satisfies e.g.

n - qn n—
dga" = 1—q$ ' = [n],>
and d,(f(x)-g(z)) = g(x)d, f(x) + f(qx)d,g(x). What is more, for differentiable functions,
one has

n—1

lim d, f(x) = f'(x).

Now, following [1, Chapter 10.1], we define the g-integral by

e}

| F@yd = > lag" = ag" ) f(ag”). (28)

n=0

[ sy = [ f@ydgr— [ f@)dge

In this context, d, is sometimes called the Fermat measure, and should not be confused
with the above g-derivative, even if they are, in some sense, related. The ¢-integral over
[0, 00) uses the division points {¢" : —oo < n < oo} and is

[T i@ae=0-0) 3 @@

n=—oo

2.2. The Heine process. Kyriakoussis and Vamvakari [12] introduced the Heine process
as a g-analogue of the Poisson process. The Heine process is defined as follows.

Definition 2.1 (Heine Process). A continuous time process {X(t),t > 0}, where X (¢)
expresses the number of arrivals in a time interval (0,t], is called Heine process with
parameters 0 < ¢ < 1 and A > 0, if the following three assumptions hold

(a) The process starts at time 0 with X (0) = 0.

(b) In each time interval of length § = (1 — ¢)t, one has 1 arrival with probability p(t),
and 0 arrival with probability 1 — p(t), where

A1 —q)t
A

That is,
P(X(t) - X(qt) =1) =p(t) and  P(X({) - X(qt) =0) =1 —p(t).
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This implies, for any k£ > 1:
_ AMI-g)g" 't
Y

P(X(¢" ') = X(d*t) = 0) = o i s

Also, the Heine process has the Heine distribution:

P(X(¢"'t) = X(d't) = 1)

k

)q<2)(kt)k
[Klg!
for k € N, with e (z) =12, (1 — (1 — Oz 2] < 1/(1 —q).

P(X(t) = k) = e,(—\t

Malvina Vamuvakari

2.3. Univariate and multivariate ¢g-continuous random variables. Kyriakoussis
and Vamvakari [12] presented the following definition of g-continuous random variables.
For clarity, let us begin by presenting this concept for one random variable.

Definition 2.2 (g-continuous). A random variable X is called g-continuous (or “Fermat
integrable”, as we integrate over the Fermat measure defined in (2.8)) if there exists a

non-negative function f,(z) (for > 0) such that

Pla<X<p)= /j fu(@)d,z.

The function f,(z) is called g-density function of the random variable X.

Note that, in particular, one has

/Doo fo(x)dyx = 1.
For the corresponding distribution function
Fla) = P(X <),
we have by definition
Pla<X <p)=F(f) - F(o),
and, for z > 0,
Fz) = /0 "t
Taking the g-derivative of the above relation we have
dgF'(z) = fo(x)
and by the definition of the g-derivative we obtain
F(z) - F(qz) P(gr <X <x)
(1-q (1-q)=

Let us now present the case of tuples.

fo(z) =
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Definition 2.3 (multivariate g-continuous). A k-variate random variable X = (X7, ..., X})
is called g-continuous (or “Fermat integrable”, as we integrate over the Fermat measure
defined in (2.8)) if there exists a non-negative function f,(x1,..., ;) such that

Bk b1
P(Cn<X1§Bh---,04k<Xk§5k)=/ / fo(z1, . a)dgy - - - dgy.

ag aq

The function fy(x1,...,zy) is called g-density function of the k-variate random variable
X = (Xy,...,Xy) or joint ¢g-density function of the random variables X, ..., Xj.

In particular, we have
/0 /0 folxy, .o xp)dgxy - - dgxy, = 1.
For the corresponding joint distribution function

F(xy,...,z) = P(Xy <z1,..., X} <)

we have
Fla,. .. o) = /0/0 Fultt - t)dgty - dyty. (2.9)
Building on the notation (2.7), let us define the partial g-derivatives by
OF (xy,...,xk)

= (dyxy) - - (dyxr)F(xy, ..., xp).

8ql‘k s 8qx1
Then, taking the partial ¢g-derivatives of the relation (2.9), we have

OF (z1,...,xx)
O0g - - - 01

= folz1,. . 2p), 2, >0, i=1,...k

and by the definition of the partial g-derivative we obtain
P(gr; < X5 <my,...,qxp < Xi < x%)
(I =gy (1 —q)wx

The marginal g-density functions of the random variables X, i =1,...,k, are given by
le(.%l) :/0 /0 fX(xl,...,xk)dqzl---dqxi,ldqxiﬂ--dqu, 1= 1,...,]€.

For the needs of this work, we also define the conditional g-density function. Let (X,Y)
be a bivariate ¢-continuous random variable, with ¢-density function f,(z,y) >0, z,y >0
and f,(y) > 0, y > 0 the marginal ¢-density function of Y. Then the function

fo(wy, .o k) = (2.10)

Pavaly) = PLE 0

is a ¢-density function because

fxiy(zly) > 0,2 >0

and
1 oo
fY(y)/O fX,Y(l‘7y)dqx _

fr(y)

fr () -

| pev(aly)dee =
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Since
Plgr < X <z,qy <Y <y)

Pgr <X <uzlgy<Y <y) = Plgy<Y <y)

we confirm that

P(gr<X<z,qy<Y<y)
fX\Y(x|y> _ P (q:z: <X < ﬂf‘qy <Y < y) _ (1—q)z(1—q)y _ fX,Y(xay) (2 11)
(1—q)z Play=i=u) fy(v)

and we give the following definition of conditional ¢-density function.

Definition 2.4 (conditional ¢g-density). Let (X,Y") be a bivariate ¢g-continuous random
variable. Let fxy(x,y) be its g-density function and fy (y) the marginal g-density function
of Y. If fy(y) > 0 for y > 0, the function

fxy(z,y)
fxy (aly) == ————
| fr(y)
is called conditional q-density function of the random variable X given that qy <Y < y.
Let (Xi,...,X})) be a g-continuous k-variate random variable, with joint g-density
function f(xy,...,zx) >0, x; > 0,7 =1,..., k. The conditional q-density function of a
g-continuous r-variate random variable (X, ..., X,) given a g-continuous (k — r)-variate
random variable (X,;1, X, 1o,..., Xx) is expressed as
flxy, ... x,)
R(xy o X (X1 X g Xi) (T15 - o T Tpg1, o ) = ) 2.12
(X1 X) | (X1 Xrg e X . ) S a2 (2.12)
where g(x,11, Zr49,...,2,) > 0 is the marginal ¢-density function of the (k — r)-variate
random variable (X, 1, X;y0,..., Xk).

2.4. On the g-continuous ¢-uniform distribution. For the needs of this work we give
the definition of the g-uniform distribution and derive easily its main characteristics and
properties. The g-uniform distribution is defined as follows.

Definition 2.5 (¢g-uniform). Let X be a g-continuous random variable with g¢-density
function

ful@) = {flf’ Psrsb (2.13)

0, z<O0orax>p,

where § > 0. The distribution of the random variable X is called g-uniform distribution
with parameter 3.

Note that by the function (2.13) and the definition of the g-integral,

[ ey = niﬂ (¢ = ™) £,(Ba™) =1,

as required by the definition of a ¢-density function.
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Proposition 2.6. The r-th g-moments of the q-uniform distribution is given by

/87‘
[r+ l]q'

= E(X7) = (2.14)

In particular its g-mean and q-variance are given respectively by

_ 7& 2 _ 3%q
o = B =g o S T v 2+ )

Proof. Using the ¢-density function (2.13) and the definition of the g-integral, the rth
g-moment of the g-uniform distribution,

B
= E(X") = /0 z" f,(x)d,z,
is easily obtained in the form (2.14). The ¢g-mean and g-variance of X follows. O

Remark 2.7. Let X be a g-continuous random variable obeying a g-uniform distribution

with parameter (3, then the linearly transformed g-continuous random variable Y = %

obeys the g-uniform distribution with parameter 5 = 1. Indeed

FﬂwZFWYSM=JWX§6w=Pkww:1?h@MM:y,OSySL
So

fry) =

1, 0<y<1,
0, y<Oory>1.

In the following proposition, we show that the linear transformation ¥ = % can be
generalized by considering the transformation Y = Fx(X), where Fx(z) is a distribution
function of a g-continuous random variable X.

Proposition 2.8. Let X be a q-continuous random wvariable with probability function
Fx(z), x € R. Then the distribution of the q-continuous random variable Y = Fx (X) is
the q-uniform distribution with parameter § = 1.

Proof. The distribution function of the g-continuous random variable Y is given, for
0<y<1, by

Fy(y)=P(Y <y)=P(Fx(X) <y) =P (X < F5'(y)) = Fx (FX'(W)) = v.

So
0<y<I,
0, y<Oory>1

and the proposition follows. O
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3. MAIN RESULTS

3.1. On the distributions of g-ordered random variables. Let a v-variate g-continuous
random variable X = (X7,..., X)) be defined in a sample space €. Then for the values
r = X1(w),...,z, = X,(w), w € Q there is a permutation (iy,...,7,) of the v indices
{1,...,v},such that z;;, <---<ua;, _, <. The k-th ordered random variable is denoted
by X) and defined by

Xiy(w) =zmw), we Q,

where x4y = x;,, k = 1,...,v. In particular, for £ = 1 this gives X1y = min{Xy,--- , X, }
and, for k = v this gives X,y = max{Xy,..., X, }. Generally, the following inequalities
hold:

0< X << X <6,

for a positive real number f3.

We now introduce the following definition of g-ordered random variables.

Definition 3.1 (g-ordered). Let ) = (Y3,...,Y,) be a v-variate g-continuous random
variable and Y3y, 1 < k < v, be the corresponding k-th ordered random variables. Assume
that Y{3), 1 <k < v, satisfy the inequalities

0 <Yy <q¥pp) < Yo < <Y <q¥p) <Y <5, (3.1)

for a positive real number 3. Then, Y{y) (for any & such that 1 <k < v) is called the k-th
q-ordered random variables.

Let Y1), 1 <k < v, be the k-th g-ordered random variables, where the non-ordered g-
continuous random variables Y7, ...,Y,, are dependent and not identically distributed. The
non-ordered, dependent and not identically distributed, random variables Y;,2 =1,..., v,
are randomly selected from the same sample space and the corresponding k-th g-ordered
random variables, Yy, 1 < k < v, satisfy inequalities (3.1). Each non-ordered random
variable Y; is thus defined on the set

RYZ‘ = [an(lil)ﬁ] = U;'/:iRja
where R; == (¢/8,¢ '8] for j=1,...,v—1and R, := [0,¢" ' 5]. (3.2)

In particular, one has

U_ R; = [0,5] and R; N R; = ) for i # j.

Moreover, we assume that the non-ordered random variables Y;’s are not identically
distributed according to their definitions sets but they are distributed with the same
functional form. Furthermore, the stochastic dependencies satisfied by the non-ordered
random variables Y;’s are explicitly defined hereafter.
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For any integer r between 1 and v, let {iy,...,.} be an r-combination of {1,..., v} sat-
isfying iy < -+ < 4,, and let {4, 41,449, ...,7,} be its complementary combination (i.e., one
has {i1, ..., 0} U {la1, draa, ... 0} ={1,...,v}) satisfying 4,1 < d,40 < .-+ < i,. Then,
we assume that the non-ordered random variables Y;’s satisfy the following dependence
relations for y € [0, 5]:

P(Y, <ylVi, <y.....Y,, <y)=P (Y, <q ), (3.3)

P(Y, SylYy >y.....Y,, >y) = P(Y, <y). (3-4)
and

P(}/Zm S y|YZ1 S y?"'?Yir S y)i/l‘rﬁ»l > y?"'?i/im—l > y)
=P (Y, <ylYi, <y,Yi, <y)
— P(Y;Wq < qim_(m_r)y> m=r+1r+2...,v. (3.5)
The ¢-distribution functions of the maximum, minimum, and k-th g-ordered random
variables (respectively Y1), Y{,), and Y(;) are derived in the following lemma.

Lemma 3.2. Let Yi,...,Y, be dependent q-continuous random variables, where

(a) Fach'Y; is defined on the set Ry, from Formula (3.2).
(b) Each'Y; has a q-distribution function Fy,(y) = P(Y; <vy), for y € Ry, of the same
functional form and satisfies the dependence relations (3.3), (3.4), (3.5).

Then, the q-distribution function of the maximum q-ordered random variable Y,y = max
{V1,... Y.}, where Yy, i =1,..., v, satisfy inequalities (3.1), is given for y € [0, 5] by

By, ) = 11 Fula ™) (3:5)

Moreover, the q-distribution function of the minimum q-ordered random variable Y1) =
min{Y,..., Y, }, where Yy, i = 1,..., v, satisfy inequalities (3.1), is given by

v

Fy, () =1=1] (1 - Fy(y)). (3.7)

i=1

Furthermore, the q-distribution function of k-th q-ordered random variable Y,), 1 < k < v,
where Yy, i = 1,..., v, satisfy inequalities (3.1), is given for y € [0, 5] by

v

Fy,(y) = > Y I B, (@) TI (1= F, (@), (3.8)

r=k1<ii<...<ipr<v j=1 m=r+1

where the inner summation is over all r-combinations {i1,...,i.} of the set {1,... v}.
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Proof. Let Fy,, (y) be the g-distribution function of Y{,) = max{Y1,...,Y,}, then

Fm)(y) P (Yy) <y) = P(max{V;,...,Y,} <y)

PYi<yYs<y,... Y, <y)

P <y)P(Ya<ylYr <y)---P(Y, <y[Y1<y,....Y, 1 <y). (3:9)
By assumptions (a) and (b), still for y € [0, 5], the above equation (3.9) becomes

Fy,,(y) =11 Fr.(q
=1

Let also Fy,,,(y),y € [0, 5], be the g-distribution function of Y1) = min{Y1,...,Y,}, then

Fy, () =P (Yo <y)=1-P Yy >y) =1-P(min{¥s,...,Y,} > y)
=1-PY1>yYo>uy,....,Y, >y
=1-PMi>yPYo>yV1>y) - P, >yY1 >y Y2 >y,....Yo0 >y)
=1-1-PYi<y)Q-PYo<ylY1>y)---1-PY, <yY1>y,....Y,o1>19)).

(3.10)
By assumptions (a) and (b), the above equation (3.10) becomes

v

FY(1)(y) = 1—H(1—Fyz(y)),y€ [Oa/B}

i=1
Now, let Fy,,, (y) be the g-distribution function of Y(3). Then, the event Y(;) <y occurs
if and only if at least k random variables from {Y7,Y,} take values in the set [0,y]
while the remaining ones v — k take values in the set (y, 5]. More precisely, consider
an r-combination {iy,...,7.} of {1,...,v,}, with iy < ... < i, and its complementary
combination {i,41,%49,...,%,}, With 4,11 < 4,42 < ... < 4,. Then the ¢-distribution
function of Y is expressed as

FY(k)( )= P(Y(k) < y)

:Z Z P(E1§y7-"7}/:£r§y7y'ir+1>y"'7Y;y>y)

r=k 1<i1<...<ip<v

=Y Y PMu<y... Y <P (Vi >y Y > ylY, <y Y <y)

r=k 1<i1<...<i<v

=> > PV <y--PY, <ylY,<y....Y,, <y

r=k1<ij<..<ir<v
.P(}/ir+1 >y’}/;1 S%-..,Yg% Sy)P(qu >y|}/;1 Syv"'v}/ir Syvifi»p+1 >y”"’)/;‘“71 >y)7
(3.11)

still with an inner summation over all r-combinations {i1,...,4,} of the set {1,...,v}.
By assumptions (a) and (b), Equation (3.11) becomes

B =% Y TR, (@) I (- F, (¢ ).

r=k1<ii<...<ipr<v j=1 m=r—+1

where the inner summation is over all r-combinations {iy, ... 4.} of the set {1,... ,v}. O
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In the next theorem, we assume that the non ordered random variables Y;,i = 1,2, ...
are dependent, g-uniformly distributed on the sets [0, ¢""'t],t > 0,7 = 1,..., v, respectively,
and we use the above lemma 3.2, to derive the ¢-distribution function and the g-density
function of the corresponding maximum, minimum and k-th g-ordered random variables
}/(k),k‘: 1,...,1/.

Theorem 3.3. Let Yi,...,Y, be dependent q-continuous random variables, q-uniformly
distributed on the sets [0,¢"7't], t >0, i =1,..., v, respectively. Assume that the random
variables Y;, 1 = 1,...,v, satisfy the dependence relations (3.3), (3.4), (3.5). Then, for
y € [0,t], we have the following q-distribution functions and q-density functions:

e For the mazimum g-ordered random variable Y,y = max{Y1,...,Y,} we have
yV
FY(,,) (y) = tT,
and
yy—l
Fro ) = W (3.12)

e For the q-distribution function and q-density function of the minimum q-ordered
random variable Y1y = min{Y;,...,Y,} we have

By, (y) =1 - 11 (1 - qiy1t>

i=1

and

fow) = 1 (1— y ) (3.13)

qV_lt ey qi—lt

e For the q-distribution function and the g-density function of the k-th q-ordered
random variable Yy we have

r=k

14 yr v—r y
F =S ST (- =

q

and

_ Vg2 y ( - )
fy““)(y)_[k—1]q![y—k]q!q(é)—(§) 7 Jl;[l 1 1) (3.14)

Proof. The theorem assumptions allow us to use Equation (3.6); the g-distribution function
of Y, is thus

v v—1 v

i— yaqy q
Fy, () =1 @ y) == ==
()< z:1_[1 ( ) tqt quflt tv
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Taking the g-derivative of the above relation we have that the g-density function of Y,
is straightforwardly given for y € [0, ¢] by

v—1

fY(V) (y) = quY(u) (y) - [V]qytu ’

Note that

v—1

t t Y
| v @iy = [ W diy = 1,

which is coherent with the fact we have here a g-density function.
Also, the g-distribution function of Y(y), by Equation (3.7) of the previous lemma 3.2, is
straightforwardly given for y € [0,¢] by

Fry()=1- 1[0~ Fr)=1-TT (1-Y).

i=1 i=1

Taking the g-derivative of the above relation and using the g-binomial formula (2.4), we
have that the g-density function of Y, is expressed as

g0 = ) = = (O] B

k=0 %
= [nt]q g(—l)k‘lq‘(g)q"““‘“ [Z B ﬂ ?:_11
_ q[f]gt :z_::;(—l)k_lq_(kz1)q_(k—1)(V—k) l; B ﬂ Zt/:_ll
- e S ey O] - T (1 )

Note that using the g-binomial formula (2.4) and the g-identity (2.2), we obtain

/Ot Py W)dgy = Mql ‘_ (—1)7g0) [V - 1]1 /Ot t;yildqy

qyil 7=0 j [] + 1]‘]
" TN v—1 1 1
= [v], 3o (~1)7gU) g+ [ » 1 =] =1,
quo J i+ 1], o
v—1
q

which is coherent with the fact we have here a ¢-density function.
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Moreover, thanks to Equation (3.8), the g-distribution function of Yy is given by

R =% E Tm () T (0 ()

r=k 1<iy <...<ir<v j=1

-y ¥ vy Y (N (Y (Y
o qil—lt qiz—lt qir—lt t qt qy—r—lt

r=k 1<ij<...<ip<v

’r‘ v—r . .

LI g) B
1<) <...<ip<v

where the inner summation is over the r-combinations {iy,...,4,} of the set {1,...,v}.
Applying the formula of the g-binomial coefficient (2.1) in the above equation, we obtain

Fy,, (y) = Z H ‘zyf[l (1 - qﬁlt) ,y € [0,t].

r=k Tl
q

Taking the g-derivative of the above g-distribution function, using suitably the ¢-binomial
formula (2.4) and conducting all the needed algebraic manipulations, we have that the
g-density function of Y{y for 1 < k < v is expressed (for y € [0,1]) as

v r—1 v—r
—r(v—r Y Yy
fY(k)(y) = quY(k)(y> - Z g Y []g r H 1-=3
r=k r q t j= q t

=1
“ —r(v—r) |V qyrl/ { i (DN—jw—r—p) |V —T1 . yj_l
e BT e ]mq .
r=k rl, j=0 J 1,

_ [V]q . —(w-r), —(r-1)(w-r) |V — 1 T .
A r—1 t’“ 1;[ Mt

1 —r(v=r) |V qr " —(v—r—
“pne )
r= q
v—r ) Jj—1
% S (1)1~ -G-De—r—p ¥ =T = 1| ¥
JZ:%( A P
q
_ M ] A Y
L J9 V 7" T— v—r 1 o .
t -1 trfl H qult

r:k

Vg =) (-1 ylv—1 TV*T ! Yy
. v—r— r(v—1-r) 1— —
t Z qz—lt

r=k

:@q (v=h) = (k= 1) (v =) [V—ll
k
-1
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Note that using suitably the g-binomial formula (2.4), the g-identity (2.2) and carrying
out all the needed algebraic manipulations, we obtain

: - 1,g2) A A
/0 P W)y = [k — 1],y — k]q!q(’é)—(k)t/o th=1 1;[ (1 qi—1t> day

2 ,] 1
| v—k ) t o k+j—1
_ q—k(y—k) V]! (—1)]q7(%) v - k Y . dyy
[k —1!v — Kl 5= j 0o tit
v—k
_ k(v—k) [V]q' j —(j) —j(v—k—3) [V - k] [k]q
=q (=1)q /g . :
ol — 1) 2 i T,
_ V]! g(_l)jq(jél)*(vfk)(k+j) l’/ - k] [k]q.
[kl — Klg! =0 J 1, [k + 4l
[lj]q! 1 1
Kl =kl [ v ]
v—k ,
which is coherent with the fact we have here a ¢-density function. U

Remark 3.4. The random variables Y1y and Y, follow g-power law distributions (see
Formulas (3.12) and (3.13)) while the random variables Y(s),...,Y{,_1) follow g-beta
distributions (see Formula (3.14)).

In the following lemma, we consider the non-ordered g-continuous random variables,
Yy,...,Y,, being dependent and not identically distributed, and we derive the joint
g-distribution function of the g-ordered random variables, Y(;) and Y{,) that satisfy in-
equalities (3.1).

Lemma 3.5. Let Yy, ...,Y, be dependent q-continuous random variables, where

(a) Fach'Y; is defined on the set Ry, from Formula (3.2).
(b) Each'Y; has a q-distribution function Fy,(y) = P (Y; <), fory € Ry, of the same
functional form and satisfy the dependence relations (3.3), (3.4), (3.5).

Then, the joint q-distribution function of the q-ordered random variables
Yoy = min{Ys,...,Y,} and Y,y =max{Y;,...,Y,},
is given by

Eyy v, (Y, 2) = ﬁan(qi_lz) - H (Fn(qi_lz) - FYi(y)) (3.15)

with y < ¢ 'z,v>1,y,2 € [0,].
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Proof. Let Fy, v, (y,2), y < ¢ tz,v > 1,y,2 €0, 0], be the joint ¢g-distribution function
of the random variables Y(;) and Y{,). Using the expression

P(Yu) <y, Y < Z) = P(Y(u) < Z) —P<Y(1) >y, Y < Z)
we then have

Fyyyv, ¥, Z):P<Y(1) <Y, Yo SZ) :P(Y(u) SZ) —P(Y(1) >y, Yo SZ)
=PY1<2,Y5<z2....Y,<2)—Ply<V1<zy<Y¥s <z ...,y <Y, <z
=PY1<2)P(Ya<z2Y1<z2)---P(Y, <z[V1 <2,Y < z,...,Y, 1 <2)
—Ply<V1<2)Ply<Yo<:zly<Vi<z)---
Ply<Y, <:zly<Vi1<zy<Ye <z ...,yu<YY,;<2). (3.16)

By assumptions (a) and (b), Equation (3.16) becomes (for y, z € [0, 8] such that y < ¢~ '2):

Py, v, (4, 2) Hmll ~ I (Fala™"2) - Fu(w)). O
=1
In the next theorem, we assume that the non ordered random variables Y; are dependent
and g-uniformly distributed on the sets [0, *¢] (for ¢ > 0), and we use the above
lemma 3.5, to derive the joint g-distribution function and the joint g-density function of
the g-ordered random variables Y(;) and Y{,).

Theorem 3.6. Let Yy, ...,Y, be dependent q-continuous random variables, q-uniformly
distributed on the sets [0,¢""'t],t > 0, i = 1,...,v, respectively. Assume that the ran-
dom wariables Y; satisfy the dependence relations (3.3), (3.4), (3.5). Then, the joint
q-distribution function and the joint q-density function of the g-ordered random variables,
Yoy = min{Yi, ..., Y, } and Yy = max{Yi,...,Y,} are given respectively by

Zl/ ZV 14 y
FY(1>7Y<V)(y’ z) = W ] (1 - qi12>

and

v, W, 2) = ¢ ][y = 1], tu H <
with y < ¢"'z,v > 1,y,2z € [0,1].

Proof. With the conditions of the theorem, by Equation (3.15), the ¢-distribution function
of the random variables Y(;) and Y{,y becomes

By (9:2) lel ~ L (Fula™"2) - Fr(w))
v—1 2 v—1
_rez 4 Z_<Z_y> = Y\ (4= =_ Yy, ... (€ = Y
t gt gt t ot qt gt g’t g%t gv= it gqvt

ZI/ SV ¥ y
~ 2T (1= .
tu tv e qz—lz
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Taking the partial g-derivatives of the above joint ¢-distribution function and using the

g-binomial formula (2.4), we have that the joint g-density function of the random variables
Y1) and Y|, is expressed as

aFy Y, (y Z) 1 g Yy
1))\
= = 1——
fY(l)’Y(z/) (y7 Z) aqzaqy a zaqyt 1;[1 qz—lz
1 2 r "
= — — -1 ’(2) vl
0,204y t¥ ;)( )'a [r] L2
1 YZ r o —(3),—rw—r) |V r—1,v—r—1
= S O [
r=0 q
= 2l = 1)y 1y g e[ =2
tl/ q qrio r— 1 Z’f‘*l
= Wl 11, (1) g (g v —2) Y
qV—ltlj q qr:(] r—1 q(qz>r—1
2¥ 72 Z i v—2| ¥
_ Uy —1 -1 Jq*(g)q—J(V—Q—J) _ :
Sl =1, L
» ZV72 v—2 y
q +1[V]q[y 1]‘1 tv g L - qu

Note that using suitably the g-binomial formula (2.4), the ¢~ !-identity (2.3) and carrying
out all the needed algebraic manipulations, we obtain

/ / fY(1> Yo y) )dqydqz

—V+1 v ) _9
= Ll = 1), (-1 g [ | L [ v
t 20 J
q_V+1 v . _( j(v—2— v—2 q(V Y (]+1)
= Wglv = 1y > (=1~ g7 279)7
tv ! qu:;) J q[’/]q
o —ut2 - j J+1)+u 2|V —
=g Py =1, Y (- 1)’ql [ . ] :
qj; jol, i+ J]q
1
=¢""?v -1 =1
v—1
[I/ — 21 i
which is coherent with the fact we have here a g-density function. O

In the following lemma, we consider the non-ordered g-continuous random variables,
Yi,...,Y,, being dependent and not identically distributed, and we derive the joint ¢-
distribution function of the g-ordered random variables, Y{;) and Y,), 1 <k <r < v.
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Lemma 3.7. Let Yy,...,Y, be dependent g-continuous random variables, where

(a) Fach'Y; is defined on the set Ry, from Formula (3.2).
(b) Fach Y; has a q-distribution function Fy,(y) = P (Y; <y),y € Ry, of the same
functional form and satisfies the dependence relations (3.3), (3.4), (3.5).

Then, the joint q- d@stmbutwn functwn of the q-ordered random variables Yy and Y,y for

1 <k<r<vw, where Yy, i =1,... v, satisfy inequalities (3.1), is given by
FY(k) T) (ya )
s J
Y Y I Fy, (') II (B, (@ 7'2) = v, )
j=r s=k ni=1 NG yeeir=8+1

11 (1 — Fying (qi”f("rj)z)) y<qd 2 1<k<r<wvyzcl0,p], (3.17)

n3 j+1
where the inner summation is over all pairwise disjoint subsets {iy, ..., is} and {iss1, ..., 0}
of the set {1,...,v} with1 <iy < -+ <iy <vand 1l <igq <igg < -+ <i; <.

Proof. Let Fy,, v, (y,2) =P (Y(k) <y,Y, < z), y<qFz1<k<r<uvyzel 8,
be the joint g-distribution function of the random variables Y{;y and Y(,) with 1 <k <r <w.
Then, the events Y{;) <y and Y{,y < z occur if and only if at least k& random variables in
{Y1,...,Y,} take values in the set [0, y|, while  — k random other variables take values in
the set (y, 2], and the remaining ones take values in the set (z,5], 1 <k <r <w. So, for
y<qg *21<k<r<uvyzel0,p], we have

Fy(k)’y(r) (y’ Z) =r (3/(’6) <Y }/(r) < Z)

v J
=> > > P({Y;g <Yle=1,..5:1y <Yi, < 2}imstr,. 5, {Yi, > Z}E:j—&-l,...ﬂ/)

j=r s=k 1<ii<..<is<v
1<isp1<isq2<...<t;<v

v o J
j=r s=k 1<ii<..<is<v
1<isp1<isq2<...<t;<v

PY;, <y)P(Yi, <ylYs, <y)--- P(Yi, <ylV;, <9,Y, <y,.... Y, <y)

Py <Y, <2Y, <y,....Y, <y

P(y< Vi, <2lYi, <y,.... Y, Sy <Y, < )

Py <Y, <zlVy <y,...Yi<ypy<Yi y <Y )

P(Yin>Z| <y,....Y; <y y<Y, ,y<Y;7<z)

-P(Yiu>z|Yi1 <Y, Y, Syy<Yi, <z...y<Y,<zY, . >z..Y,, >z),

(3.18)

where the inner summation is over all pairwise disjoint subsets {71, ..., s} and {is+1,...,%;}

of the set {1,...,v} with 1 <i; <...<ig<vand 1 <ig <igo<...<i; <.
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By assumptions (a) and (b), Equation (3.18) becomes (for y < ¢" %2, 1 <k <r < v,
and y, z € [0, f])

S

Fyy Yy (U5 2 ZZ > I 7., (qm_ly)

j=r s=k 1<ii<..<is<v ni=1
1<isp1<is42<...<t; <v

J

[ (B, (72 = R, @) T1 (1= B, (g 0e22))

no=s+1 na=j+1
where the inner summation is over all pairwise disjoint subsets {i1, ..., is} and {is41,...,%;}
of theset {1,...,v} with1 < <-- - <iyz<vand 1l <ig <igpo<---<i; <. O

In the next theorem, we use the above lemma 3.7 to derive the joint ¢-distribution
function and the joint ¢-density function of the ordered random variables.

Theorem 3.8. Let Yi,...,Y, be dependent q-continuous random variables, q-uniformly
distributed on the sets [0,q¢""'],t >0, i =1,...,v, respectively. Assume that the random
variables Y;, i = 1,...,v, satisfy the dependence relations (3.3), (3.4), (3.5). Then, the
joint q-distribution function and the joint q-density function of the q-ordered random
variables, Yy and Y, for 1 <k <r < v, are given respectively by

y A y |\ 2
ts ti—s 11 (1 - qi—lz> 11 (1 - qm—1t> (3.19)

i=1 m=1

oY (4,2 ZZ[S]—S

j=r s=k

and

B q_r(,,_,«)q_k(r—k)[,/] ! k—1 k—1 Yy v—
fY(k)vy(r) (y7 Z) - [k—l]q![r—k—l]q![u—ﬁq' tr 2" HT ( - qu) m:Tl (1 N ﬁ>
(3.20)

withy < ¢ *2,1<k<r<wv,y,z€|0,t].

Proof. By Equation (3.17) and the g-multinomial formulas (2.6) and (2.5), the joint
g-distribution function of Y(;) and Y{,) satisfies

Fy(k) Y(T) y’ Z Z Z q<s-2H)q(j_§+l>q*ilf'”*isq*mlf---fmj,s

j=r s=k 1<i1<-<is<v
1<mi<meo<--<mj_s<v

s ,J—s
Yz (1_y> 1Y) (1Y (1_Z> 1-2) (122
ts ti—s z qz gi—s71z t qt qv—I—1t

_ Yt e I y \ ;
S EE () T (- ) a1

where the inner summation of the first equality, is over all pairwise disjoint subsets
{i1,12,...,15} and {mq,ma,...,m;_s} of the set {1,....,v} with 1 <4 < ... <iy, <v
and 1 <my <me <...<mj_s <.



On q-order statistics 217

The above joint g-distribution (3.21), of the random variables Yy and Y, for 1 <k <
r<vandy<q ¥z y,z€[0,t] can be written as

v —ji(v—j) —J J . > J=sj—s
e £ S ) )

Taking the partial ¢-derivative of the inner sum over y, using suitably the g-binomial
formula (2.4) and carrying out all needed algebraic manipulations, we obtain

9y Z —s(j—s ['sz—sﬁo_ EJ )

1—1
Oy = i=1 q =z

j | jos
y —s(j—s)|] — 1 5_1zj_5 1— Yy —(s+1)(j—s—1) ]
(14 (Eq L - 1] kS l;[1 ( ey Zq
j—s—1 y ] 1
s j—s—1 1 — —k(G—k)[,; - k=1_j—k .
= < qHz)q mqlk—ll ) H( 0 12)

So,

04 vy i) (4, 2)
Ogy

v . . 1 l/—j z . . 1
_ =i |V| — 1 — —k(G=k)[:1 [J k’ 15—k 1
X qu O i s (D)

q

. v—j
= k(ﬂ v |7—1 i k 1,j—k _Z
Zq [j] [k — 11 ] qt] zl_[1 ( g 1z> a (1 qm—1t>

I ) k] R ﬁ AR PR
[k —1],![v — E|,! 4 J—k| t7 i3 gtz | gt

q j=r m=

In the last sum of this equation, taking the partial g-derivative over z, and using suitably
g-binomial formula (2.4), we get

I 5 it-igk-n v =k L H i O PR
042 = j— tJ ey qi- 1z 1 g1t
1 J—k—1 v—j
e e AT Y
k t7 baler qz) 2 qgm1t

Lo —k v—i3—1
_ Z g V=) —kG k)= (v=i—1)+j—k |V = k v — ] Z]. § jH 1Y 11 (1- < .
j=r Jj—k It 'z qmit
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It follows that
Oy

azZMﬂVW%UMV_] ]kH< }%yﬁ(k_j%>

J

v j—k—1 v—j

— v — k], g KR Y k—1 lzjfkflj 1Y 1 1~

qj:,, j—k—1| ¥ . q'z g™t
q

i—k j—k v—j—1
—j(v— —k)—(v—j—1)+j—k | V- k-1 z7 )
oy Yo ) ST (1) T
q =1
ke 1 Tkl g z
_ r(v=r) —k(r=k)[,, _ k v—k 1 = r—k—1 1 — i 1— )
q q [U ]q |]“ - k o 1 tTZ 3 1__[ qult
q

i=1
From this identity, we get that the joint g-density function given by

2
fromyo, (y,2) = aqFY(ka(T) (v, 2)
(k)4 (r) ) aqzaqy

_ q—r(u—r)q—k(v"—k)[ ]q' yk—l Zr—k—l rﬁl 1_& lﬁ . P
k=1 !r —k—=1]v —r]! tr ‘ 'z ) nz gmit

=1 m=r

with y < ¢" %z, y,2 € [0, 1].
Note that using suitably the g-binomial formula (2.4), the ¢~ and g-identities (2.2), (2.3)
and Carrying out all the needed algebraic manipulations, we obtain

/ / fY(k Yo (s 2)dgy dg2

B q —r(v— r)qfk(r k)[ }q!tfr

k- ! r — k= 1],![v — r],!

clT T y 1 7 z
ST (1= L) dy ) YT (1 d
x /0 </0 y ; ( qﬁz) qy) ® ( qm1t> ez

q"“(” gy }q!t"“ '

E i T ] e P (e
g PP, 1 ) ()= (4 —r) [I/—r] [l
= 1] k1] [oer] ! LZHL 7,y 2 i | il
- pM][ ][quuugwwl 1] L
K — & — 1,1[v — 1], ], v !

which is coherent with the fact we have here a g-density function. Note also that the joint
g-distribution function and g-density function of the random variables Y(;) and Y{,) are
given respectively by (3.19) and (3.20), for k =1 and r = v. O
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Remark 3.9. The bivariate random variables (Y(k),Y(T)) for 1 < k < r < v with joint
g-density function (3.20), follow ¢-Dirichlet distributions.

In the following proposition, we consider the non-ordered ¢-continuous random vari-
ables, Y7, ...,Y,, being dependent and not identically distributed and we derive the joint
distribution function of the g-ordered random variables, Y(y),...,Y(,).

Proposition 3.10. Let (Y1,...,Y,) be a g-continuous v-variate random vector with joint
q-density function f(yi,...,y,). Then the q-density function of the q-ordered random
vector Y = (Y, ..., Y()) is given by

Pay, - y0) =2 i, W) Fr, v, We-lYe) - Frioig ey WY@, - Yo),
0<ym <que) <¥Y2) < qye) < < Yu-1) < We) < Yu) < B, (3‘22)
where the summation is over all permutations (iy,...,1,) of {1,...,v}.

Proof. The joint ¢-density function is

P (qy(l) <Yu) <y @We) < Yo < y(y))

fy(yl 7"‘7yl/):
W v 1 =gy —aye - (1= Qyw)
=(1-q™ H o 2P (ay) <Y Sy ayw) <Y S yw)
=(1-q H var P (o) < Yi ) P (qvw—1) < Yi_, < vo-lave) < Yi, S vi)
P (qy( ) <Y Swymlayay <Yi <yay, - @) <Yi, < y(u))7
(3.23)
where the summation is over all permutations (iq,...,7,) of {1,... ,v}.
Applying Definition 2.4 on the dependent g-density function and the relations (2.11), (2.12),
to the above equation (3.23), we obtain 3.22. 4
Next, we assume that the non ordered random variables Y;,7 = 1,..., v are dependent
and g-uniformly distributed on the sets [0, ¢""'t],¢ > 0,7 =1,..., v, respectively, and the
joint g-density function of the g-ordered random variables Y(;),...,Y{,), is obtained in the
following corollary of Proposition 3.10.
Corollary 3.11. Let Y7, ...,Y, be dependent q-continuous random variables, q-uniformly

distributed on the sets [0,¢"'],t > 0i=1,...,v, respectively. Assume that the random
variables Y;, i = 1,... v, satisfy the dependence relations (3.3), (3.4), (3.5). Then the
joint q-density function of the v-variate q-continuous random vector Y = (Yny, ..., Yw))
with Yy, k= 1,...,v, the k-th q-ordered random variables, is given by

i, ) = ,0<y <qa <y <qus <+ <Y1 < qyy <y <t (3.24)
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Proof. Let Yi,...,Y, be dependent g-continuous random variables, with each Y; (for
i=1,...,v) ¢g-uniformly distributed on the set [0, ¢"'¢] (for some ¢ > 0). Applying (3.22)
of the previous proposition 3.10, the joint ¢g-density function of the v-variate g-continuous
random vector J = (Y1, ..., Y{,)) (where each Yy, for k =1,... v, is the k-th g-ordered
random variable) is given (for 0 < y; < qyo < Y2 < qy3 < - < Yp_1 < QY < Y < t) by

1 1 1
fy(yl’ T 7yl’) - Z qiy—lt qi'/*l_lt T qi1—1t
1 1
I [T
where the summation is over all permutations (iy,...,7,) of {1,...,v}.
So,
V),-1! vl,!
fy(y17"'7y’/): [ :Itqy = [(l/])q °
q2tr
Note that
t rqyy  rqyv—1 qys  [qy2
/0 /0 /0 - /0 /0 s ) dgy gy -+ - dgly—2 dgyv—1 dgyy
/t /qyu /qyufl /qy3 /qy2 [y]q! d o d p g g .
= o Jo . 0 0 q(g)#’ qyl qy2 qyzx—2 qyu—l qyu — 4
which confirms that Equation (3.24) is a joint g-density function. O

3.2. On a conditional joint g-distribution of the waiting times of the Heine
process and ¢g-order statistics. Let T be the waiting time of the kth arrival in the
Heine process {X(t), ¢ > 0} with parameters A and g. Let us stop the process at T,
for some integer v > 1. Now, we study the joint g-density function of the waiting times
Ti,...,T,. In the next theorem we prove that this conditional joint g-density function
coincides with the joint g-density function of a ¢g-ordered random sample of size v, from
the g-continuous uniform distribution in the set [0,¢"7't], 1 =1,...,v.

Theorem 3.12. Let T}, be the waiting time of the kth arrival of the Heine process
{X(t), t > 0} with parameters X\ and q. Then the joint q-density function of the waiting
times Ty, ...,T,, in which the first v events occur given that X(t) = v, 0 <t; < --- <
t, <t witht; € (¢ ", ¢" "], i=1,...,v —1, is given by

N (V]!
fo(t, . 6| X(t) =v) = ,

that is the joint q-density function of a q-ordered random sample of size v, from the
q-continuous uniform distribution in the set [0,¢""'t], i =1,...,v.
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Proof. By using the expression (2.10) and the three basic assumptions of Definition 2.1,
the conditional joint g-density function of the Heine process satisfies the equation

foltiso 8] X () = v) "' (1 = Qtg" (1 = )t - q(1 — )t
zP(q”t<T1 <M. ¢t <T, <qt | X (t) :y)

= pxte =0 (I (et -0 = 1)) PR

AT L=t Mgl —q)t Aq(1 = q)t 1
T+ A" (1=t 1+ A" 2(1—q)t 14+ X(1—q)t 1+ A1 —q)t

) (e (—At) q(Z) ()\t)y) o
! V]! .

= eq(_)‘qyt)

So,
vl,!
fo(t1, . 6| X({@) =v) = [(V])" :
qr2tr
Therefore, by Corollary 3.11, this conditional joint g-density function coincides with
g-ordered density from the claim of the theorem. U

4. CONCLUDING REMARKS

In this work we have introduced g-order statistics, for 0 < ¢ < 1, arising from dependent
and not identically g-continuous random variables, as g-analogues of the classical order
statistics. We have studied their main properties concerning the g-distribution functions
and g-density functions of the relative g-ordered random variables. We have concentrated on
the g-ordered variables arising from dependent and not identically g-uniformly distributed
random variables. The derived g-distributions include ¢g-power law, g-beta and g-Dirichlet
distributions. The motivation for introducing g-order statistics was given by studying the
properties of the waiting times of the Heine process.

As further study we propose the introduction of ¢g-order statistics arising from dependent
and not identically discrete g-distributed random variables. Last but not least, in link with
lattice paths combinatorics, we intend to study the relations between g-order statistics
and g-random walks in Z¢, building on [10].
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Abstract. In the present paper we study the nature of the trivariate generating
functions of weighted walks in the quarter plane. Combining the results of this paper
to previous ones, we complete the proof of the following theorem. The series satisfies a
nontrivial algebraic differential equation in one of its variables, if and only if it satisfies
a nontrivial algebraic differential equation in each of its variables.

Keywords: Random walks in quarter plane, elliptic functions, transcendence.

1. INTRODUCTION

Framework. Consider a walk with small steps in the nonnegative quadrant Z220 =
{0,1,2,...}? starting from Py := (0,0), that is a succession of points

P07P17"‘7Pk7

where each P, lies in the quarter plane, where the moves (or steps) P,y — P, belong
to {0,£1}?, and the probability to move in the direction P,,; — B, = (i,7) may be
interpreted as some weight parameter d, ; € [0, 1], with > (ij)ef{o,+132 dij = 1. The model
of the walk (or model for short) is the data of the d; ; and the step set of the walk is the
set of directions with nonzero weights, that is

5= {(i,5) € {0,£1)* | d;; #0}.

If dyp = 0 and if the nonzero d;; all have the same value, we say that the model is
unweighted. The following picture provides an example of a walk in the nonnegative
quadrant:

=1
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Such objects are very natural both in combinatorics and probability theory: they are
interesting for themselves and also because they are strongly related to other discrete
structures; see [4,6] and references therein.

The weight of the walk is defined to be the product of the weights of its component
steps. For any (i,7) € Z, and any k € Zx, we let g; ;1 be the sum of the weights of all
walks reaching the position (i, j) from the initial position (0,0) after k steps. We introduce
the corresponding trivariate generating function

Qzyit) == > qijua'y’t".
i,j, k>0
Being the generating function of probabilities, Q(z,y;t) converges for all (z,y,t) € C3
such that |z|,|y| <1 and |¢| < 1. Note that in several papers, as in [4], it is not assumed
that " d,; ; = 1. However, after a rescaling of the ¢ variable, we may always reduce to this
case.

Statement of the main result. As we will see in the sequel, this paper takes part
in a long history of articles that study the algebraic and differential relations satisfied
by Q(z,y;t). For any choice of a variable x among z,y,t, we say that Q(z,y;t) is 0,-
algebraic if there exists n € Zx¢, such that there exists a nonzero multivariate polynomial
P, € C(z,y,t)[Xo, ..., X,], such that

0= P*(Q(l',y;t), s 7811@(3372/725))

We stress that in the above definition, it is equivalent to require 0 # P, € Q[Xo, ..., X,]; see
Remark 3.1. Otherwise, we say that the series Q(z,y;t) is O,-differentially transcendental.

Since the three variables x,y and ¢ play a different role, we might expect the series to
be of different nature with respect to the three derivatives. The main result of this paper,
quite unexpected at first sight, shows that it is not the case. More precisely, using results
of this paper and combining them to partial cases already known (see the discussion in
the sequel), we complete the proof of the following main theorem.

Theorem 1.1. The following facts are equivalent:
o The series Q(z,y;t) is Oy-algebraic;
o The series Q(x,y;t) is 0y-algebraic;
o The series Q(z,y;t) is Os-algebraic.

Note that an algorithm is given in [16, Section 5] to decide whether the generating
function is differentially algebraic in the x variable or not, but this does not provide the
differential equation when it exists.

State of the art. More generally, the question of studying whether Q(x,y;t) satisfies
algebraic (resp. linear differential, resp. algebraic differential) equations attracted the
attention of many authors in the last decade. In the unweighted case, the problem
was first addressed in the seminal paper [4] and solved using several methods, such as
combinatorics, computer algebra, complex analysis, and more recently, difference Galois
theory; see [2,3,7-9,19-21]. We refer to the introduction of [12] for a history of the cited
results, from which it follows that Theorem 1.1 is valid for the unweighted models.
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The main difficulty in generalizing those results to weighted models is that, contrary to
the unweighted framework, there are infinitely many weighted models. However, certain
unweighted results are still valid in the weighted cases, while some others are proved by a
case-by-case argument, and therefore cannot be generalized straightforwardly. So beyond
the generalization, we believe that replacing case-by-case proofs by systematic arguments
has its own interest since it shows that the unweighted version of Theorem 1.1 has not
appeared by accident in a finite number of cases, and illustrates a general phenomenon.

In many situations, the equivalence between the 0,-algebraicity and the d,-algebraicity
can be straightforwardly deduced in this weighted context from the proof of [8, Proposi-
tion 3.10]. In [7, Theorem 2] it was proved that the d;-algebraicity implies the d,-algebraicity.
So it remains to show the converse. In [2], the authors show that all 0,-differentially
algebraic unweighted models have a decoupling function. They use this property to prove
the Oj-algebraicity in that case. In [8], using difference Galois theory, the authors show that
such unweighted models admit a telescoping relation. We refer to [16] for precise definitions
of the two latter notions. In [11], it is proved that the 0,-algebraic weighted models also
have a telescoping relation. Finally in [16] the equivalence between the existence of a
telescoping relation and the existence of decoupling functions is shown. This implies that
a O-algebraic series admits a certain decomposition into elliptic functions.

The main difficulty is that the existence of such decompositions is proved for fixed values
of t, so nothing is known about the dependence in ¢ of the coefficients. For instance, the
function zI'(t), seen as a function of z is simple for all fixed value of ¢ (it is rational!) but
it is differentially transcendental with respect to t, due to Holder’s result. We then have
to make a careful study of the t-dependence of such elliptic relations, and use some results
of Op-algebraicity of the Weierstrass function in [2]. Finally, we are able to show that the
0,-algebraicity implies the 0;-algebraicity. The following diagram summarizes the various
contributions toward the proof of Theorem 1.1.

Oy-algebraicity <= 0,-algebraicity <——==== 0;-algebraicity

[7] _

ﬂ [11] WThlS paper + [2]
16

Telescoping relation <[:]> Decoupling function

Structure of the paper. The paper is organized as follows. In Section 2 we provide
some reminders of objects appearing in the study of models of walks in the quarter plane.
More precisely, we will study well-known properties of the kernel curve and explain how
the generating function may be continued. We will also explain why Theorem 1.1 is correct
in some degenerate cases that we may withdraw. In Section 3 we prove technical results on
differential algebraicity. Some intermediate results stay valid in the framework of algebraic
functions and/or solution of linear differential equations, but to simplify the exposition,
we chose to present this section in a unified framework, making some intermediate results
suboptimal. Finally Section 4 is devoted to the proof of Theorem 1.1. We split our study
in two cases depending on whether the so-called group of the walk is finite or not.
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2. KERNEL OF THE WALK
2.1. Functional equation. The kernel of the walk is the polynomial defined by
K(z,y;t) == xy(1 — tS(z,y)),
where S(z,y) denotes the jump polynomial

5(1’7 y) = Z dz‘,jﬂﬁiyj

(4,5)€{0,£1}2

- A_1<a:>; + Ag(z) + Ay(z)y

_ B_l(y); + Bo(y) + Bi(y)z,

with A;(z) € 27 'R[z], Bi(y) € y'R[y] (we recall that we consider weights d; ; € [0, 1]).
The kernel plays an important role in the so-called kernel method and the techniques we
are going to apply will vary depending on its algebraic properties, that have been studied
in [14] (when ¢t = 1), and in [10,11] (when ¢ € (0,1)). The starting point is the following
fundamental functional equation.

Lemma 2.1. The generating function Q(z,y;t) satisfies the functional equation
K(z,y;0)Q(x,y; t) = zy + K(x,0:1)Q(z, 0;2) + K(0,y:1)Q(0, y; 1) — K(0,0;2)Q(0, 0: 7).

Proof. As a walk is either empty, or a smaller walk to which one added a step (removing the
cases leaving the quarter-plane), one has the following combinatorial functional equation

Qz,y; 1) = 1+ 15 (2, y)Qw, y; t) — t2LLQ(0, y; 1) — t4LEQ(w, 05 1) + t4222Q(0, 0; 1),

Ty

where the last summand removes the corresponding double counting. Multiplying by xy,
we get Lemma 2.1. U

2.2. Degenerate cases. Like in [10], we will discard the following degenerate cases.

Definition 2.2 (Degenerate model). Let us fix ¢ € (0,1). A model of walk is called
degenerate if one of the following holds:

e K(z,y;t) factors in non-constant polynomials in C[z, y],
e K(x,y;t) has z-degree (or y-degree) less than or equal to 1.

The notion of degeneracy thus seems to depend upon the parameter t. However, we will
see in Proposition 2.3 below that the model is degenerate for a value of t € (0, 1) if and
only if it is degenerate for all values of t € (0,1). So, to lighten the terminology, we prefer
not to stress this t-dependence and we say “degenerate” rather than “t-degenerate”.

In what follows we will sometimes represent a family of models of walks with arrows.
For instance, the family of models represented by K or, equivalently, {/ , \, / , T}

corresponds to models with dy o = dy—1 = d_1; = d_1 9 = 0 and nothing is assumed on
the other d; ;. We stress the fact that the other d, ; (the weight of the arrows above) are
allowed to be 0. In the following results, the behavior of the kernel curve never depends
on dop. This is the reason why, to reduce the amount of notations, we have decided not to
associate an arrow to d070.
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The following proposition has been proved in [14, Lemma 2.3.2] for t = 1, in [10,
Proposition 1.2] for ¢ is transcendental over Q(d; ;), and in [11, Proposition 1.3] for the
other values of ¢ in (0, 1).

Proposition 2.3. Let us firt € (0,1). A model of walk is degenerate if and only if at
least one of the following holds:

(a) There ezists 1 € {—1,1} such that d; -y = d; o = d;1s = 0. This corresponds to the

following families of models

(b) There exists j € {—1,1} such that d_1 j = do; = dy; = 0. This corresponds to the
following families of models

(c) All the weights are 0 except maybe {d_1 _1,doo,d11} or {d_11,doo,dr —1}. This
corresponds to the following families of models

In virtue of the following lemma, Theorem 1.1 is valid for the degenerate models of
walks. Therefore we will focus on models that are not degenerate.

Lemma 2.4. Assume that the model of walk is degenerate. Then Q(x,y;t) is algebraic
over C(z,y,t) (and thus is differentially algebraic in its three variables).

Proof. We use Proposition 2.3. Consider the cases (a), (b), and first configuration of the
case (c). In the unweighted case it is proved in [4, Section 1.2] that Q(z,y;t) is algebraic
over C(z,y,t). The proof is the same in the weighted context but, to be self-contained, let
us sketch the proof here. In the first configuration of case (a) the generating function is the
same as the corresponding generating function of a model in the upper half-plane Z xN. The
latter is classically known to be algebraic over C(z,y,t), see for instance [5, Proposition 2].
In the second configuration of case (a), we have a unidimensional walk on the y-axis and
such series is known to be rational, and therefore algebraic over C(z,y,t). The case (b) is
similar. In the first configuration of case (c), we are considering a unidimensional walk on
the half-line {(z,z),x € N}, and the generating function is algebraic. Since in all these
cases, Q(x,y;t) is algebraic over C(z,y, t), it is differentially algebraic in its three variables.
In the last configuration of case (c), all the weights are 0 except maybe {d_11,dop,d1 1},
so the walk cannot leave (0,0) and we have

1

Qlz,y:t) =S dr tFh = ———.
( ) ];) 0,0 1 _d0,0t

Therefore the result holds in that case too. O
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2.3. Genus of the walk. The kernel curve F; is the complex affine algebraic curve
defined by

E,={(z,y) e CxC | K(z,y;t) =0}.
We shall now consider a compactification of this curve. We let P!(C) be the complex
projective line, that is the quotient of (C x C) \ {(0,0)} by the equivalence relation ~
defined by
(zo, 1) ~ (25,2]) < IX € C, (x5, 2}) = Mo, x1).

The equivalence class of (zg,z1) € (C x C) \ {(0,0)} is denoted by [z¢ : z;] € P*(C). The
map z — [z : 1] embeds C inside P*(C). The latter map is not surjective: its image is
PH(C) \ {[1 : 0]}; the missing point [1 : 0] is usually denoted by oo. Now, we embed F;
inside P*(C) x PY(C) via (x,y) — ([z : 1], [y : 1]). The kernel curve F; is the closure of
this embedding of F. In other words, the kernel curve E, is the algebraic curve defined by

By = {([zo : 2], [y : n]) € PH(C) x PY(C) | K (w0, 21,90, t15t) = 0}

where K (zg,x1,%0,y1;t) is the following degree two homogeneous polynomial in the four
variables xg, x1, Yo, Y1

2
T7 Zo Yo i 9—i 4 2—j
K (2o, z1,90,915t) = xfny (a:a y;t> = ZoX1Yoy1 — 1 Z difl,jflxomi Z/(J)yf ..
1 1 i,j=0
Although it may seem more natural to take the closure of F; in P?(C), the above
definition allows us to avoid unnecessary singularities.

The following proposition has been proved in [10, Proposition 2.1 and Corollary 2.6,
when ¢ is transcendental over Q(d; ;) and has been extended for a general 0 < ¢t < 1
in [11, Proposition 1.9].

Proposition 2.5. Let us fir t € (0,1) and assume that the model of the walk is not
degenerate. The following facts are equivalent:
(1) E; is an elliptic curve;
(2) The set of authorized directions S is not included in any half-space with boundary
passing through the origin.

Let us now discuss the case where for ¢ € (0,1) fixed, the model is not degenerate and
E, is not an elliptic curve. By Proposition 2.3 and Proposition 2.5, this corresponds to
nondegenerate models that belong to one of the four families in Figure 1.

XN AL

F1GURE 1. Our four nondegenerate models

Note that although the third configuration in Figure 1 is called nondegenerate, it leads
to walks that never escape from (0,0) and thus their generating function is trivial.

The following lemma yields that Theorem 1.1 is valid for the families of models in
Figure 1.
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Lemma 2.6. The following holds:

(a) Assume that the model of the walk is not degenerate and belongs to the first family
in Figure 1. Then Q(z,y;t) is differentially transcendental in its three variables.

(b) Assume that the model of the walk belongs to the second, third or the fourth family
in Figure 1. Then Q(x,y;t) is algebraic over C(x,y,t), and thus is differentially
algebraic in its three variables.

Proof. (a) This is [7, Corollary 2.2]; see also [9, Theorem 3.1].
(b) Consider the second family. We have Q(z,0;t) = @Q(0,0;t) and K(z,0;t) =
K(0,0;t). Then by Lemma 2.1,

K(z,y;t)Q(z,y;t) = K(0,y;8)Q(0, y; t) + xy. (2.1)

Let us see that with the same arguments as for the walks in the half-plane, we
deduce that Q(z,y;t) is algebraic over C(z,y,t). The idea is to locally write
K(¢(y;t),y;t) = 0. Evaluating at (¢(y;t),y;t) we then have for convenient y and ¢,
0= K(0,y;t)Q(0,y;t) + ¢(y; t)y, proving that Q(0,y;t) is algebraic over C(z,y, ).
The functional equation (2.1) allows then to conclude that Q(z,y;t) is algebraic
over C(z,y,t). As in the proof of Lemma 2.4, we may deduce that Q(x,y;t) is
differentially algebraic in its three variables. The reasoning for the fourth family is
similar. For the third family, the walk has to stay at (0,0) and we have

© 1
zyt) =S dEth = ——
Q( Yy ) I;) 0,0 1 d070t
Therefore the result holds in that case too. O

2.4. Group of the walk. From now on, we may focus on the case where E, is an elliptic
curve. Recall that we have seen in Proposition 2.3, that K(x,y;t) has degree two in x
and y, and nonzero coefficient of degree 0 in « and y. Hence, A(x), A_1(z), B1(y), B_1(y)
are not identically zero.

Following [4, Section 3], [17, Section 3] or [14], and using the notations introduced in
Section 2.3, we consider the rational involutions given by

Yo\zo’
z1/y1 Bl(y(;):v? Y

v (G , B_1(2) o
i1([zo = 21), [yo = y1]) = (56’1’ A_;fol))y()) and  io([zo : 1], [yo : n1]) = (<yl> y) '

Note that we have i1 ([xo/x1 : 1], [yo/y1 : 1]) = i1([xo : z1], [y0 : v1]) and the same holds
for 5. Note also that iy, are a priori not defined when the denominators vanish but we
will see in the sequel that we may overcome this problem when we will restrict to E,.

For a fixed value of x, there are at most two possible values of y such that (x,y) € E;.
The involution 7; corresponds to interchanging these values. A similar interpretation can
be given for i5. Therefore the kernel curve E; is left invariant by the natural action of 7y, is.
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FIGURE 2. The maps #; and i, restricted to the kernel curve E, are denoted
by ¢1 and s, respectively.

We denote by ¢1, 15 the restriction of iy, iy to Ey; see Figure 2. Again, these functions are
a priori not defined where the denominators vanish. However, by [10, Proposition 4.1], this
is only an “apparent problem”. To be precise, the authors proved this for ¢ transcendental
over Q(d; ;) but the proof is still valid when F, is an elliptic curve. We then obtain that
11 and ¢ can be extended to morphisms of E;,. We recall that a rational map f from E,
to F, is a morphism if it is regular at any P € E,, i.e. if f can be represented in suitable

affine charts containing P and f(P) by a rational function with nonvanishing denominator
at P.

Let us finally define o = 15 0 11. Note that such a map is called a QRT-map and has
been widely studied; see [13].

Definition 2.7 (Group of the walk). We call G the group generated by ¢; and ¢ and we
call Gy the specialization of this group for a fixed value of 0 <t < 1.

In the unweighted case, the algebraic nature of the generating series depends on whether o
has finite or infinite order. More precisely, G is finite if and only if the generating function
is holonomic, i.e. satisfies a nontrivial linear differential equation with coefficients in
C(z,y,t) in each of its three variables. On the other hand, when G is infinite, G; can be
either finite or infinite; see [15] for concrete examples. However, in that situation, the set
of values of ¢ such that G, is finite is countable, see [8, Proposition 2.6].

2.5. Uniformization of the curve. In this section, we consider the uniformization
problem in the genus one context, that has been solved in [14] for the case t = 1, and [11]
for the case 0 < ¢t < 1. Let us consider a nondegenerate model of walk and assume that for
all t € (0,1), E; is an elliptic curve. By Proposition 2.5, this corresponds to the situation
where the step set is not included in any half-plane whose boundary passes through (0, 0).
By [11, Proposition 2.1], the elliptic curve F; is biholomorphic to C/(wy(t)Z + wo(t)Z) for
some lattice wy (t)Z + wa(t)Z of C via some (wy(t)Z + wy(t)Z)-periodic holomorphic map A

A: C — £
AMw) = (2(w;t), y(w;)),
where x,y are rational functions of @ and its derivative d,p, and p is the Weierstrass
function associated with the lattice wy(t)Z + wa(t)Z:

plwi)= 5+ ¥ ( : : )
W, = — - ’
w2 (£1,£2)€22\{(0,0)} (w + Elwl (t) + EQCL)Q(t))Q (Elwl (t) + EQWQ (t))Z
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Then, the field of meromorphic functions on E, is isomorphic to the field of meromorphic
functions on C/(w;(t)Z + wo(t)Z), that is itself isomorphic to the field of meromorphic
functions on C that are (wy(t),ws(t))-periodic. For ¢t € (0,1) fixed, the latter field is equal
to C(gp, 0,9); see [23, Chapter 9, Theorem 1.8].

The maps t1, Lo, and o may be analytically lifted to the w-plane C via the map A~
We denote these lifts by 71, 7, and & respectively. So we have the commutative diagrams

o o
Lk o

For any [zg : 2] in P'(C), we denote by A;([xg : 1];t) the discriminant of the degree two
homogeneous polynomial given by y +— K (9, 1,y;t). Let us write

4
Ai([mo s z1]st) = au(t)zhai ™.

i=0
By [11, Theorem 1.11], the discriminant Ay ([xg : 21];t) admits four distinct continuous real
roots a;(t),...,as(t). They are numbered such that the cycle of P!(R) starting from —1
to oo and from —oo to —1 crosses the a; in the order ay(t),. .., as(t). Furthermore, [1 : 0] is
a root if and only if ay(t) = 0. In [11, Section 1.4], we see that ay(t) = t*(d} o — 4dy,—1dy,1).
It follows that [1 : 0] is a root of A;([zg : x1];t) for one value of ¢t € (0,1), if and only if
[1:0] is a root of Ay([xg : x1];t) for all ¢t € (0,1).

Similarly, we denote by by (t), ..., bs(t) the continuous real roots of the discriminant T
K (x,90,y1;t), numbered in the same way, and we write As([yo : 11]; Zﬁl (t)ybyi ™.

The following formulas have been proved

e in [14, Section 3.3] when t = 1,
e in [22] in the unweighted case,
e in [11, Proposition 2.1 and (2.16)], in the weighted case.

Proposition 2.8 ([11], Proposition 2.1, Lemma 2.6, and (2.16)). For i = 1,2, let us
set Di(x;t) := Ay([* : 1];t). An explicit expression of the periods is given by the elliptic
integrals

aa(t) dx ai(t) dx
—i [ EiRyy and w(t) = [ e € Rup,
a® \/|Dy(x;t)] w® /Dy(x;t)

An explicit expression of the holomorphic map A(w;t) = (z(w;t),y(w;t)) is given by
o If ay(t) # [1:0], then x(w;t) = {a4(t) + p(w;t)DE(éag(’;sz(t);t) : 1] ;
t) = [p(w;t) — aa(t)/3 : as(t)];
) 7 [1:0]; then y(w;t) = [b‘*( )+ S BT 1} "
) (wit) =

[p(w — ws(t)/2;1) — Ba(t) /3 : Ba(t)].

o Ifay(t) =[1:0], then x(w;

o If by(
o Ifby(t) =[1:0], then y(w;t

t
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An explicit expression of the involutions is given by

Hw)=-w, hw) =-w+ws and o(w)=w+ws,
where a0
X4 (ba(t);t dx
wy(t) = [ L (0,w (1)), (2.2)
a4(t) Dl(l', t)

and X+ (y;t) are the two roots of K(X1(y;t),y;t) = 0.

2.6. Meromorphic continuation of the generating function. Let us summarize here
the results of [11, Section 2.3]. Let us fix ¢t € (0,1). The generating function Q(z,y;t)
converges for |z|,|y| < 1. The projection of this set inside P'(C) x P*(C) has a nonempty
intersection with the kernel curve E;. In virtue of Lemma 2.1, we then find for |z|, |y| < 1
and (z,y) € F,

0= K(z,0;1)Q(x,0;t) + K(0,y;£)Q(0,y; t) — K(0,0;1)Q(0,0; 1) + zy.

To shorten several expressions hereafter, it is convenient to rewrite this equation introducing
new auxiliary series F; and Fy:

0= Fi(x;t) + Fo(y; t) — K(0,0;t)Q(0,0;t) + xy. (2.3)

Since the series Fi(x;t) and Fy(y;t) converge for |z| and |y| < 1 respectively, we then
continue Fy(x;t) for (z,y) € E; and |y| < 1 with the formula:

Fi(z;t) = —Fa(y;t) + K(0,0;1)Q(0,0;¢) — wy.

We continue Fy(y;t) for (z,y) € E; and |z| < 1 similarly. There exists a connected set
O c C such that

o AO) = {(z,y) € E; such that |z| < 1or |y| < 1};

e 7 1 (O)NO # g

e |J5(0O)=C.

tez

There also exist meromorphic functions on O, r,(w;t) and r,(w;t), such that r,(w;t) =
Fy(a(wst);t) and ry(w; t) = Fy(y(w;t); 1),

Lemma 2.9 (Inclusion of poles). The set of poles of r.(w;t) inside O are contained in the
set of poles of x(w;t) with |y(w;t)| < 1. The set of poles of r,(w;t) inside O are contained
in the set of poles of y(w;t) with |x(w;t)| < 1.

Proof. Let us use (2.3). On O, we have
0=ry(w;t) +re(w;t) — K(0,0;4)Q(0,0;t) + z(w; t)y(w; t).

Let us focus on r,(w; t), the proof for r,(w; t) is similar. Recall that F}(x;t) has no poles for
|z| < 1. Since r,(w;t) = Fi(z(w;t);t), we find that r,(w;t) has no poles when |z(w;t)| < 1.
With A(O) = {(z,y) € E¢||z| < 1 or |y| < 1}, we deduce that a pole of r,(w;t) inside O
satisfies |y(w;t)] < 1. We use ry(w;t) = Fo(y(w;t);t), and the fact that Fy(y;t) has no
poles for |y| < 1 to deduce that r,(w;t) has no poles when |y(w;t)| < 1. Therefore, the
poles of 7, (w; t) inside O corresponds to the poles of z(w;t)y(w;t) with |y(w;t)] < 1. The
result follows. 4
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With | J¢°(0) = C and 71(0) N O # @, we then extend r,(w;t) and r,(w;t) as
tez
meromorphic functions on C where they satisfy the functional equations

) (2.6)

where b, (w;t) = y(—w; t)(z(w; t) —z(w+ws(t); ) and by (w; t) = z(w; t)(y(w; t) —y(—w; t)).
From the functional equations (2.5) and (2.6), the set of poles of w — 7, (w;t) and

w > 1, (w; t) are wy(t) periodic. With the other functional equations and | J °(0) = C,
ez
we may deduce the expression of a discrete set containing the poles of r, and r,.

Lemma 2.10. Let P, be the poles of 5, in O and Py, be the poles of b, in C. The set of
poles of w — ry(w;t) is included in (Py + ws(t)Z)U (Po + ws(t)Z). A similar statement
holds for ry(w;t).

3. PRELIMINARY RESULTS ON DIFFERENTIAL ALGEBRAICITY

In this section, we prove some results on differential algebraicity, and more specifically
on O-algebraicity of the functions that appear in Section 2.

Let us begin by definitions. Let f(x1,...,z,) be a multivalued Puiseux series. For
1 =1,...,n, we say that f is 0,,-algebraic if and only if it satisfies a nontrivial algebraic
differential equation in the variable z;, with coefficients in Q. We say that f is differentially
algebraic in all its variables (or differentially algebraic for short) if and only if for all
1 <i<mn, fis 0,,-algebraic.

The following remark, proved e.g. in [18, Proposition 8, page 101], will be used several
times in the sequel.

Remark 3.1. Let fi,..., f, be differentially algebraic functions meromorphic on a common
domain. A function satisfies a nontrivial algebraic differential equation with coefficients
in C(fy,..., fn) if and only if it satisfies a nontrivial algebraic differential equation with
coefficients in Q.

The following lemma shows that the set of differentially algebraic functions is stable
under many operations.

Lemma 3.2 (Closure properties). The set of differentially algebraic functions meromorphic
on a domain is a field stable under derivations. If f and g are differentially algebraic
and f o g is well-defined then f o g is differentially algebraic as well. If f is differentially
algebraic and admits an inverse f=', then f~' is also differentially algebraic.

Proof. See [8, Lemma 6.4] for the inverse property in the univariate case. The proof
extends straightforwardly to the multivariate case. The rest of the statements follows
from [2, Corollary 6.4 and Proposition 6.5]. O
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In what follows, we might also consider functions of ¢ defined only on some intervals
of (0,1). Let © be the field of multivalued functions that admit an expansion as convergent
Puiseux series for all ¢ € (0, 1), and that are differentially algebraic. In the sequel, when we
will say that a function of ¢ defined (a priori) only of some intervals of (0, 1) is differentially
algebraic, it will be implicit that it may be continued as an element of ©.

The goal of the following results is to prove that various functions that appear in the
uniformization of the elliptic curve are d;-algebraic.

Lemma 3.3 ([2, Lemma 6.10]). The functions wi(t),ws(t), ws(t) belong to ®.' Moreover,
they are analytic on a complex neighborhood of (0,1).

Proposition 3.4. Functions of D (p(w;t), 0,p(w;t)) are differentially algebraic int and w.

Proof. Since the differentially algebraic functions form a field stable under the derivations
(see Lemma 3.2), it suffices to show that (w;t) is differentially algebraic. It is well known
that for t € (0,1) fixed, p(w;t) is d,-algebraic. More precisely, it satisfies an equation of
the form (0,9)% = 49> — g2(t)p — g3(t), where go(t), g3(t) are the invariants of the elliptic
curve. Differentiating with respect of w allows us to eliminate the invariants, and obtain
B p(w;t) = 12p(w; )0, p(w; t); see [1, (18.6.5)]. Hence p(w;t) is d,-algebraic.

Let us prove the 0;-algebraicity. In virtue of [2, Proposition 6.7], o satisfies a nontrivial
Op-algebraic equation with coefficients in C(w;(t),ws(t)). By Lemma 3.3, the periods
wi(t) and wy(t) of p are differentially algebraic, so in virtue of Remark 3.1, p(w;t) is
Os-algebraic. 0

Remark 3.5. The same result holds with g replaced by the Weierstrass function associated
to the lattice wy(t)Z + kwoZ, or the lattice wy(t)Z + ws(t)Z.

Definition 3.6 (Principal part). Let f(w;t) be a meromorphic function at w = a(t) € D,
with Laurent series f(w;t) = 302 a(t)(w — a(t))’. The principal part of f at w = a(t) is
the sum 3,2, ay(t)(w — a(t))’ with the convention that it is 0 when v > 0. The coefficients
of this principal part are a,(t),...,a_1(t).

The following lemma will be used several times in the sequel.

Lemma 3.7. The following statements hold:

e Let d(t) € D be an arbitrary function. We have p(w;t) € D((w + d(t)));
o p(w;t) € wD|w]];
e The coefficients of the principal parts of w — p(w;t) belong to D.

Proof. The last two assertions are straightforward consequences of the first one. Let
us prove the first point. The function d(¢) and the poles of w — p(w;t) are analytic
on a convenient domain. So either —d(t) is a pole of w +— @(w;t) with constant order
with respect to t, or the set of ¢ such that —d(t) is a pole of w — p(w;t) is discrete.
It follows that the order of the pole of w +— p(w;t) at —d(t) is constant except on a
discrete set. Since for ¢ fixed, w — p(w;t) has pole of order at most two, we may write

plw;t) = T2y co(t)(w +d(1))".

IThey even are solutions of linear differential equations.



Differential algebraic generating functions of walks in the quarter plane 235

Note that the coefficients ¢,(t) may have a pole when the order of the pole of w
o(w;t) at d(t) increases. In virtue of the field property of Lemma 3.2, combined with
Proposition 3.4, we find that (w + d(t)) *p(w;t) is differentially algebraic. Note that c(t)
is the value at —d(t) of the d;-algebraic function (w +d(t)) *p(w;t). By the field property
of Lemma 3.2 and Proposition 3.4, (w + d(t)) " p(w; t) is differentially algebraic in its two
variables. By the composition property of Lemma 3.2 it follows that ¢ (t) € ©. Let us fix
k < n and assume that for £ =k, ..., n, ¢/(t) € ®. Let us show that ¢,1(t) € ©. This
will prove the result by induction. Let us define h,(w;t) = p(w,t) — Sp_, co(t)(w + d(t))".
By Proposition 3.4, the field property of Lemma 3.2, and the induction hypothesis, the
function t — h,(w;t) is differentially algebraic in its two variables. Note that ¢,41(t) is
the value at —d(t) of (w + d(t))~"*Vh, (w;t). By the composition property of Lemma 3.2
it follows that cx(t) € D. O

As a consequence of what precedes, we deduce:

Corollary 3.8. The following holds:

e The functions x(w;t) and y(w;t) are differentially algebraic in their two variables;

o Ford(t) € ®, we have x(w;t),y(w;t) € D((w+d(t)));

e The poles and the coefficients of the principal parts of w — x(w;t) and w — y(w;t)
belong to ®.

Proof. We use the expressions of (w;t) and y(w;t) given in Proposition 2.8. The elements
involved in the expression are meromorphic on some complex neighborhood of (0,1) in the
t-plane and are differentially algebraic by Proposition 3.4. Since the differentially algebraic
elements form a field, see Lemma 3.2, the first point follows. Using Lemma 3.7, we deduce
that x(w;t),y(w;t) € D((w +d(t))) for all d(t) € ©. Then the coefficients of the principal
parts of w — x(w;t) and w — y(w;t) belong to D.

It remains to prove the differential algebraicity of the poles. Let a(t) be a pole of
w > x(w;t) or w— y(w;t). Then a(t) is a continuous function solution of p(a(t);t) = b(t),
where b(t) is 0s-algebraic.

Assume first that d,p(a(t);t) is identically zero or a(t) is a pole of p(w;t). By [23,
page 270, this corresponds to the case where a(t) € wy (t)% + Cdg(t)%. By Lemma 3.3, a(t)
is meromorphic on a complex neighborhood of (0, 1) and is 0;-algebraic. Then, it belongs
to ©.

Assume now that 0,p(a(t);t) is not identically zero and p(a(t);t) = b(t). Then, by
the implicit function theorem, a(t) admits an expansion as a meromorphic function on a
complex neighborhood of any ¢ € (0, 1) with d,p(a(t);t) # 0. On that domain p is locally
invertible and its inverse is differentially algebraic in its two variables by Lemma 3.2. So
we may write o~ (b(t);t) = a(t), where ! is the local inverse of p. With the composition
and inverse properties of Lemma 3.2, we deduce that a(t) is 0;-algebraic. Furthermore, by
the implicit function theorem, it admits an expansion as a convergent series on a complex
neighborhood of any ¢ € (0,1). The set of ¢ such that d,p(a(t);t) # 0 being dense, we
find that the differential equation holds everywhere. This concludes the proof. Il
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Recall, see Section 2.6, that

by(w;t) = y(—w;t)(x(w;t) — z(w +ws(t); 1)) and by(w;t) = x(w;t)(y(w;t) — y(—w;t)).
Corollary 3.9. The following holds:

e The functions b,(w;t) and b,(w;t) are differentially algebraic in their two variables;

o Ford(t) € ®, we have by (w;t),b,(w;t) € D((w+d(t)));

e The poles and the coefficients of the principal parts of w +— by (w;t) and w — by(w;t)
belong to ®.

Proof. By Lemma 3.3, ws(t) belongs to ©. This is now a straightforward application of
Corollary 3.8, combined with the field property of Lemma 3.2. Il

Toward the proof of Theorem 1.1, we are going to face to many situations where the
series is known to be 0,-algebraic (or 0,-algebraic) for all fixed values ¢. More precisely
the differential algebraicity of the series will be proved to be equivalent to the existence of
functions that are for all ¢ fixed, elliptic functions. Unfortunately, few things are known
about the t-dependence of the coefficients. The following result will be the main ingredient
in the proof of Theorem 1.1 since it gives a framework where we can state that the elliptic
functions are differentially algebraic in all their variables.

Theorem 3.10. Let w — f(w;t) be a function such that:
e Forallt € (0,1), w f(w;t) € Clp(w;t), dup(w;t)).
e There are countably many elements of ®, whose union forms the set of poles of
w flw;t).
o The coefficients of the principal parts of w — f(w;t) are in .
o There exists a(t) € © such that f(a(t);t) € D.

Then, f(w;t) is differentially algebraic in its two variables.

Remark 3.11. At first sight, nothing is explicitly assumed on the ¢t-dependence of t — f(w;t).
However, the assumptions on the poles, on the principal parts, and on the special value
f(a(t);t), will imply that ¢ — f(w;t) is analytic on a convenient domain.

Proof. 1f f is constant in the w variable, then the result is clear. Assume that f(w;t)
is not constant. Let a € C. By the field property in Lemma 3.2, f(w + a;t) satisfies
the assumptions of Theorem 3.10. By the composition property, f(w;t) is differentially
algebraic in its two variables if and only if f(w + a;t) is differentially algebraic in its two
variables. Then, without loss of generality, we may reduce to the case where for any pole
b(t) of w— f(w;t), Dup(b(t);t) is not identically zero. We may also assume that a(t) is
not a pole of w — p(w;1).

Let us begin with the case where w +— f(w;t) is an even function. As we can see in the
proof of [23, Lemma 1.9], we may write

= c(t) ﬁ filw;t) ﬁgj((/-};t)7

where
e ¢(t) is a function that does not depend upon w;
e fi(w;t) are of the form p(w;t) — p(a(t);t), where a(t) are zeros of w +— f(w;t);
e g;(w;t) are of the form (p(w;t) — p(b(t);t))~", where b(t) are poles of w — f(w;?).
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Then, a partial fraction decomposition yields a sum of the form

flw;t) =¢(t) + %aim(t (wit) + Z 2} & Jggl(f?)j(t)' Y (3.1)

By assumption, the b;(t) are differentially algebraic. Recall, see Lemma 3.7, that for
all j, we have p(w;t) € D((w + b;(t))) (resp. p(w;t) € w*D[[w]]). Then, for every i, j,

wal) il 0w b)),
(o) = obs0:0)) (Ouslbs(0): ) — by(1)))

By the composition property of Lemma 3.2 and Proposition 3.4, for all k, ¢ the function
¢
(853 o(b;(1); t)) is differentially algebraic. Let us write the Taylor expansion of the function

o0

flost) = 37 @(t)(w = b;(t))".

1=—ny;
Then, for 7 < 0, one has

a;;(t)
D (by(t); 1)

Since the coefficients of the principal part at b;(t) are differentially algebraic we have
a;(t) € ®. By Lemma 3.2, © is a field, and we find by a decreasing induction that for all
1 <i<mnj, a;;(t) €D. Similarly, for all 7, we have

a/z7oo<t)p(w’ t)z — w72iai,oo(t> + O(w72i+l).

Then the coefficient of the term in w2 with i > 0 is of the form a;(t) + fi, where
fi € D(ai41.00(t), -, an, o(t)). Since the coefficients of the principal part at 0 are
differentially algebraic, we find a; () + fi € ®. By Lemma 3.2, © is a field, and we find
by a decreasing induction that for all 1 <i < ng, a;(t) € . Recall that by assumption,
f(a(t);t) is Op-algebraic. By Lemma 3.2 and Proposition 3.4, we find

e ai;j(t)
= L ai=(t)p(altyit) + ZZ 050 - o, 0) <

]zl

&z<t) = + fiyj, where f@j & "D(aHLj(t), Ce ,anj,j(t)).

By the subtraction property of Lemma 3.2 we deduce that ¢(t) = f(a(t);t) — d(t) is
Op-algebraic. In virtue of Lemma 3.2 and Proposition 3.4, every term in the right-hand side
of (3.1) is differentially algebraic. With the field property of Lemma 3.2, this concludes
the proof in the even case.

Assume that w — f(w;t) is odd. The function 9, p(w;t) ™ f(w;t) is even, and wy (t)Z +
wa(t)Z, the poles of J,p(w;t), are di-algebraic; see Lemma 3.3. Then, we may apply the
even case to deduce that f(w;t) is of the form

az t) O p(w; t)
Owo(w; )(t) + ) ai00(t)Oup(w; t)p(w; t)’ g Bl .
# Z o ZZ wit) — p(b;(); 1))
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Setting CL07oo(t) := ¢(t), we may rewrite the latter expression as

a” w@(w t)
By Proposition 3.4, for all j, we have d,p(w;t) € @((w — bj(t))) (resp. we have 0,p(w;t) €
D((w))). The same reasoning as in the even case shows that for all 1 < ¢ < nj, the
functions a; ;(t) are differentially algebraic. Similarly, for all 0 < i < n.,, the functions
;00 (t) are differentially algebraic. By Proposition 3.4 and Lemma 3.2, we find that f(w;?)
is differentially algebraic. This completes the proof in the odd case.

Let us consider the general case. Note that by Proposition 3.4, p(w;t) — p(a(t);?)
is differentially algebraic. So for all n, Lemma 3.2 ensures that f(w;t) is differentially
algebraic if and only if (p(w;t) — p(a(t);t))" f(w;t) is differentially algebraic. So without
loss of generality, we may reduce to the case where f(+a(t);t) = 0. We write f(w;t) =
fe(w;t) + f_(w;t), where

folwit) = 150 +2f<—w;t>,
fo(wit) = flw;t) —2f(—w;t).

The poles of w +— fi(w;t) are poles of f or opposite of the latter. By Lemma 3.2, they
are Ogp-algebraic and the coefficients of the principal parts are in ©. Since f(£a(t);t) =0
we find fy(a(t);t) = 0. In particular it is differentially algebraic. From the even and the
odd cases, fi(w;t) are differentially algebraic in their two variables. Since the sum of two
differentially algebraic functions is differentially algebraic, see Lemma 3.2, we deduce that
flw;t) = fr(w;t) + f-(w;t) is differentially algebraic. O

Remark 3.12.

e Asin Remark 3.5, we may consider {(w;t), the Weierstrass functions associated to
the lattice wy(t)Z + ws(t)Z, or the lattice wy(t)Z + kwo(t)Z, with k € N*. Then,
the proof of Theorem 3.10 can be straightforwardly adapted to this new lattice.
We then deduce the following. If w +— f(w;t) is a function such that:

(1) For all t € (0,1), w — f(w;t) € C(p(w;t), D,p(w;t)).
(2) There are countably many elements of ®, whose union forms the set of poles
of w— f(w;t).
(3) The coefficients of the principal parts of w — f(w;t) are in D.
(4) There exists a(t) € © such that f(a(t);t) € D.
Then, f(w;t) is differentially algebraic in its two variables.

e Let us now just assume that w — f(w;t) satisfies the above first three points and let
a(t) € O that is not a pole. Then, f(w;t) — f(a(t);t) satisfies the four points and is
therefore differentially algebraic. By construction, the function f(w;t) — f(a(t);t)
has the same principal parts as f(w;t).

Although r, and r, are not elliptic functions, we will see in the next section that
it is sufficient to control the behavior of their poles and coefficients in order to apply
Theorem 3.10.
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Lemma 3.13. The following holds:

(A1) The poles and coefficients of the principal parts of w — r,(w;t) belong to ©.
(A2) There exists a(t) € © such that r,(a(t);t) € D.

Similar statements hold for r,.

Proof. Let us prove the result for r,, the reasoning for r, is similar. We refer to Section 2.6
for the notations used in this proof.

Recall that the series Q(z,y;t) converges for |z|, |y|, |t| < 1. Let us consider ¢ in (0, 1).
Take w € O (note that O depends continuously on t), for each of the domains |z(w;t)| <1
and |y(w;t)] < 1, one has the following equality of functions:

Fi(z(w;t);t) = ry(w;t) and Fy(y(w;t);t) = ry(w;t),

with no poles on these domains. Via the equality 0 = 7, (w; t)+7r,(w;t)—K(0,0;t)Q(0,0; )+
z(w; t)y(w;t), and Lemma 2.9 on the inclusion of poles, we deduce that the poles inside
O of w +— 1, (w;t) are the poles inside O of w — z(w;t)y(w;t) with |y(w;t)| < 1. What
is more, on that domain, w — z(w;t)y(w;t) and w — r,(w;t) have the same principal
parts. By Corollary 3.8, the poles of w +— 7, (w;t) inside O are differentially algebraic.
Furthermore, the corresponding principal parts have differentially algebraic coefficients.
Recall, see (2.4), that r,(w + ws(t);t) = rx(w;t) + b (w;t). By Corollary 3.9, the poles
and the coefficients of the principal parts of w +— b, (w;t) are differentially algebraic. By

Lemma 3.3, w(¢) is differentially algebraic. Recall that | J °(0) = C. With (2.4) and
tez
what precedes, we get assertion (Al).

It remains to prove assertion (A2). To lighten thg notations we omit the dependence in ¢
in what follows. Let us write K (z,y;t) = By(y)+xB(y)+z*Bs(y). Let wy(t) € O such that

— By (y(wo)) + v/ Br(y(wo))? — 4Bo(y(wo)) Bs(y(wo))
2B (y(wo)) .

The y-valuation of ég(:U) being at most two, we consider the following subcases.

Yy(wy) =0 and x(wp) =

+\/Bl 2—4Boy(y)Ba(y)
B2( )

e If it is 0 or 1, the valuation of the algebraic function y x —

is nonnegative and then wy is not a pole of x(w;t)y(w; ).
e If it is 2, then 4B(y)Ba(y) converges to 0 when y goes to 0 and hence the same

holds for —By(y) + 1/ Bi(y)? — 4Bo(y) Bs(y).

We further find that y x <—B1 + \/Bl — 4By( )Eg(y))) € O(y?). In that case, we

find that wy is not a pole of z(w; t)y(w; t) either. With K(0,0;¢)Q(0,0;t) = Fy(y(we;t);t) =
ry(wo;t), and 0 = r,(w;t) + ry(w;t) — K(0,0;¢)Q(0,0;t) + x(w; t)y(w;t), we then find
0 = ry(wo; t) + x(wo; t)y(wo; t). It then suffices to show that z(wp;t)y(wo;t) is differentially
algebraic. With the expression of y(wy;t) in Proposition 2.8, we find that wy is solution of
an equation of the form p(wo;t) = b(t) with b(t) € ©. With the same reasons as in the
proof of Corollary 3.8, we find that wy is differentially algebraic, and z(wy;t), y(wo;t) € D.
Then r,(wo(t);t) € ©. This concludes the proof. O
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The following result relates the differential transcendence of Q(z, y;t) and the differential
transcendence of 7, (w;t) and r,(w;1).

Proposition 3.14. The following statements are equivalent.

e The generating function Q(z,y;t) is differentially algebraic in its three variables.

o The series Fy(x;t) and Fy(y;t) are differentially algebraic in their two variables.

e The meromorphic continuations ry(w;t) and r,(w;t) are differentially algebraic in
their two variables.

Proof. 1t Q(x,y; ) is differentially algebraic then Q(z, 0;t) is differentially algebraic. Since
K(x,0;t) is differentially algebraic, we use the ring property of Lemma 3.2 to deduce that
Fi(x;t) = K(x,0;t)Q(x,0;t) is differentially algebraic. (The reasoning is similar for the
differential algebraicity of Fy(y;t)). Conversely, if Fi(z;t) and Fy(y;t) are differentially
algebraic, then, by evaluation, so is Q(0,0;t). As the right-hand side of the expression
in Lemma 2.1 is a sum and product of elements that are differentially algebraic, it is
differentially algebraic (by the field property in Lemma 3.2). Therefore, K (x,y;t)Q(x, y;t)
is differentially algebraic. Thus, Q(x,y;t) is differentially algebraic. So the first two points
are equivalent.

Assume that the series Fj(xz;t) is differentially algebraic in its two variables. Recall
that Fy(x(w;t);t) = ri(w;t) where x(w;t) is differentially algebraic; see Corollary 3.8. By
composition of differentially algebraic functions, see Lemma 3.2, r,(w;t) is differentially
algebraic. Conversely, on a domain where x(w; t) is invertible, its inverse is also differentially
algebraic; see Lemma 3.2. We conclude similarly that if r,(w;t) is differentially algebraic
then Fi(z;t) is differentially algebraic. A similar reasoning holds for the y variable and we
find that F,(y;t) is differentially algebraic if and only if r,(w;t) is differentially algebraic.
This proves the equivalence between the last two points. U

4. DIFFERENTIAL ALGEBRAICITY OF THE GENERATING FUNCTION

The goal of this section is to prove Theorem 1.1 (the 0,, 9,, and 0; differential algebraicity
are equivalent). By Lemma 2.4, the result holds for all degenerate cases. By Lemma 2.6
and Proposition 2.5, it also holds when E, is not an elliptic curve. So we now prove the
case where E; is an elliptic curve. Let G be the group of the walk (see Definition 2.7).
Our proof handles separately the cases |G| < oo and |G| = 0.

4.1. Finite group case.

Proposition 4.1. Let us consider a nondegenerate model of walks, assume that E, is an
elliptic curve and |G| < co. Then, Q(z,y;t) is O,-algebraic, 0,-algebraic and O;-algebraic.

Proof. By Proposition 3.14, it suffices to show that r,(w;t) and r,(w;t) are differentially
algebraic in their two variables. Let us only consider r,(w;t), the proof for r,(w;t) is
similar. Recall that the w;(¢) are continuous and that ws(t) € (0,w2(t)) (see Equation (2.2)).
Since |G| < oo and d(w) = w + ws(t), there exist k, ¢ € N* with ged(k,¢) = 1 such
that ws(t)/wa(t) = k/¢. By (2.4), we have r,(w + ws(t);t) = ry(w;t) + be(w;t), where
by(w;t) = y(—w; t)(z(w;t) — (w4 ws(t); t)). Let us recall some notations borrowed from
the proof of [11, Theorem 4.1]. It is shown that we may write a decomposition of the form

re(wit) = Y(w;t) + (w;t)p(w;t). (4.1)



Differential algebraic generating functions of walks in the quarter plane 241

More precisely,

1
o d(w;t) Zb w + iws(t); t);

o p(w;t) = 2117r)C (w;t) — &((w1(t)/2;t), where ¢ is an opposite of the antiderivative
of the Weierstrass functlon with periods wy(t) and kws(t), that is

((wit) = 2+

1 1 w
(41,52)6%2:\{(0,0)} (w + €1w1 (t) + gzk’&)g(t) Elwl (t) + Egk’&)g(t) (lel (t) + fgk‘t«)g(t))2>

e for all t € (0,1), the function w — ¥ (w;t) is (wy(t), kwa(t))-periodic.
The idea is to prove successively that ®(w;t), ¢(w;t) and ¥ (w;t) are differentially algebraic.
We will also see them as functions of w and study their poles and principal parts.

Step 1: Study of ®(w;t).

Lemma 4.2. The following holds:
e There are countably many elements of ©, whose union forms the set of poles of
w i O(w;t).
e The coefficients of the principal parts of w +— ®(w;t) are in D.
o & is differentially algebraic in its two variables.

Proof. Recall, see Lemma 3.3, that ws(t) € ©. We may combine Corollary 3.9 and
Lemma 3.2, to deduce that the poles and the coefficients of the principal parts of w — ®(w;t)
are Op-algebraic. Furthermore by Lemma 3.2 and Proposition 3.4, ® is differentially
algebraic in its two variables. U

Step 2: Study of ¢(w;t).
Before proving that ¢(w;t) is differentially algebraic, let us study ((w;t).
Lemma 4.3. The following holds:

e There are countably many elements of ©, whose union forms the set of poles of
w i C(w;t).

e The coefficients of the principal parts of w — ((w;t) are in D.

o ( is differentially algebraic in its two variables.

Proof. In virtue of Lemma 3.3, the periods wi(t),ws(t) are differentially algebraic. Then,
the poles and the coefficients of the principal parts of w — ((w;t) belong to ©.

Let © be the Weierstrass function with periods wy (t), kws(t) and let us write the classical
differential equation

0up(wit)” = 40(w;t)” — Ga(t)Plwi t) — ga(t). (4.2)

By Remark 3.5, g(w;t) = —0,((w; ) is differentially algebraic in its two variables. Then,
((w;t) is O,-algebraic too. Let us prove the 0;-algebraicity. Let us differentiate (4.2) with
respect to d,, and simplify by d,9(w;t), to find

2025 (w;t) = 12¢(w; ) — Ga(t).
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By Lemma 3.2, for all k > 0, the derivatives 9*@(w;t) are O,-algebraic. Since the 0;-
algebraic functions form a ring, see Lemma 3.2, we deduce that gs(¢) is 0;-algebraic. Using
again the ring property of Lemma 3.2 in (4.2), we deduce that gs(t) is 0;-algebraic too.
We may see the elliptic functions as functions of w and gs, g3. By [1, (18.6.19)],

_ . N . 9 _ I U
(62" = 2765") 0,6 = (362 — 5G3w) 0 + 650" — 9656 — G2 (4.3)

We have 0,0 = 0,g305, 9. If 0,95 = 0 then ¢ does not depend on ¢. In particular, its poles
are independent of ¢, which implies that the periods w;(t) and kwy(t) are independent of t.
Then, ((w;t) is independent of ¢ and therefore 0;-algebraic. We similarly deal with the
case 0;ga = 0. So let us consider the situation where both functions 9,g, and 0,g3 are not
identically zero. By the derivation property of Lemma 3.2, we deduce that 9,0, 0;g3 are
Op-algebraic. Since the d;-algebraic functions form a field, see Lemma 3.2, we then find
that 0~ ¢ = 0,0/0,g3 is Or-algebraic. Since 0;g; # 0, we are in the situation where g, is
not identically zero. With (4.3), and the field property of Lemma 3.2, we deduce that
C(w;t) is Osp-algebraic. This completes the proof of the lemma. Il

Lemma 4.4. The following holds:

e There are countably many elements of ®, whose union forms the set of poles of
w i o(w;t).

o The coefficients of the principal parts of w — ¢(w;t) are in D.

e ¢ is differentially algebraic in its two variables.

Proof. In virtue of Lemma 3.3, the period wy(t) is differentially algebraic. By Lemma 3.2,
and Lemma 4.3, we find that ¢(w;t) is differentially algebraic in its two variables. Fur-
thermore, the poles and the coefficients of the principal parts of w — ¢(w;t) belong
to ©. U

Step 3: Study of ¥(w;t).

Let us now study ¢ (w;t). By Lemma 3.13 there exists a(t) € © such that r,(a(t);t) €
Furthermore, the poles and the coefficients of the principal parts of w — r,(w;t) are 8t—
algebraic.

With (4.1), Lemma 4.2 and Lemma 4.4, we deduce that the poles of w — ¥ (w;t) are
Oi-algebraic, and the coefficients of the principal parts are d,-algebraic. Recall that for
all £, w — Y(w;t) is (wi(t), kws(t))-periodic. By Remark 3.12, we may build w +— 1bg(w; t),
that is differentially algebraic and (w;(t), kws(t))-periodic, with same principal parts as
w — Y(w;t). We have

re(W;t) = P(w;t) — Yo(w;t) + w;t)p(w;t) + ho(w;t). (4.4)

t) -
Note that by construction w — ¥ (w;t) — 1o(w; t) has no poles. Since w — 7, (w;t) has no
poles at a(t), we deduce with (4.4), that w = P(w;t)p(w;t) 4+ 1o(w; t) has no poles at a(t).
Since ®(w;t)o(w;t) + o(w;t) is differentially algebraic (as the sum of two differentially
algebraic functions, see Lemma 3.2), with no poles at a(t), we find that its evaluation at
a(t) is differentially algebraic. Since r,(a(t);t) € © we use the ring property in Lemma 3.2
to deduce that ¥ (a(t);t) — wo(a(t);t) is differentially algebraic.
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Then, 1 (w;t) — to(w; t) satisfies the assumptions of Theorem 3.10 (with ws(t) replaced
by kws(t)) and we deduce that it is differentially algebraic by Remark 3.12. By Lemma 3.2,
and the differential algebraicity of 1g(w;t), we deduce that 1(w;t) is differentially algebraic.

Step 4: Study of r,(w;t).

Let us now finish the proof of Proposition 4.1. Since ¢ (w;t), ®(w;t), and ¢(w;t) are differ-
entially algebraic in their two variables, we conclude that r,(w;t) = ¥ (w;t) + ®(w; t)p(w; t)
is differentially algebraic as the sum and product of differentially algebraic functions; see
Lemma 3.2. U

4.2. Infinite group case. It now remains to handle the case where the group has infinite
order. So let us consider a nondegenerate model of walks and assume that FE, is an
elliptic curve and |G| = oco. The equivalence between the 0,-algebraicity and the 0,-
algebraicity can be straightforwardly deduced in this weighted context from the proof
of [8, Proposition 3.10]. Let us see that the 0;-algebraicity implies the 0,-algebraicity. If
Q(z,y;t) is Op-algebraic, then Q(z,0;1) is ds-algebraic. By [7, Theorem 3.12], if Q(z,0;t)
is Os-algebraic, then it is d,-algebraic. In virtue of Lemmas 2.1 and 3.2, we find that if
Q(x,0;1) is O, -algebraic, then Q(x,y;t) is d,-algebraic. So to prove Theorem 1.1, it now
suffices to show the following result.

Theorem 4.5. Let us consider a nondegenerate model of walks, assume that E; is an
elliptic curve and |G| = co. If Q(x,y;t) is O,-algebraic, then it is O;-algebraic.

Proof. By Proposition 3.14, it suffices to show that r,(w;t) and r,(w;t) are differentially
algebraic. Let us consider r,(w;t), the proof for r,(w;t) is similar. By Proposition 2.5,
for all ¢ € (0,1) fixed, E; is an elliptic curve. Let G; be the group G specialized
at t. The order of the group G; may depend upon ¢t. However by [8, Proposition 2.6],
see also [19, Proposition 14], which can be straightforwardly extended in the weighted
framework, the set of ¢t € (0, 1) such that G, has infinite order is dense. By assumption,
for such t fixed, x — Fi(x;t) is 0,-algebraic. By [16, Theorem 3.8], for all such ¢ fixed
there exists a (wy(t),ws(t))-periodic function g(w;t), such that

),
ba(w;t) = glw + ws(t);t) — glw;t). (4.5)
By [16, Proposition 3.9], there exist g(x;t) € C(z,t) and h(y;t) € C(y,t) such that
g(z(w;t);t) = g(w;t) and for all (z,y) € F,
zy = g(x;t) + h(y; ).

Since g(z(w;t);t) = g(w;t), we use Corollary 3.8 to deduce that we may continue g(w;t)
in the ¢ variable.

Step 1: Study of g(w;t).
Lemma 4.6. The following holds:

e There are countably many elements of ®, whose union forms the set of poles of
w i gw;t).

e The coefficients of the principal parts of w— g(w;t) are in D.

e g is differentially algebraic in its two variables.
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Proof. We claim that the poles of w +— g(w;t) are of the form wy(t) 4 fws(t), where wq(t)
is a pole of w — b, (w;t) and ¢ € Z. To the contrary, assume that a(t) is a pole that is
not of this form. Then a(t) — ws(t) is a pole of w — g(w + ws(t);t), that is not a pole of
w = by(w;t). With (4.5), we find that a(t) — ws(¢) is a pole of w — g(w;t). We prove
successively that for all ¢ > 0, a(t) — fws(t) is a pole of w — g(w;t). Since g(w;t) is
(wi(t),wa(t))-periodic, a(t) — ws(t)N + wi(t)Z + ws(t)Z are poles of w +— g(w;t). Since
|G| = 00 and 7(w) = w + ws(t), the sets Ay := {a(t) — bws(t) + wi(t)Z + wo(t)Z}, with
¢ € N, are disjoint. Then, the set of poles of w — g(w;t) possesses an accumulation point
which contradicts that the function is meromorphic. This proves the claim.

By Corollary 3.9, the poles of w — b,(w;t) are dj-algebraic. By Lemma 3.3, ws(t) is
Op-algebraic too. With the claim, it follows that the poles of w — g(w;t) are O-algebraic.
By Corollary 3.8, the coefficients of the principal parts of w — z(w;t) are J;-algebraic.
With g(z(w;t);t) = g(w;t), and g(x;t) € C(x,t), we deduce that the coefficients of the
principal parts of w +— g(w;t) are J;-algebraic. Finally g(w;t) is differentially algebraic, as
the composition of differentially algebraic functions; see Lemma 3.2. U

Step 2: Study of f(w;t) := ry(w;t) — g(w;t).

By (2.4) and (4.5), we find

flw 4+ ws(t);t) = ro(w 4 ws(t);t) — Glw + ws(t); )

= 1, (wst) + by(wi t) — (G(wst) + be(wit)) = f(wst).
Then, f(w;t) is w;(t)-periodic. Recall that g(w;t) is wi(t)-periodic. By (2.5), ry(w;t) is
also wy(t)-periodic. Therefore, w +— f(w;t) is elliptic with periods (w;(t),ws(t)). Recall
that the poles and the coefficients of the principal parts of w — g(w;t) are J;-algebraic. By
Lemma 3.13, the same holds for 7, (w;t) and there exists a(t) € D such that r,(a(t);t) is
differentially algebraic. By Remark 3.12, we may build w — fy(w;t), that is differentially
algebraic, (w;(t),ws(t))-periodic, and with same principal parts as w — f(w;t). Let us
write

Flwit) = folwit) = rp(w;t) — Glw;t) — fo(wst).

The function —g(w;t) — fo(w; t) is differentially algebraic, as the sum of two differentially
algebraic functions; see Lemma 3.2. Since f(w;t) — fo(w;t) has no poles and a(t) is not
a pole of w — ry(w;t), we deduce that a(t) is not a pole of w — —g(w;t) — fo(w;t).
Therefore, its evaluation at a(t) is still differentially algebraic. Then, the same holds
for w — f(w;t) — fo(w;t), which satisfies the assumptions of Theorem 3.10 (with ws(t)
replaced with ws(t)) and we deduce that it is differentially algebraic by Remark 3.12.
Hence, r,(w;t) = (f(w; t) — folw; t)) + g(w;t) + fo(w;t) is differentially algebraic as the
sum of differentially algebraic functions, see Lemma 3.2. This concludes the proof. U
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Abstract. We look at multidimensional random walks (Sy,),>0 in convex cones,
and address the question of whether two naturally associated generating functions
may define rational functions. The first series is the one of the survival probabilities
P(r > n), where 7 is the first exit time from a given cone; the second series is that
of the excursion probabilities P(7 > n, S, = y). Our motivation to consider this
question is twofold: first, it goes along with a global effort of the combinatorial
community to classify the algebraic nature of the series counting random walks in
cones; second, rationality questions of the generating functions are strongly associated
with the asymptotic behaviors of the above probabilities, which have their own interest.
Using well-known relations between rationality of a series and possible asymptotics of
its coefficients, recent probabilistic estimates immediately imply that the excursion
generating function is not rational. Regarding the survival probabilities generating
function, we propose a short and self-contained proof that it cannot be rational neither.

Keywords: random walks in cones, survival probabilities, generating functions,

rational functions, Laplace transform, univariate singularity analysis.

1. INTRODUCTION

Main result and our approach. For a d-dimensional random walk (.S,),>¢ with
integrable and independent increments X,, = S5, — S,,_; having common distribution pu,

we consider the generating function

F(t) =) apt"=> P*(r > n)t",

n=0 n=>0

(1.1)

where P* is a probability distribution under which the random walk starts at Sy = x, and

7 denotes the first exit time from a given cone K, i.e.,

T=inf{n >0:S, ¢ K}.

See (1.7) for an explicit computation of (1.1) in a simple one-dimensional example. Our

first main result can be stated as follows:

Theorem 1.1. If the drift m = EX, is not interior to the cone K, and if four further
assumptions (A1)—(A4) (to be introduced below) are satisfied, then the generating function

F(t) in (1.1) is not a rational function.
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Let us emphasize that in Theorem 1.1, the distribution of X; is not assumed to be a
discrete measure. This theorem covers, amongst other cases, the class of walks with small
steps in orthants (with arbitrary weights on the steps), a model that has attracted a lot of
attention from the combinatorial community, but is much more general.

The non-rationality of the generating function (1.1) is based on the fact that the numbers
a, don’t have an asymptotic behavior that is compatible with the Taylor coefficients of a
rational function. More precisely, we identify in Theorem 1.3 a rate p € (0, 1] such that

a, = p" By, (1.2)
with B, satisfying

(i) /B, — 1,
(ii) B, — 0.

Using then classical analytic combinatorics techniques (see in particular Theorem 4.1
and Lemma 4.2), one will directly deduce that the generating function (1.1) cannot be
rational.

In this paper, we provide proofs of estimates (i) and (ii) which are self-contained, and
as simple and elementary as possible. Only item (ii) is new. Item (i) (in particular the
value of the rate p in (1.2)) is already obtained in [11], but for the reader’s convenience,
we shall give here a detailed proof in a simplified setting, that covers the cases which are
relevant to combinatorialists. In a special case (when the drift is, in some sense, directed
towards the vertex of the cone), the precise asymptotics of the survival probability (hence
in particular items (i) and (ii)) is derived in [8].

Drift inside of the cone. In case of a drift m = EX interior to the cone, the probabilistic
behavior is rather constrained as we have P*(1 > n) — P*(7 = o0) > 0. The positivity
of the escape probability is intuitively clear, based on the law of large numbers and the
fluctuations of the random walk; see Lemma 3.1 for a precise statement. Equivalently, in
the neighborhood of ¢t = 1, one has
P*(1 = 00)
1—t 7
which contains no contradiction with F' being a rational function. However, for one-
dimensional walks with bounded jumps, it is proved in [1, Thm 4] that P*(7 > n) =
P*(r = o0) + %72 + -+, with p € (0,1), which is not compatible with F' being rational.
One of the simplest examples for which the rationality of F'in (1.1) was an open question
before the present paper is the following: in the quarter plane K = N2, take a uniform
distribution p on {(1,0), (0, —1),(—1,0),(0,1),(1,1)}. Here, we answer this question and,
more generally, solve the problem for the orthant K = [0, 00)¢ and any (weighted) small
step walk, i.e., random walk with increments X that belong to {—1,0, 1}% almost surely.
If P(Xy € K) =1, then the random walk is trapped forever in K and a,, = P*(7 > n) =1
for all n, so that F(t) = - is a rational function. Let us say the walk is not trapped if

-t
P(Xy ¢ K) > 0. Our second main result is the following:

F(t) ~

Theorem 1.2. For all d-dimensional weighted small step walks with a drift interior to
the orthant K = [0,00)%, not trapped and satisfying (A2), the generating function F(t)
in (1.1) is not rational.
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Here again, the non-rationality of the generating F'(¢) is obtained as a consequence of
estimates on a,, = P*(7 > n). More precisely, in Theorem 1.4, we prove that

P*(r > n) = P*(1 = 00) + O(p" B,), (1.3)

where p € (0,1) and B, satisfies {/B,, — 1 and B,, — 0, and the notation f, = ©(g,)
means that there exist constants 0 < ¢ < C' such that cg, < f, < Cg,.

We could have unified the presentation of the interior and non-interior drift estimates,
since P*(7 = oo) = 0 when the drift is not in K°. However, we choose not to do so,
because the last double-sided estimate (1.3) is obtained only in the small step walk setting.
We leave open the general case of this interesting interior drift problem.

In the papers [12,13] (see also [7]), the authors prove the non-rationality of F'(t), for
certain models of singular walks in the quarter plane, by proving that F'(¢) admits infinitely
many poles.

Combinatorial motivations. Up to a scaling of the t-variable, our framework is equiva-
lent to a more combinatorial question, related to the enumeration of walks. More precisely,
in case p is a uniform distribution on a finite set S (with cardinality |S|), one has

F(IS[t) = >_ ant",

n=0

where ¢, denotes the number of walks starting from z, having length n and staying in the
cone K. More generally, when p is any distribution, the series F'(t) counts the numbers of
pu-weighted walks of length n staying in the cone K. Accordingly, all our results admit
direct combinatorial interpretations.

Recently, in the combinatorial literature, the seminal paper [3] inspired the following
question, which has attracted a lot of attention: given an orthant K = N? = {0,1,...}¢
and a distribution p on Z? (a step set in the combinatorial terminology), is the generating
function (1.1), or its refined version

Flzy,...,zgt) =Y. Y. Pt >n,5, = (ni,...,ng))z}" - xpit" (1.4)

n20 (nq,...,ng)€EN

a rational function? An algebraic function? A function satisfying a linear (or non-linear)
differential equation? A hypertranscendental function, meaning that like Euler’s I" function
it does not satisfy any differential equation? In the present article, we look at the possible
rationality of the generating function.

Notice the following relation between (1.1) and (1.4):

FQ,...,1;t) = F(t).
On the other hand, F(0,...,0;t) is the generating function of the excursion sequence

F(0,...,0;t) = > P*(r >n,S, =(0,...,0))t",

n=0

which will be studied (based on earlier literature [5]) in Section 5.
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FIGURE 1. A cone K (in red) and its dual cone cone K* (in blue)

Technical assumptions. In order to present the hypotheses in the statement of our main
results, we need to introduce two objects, through which the exponential rate p in (1.2)
will be determined:

e the Laplace transform L of the increment distribution u:

L(t) = E(e*)) = / " u(dy),

R4
e the dual cone K* associated with K (see Figure 1 for an example):
K*={x €R%: (v,y) >0 forally € K}. (1.5)

Obviously, K* is a closed convex cone.

Throughout this paper, we make the following assumptions on the cone K and on the
distribution p of the random walk increments:

(A1) The cone K is closed, convex, with non-empty interior.

(A2) The random walk is truly d-dimensional, i.e., there is no u # 0 such that (u, X;) =0
almost surely. Moreover, the random walk started at zero can reach the interior
K? of the cone: there exists k > 0 such that P°(7 > k, S, € K°) > 0.

(A3) The random walk increments are L'. We call m = EX; = [yu(dy) the drift.

(A4) There exists a point ¢y € K* and a neighborhood V of ¢y such that the Laplace
transform L of p is finite in V' and ?( is a minimum point of L restricted to K*NV.

We would like to give some intuition on the hypothesis (A4), which is designed to perform an
exponential change of measure adapted to the geometry of the problem (see Subsection 2.1).
First, (A4) implies the existence of some exponential moments, but not all; it is even not
necessary that the increments have a moment of order one.
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For example, consider a random variable X with probability density function

et e’

2 2
f(z) =c, (ngl{m>0} + 1+x21{$<0}> 7

where v > 0 is some fixed parameter and c, is the normalizing constant. Since the negative
part of X has a half-Cauchy distribution, the variable X is not integrable. However, its
Laplace transform

_ 2 2
© e tmefy —|—€t$€ T

L(t) = E(e¥) = 07/0 e dx

is finite and differentiable for all ¢ > 0, and its derivative

.. xe T

L'(t) = C“//O (e — ¢ )1+ 22

dx

is negative for t € (0,7). Thus L reaches a minimum at some ¢, > 0 (clearly L(t) — oo
as t — 00). Now taking a random vector Z = (X,Y) with density f(z)f(y) gives a
two-dimensional example where Z is not integrable but its Laplace transform is finite in
the quadrant [0,00)? and reaches a global minimum inside the quadrant.

Regarding the existence of a local minimum in K*, hypothesis (A4) is discussed in [11]
(see its subsection 2.3; the condition is called (H2) there), where an equivalent geometric
condition is given: in the presence of all exponential moments, condition (A4) is satisfied
if and only if the support of the distribution p is not included in any ‘bad’ half-space
{z € R%: {x,u) <0}, with u in the dual cone K*\ {0}.

Under assumptions (A1l)—(A4), we proved in [11] that the exponential rate p of the
survival probability is equal to L(ty), meaning that for all z € K,

lim P*(7 > n)™ = L(t,).

n—oo

Furthermore, L(ty) < 1 if and only if the drift m does not belong to the closed cone K.
Here, we shall prove a little bit more:

Theorem 1.3. Assume hypotheses (A1)—(A4) above. If m ¢ K°, then
P*(1 > n) = p"B,,
where p = L(ty) € (0,1], /B, — 1 and B,, — 0.

Regarding the interior drift case, we shall prove the following estimate, in the setting of
small step walks in orthants:

Theorem 1.4. For all d-dimensional weighted small step walks with a drift interior to the
orthant K = [0,00)?, not trapped and satisfying (A2), we have for all x € N¢

P(r > n) ~ P*(r = oc) = O(4"B,).

where p € (0,1) and B,, satisfies /B, — 1 and B,, — 0.
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A one-dimensional example. We now illustrate our previous results on the example of
the simple random walk on Z, with jump probabilities ¢ to the left (—1) and p =1 — ¢ to
the right (+1) and let K = [0, 00). In this setting,

T=1inf{n >0:S, <0} =inf{n >0:S5, = —1}. (1.6)
It is well known that, for any positive starting point x € N, the series (1.1) equals

1 —o¢(t)"" : 1= /T —dpgt?

th ¢(t) =
T with o(?) o

We may directly observe on (1.7) that, as stated in our Theorems 1.1 and 1.2, the function
F(t) is not rational. Indeed F(t) € R(t) if and only if (1 — /1 — 4pqt?)*™' € R(¢). But
an expression like (1 — /P)™ where P is a polynomial belongs to R(#) if and only if v/P
belongs to R(t), as seen by a binomial expansion, and /P is rational if and only if P is
a square in R[t]. This is not the case here with P(t) = 1 — 4pqt?, unless p or ¢ equals 0.
However, F'(t) defines an algebraic function (as usual for one-dimensional random walks;
see [1]).

In the zero drift case (meaning that p = ¢ =
singularity analysis, one finds

F(t) = (1.7)

1), expanding (1.7) at ¢ = 1 and using

2 1
P*(r >n) ~ (z+ 1)\/;n1/2 (in particular p = 1).

If the drift is negative (q > p), the function F' in (1.7) is analytic at 1 as ¢(1) = 1, and
the singularities t = +£5—= will both contribute to the asymptotics, which reads

N
. AR 1 (=)™ 2v/p9)"
P(T>n)~(x+1)(p) (2\}1@_1++1> o)

Finally, when the drift is positive (p > q), the probability of survival admits the following
two-term asymptotics (observe the similarity with the negative drift situation)

Be(r > n) = (1 - <§>r+1>+(x+1)(;>(x+1)/2 ( 1 N (- ):v-l—n) (2y/P0)" .

T—l 7"‘1 \/%713/2

The three asymptotics above, which illustrate our Theorems 1.3 and 1.4, are obtained by
studying the singularities of the generating function (1.7) and by using classical transfer
theorems on the coefficients.

2. SURVIVAL PROBABILITY IN THE NON-INTERIOR DRIFT CASE:
PROOF OF THEOREM 1.3

2.1. Basics on the Laplace transform. Let us first recall some basic properties. The
Laplace transform of a random vector X = (X ... X(@) ¢ R? with probability distri-
bution 1 is the function L defined for t € R? by

L(t) = E<e<t’X>) = /Rd e u(dy).
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It is finite in some neighborhood of the origin if and only if E(ea”X ”) is finite for some

«a > 0. If L is finite in some neighborhood of the origin, say B(0,r), then L is infinitely
differentiable in B(0,r) and its partial derivatives are given there by

OL(t) (6) (t,X)

S = E(XDe%),

Therefore, the expectation EX = (EX®, ...\ EX@) of X is equal to the gradient of L at
the origin VL(0). Notice that X is centered (i.e., EX = 0) if and only if 0 is a critical
point of L. Since L is a convex function, this means that 0 is a minimum point of L in

B(0,7). Now suppose that L is finite in some ball B(tq,r), and define a new probability
measure [, by

e<t07y)
p(dy) = L) u(dy).

The Laplace transform L, of p, is linked to that of p by the relation L. (t) = L(to+t)/L(to),
and therefore L, is finite in some neighborhood of the origin. As a consequence, applying
the results above shows that any random vector X, with distribution pu, satisfies:

o E (ea”X*H) < oo for some o > 0;
o EX, = VL(ty)/L(ty).

As we shall see later, the relevant value of L for our problem is its minimum on the dual
cone K* defined by (1.5).

We now investigate further properties of EX, when ¢, satisfies the assumption (A4),
i.e., tg is a local minimum point of L restricted to K*. By convexity of L, the point %, is
necessarily a global minimum on K*; we don’t assume ¢, to be a global minimum on R¢.
Define the two sets

S = {uERd :de > 0,Vs € [—¢,¢],tg + su € K*},

St = {ueRd:E|5>O,Vs€ [0,6],to—|—sueK*}.

Of course S C S*. Since K* is a convex cone, the set S contains at least to, while the set
ST contains at least K*. Assuming (A4), we observe the following:

e if u belongs to ST, then the function ¢(s) = L(ty + su) defined on some small
interval [0, £] reaches a minimum at s = 0, hence ¢'(0) = (VL(to),u) > 0. This
holds for all u € K* since K* C ST, therefore V L(ty) belongs to the dual cone (K*)*
associated with K*;

e if u belongs to S, the function ¢(s) defined on some small interval [—¢, €] reaches
its minimum at s = 0, hence ¢'(0) = 0. Therefore V L(¢y) is orthogonal to S (and
so at least to ty itself).

Translating these observations in terms of the expectation of X,, we obtain:

Lemma 2.1. Assume (Al) and (A4). The expectation EX, of any random vector with
distribution p* belongs to the cone K and is orthogonal to t.

Proof. Since K is a closed convex cone, it is well known that (K*)* = K (see Exercise 2.31
in [4] for example). Everything now follows from the relation EX, = VL(to)/L(ty). O
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2.2. Proof of Theorem 1.3. We shall use the preceding t; and u, in order to perform an
exponential change of measure. For any non-negative and measurable function f : R" —
[0,00), elementary algebraic manipulations give:

2 n n
Em(f(sh---,sn)) :/nf <$+$1,$+Z$i,-~7$+z$i> H/l(dxz‘)
i=1 i=1 i=1
2 n n
=p" /Rn f <x+x1,x+2xi, . ,x—l—Zwi) e~ (02 i) IT e (dzy)
i=1 i=1

=1
= e MEL (£(Sh,..., Su)e 5,
where

e p= L(t),
e [E? is the expectation with respect to P7, a probability distribution under which
(Sp)n>o0 is a random walk with increment distribution p, and started at Sy = x.

Taking f(s1,...,5n) = [11 1k (s;) leads to
P (7 > n) = prello)ET (e’<t°’5”>,7' > n),
so that Theorem 1.3 will follow from the two lemmas below:

Lemma 2.2. Assume (A1)—(A4). Then, for all z € K,

lim {/Ez (e*<t075n>,7 > n) =1.
n—oo

Lemma 2.3. Assume (A1)—(A4). If the drift m = EX; does not belong to K°, then for

allx € K,

lim EY (e’<t0’5”>, T > n) =0.

n—o0

Lemma 2.2 is fully proved in [11]. However, to make our paper self-contained, we
propose here a short proof of it in a simplified setting. Instead of (A2) we will work under
the following hypothesis: there exist £ > 0 and z € K° such that P(1 > k, Sy = z) > 0. In
the majority of classical lattice random walks, the previous hypothesis is satisfied, as for
instance for all 74 non-singular small step random walks considered in [3].

Proof of Lemma 2.2. First observe that on the event {7 > n}, we have S, € K, hence
(to, Sn) = 0 since ty € K*. As a consequence E* (e*<t°’5">, T > n) <Pf(r >n) <1, and
what remains to prove is that

lim inf {/Ez (e*<t075n>,7' > n) > 1.

n—oo

By inclusion of events and basic properties of the n-th root limit, it suffices to prove the
result for z = 0, in which case we get rid of the = superscript on E, and P,. We compute
a lower bound of the expectation as follows:

E. (6_<t°’s’”‘>,7' > n) > e_“”IP’*(KtO, So)| < ap, T > n),
with a, = n%*. The e ® term goes to 1 in the n-th root limit, thus we focus on the
probability in the right-hand side.
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Using our hypothesis, we can use the first k|[/n] steps to push the walk [\/n] times in
the direction z without leaving the cone: by inclusion of events and the Markov property,
we have

P*(|(t0,5’n>| < ap, > n) > ab"IPi"Z(KtO, Sn—kby)| < ap, T >n— k:bn),

where a = P(7 > k, Sy, = z) > 0 and b, = |/n]. Here again, the o’ term will disappear
in the n-th root limit, and the —kb,, does not play any significant role in n — kb,,, so we
are left to consider the probability

P2 (|(to, Su)| < an, 7 > n).

At this point, we take into account the “new drift” d = E.X; of the random walk under
P,, and consider the centered random walk S,, = S5,, — nd. Lemma 2.1 asserts that:

e d is orthogonal to tg, so that (to, S,) = (to, Sn),
e d belongs to K, hence

{7(S)) >n}={S,,...,5, € K} C{S),...,S, € K} = {r > n}.
Due to these facts, our probability can be bounded from below by
Po* (|(to, S| < an, 7(Se) > ) = Pu(|(to, buz + Su)| < @n, 7(buz + Sp) > n)
= P.(|{to, 2 + Subp )| < anby !, 7(z + Siby ") > )
> R(Hggb;lﬂ <eforall £=1,... ,n),

where we have used the homogeneity of the cone, namely K/b, = K on the second line, and
then chosen £ > 0 so that the ball B(z,e) C K. Now recall that, under P,, the increments
X, of the random walk S,, have a distribution p* with some exponential moments, hence
the X,,’s are in L2, and so do the increments X,, — d of the centered random walk gn
Therefore, the functional central limit theorem [2, Thm 8.2] is in force and, in conjunction
with Portmanteau theorem [2, Thm 2.1], we obtain

lim inf P2 (|(to, Su)| < an, 7(Se) > n) = P.(||Bi]| < € for all ¢ € 0,1]) >0,

where (B;)icp0,1) is the image of a standard Brownian motion started at 0 under a (possibly
degenerate) linear transformation. This concludes the proof of Lemma 2.2. O

Proof of Lemma 2.3. The proof will be done separately, according to whether ¢, is zero
or not. First assume ¢y # 0. On the event {7 > n}, for all k = 1,... n, we have that
Sk € K, hence Ry = (ty, Sk) = 0 since ty € K*. Therefore

Ef(e‘“o’S"),T > n) < ]P’f(Rk >0forallk=1,... ,n).

Now, under P?, the process Ry = (to, Sk) is a random walk with increments Y = (to, Xj)
having mean (t, E,X;) = 0 (see Lemma 2.1). Since the initial distribution g is truly
d-dimensional and u, is absolutely continuous with respect to u, the new distribution .
is also truly d-dimensional.

Thus, under P?, the increments Y, are non-degenerate (i.e., it does not hold that
Y, = 0 almost surely). It is well known (see [9, Thm 1 & 2 of XII,2]) that for such a
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one-dimensional random walk, almost surely,
—o0 = liminf R,, < limsup R,, = +o00.
Accordingly,
lim PY(Ry >0 forall k=1,...,n) = PI(Ry > 0 forall k> 1) =0.

We now turn to the case ty = 0. This time (t¢, S,,) = 0, so we don’t learn anything by
considering this specific one-dimensional random walk. The idea is to replace ¢ty with an
appropriate t, and apply the same argument as before. To do this, observe that we know
from Lemma 2.1 that E,X; belongs to the cone K, but when ¢, = 0 the change of measure
has no effect: p, = p. Hence the original drift m = EX; belongs to K. Since we assumed
m ¢ K°, we are left with a drift m on the boundary 0K of the cone K.

If C is a closed cone, the interior of its dual cone has the following description:

(C")° = {x cR%: (z,9) >0forally e C\ {0}}
(see Exercise 2.31(d) in [4] for example). As a consequence, the boundary is given by
oC* = {x € C*: (x,y) =0 for some y € C’\{O}},
and applying this to the closed convex cone C' = K™ gives
0K = {x € K : (z,y) =0 for some y € K*\{O}},

since (K*)* = K. Going back to our drift m € K, there exists some to € K*\ {0}
such that (fy,m) = 0. Setting Ry = (fy, Sk), we obtain a centered and non-degenerate
one-dimensional random walk such that Sy € K implies R, > 0. Therefore

Ef(e‘<t°’s">,7 > n) =Pt >n) < Pf(ék >0forallk=1,... ,n),
and the conclusion follows as in the first case. O

The proof of Theorem 1.3 is complete.

3. SURVIVAL PROBABILITY IN THE INTERIOR DRIFT CASE: PROOF OF THEOREM 1.4

In this section, we restrict our attention to the cone K = [0, 00)¢ and small step walks,
i.e., random walks on Z< with increments X}, satisfying X € {—1,0,1}? almost surely.
For such walks, we investigate the case of a drift m = EX}, interior to the cone K, i.e.,
such that (m,e;) >0 fori=1,...,d, where (ey,...,eq) denotes the standard basis of R
We will use the notation X ,ff) = (X, €;). Since the drift is in the interior of K, we know
that

lim P*(7 > n) =P*(7 = 00) >0
for all z € K; see Lemma 3.1 for a precise statement and a proof.

Here we wish to estimate the error term 6,, = P*(7 > n) — P*(7 = c0). We exclude the
case where 9, = 0 for all n by assuming that the random walk is not trapped, i.e., the
increments satisfy P(X; ¢ K) > 0. Under this assumption we will prove Theorem 1.4,
namely that

P*(r >n) —P*(1=00) =0 (p"B,) .

Before going into the proof, we collect preliminary estimates on P*(7 = 00).



256 R. Garbit and K. Raschel

3.1. Exact formula for a one-dimensional small step walk. First of all, we consider
the one-dimensional setting with p = P(X, = 1), r = P(Xy = 0), ¢ = P(X} = —1),
p+7r+q=1. Let 7 be as in (1.6) and assume m = p — ¢ > 0. Then it is known that, for
all z € N,

If ¢ > 0, this can be rewritten as

Pt =00) =1—ye ™, (3.1)

s

where v = ¢/p and s > 0 is the unique solution to e=* = ¢/p.

One way to obtain the formula above is to use the discrete harmonicity of the function
uy = P*(7 = 00): by the Markov property, we have u, = qu,_1 + 17U, + pugyq forall z > 1,
which is solved in v, =a+ b (%)w. Then a and b are determined through initial and limit
behaviors of u,.

For future use, we notice the following fact: let

L(t) = E(eth) =pe' +r+qe’

be the Laplace transform associated with the random walk increments. Its derivative is
given by L'(t) = pe' — ge™'. Evaluating at ¢ = —s, where s is as above the solution to
e~ = q/p, leads to

L(-s)=1 and L' (-s)=q—p=-m<0. (3.2)

The last value is exactly the opposite of the drift.

3.2. Estimate for P*(7 < co) in the d-dimensional small step case. Let us go back
to our d-dimensional small step walk (.S,,),, with drift m interior to the cone K = [0, c0)?
and such that P(X, ¢ K) > 0. The simple inclusion of events

{Eln >0, (S, ;) < O} C {7‘ < oo} C O{Eln > 0,(Sy,,e) < 0}

leads to the bounds
D) < B < n0) < gla), (33)

where g(r) = ¢ P*(3n > 0,(S,,e;) < 0). Now, for each i, the one-dimensional
small step walk ((S,,e;)), with increments X ,EZ) has a drift EX ,Sf) = (m,e;) > 0. Since
P(X; € K) > 0, the set I of indices ¢ for which IP(X,EZ) = —1) > 0 is non-empty, and
applying the exact formula (3.1) of the preceding paragraph, we obtain:
gla) = ye o,
i€l

where 7; = P(X,gi) = —1)/IP’(X,:) = 1) € (0,1) and s; > 0 is the unique solution to
e % = ;.



Survival probabilities in a cone 257

3.3. Proof of Theorem 1.4. Fix z € N? and set
0p = P¥(1 > n) — P*(1 = 00) = P*(7 > n, but S,, ¢ K for some m > n).
By the Markov property of the random walk, we can express 9,, as follows:
o, = E* (T > n, P5 (1 < oo)) :

so that inequality (3.3) leads to 6, = ©(g,), where g, = E*(7 > n, ¢(S,)). It remains to
estimate

Jn = Z%Ff (T >n, e<S”’_siei>) ,

iel
To do this, we apply to each term in the sum a specific exponential change of measure. Set
el{—sieiy)

pxi(dy) = mﬂ(dy),

where p is the common distribution of the increments Xj of the random walk, and
L(t) = E(e®¥#)) is their Laplace transform. Then basic algebraic manipulations as in
Section 2.2 lead to

E® (7‘ > n, e<S”’_S"6i>) = L(—s;e;)"e 7549 PL (7 > n).

Now observe that ¢t — L(te;) = E(etxli“) is the one-dimensional Laplace transform of the

. (__
increments X ,EZ). Since s; is the solution to e™% = ; = %, we are in the same
(g
situation as in (3.2), so that
oL
L(—s;e;) =1 and g(—siei) = —(m,e;) <O0.
i

Therefore, equation (3.3) reads
E” (T > n, €<S”’7si6i>) = el 7 enPY (1 > n),

and the new drift under P, which is given by the gradient of L at the point —s;e;, has
a strictly negative i-th coordinate. As a consequence, this drift does not belong to the
cone K = [0,00)¢, and it follows from Theorem 1.3 that

PL(m > n) = p} Bin,

where p; € (0,1), /B;, — 1 and B;,, — 0 as n — oo. Finally, we get

9o =>_7%ip}Bin,

iel
which can be rewritten in the form g, = p" B, by selecting
p=max{p; ;i €1} <1.

It is then clear that /B, — 1 and B,, — 0, and the proof is complete.
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3.4. Positivity of the escape probability.
Lemma 3.1. Assume (Al) and (A2). If the drift m = EX; belongs to K°, then the

function h(x) = P*(1 = 00) satisfies:
(1) h is harmonic for the killed random walk, i.e.,
h(z) =E*(h(S,), T > n).

(2) h(z) >0 forallz € K.
(8) limy_,oo h(tu) =1 for all u € K°.

Proof. Ttem (1) is just the Markov property applied at time n. The relation is valid
disregarding the position of the drift. We now prove (2).

First step. We begin with a simple geometric fact. For any z € K°, the non-decreasing
sequence of sets K — kz will ultimately cover the whole space, i.e., Upso(K — kz) = R%. To
see this, select € > 0 such that B(z,¢) C K. For any 2 € R%, there exists k > 0 such that
|z /K|l < e, hence z + 7 belongs to K. By homogeneity of K, it follows that kz +x € K,
ie,x e K —kz.

Second step. Let us consider the random walk (S,,) with drift m € K° and select € > 0
such that B(m,e) C K. By the strong law of large numbers S,,/n — m almost surely,
therefore, for almost all w, there exists ng = ng(w) such that

Sp(w)

n

n}noé‘

—mH <e= S,(w) €K.

Considering now the first positions Sy (w), Sa(w), . .., Spe—1(w), the first step of the proof
ensures that there exists k& > 0 such that they all belong to K — kz, where z € K° is to be
fixed in the last step of the proof. Since one has

K C K — kz (recall that K + K C K),
all positions S, (w),n = ng, also belong to K — kz and we obtain the following:
P(Uro{Sn € K — kz for all n > 0}) = 1.

Since the events inside the probability above form a non-decreasing sequence, it follows
that
lim P(S, € K — kz for all n > 0) = 1. (3.4)
k—o0

Last step. To conclude, we invoke hypothesis (A2), that claims the existence of an
integer £ > 1 such that
P(r > ¢,5, € K?) > 0.
Fix some u € K°. Since K° = U>o(K + Au), there is a z = Au € K° such that
P(r>¢,5 € K+z2)=p>0.

By the Markov property, a concatenation of m such /-steps paths leads to

P(r > ml, Sy € K +mz) = p™ > 0.
On the other hand, it follows from (3.4) that there exists k > 0 such that

P(S, € K —kz foralln > 0) > 1/2.



Survival probabilities in a cone 259

Now choose m > k. Since S,y € K+mz and S,, — S,y € K —kz imply S,, € K, we obtain
P(tr=00) 2 P(r >ml,Spe € K +mz) xP(S, € K —kz for alln > 0) > 0.

We have just proved that g(0) > 0. The result follows since g(z) > ¢(0) for all z € K, by
inclusion of events.

We conclude with the proof of (3). The limit (3.4) obtained in the second step of Item (2)
can be recast as:

lim P* (1 = 00) = 1,

k—o0
where z is any vector in K°. Since g(x) = P*(7 = 00) is non-decreasing in every direction,
the proof is completed. O

4. PROOF OF THEOREMS 1.1 AND 1.2

In this section, we show that our estimates on a,, = P*(7 > n) given in Theorems 1.3
and 1.4 are not compatible with the generating function F(t) = >, ant™ being rational,
using classical singularity analysis for rational functions. The starting point is Theorem
IV.9 in [10], which asserts the following:

Theorem 4.1. If F(2) = Y,50an2" is a rational function that is analytic at 0 and has
poles at points oy, a, ..., q, then its coefficients are sums of exponential-polynomials:
there exist k polynomials P; such that, for n larger than some fized ny,

Both estimates in Theorems 1.3 and 1.4 have the following form:
an = a+ O(p"B,),

where a > 0, p € (0,1], /B, — 1 and B,, — 0. Therefore Theorems 1.1 and 1.2 asserting
the non-rationality of F' will follow in both cases from the following elementary lemma.

Lemma 4.2. Let ¢y, ..., ¢, be distinct non-zero complex numbers and Py, ..., Py be non-
zero complex polynomials. Set a,, = Z?Zl Pi(n)c}. If a, = a+ O(p"B,) for some a > 0,
p >0 and B, > 0 such that /B, — 1, then necessarily B,, / 0.

Proof. If a, = Z?zl Pj(n)cy, then a, — a has the same form, thus, without loss of
generality, we can assume a = 0. Write ¢; = 7;2; with 7; > 0 and |z;] = 1. Let
r=max{r;:j=1,...,k} and let J be the subset of indices j such that r; = r. Then

an:zk:P (ZP n)z} —|—ot"))

j=1 jeJ

where 0 < ¢ < 1. For future use, note that the numbers z;, j € J are all distinct (this is so
since we kept at most one ¢; in any fixed “direction” z;: the one with maximum modulus).

We first show that r = p. Since a, = ©(p"B,) and /B, — 1, it follows that a, /"
goes to one in the n-th root limit. Thus, for any € > 0,

((1 — 5)p)n <a, < ((1 + €)p>n
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for n large enough. Therefore

(22

for n large enough. If p > r then we can choose € > 0 such that the lower bound is A" for
some A > 1.
But then we would have

> Pi(n)z} 4+ o(t")] <

jeJ

((0) »

r

<D0 Pi(n)z) 4 o(t")| <

jeJ

2_1Bi(m)] + [o(")]

Jj€J

and this is impossible since ;¢ ; [P;(n)| grows polynomially. On the other hand, if p < r
then we can choose € > 0 such that the upper bound in (4.1) is A™ for some A < 1. This
implies

> Pi(n)z} — 0.

jed
Dividing this by n?, where p stands for the maximum degree of polynomials P;, leads to
the convergence

> ajzj — 0

jet’
where J' C J is a non-empty subset of indices (those j for which P; has degree p) and the
a;’s are non-zero complex numbers. Since the numbers z; are distinct complex numbers
with modulus 1, this contradicts Lemma 4.3 below. The assertion r = p is now established,
hence we have

> Pi(n)z} +o(t")| =

jeJ

We have seen just before that this expression cannot go to zero as n — oo, thus B, /4 0. [

Lemma 4.3. Let zq, ...,z be distinct complex numbers with modulus > 1. If

lim a;zy =
MOZ iz =0,

then necessarily a; = --- = a = 0.

Proof. Denote by A, the quantity ZJ L G527

7. Clearly, given any complex numbers

&g, - - - Og—1,
k-1 k
Z aiAn+i = Z ajP(zj)z]’-‘, (42)
i=0 Jj=1

where P(z) = ¥ a;2°. We can choose the polynomial P so as to have P(z;) = 1 and

all other P(z;) = 0. We then take the limit of (4.2) as n — 0o, using the assumption of
Lemma 4.3. We find that the term a, 27 should go to zero, which implies that a; = 0, since
|z1| > 1. A similar reasoning gives that all a; = 0, and thus Lemma 4.3 is proved. U
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5. THE EXCURSION GENERATING FUNCTION

In this section, we look at lattice random walks in convex cones. Besides the generating
function of the survival probabilities (1.1), it is natural to ask whether the excursion
generating function

E(t) =) _P*(r>n,S, =y)t" (5.1)

n=0
can be rational, for given starting and ending points z,y € K. When the cone K is an
orthant N% and z = y = (0, ...,0), the function E(t) reduces to the series F(0,...,0;t)
of (1.4). In order to state the result of this section, we introduce the following assumption:

(A4’) There exists a point f; € R? and a neighborhood V' of #; such that the Laplace
transform L of p is finite in V' and ¢y is a minimum point of L restricted to V.

Since L is a convex function, the point £y above is necessarily a global minimum. If j is
truly d-dimensional (as assumed in (A2)), the function L is strictly convex and a necessary
and sufficient condition for the existence of a global minimum is that the support of p is
not included in any closed half-space.

Theorem 5.1. For any distribution satisfying to (A1)—(A3), (A4’) and such that the
random walk takes its values on a lattice, the generating function E(t) in (5.1) is not a
rational function.

Contrary to our elementary and self-contained proof of Theorem 1.1, we don’t have any
elementary argument to prove Theorem 5.1. Instead, we may give a one-line proof based
on earlier literature. Indeed, Denisov and Wachtel provide the following estimate in [5,
Eq. (10)] (we use the generalization to convex cones as in [6, Cor. 1.3]): P*(7 > n, S, = y)
is either 0 (for periodicity reasons) or asymptotic to

C(x,y)p"n "2

where 5 = L(to) with Zy as in (A4’), d is the dimension and p > 0 is a geometric quantity
related to the cone. One immediately concludes because the exponent of n is negative.
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Abstract. In this article, we consider several models of random walks in one or several
dimensions, additionally allowing, at any unit of time, a reset (or “catastrophe”) of
the walk with probability g. We establish the distribution of the final altitude. We
prove algebraicity of the generating functions of walks of bounded height h (showing
in passing the equivalence between Lagrange interpolation and the kernel method). To
get these generating functions, our approach offers an algorithm of cost O(1), instead
of cost O(h3) if a Markov chain approach would be used. The simplest nontrivial
model corresponds to famous dynamics in population genetics: the Moran model.

We prove that the height of these Moran walks asymptotically follows a discrete
Gumbel distribution. For ¢ = 1/2, this generalizes a model of carry propagation over
binary numbers considered e.g. by von Neumann and Knuth. For generic ¢, using a
Mellin transform approach, we show that the asymptotic height exhibits fluctuations
for which we get an explicit description (and, in passing, new bounds for the digamma
function). We end by showing how to solve multidimensional generalizations of these
walks (where any subset of particles is attributed a different probability of dying) and
we give an application to the soliton wave model.

Keywords: Random walks, renewal process, Moran model, analytic combinatorics,
discrete Gumbel distribution, Mellin transform, kernel method, digamma function.



264 R. Aguech, A. Althagafi, and C. Banderier

CONTENTS
1. Introduction 264
2. Walks with resets: final altitude and height 266
2.1. Final altitude Y, 267
2.2.  The height H, 269
3. Asymptotic height of Moran walks 274
3.1.  Localization of the dominant singularity 274
3.2.  Limit distribution of the height: the discrete Gumbel distribution 276
3.3.  Waiting time 281
4. Mean and variance of the height 282
4.1. Fundamental properties of the Mellin transform 282
4.2.  Average height of Moran walks 283
4.3. Variance of the height of Moran walks 286
4.4. Height of excursions 287
4.5. Fourier series: bounds and infinite differentiability 288
5. Some results for the Moran model in dimension m > 1 292
5.1.  Joint distribution of ages for the Moran model with m > 1 292
5.2. A multidimensional generalization of the Moran model 294
5.3. Application to the soliton wave model 295
6. Conclusion and future works 296
References 297

1. INTRODUCTION

The height of random walks is a fundamental parameter which occurs in many domains:
in computer science (evolution of a stack, tree traversals, or cache algorithms [39]), in
reliability or failure theory (maximal age of a component and inference statistics on the
longevity before replacement [24]), in queueing theory (maximal length of the queue,
with e.g. applications to traffic jam analysis [37]), in mathematical finance (e.g. in risk
theory [28]), in bioinformatics (pattern matching and sequence alignment [2]), etc.

In combinatorics, random walks are studied via the corresponding notion of lattice paths,
which play a central role, not only for intrinsic properties of such paths, but also as they
are in bijection with many fundamental structures (trees, words, maps, ...). We refer to
the nice magnum opus of Flajolet and Sedgewick on analytic combinatorics [22] for many
enumerative and asymptotic examples.

While the behavior of an extremal parameter such as the height is well understood for
walks corresponding to Brownian motion theory, it becomes more subtle when a notion
of reset /renewal /resetting/catastrophe [8,9,14,29,33,40,42] is introduced in the model:
indeed, typical behaviors in this model are often established by conditioning on events of
probability zero in the model without reset, leading to possibly counterintuitive results.
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In this article, we give several enumerative and asymptotic results on different statistics
(final altitude, waiting time, height) of walks with resets, focusing on the so-called Moran
walks (walks related to biological /population models considered by Moran in 1958; see
Section 5 for more on this).

Plan of the article.

In Section 2, we consider a generic model of walks with resets (allowing any finite set of
steps and a reset step). We describe the behavior of their final altitude (at finite time, and
asymptotically). We obtain an algebraic closed form for the bivariate generating function
(length/final altitude) for walks of bounded height h. Our approach uses a variant of the
so-called kernel method, which has the advantage to avoid any case-by-case computation
based on Markov chains/transfer matrices of size h x h. In passing, we show the intimate
link between Lagrange interpolation and the kernel method.

In Section 3, we consider Moran walks, a model described in Figure 1, for which we
generalize an enumerative formula due to Pippenger [45]. We show that their height
asymptotically follows a distribution which involves non-trivial fluctuations. We prove
that this distribution is a discrete Gumbel distribution, and we clarify its links with the
continuous Gumbel distribution. We give an application to the waiting time for reaching
any given altitude.

In Section 4, we begin with a brief presentation of the Mellin transform method, and
then use it to derive a precise analysis of the asymptotic average and variance of the height.
The second asymptotic term involves some O(1) fluctuations given by a Fourier series
(which we prove to be infinitely differentiable, and for which we also derive generic bounds
of independent interest). This extends (and fixes some error terms) in earlier analyses by
von Neumann, Knuth, Flajolet and Sedgewick [13,22,38].

In Section 5, we tackle some multidimensional generalizations of Moran walks, with
applications to a model in population genetics and to a wave propagation model (a soliton
model), as considered by Itoh, Mahmoud, and Takahashi in [34, 35].

In Section 6, we conclude with a few possible extensions for future work.

FiGURE 1. A Moran walk is a random walk which makes a jump +1 with
probability p, and a reset (a jump to 0) with probability 1 — p. Above, one
sees such a walk of length n = 30. Its final altitude is Y,, = 1, the height
is H, = 5 (reached twice, in red), having 7 resets (the 7 blue dots). In
this article, we tackle the enumeration and asymptotics of such paths (and
of generalizations involving more general step sets and higher dimension).
We also prove that this simple model of walks leads to some noteworthy
nontrivial asymptotic behavior of their height H,.
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2. WALKS WITH RESETS: FINAL ALTITUDE AND HEIGHT

We consider walks with steps in S (where S is a nonempty finite subset of Z), which
can additionally have a reset at any altitude. That is, we have the following process on Z:

Yo=0
Y, + k, with probability py (for each k € Z, with p,, :=0if k € S),

0, with probability ¢ (with ¢ + Y respr = 1).

(So if Y,, = 0 we have Y,,,1 = 0 with probability py + ¢.)
Thus, Y, is the altitude of the process after n steps and H,, := max(Yp, ..., Y,,) is its height.
It is convenient to encode the steps and their probabilities by the Laurent polynomial

d
Pu) =Y pu® (with ¢ := min S and d := max S). (2.1)
k=c

We assume 0 < ¢ < 1 to avoid degenerate cases. We do not require that ¢ < 0 or d > 0.
Of course, if ¢ > 0, the walk will live by design in N (it is e.g. the case for Moran walks of
Figure 1). In Section 2.1, we determine the distribution of the final altitude (as illustrated
in Figure 2 for different families of steps) and we investigate the height in Section 2.2.

9
For P(n) =% u+ %u .

044

For P(u) = % .

031 0104
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FIGURE 2. Plot of P(Y,, = k), the distribution of the altitudes of walks
with resets, for n = 100 and different P(u). It has its support in the N-
linear combinations of steps from S. The final altitude is of order O(1) and
the probability to end at higher altitudes decreases exponentially fast (see
Theorem 2.1 for closed-form expressions of the mean and the distribution).
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2.1. Final altitude Y,,. Let us start with a simple result which paves the way for the more
subtle generating function manipulations for the height that we tackle later in Section 2.2.
We use the classical convenient notations:

e [2"]G(z) stands for the coefficient of 2" in the power series G(z),
e 0'F(z,1) is the j-th derivative of F(z,u) with respect to u, evaluated at u = 1.

Theorem 2.1 (Final altitude at finite time). The final altitude of walks with resets follows
a discrete law with probability generating function

F(z,u) =) Elu™]" = ! t zzi}l(;)z))

n>0
where P(u) is the Laurent polynomial encoding the allowed steps (a finite subset of 7).
Equivalently, for k € Z, we have

P(Y, = k) = ["] P(w)" + qlu” Z Pluy. (2.3

(2.2)

Let § :== P'(1) be the drift" of the walk without reset, and V := P"(1) its second factorial
moment. The mean and the variance of the final altitude of the walk with resets are given by

E[Y,] =6/q+ (1 —q)" (6 —d/q),

(V+98)q+6? < 5°n V+5) 0, 02
Var[y,] = — 240 g gy (2 - (-

¥ q? ( ) (¢q—1)q q ( ) q?
For Moran walks (i.e., P(u) = pu and p =1 — q), the mean and the variance simplify to

E[Y,] = 2(1 —p”) and VarlV,]| = ;(1 —p" (p”Jrl + (1 + 2n)q)>.

Proof. The probability generating function can be written as

Fz,u) =) (Zn: P(Y, = k:)uk> 2= fauw)2",

n>0 \k€EZ n>0
where the f,(u)’s are Laurent polynomials encoding the location of the walk at time n;
thus we have f,11(u) = P(u)fn(u) + qf.(1), with fo(u) = 1. Multiplying both sides of
this recurrence by z"*!, and summing over n, one gets

F(z,u)(1 = zP(u)) =14 qzF(z,1).

As F(z,1) = 1/(1 — z), one obtains Formula (2.2). Note that the generating function can
also be obtained by using a regular expression encoding these walks (by factorizing the
walk in factors ending by a reset): (S*¢)*(S)*, which translates to

1 1

1 —qzﬁp(l) 1—2zP(u)’

F(z,u) =

where the occurrences of P(1) and P(u) reflect that only the altitudes after the last reset
contribute to the final altitude of the full walk. Using P(1) = 1 — ¢, we get Formula (2.2).
The mean of Y,, is then obtained via p, := E[Y,] = [2"|0,F (2, 1), while its variance is
obtained via a second-order derivative: Var[Y,] = [2"|02F(2,1) + p,, — p2. O
We recall that P(1) = 1 — g, so another convention could have been to call drift the quantity

P'(1)/(1—q), i.e., we would then condition on having no reset (instead of considering walks without reset,
weighted by the initial model (2.1)). This alternative convention does not simplify the subsequent formulas.
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We can now establish the corresponding limit distribution.

Theorem 2.2 (Final altitude: asymptotics). Consider walks with 0 ¢ S, gedS = 1,
and d = max 8 > 0 (these three constraints bring no loss of generality?). Therefore the
support of the walk is either Z (with all altitudes being reachable), or N (with a finite set
of altitudes impossible to reach, known as the unreachable set in the coin-exchange problem
of Frobenius). The final altitude of these walks with resets behaves asymptotically according
to these two cases.

a) For walks with minS > 0, we have for k € N (not in the Frobenius unreachable
set): . . o/
¢~ (minp,)" <lmP(Y, = k) < ¢ - (maxp;)"".
In particular, for Moran walks, we have P(Y, = k) = qp* for 0 < k < n and
P(Y,, =n) =p" so limY, = Geom(q) — 1.
b) For walks with minS < 0 and maxS > 0, we have for k € Z:

P(Y, =k)=qgWp(l —q)+ (1 — Q>Tk:1+1 27m1P”(7) +0 (711) '

Moreover, both in Case a) and in Case b), P(Y,, = k) has a geometric decay for large k.

Proof. In Case a), we have minS > 1; the definition of P(u) in (2.1) then entails
[uF] P(u)? = 0 for large j. The limit of Equation (2.3) thus gives

k
. o _ k ]
nl_l}gloo P(Y, =k) =qlu ]];)P(U) :
In particular, when it is not 0, this quantity is lower bounded by ¢ - (min;es p;)* and upper
bounded by ¢ - (max;es p;)*/?, and therefore decreases geometrically.

In Case b), the proof is more complicated and will recycle ingredients of the asymptotics
of walks without reset. To this aim, first set P(u) := P(u)/P(1), i.e., the step set

probabilities are renormalized to have global mass P(1) = 1. Let Wy(z) be the probability

generating function of walks without reset, i.e., Wy (z) = [u¥] - 113 W= > om0 Wn k2" We
-z u -

then rewrite Equation (2.3) as

Mn:mzpaﬂwPWW+Wﬂ§ymwﬁMj

=(1—-q¢)P(1)"wnr +q Z P(l)jwj,k
=0

— (1= Q)P() Wy + qP(1)" [z —

1—2z/P(1)

If min§ < 0 and maxS > 0, then there is a unique real 7 > 0 such that P'(t) = 0.
It is proven in [5] that p = 1/P(7) is the radius of convergence of Wy(z) and that
Wy Jp ~ T*kC’}B(T)”/\/%m, where C = %\/15(7')/?”(7).

2There is no loss of generality. Indeed, if the walk as a periodic support (i.e., if gcd(S) = g with g > 1)
we rescale (without loss of generality) the step set S by dividing each step by ¢g. Now, if maxS < 0, then
we multiply each step by —1. Last, if 0 € S we consider instead the equivalent model S := S\ {0} and
q =4+ po-
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Note that, as we have a probability generating function, we have p = ]5(7) = 1. The
asymptotics of (2.4) then follows by singularity analysis, as 1/(1 — z/P(1)) is singular at
z = P(1) =1 — ¢, that is, before W} (z) which is singular at z = 1:

. P(r)" 1
P(Y, = k) = Wil = q) + (1= )r*C = +0 ().
( ) = qWi( q) + ( Q)T NG n
Note that Formulas (10) and (11) in [5, Theorem 1] give a closed form for Wy(z). It
implies in particular

0 < Wi(1—q) < (1—q)(c+d)Cy/CH,

where €7 > 0 and Cy > 1 are constants independent of k; thus Wy(1 — ¢) decays
geometrically for & — £o00. This concludes our analysis of Case b) and gives the theorem.
O

These limiting behaviors are thus in sharp contrast with the asymptotic behavior of the
final altitude of walks on Z with no resets, which is én + O(y/n), with fluctuations given
by a continuous distribution (Rayleigh or Gaussian; see [5]).

2.2. The height H,. In order to study the height of these walks with resets, one considers
the subset of them made of walks conditioned to have a height smaller than h. We want
to obtain an explicit formula for their generating function

+00
FM(z,u) = Z E(uY”H{ylgh,y2gh ..... Yngh})zn’
n=0
If these walks are generated by a step set S having only positive jumps, a natural but
naive approach to enumerate them would be to create a deterministic finite automaton (a
finite discrete Markov chain) with h states encoding the possible altitudes of the process.
It leads to a system of linear equations which would allow us to get the corresponding
rational generating function. However, this approach to obtain the generating function
(given h and the transition probabilities) suffers from three drawbacks:

« it would be of complexity k3 (computing determinants of h x h matrices),

o it would be a case-by-case approach (new computations are needed for each h),

o it would fail if the step set S has some negative steps (then the support of the walk
is [—00, +h], and thus one would need an automaton with an infinite number of states).

So, we prefer here to use a more efficient approach, which relies on a powerful method
(namely, the kernel method [7]): the complexity to obtain a closed-form formula for
F=h(z u) then drops® from O(h3) to O(1) for any finite step set S C Z! This leads to the
following theorem.

3The PhD thesis of Louis Dumont [17] compares the cost of different methods to compute the coefficients
of such generating functions (which can be related to diagonals of rational functions); the full analysis
has to take into account the space and time complexities, and some precomputation steps, of cost of
course higher than O(1), but in all cases it is more efficient than a Markov chain approach (see however
Bacher [3] for a clever use of a transfer matrix point of view).
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Theorem 2.3. Let F=<"(z,u) be the probability generating function of walks on 7 of
height < h with resets, where the length and the final altitude of the walks are respectively
encoded by the exponents of z and u. Let P(u) encode the allowed jumps as in (2.1). One has

W=z, u)

+o00
F="(z,u) = T;E(UY" Uiy, <nyo<n,..., Yn<h}>zn =1 V1) (2.5)
where 4 it
R
W=z, u) = = <<y 0 7 (2.6)
1 —2P(u)
is the generating function of walks of height < h without reset, and where uy, ..., uq are

the roots of 1 — zP(u) = 0 such that lim, o |u;(2)| = +o0.

Remark 2.4 (A rational simplification). These generating functions are algebraic, as they
rationally depends on the roots w;(z), which are themselves algebraic functions. Now,
when the step set S has only positive steps, W=" is a polynomial and F=" simplifies to a
rational function (despite the fact that their closed forms (2.6) and (2.5) involve algebraic
functions!). This simplification can be seen either by the automaton point of view and the
Kleene theorem, or by using the Vieta formulas on Newton sums (as, when one has only
positive jumps, the u;’s are then all the roots of the kernel 1 — zP(u)). For example, for
P(u) =u/3+u?/2 and h = 3, we have

—2+ 122+ 182 —z — 22+ 182

uy(2) = %, and ug(2) = 3

(the Vieta formulas are here: u;(z) + uz(z) = —2/3 and uy(2)ue(2) = —2/2); then, the
quotient (2.5) involving these algebraic functions u; and uy simplifies, leading to

W=z, u) = 1_1p<u> (1 B <u %) u <§ 3 u1< > (Jb) ui‘;@;jz))

=1+=z uj—l—g u7+u7 +
B 2 3 3 9
+

(1+2(%+ )+z( ) :
<3 —

u
27

Proof of Theorem 2.3. The probability generating function can be written as
h
F<h Z u Zf<h Zn — ZFEh(Z) k
n>0 k=0

where f="(u) encodes the possible values of Y,, (constrained to be bounded by h over the
full process), and where

+o0o
FEh(s) z S =S B(Yi<h Y <ho Yo Sh Vo= kS h)e

n=0

is the probability generating function of bounded walks ending at altitude k.
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The dynamics of the process then entails the recurrence
Fili(u) = P(u) f5"(u) = {u”"}P(u) " + qf" (1),

where {u>"} extracts monomials having a degree in u strictly larger than h. This mimics
that at time n + 1, either, with probability p., we increase by k the altitude of where we
were at time n (that is, we multiply by v, and this is allowed as long as the walk stays
at some altitude < h, thus we removed here the cases corresponding to the walks which
would reach an altitude > h at time n + 1); or, with probability ¢, we have a reset to
altitude 0 (i.e., all the mass of the walks at any altitude k, corresponding to the coefficient
of u¥, is sent back to u?; this is thus captured by the substitution u = 1).
This directly translates to the functional equation

d
F=(z,u) = 1+ 2P(u) F="(2,u) Z FEh(2) (z > pjuj) + 2qF="(z,1).
j=k+1

Setting ¢ = 0, we get the functional equation for the generating function W=" of walks
of height < h without reset:

W=z, u) = 1+ 2P(u)W="(z,u) Z hk (z zd: pjuj) . (2.7)

j=k+1

Of course, the factorization of walks with resets into (S*q)*(S)* entails F="(z,u) =
Seq(W="(2,1)q)W="(z,u), which is Formula (2.5). So if we find a closed form for W=,
we are happy as this also solves the initial problem for F<". Now, on the right-hand side
of (2.7), the sum for k from 0 to d—1 is a polynomial in u, which we conveniently rewrite as

WMz, u)(1— 2P(u) =1 —u" > Gi(z)u”. (2.8)

k=1

It is possible to solve such an equation via the kernel method: the kernel is the factor
1—2zP(u) in (2.8), and if one considers the equation on the variety defined by 1—2zP(u) = 0,
this brings additional equations which will allow us to get a closed form for W<h(z, u).
First, observe that this kernel is a (Laurent) polynomial in u of “positive” degree d. Then,
from an analysis of its Newton polygon, one gets that it has d roots u;(z2),. .., uq(2) such
that u;(z) & 274 for z ~ 0% (the other roots being convergent at z ~ 0%; see [5] for more
on this issue). Thus, setting u = w;(2) (for i = 1,...,d) in the functional equation (2.8)
gives d new equations. Some care is required in this step: we have to check that one does
not create series involving an infinite number of monomials with negative exponents?.

4Let R be the ring of series > nez @n?". The Cauchy product of two series in R is well defined only
with some additional convergence conditions, and, even if we restrict ourselves to series for which the
product is well defined, we have to take care to the fact that they do not form an integral ring: indeed,
we have many divisors of zero (e.g. for S(z) := >, ., 2", we have 2S = S and thus (z — 1)S = 0). Most
algebraic manipulations in this ring, if they are temporarily handling quantities which are not in the
subring of power series (or Laurent/Puiseux/Fourier series), would lead to invalid identities in C[[z]].
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In fact, in our case, the substitution u = wu; is legitimate as W="(z,u;) becomes a
well-defined Puiseux series in z: this follows from the fact that the coefficients f="(u) are
(Laurent) polynomials with “positive” degree bounded by h (and “negative” degree lower
bounded by —cn), so f="(u;(2)) is a Puiseux series with exponents from —h/d to +oo.
Then, multiplying by 2" and summing over n, only a finite number of summands contribute
to each monomial of W="(z, u;), which is thus well defined. Via these substitutions u = w;,
we obtain a linear system of d equations (which only contains the Gj’s as unknowns).
Then, by Cramer’s rule, we get G, = det(Vy)/ det(V'), where

u?ﬂ ullz+2 T ullz+1 y 'ullz-i-k;—l 1 ullz+k+1 gt
ugﬂ u§+2 gt ul21+1 y .u121+k—1 1 u§+k+1 L ughtd

V = and V, = i )
UZH u2+2 L ugt uZH y ‘u3+k—1 1 ug+k:+1 L ughtd

that is, Vj is the matrix V with its k-th column entries replaced by 1. Thus, as V' is a
Vandermonde matrix, its determinant is

det(V) = (ﬁl u?“) lsi];[jgd(uj — ).

Now, to compute det(V}), one first proves that

1 k—1 k+1 d
up..ouy o luyt oo
u%...ug_l Lub™ . uy?
A = det =eqr(ur,...,ua) J[ (uj—w), (2.9)
N : 1<i<j<d
1 k=11, k+1 d
Ug...uy lug™ ... ug

where we used the classical notation for the elementary symmetric polynomials:

d
ek(:r;l,...,:cd) = [tk]H(l—Ftl'z), (210)
=1
e.g., e3(T1,...,T5) = T1TaT3 + T1T9Zy + T1ToT5 + T1T3Ty + T123T5 + T1T4T5 + TaT32y +

ToX3Ts + ToxyTs + xr3rers. Formula (2.9) follows from 2 facts:

o If u; = u;, then two rows of V), are equal and thus the determinant is 0; this
explains the Vandermonde product IT := [];<;j<4(u; — u;) on the right-hand side
of Formula (2.9).

e Now writing the determinant as a sum over the d! permutations of the entries
gives a sum of monomials, each of total degree (1 + 2+ ... +d) — k in the u;’s. 11
being of total degree (g) = d(d — 1)/2, it implies that A/II is a polynomial which
is symmetric and homogeneous of total degree d — k. Up to a constant factor
(determined to be 1, by comparing any monomial), this polynomial has to be e4_,
which captures exactly the missing u;’s in each of the d! summands.

Then, performing a Laplace expansion of det(V}) on its k-th column and using For-
mula (2.9), one gets (after simplification in the Cramer formula):

d
Gre(2) =Y u " (1) ey p(ur, . . ud) =0 [
=1

1<j<d
it

1

Uy — Uy
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Now, using >¢_o(=1)%*eq_p(u1, ..., uq)u* = [T, (u — u;) (which is equivalent to the
definition (2.10)), and regrouping the powers u; "', we get

! el N~ bt uj —u
kZGk(z)u = kZuk 11 (2.11)
- =1

1<j<djzk Ui — Uk

Combining Equations (2.11) and (2.7), we get Formula (2.6) for W="(z,u), and thus the
closed form for F<"(z,u). d

Remark 2.5 (Link with Lagrange interpolation). As we know the evaluation of the right-
hand side of (2.8) in each of the u;, Formula (2.11) is also equivalent to the Lagrange
interpolation formula (which we thus reproved en passant). Moreover, this Lagrange
interpolation approach offers a nice advantage: it is circumventing the fact that the
factorization argument used to get the closed forms for the generating functions in [5,12]
works only if the walks start at altitude 0.

Now, if we go back to Moran walks (i.e., for P(u) = pu; see Figure 1), the generating
function simplifies to the following noteworthy shape.

Corollary 2.6. The probability generating function of Moran walks of height < h is

(1 —=p2)(1 = (pzu)"*)

<h(y ) =
e = =2+ ooz

(2.12)

where, in the power series, the length and the final altitude of the walks are respectively
encoded by the exponents of z and u. Accordingly,

1 — (pz)h—i-l
1 — 24 (p2)itlzg

) LiJ —— ((n - k’gfh + 1)) i <n — (k +k1)(h + 1))) e

with the convention that (Tg) =01 m<0.

P(H, < h) = [2"]F="(z,1) = [2"]

(2.13)

Proof. The closed form (2.14) is obtained via the power series expansion 1/(1—T) = > TY
by applying the binomial theorem to each term 77, with T' = 2 + (pz)"'2q. d

The binomial sum (2.14) generalizes a formula obtained (for p = 1/2) by Pippenger in [45].
Therein, it is derived by an inclusion-exclusion principle (guided by the combinatorics of
the carry propagation in binary words); for his problem, the generating function, and thus
the corresponding binomial sum, are a little bit simpler than (2.13) and (2.14), and are
then used to perform some real analysis for the asymptotics of the expected length.

In our case, equipped with this explicit expression for the probability generating function
of Moran walks of bounded height, we can now tackle the question of the asymptotic
distribution of this extremal parameter.
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3. ASYMPTOTIC HEIGHT OF MORAN WALKS

In this section, we establish a local limit law for the distribution of the height of Moran
walks. One noteworthy consequence of the generating function explicit formula that we
get in the previous section is that it allows us to have very efficient computations and
simulations of the process at time n, for large n, as stressed by the following remark.

Remark 3.1 (Fast computation scheme for any given n and h). One does not need to run
the process for n steps to have the exact distribution of H,,. Indeed, using the rational
generating function from Corollary 2.6, for any p, h, and n, it is possible to get the
exact value of P (H, = h) = [2"] (Fsh(z, 1) — Fsh=1(z, 1)) in time O(In(n)) via binary
exponentiation.

This allows us to plot the distribution H,,, for quite large values of n (as an example, see
Figure 3). Note that for our other generating functions, which are algebraic, there exists
a fast algorithm of cost \/nIn(n) to compute their n-th coefficient (this algorithm works
more generally for all D-finite functions). This algorithm due to the brothers Chudnovsky
is e.g. implemented in the Maple computer algebra system via the package Gfun; see [49]

041

0154 031

0.104

005 0.19

x x

FIGURE 3. The distribution of H,, for n = 2% (for p = 1/2 on the left and
p = 1/4 on the right). One observes a sharp concentration around the height
25 for p = 1/2 and 12.5 for p = 1/4, suggesting a logarithmic link in base 1/p
between n and H,. We prove and refine this claim in the next pages.

3.1. Localization of the dominant singularity. As F=<"(z,1) (as given by Equa-
tion (2.12)) is a rational function, all its singularities are poles. The asymptotic behavior
of the coefficients of F'<"(2,1) is governed by the closest pole(s) to zero (also called “domi-
nant singularities” of F'<"). A natural candidate for being such a dominant singularity of
F="(z,1) would be z = 1/p, but it is in fact a removable singularity, as one has (e.g. via
L’Hopital’s rule) F<"(1/p,1) = 2§(—h1t13h' Thus, we can focus on the other roots of the
denominator D(z) of F="(z,1).
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Lemma 3.2 (Localization of the singularities of F=<"). For p € (0,1), the h + 2 roots
z1(h), ..., znea(h) of D(2) = 1 — 2+ qp"t12"2 are such that we have for h large enough:

(i) z1(h) is the unique root strictly between 1 and 1/p;
(ii) z2(h) = 1/p is the unique root of modulus 1/p;
(iii) the remaining h roots z3(h), ..., zn42(h) are all of modulus > 1/p, and arbitrarily
close (in modulus) to 1/p (for h — +o0);
(iv) all the roots are simple.

Accordingly, z1(h) is the dominant singularity of F="(z,1).
Proof. Let z.(h) be the unique positive zero of D'(z) = —1 + (h + 2)gp" 12" given by

As z.(h) tends to % from the left, we thus have 0 < z.(h) < 1/p for h large enough.
Moreover, D(z) is decreasing for all z in the interval [0, z,(h)] and increasing in the interval
[z.(h),+00]. As D(1/p) = 0, one thus has D(z.(h)) < 0. And since D(1) > 0, the
intermediate value theorem implies the existence of (at least) one zero of D between 1
and z.(h). Combined with the (non)decreasing properties of D, this entails the unicity of
this zero; let us call it z;(h). Then, Pringsheim’s theorem (see e.g. [22]) asserts that F="
has a real positive dominant singularity which is thus z;(h), the first real positive zero of D.
As F="'(z) is a probability generating function, all its singularities are of modulus > 1. So
we have 1 < z1(h) < z.(h) < 1/p and thus proved (i).

We now prove (ii). The fact that z3(h) = 1/p is a root follows from 1 —1/p+ ¢q/p = 0.
Is there any other root of the same modulus? If z = exp(if)/p (with 0 € [0, 27]) would
be a root of D(z), then this would imply p = exp(if) — gexp(i(h + 2)6). By the reverse

triangle inequality ’\:c| - |y[‘ < |z — y| (with equality only if zy = 0 or x/y € RT), this
would entail 6 = 0.
To prove (iii), we use the following version of Rouché’s theorem: if |D — g| < |g| on the

boundary of a disk D, then D and g have the same number of roots inside D. We can

apply this theorem to D with g(z) := 1 — z, for the disk D(0, 1;E): on its boundary, one

indeed has [D(2) — g(2)| = 2lpz["** < 4|1 — "2 < 21 — ¢[*/7 < T < [g(2)|, where the
first strict inequality holds for h > 2/¢q and the next strict inequality holds for any small
enough ¢ (independently of h), as we have then h}&:é;l) < 2/q. As the constraint on h is
independent of ¢, letting € — 0, we infer that D has only one root strictly inside D(0, %)

Now we can also apply this theorem to D with g(z) := 1 + 2"*2: on the boundary of
the disk D(0, 1), one indeed has, for h large enough (depending on €),

Tp
h+2 h+2
D(=) — g(2)] < (1 “) (1- ) + 105 < (1 “) C1<lo()l
p p p
where the last —1 is just a crude bound of the term —%(1 + ¢)"** + = which converges
to —oo for h — +o00. So D, like g, has h + 2 roots inside this disk.
To prove (iv), note that the equation D(z) = D'(z) = 0 is forcing z = 1 + }%1—1’ but
D'(1+ h%_l) — —1 for h — 400, therefore all the zeros are simple for h large enough. [

See Figure 5 on page 277 for an illustration of the location of the roots.



276 R. Aguech, A. Althagafi, and C. Banderier

3.2. Limit distribution of the height: the discrete Gumbel distribution. The
height distribution exhibits some a priori surprising asymptotic aspects, having a flavor
of number theory/Diophantine approximation. Such phenomena, however, appear for a
few other probabilistic processes where some statistics could have different asymptotic
behaviors depending on some resonance between Inp and Ing (see e.g. Janson [36] or
Flajolet, Vallée, and Roux [21] for some examples related to tries or binary search trees).
In our case, it appears that a resonance between In p and Inn plays a role.

Theorem 3.3 (Distribution of the height of Moran walks). We have
1 3
P(H, < h)=exp (—qnph+1> (1 +0 <( nn) >> : (3.1)

n

where the error term is uniform for h € [0,n]. Accordingly, P(H, = h) is unimodal, with a
llré?/l)) 1— ln(lnl(l(/p))/qQ)
n(l/p)’ n(n

peak at h = h*(n), the closest integer to c*(n) where c*(n) = , and

we have
B(H, = h*(n)) ~ /" — p'/2.
Inn

Moreover, the mass is sharply concentrated around n(i/p @ better seen by the following
result, with a uniform error term in k:

P (Hn < {MJ + k:) = exp (-Qa(n)le) (1 +0 ((hln“)3>> ’

with a(n) :=p~ g (where {x} stands for the fractional part of x, and where |x| stands

for the floor function of x). [See Figure 3 on page 274 for an illustration of the distribution
of H, and Figure J for the behavior of the function a(n)./

0
13, 4 {
o0 @ @
&
@ %

10 20 T 40 50 60

FIGURE 4. Plot of the function a(n) = p_{—hiigp} (for p = 1/2), which occurs
in the fluctuations of the height of Moran walks (as stated in Theorem 3.3).
The function «(n) is taking values in [1,1/p) for integers n > 1. It has a
sawtooth wave shape, with frequencies getting larger and larger (with peaks
at powers of 1/p).
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Proof. In the sequel, as the context is explicit, we simply denote by 21, ..., 25,2 the zeros
z1(h), ..., znea(h) of D(2) =1 — 2 + gp"T12"*2 From Lemma 3.2, for h large enough, all
these zeros z; are simple; the partial fraction decomposition of 1/D is then

1 h+-2 1
D(z) ; D'(z) (2 — =)
and as D'(z;) = —1+ (h+2)(z; — 1)/2;, one thus gets

1_ h+1 h+2 1_
FEh(2 1) = (p2)"" (pz

D(z) D'(z) (z — 2)

)thl

=1

2 1 Z _ ph+1 Z —n+h+1 P
“\zi—(zi—1)(h+2) & zi=(2i=1)(h+2) 2 h+1Z

_h 2 1 h 1—(pZi)h+1 +oo .
= . 1(21-—(22-—1)(h+2 <z_: ) Zz—(zi—l)(h+2)n;hﬂzi z)

(2

h

J’_

<.
Il

J’_

It is combinatorially obvious that P (H,, < h) =1 for all n < h. So we now focus on n > h,
for which we have, as (pz;)"*! = 237_1 and 1 — 21 = 1-pz.

qz; qz;
2 (p)htt
P(H, < h) = [z"]F<"(z,1) = : z "
(<0 =P ED = 2 o gy
’f 1 —pz —n—1
S a1+ (1 =2z)(h+1)
= Zi(n, h) + O (hMp™*') (3.2)
where M = max;—3__pi2 ‘m‘ = O(1) (note that the summand involving

1—pz1

A=) D] 21 "1 is the contribution coming

2o = 1/p cancels), and where Z;(n, h) :=
from the pole 2.

FIGURE 5. The roots of D(z) = 1 — z + gp"™12"*? (here, with p = 1/3
and h = 51). For large h, D(z) has one dominant root z; just after 1, one
root at z = 1/p, and the other roots have a slightly larger modulus, all
asymptotically close to the circle |z| = 1/p; see Lemma 3.2.
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Set 2, :=1+¢&,. Then D(z1) =1 — (1 +¢3,) + qp"*! (1 +¢,)"? = 0, thus this implies

en = qp" (14 2,)"; therefore we have z; = 14 ¢, = 1+ gp"*' + O(hp?"). Now, for
h = h(n) tending to 400, this entails that the contribution Z;(n,h) of the pole z; (as
given by Equation (3.2)) satisfies

1— ph+2 +0 (hp2h)
1= (h+ 1)gp"** + O(h?p*")
- <1 +q(h+ D"t —p" 2 4 O(h2p2h)> exp <(n +1)In (1 i€h>)
= (14 g(h+ 1)p"** = "2+ O(W?p™)) exp (—(n+ Dew + O((n + 1)e})). (3.3)
Observe that

Zy(n,h) = (1+e,)™"!

_. In(n) N C,ln(ln(n))
n(1/p) ~ In(1/p)
(Here and in the sequel we always consider ¢ > 1/2 and ¢ > 0. In fact, ¢ > 0 is not needed

right now, but this will be required for the asymptotics of the mean of H, in Section 4.)
For such values of h, the asymptotics of the first factor in Equation (3.3) is

1
th o — 4
o Lo In(n)¢ (3:4)

if

1
hil hi2 2 2hy _
1+qh+1)p P+ O =140 (nc ln(n)c'1> , (3.5)

and the asymptotics of the second factor in Equation (3.3) is
exp (—(n + e+ O((n+ 1)e})) = exp (—ngp" ™ + O(nhp™) — &, + O(n' >/ In(n)*))

= exp (—nqph“) (1 +0(n'In(n)=%*) —O(n cIn(n)~) + @(nl’%/ln(n)?d))) :

In this expansion, one now has to check which error term dominates. It is the big-oh term
with n=¢ if ¢ > 1 and the big-oh with n!=2¢ if ¢ < 1. Multiplying with the asymptotic
expansion from Equation (3.5) and using the approximation (3.2), we get the following
result (in which we simplified the In part of the error term in a non-optimal way which
will be enough for our purpose):

Inn

Moreover, this approximation holds for all A € [0,n]: first, for h < $1In(n)/In(1/p)
this follows from the fact that P (H, < h) is increasing with respect to h, and then for
h > cln(n) this follows from the bound (4.8) hereafter.
3 — Inn In(n) In(n .
In conclusion, for h = {WJ + k, for any k such that h € {Clhl(iW’ @ﬁ} (with
1/2 < ¢; < ¢3), we have uniformly in & (when n — +00):

P(H, < h)=exp (—nqp 1nl<ri7p)J+k+1) <1 +0 ((ln n)3>>

n
3
— exp <_qp{“i§‘p}+k+1> (1 L0 ((lnn) )) ’
n
and we get Theorem 3.3 by setting a(n) := p*{jrifp ) U
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If p=q = 1/2, we have a(n) = 280} (where the symbol lg stands for the binary
logarithm, lg(z) = log,(z)). This subcase of particular interest corresponds to a problem
initially considered in 1946 by Burks, Goldstine, and von Neumann [13]: the study of carry
propagation in computer binary arithmetic; it constitutes one of the first analyses of the cost
of an algorithm! They gave crude bounds which were deeply improved by Knuth in 1978 [38].
This problem can also be seen as runs in binary words, and, as such, is analyzed by Flajolet
and Sedgewick [22, Theorem V.1]. Therein, the analysis unfortunately contains a few
typos which affect some of the error terms. Our proofs are incidentally fixing this issue.

These extremal parameters (runs, longest carry) are archetypal examples of problems
leading to a Gumbel distribution (or a discrete version of it). This distribution indeed
often appears in combinatorics as the distribution of parameters encoding a maximal
value: e.g., maximum of i.i.d. geometric distributions [51], longest repetition of a pattern
in lattice paths [46], runs in integer compositions [23], carry propagation in signed digit
representations [30], largest part in some integer compositions, longest chain of nodes
with a given arity in trees, maximum degree in some families of trees [47], the maximum
protection number in simply generated trees [31]. For some of these examples, it was
proven only for some specific families of structures, but there is no doubt that it holds
generically. A general framework leading to such double exponential laws is given by
Gourdon [26, Theorem 4] for the largest component in supercritical composition schemes
(see also Bender and Gao [10]). We refer to Figure 6 for an illustration of some of these
parameters.

Longest chain of unary nodes

Longest up run
in Dyck paths

integer compositions:
100=11+1+11+9
+39 4 14 + 15.

Largest part in

Maximal protection
number in trees

Longest plateau
in Motzkin paths

A

FIGURE 6. Many combinatorial structures have some parameters which
asymptotically follow a discrete Gumbel distribution.

Longest run in
integer compositions:
20=14+4+4+1

+3+3+3+1.

The Gumbel distribution is also called the “double exponential distribution”, or the
“type-I generalized extreme value distribution”, and can also be expressed as a subcase of
the Fisher—Tippett distribution. Let us give a formal definition.
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Definition 3.4 (Gumbel distribution). A continuous random variable X with support
[—00, +0o0] follows a Gumbel distribution (of parameters p and ), denoted by Gumbel(u, ),

if P(ng):exp<—exp<_mgu>>'

Its mean satisfies E[X] = pu + 78 (where v = 0.5772... is Euler’s constant) and its
variance satisfies Var[ X| = %262. It is unimodal with a peak at x = p and its median is at

x=p— FIn(In(2)).
Definition 3.5 (Discrete Gumbel distribution). A discrete random variable Y follows a
discrete Gumbel distribution of parameters u and 3, which we denote Gumbel(u, 3)°, if

P(Y < h) =exp (— exp <—}?L>> , for all h € Z. (3.7)

In particular, one can always write Y = [X'], where X follows a continuous Gumbel(y, /3);
note on the other side that | X | follows a discrete Gumbel(u — 1, 3).

To obtain a nice formula for the mean and variance of a discrete Gumbel distribution
remains an open problem: for example, for Y 4 Gumbel(0, 1), we have

E[Y] = Y  h(exp(—exp(—h)) — exp(—exp(—h + 1)) = 1.077240905953631072609 . . .
h=—00
(and it takes 5 seconds to get thousands of digits, as the terms decrease doubly exponentially
fast), but will anybody find a closed form for this mysterious constant? Some insight on the
variance of the discrete distribution Y can be obtained from the continuous distribution X
via the following trivial but useful bounds which hold more generally as soon as | X —Y| < 1:

E[Y]-EX]|<1 and  [Var[Y] - Var[X]| < 2 + 4|E[X]]. (3.8)

We can now restate our previous theorem in terms of this discrete Gumbel distribution.

Corollary 3.6 (Gumbel limit law). The sequence of random variables [H, — EE’{%N

converges for n — ~+oo (in distribution and in moments) to the discrete Gumbel(0, )
distribution with § = m. Accordingly, it implies that

_ In(pgn)
In(1/p)

Var[H,] ~ G2 + an error smaller than 2 + 4v0.
nip

Proof. Consider the sequence of random variables Y, := [H,, — p,,]. Then, the change of

variable h +— h + pu, in Equation (3.1), with u, = E((?%)) allows us to match Y :=lim, Y,

(where the limit is in distribution) with the discrete Gumbel defined in (3.7), for =0

and 8 = —+~. Due to the exponentially small uniform error term in (3.1) on the support

In(1/p)
[0,n] of H,, we have a convergence in moments of Y,, to Y. Then, the asymptotics of the
moments follow by applying the bounds (3.8) on the link between the mean/variance of

the discrete and continuous Gumbel distribution. O

E[H,]

+ 6 + an error smaller than 1,

SWith a slight abuse of notation, we use the same notation Gumbel(u, 3) for both the continuous
distribution and the discrete distribution, adding the right adjective if needed to remove any ambiguity.
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These moment asymptotics already constitute a notable result (falling as a good ripe
fruit!), but a very interesting phenomenon is hidden in these imprecise errors terms: some
bodacious fluctuations, that we fully describe in Section 4.

3.3. Waiting time. Let us end this section with an application to a natural statistic: the
waiting time 73, i.e., the number of steps spent by the random walk when it reaches a
given altitude h for the first time. There is an intimate relationship between height and
waiting time (stated more formally in Equation (3.11) hereafter); it is thus natural that
they have enumerative and asymptotic formulas of a similar nature, as better shown by
the following corollary.

Corollary 3.7. The waiting time 15, for reaching height h satisfies

(1 — pz)p"2"

P(Th = n) = [Zn] 11—~ T qph_lzh. (39)
The distribution function of 1, satisfies
1 3
P(r, <n)=1—exp (—qa(n)anh> +0 << nnn) > . (3.10)

Proof. Consider a walk reaching for the first time altitude h at time n. Cut it after each
reset. It gives a sequence of factors of length k& < h, followed by a last factor with h up
steps. This translates into the combinatorial formula

CORE Lk
L- Zk 1P 2N
which simplifies to Formula (3.9). Now, for the distribution function7 instead of redoing a

full analysis based on a partial fraction decomposition of this generating function, it is
more convenient to use the relation

P(r, =n) =

P(1, =n) =P(H, = hand H,_;1 < h), (3.11)
thus this waiting time also satisfies
P(r, <n)=P(H,>h)=1-P(H, <h-1). (3.12)

Then, using Theorem 3.3, we also have

P(H, gh—1)=P<Hn = {ml(li?p)J thele {hll(ri;lp)b
= oxp (gl L)) 1 o (121

n

- (o) 0 (1227

n

Via Formula (3.12) linking the waiting time 75, and the height H,,, this entails (3.10). O

We now turn to a finer analysis of the mean and variance of H,.
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4. MEAN AND VARIANCE OF THE HEIGHT

4.1. Fundamental properties of the Mellin transform. In order to get a fine estima-
tion of the average height, we use a Mellin transform, which, as we shall see, is the key
tool to handle the corresponding asymptotics. We now present the needed definitions and
formulas. We refer e.g. to Flajolet, Gourdon, and Dumas [19] or to the book Analytic Com-
binatorics [22, Appendix B.7] for more on the Mellin transform and numerous applications
to asymptotics of harmonic sums, digital sums, and divide-and-conquer recurrences.

Definition 4.1 (Mellin transform). Let f(¢) be a continuous function defined on the
positive real axis 0 < t < +00. The Mellin transform f* of f is the function defined by

)= e,

This integral exists only for s such that the function f(¢)t*~! is integrable on (0, +00).
Thus, if there exist two real numbers a and b, such that a > b and

fo) = {O(t“), if ¢ — 0

, 4.1
o), ift— +oo (1)

then the function f* is well defined for any complex number s with real part such that
—a < R(s) < —b; this domain is called the fundamental strip of f*. Moreover, for all ¢ in
this domain, if f*(s) converges uniformly to 0 for s = ¢ & ioco, then the function f can be
expressed for ¢t € (0, 4+00) as the following inverse Mellin transform:

1 c+1i00
t) = — *(s)t™ds. 4.2
10 =55 [, S (4.2)
As an example, let us consider the gamma function, which illustrates well the role of
the fundamental strip (and this example will also play a role in the next pages).

Example 4.2 (The gamma function as a Mellin transform). The gamma function satisfies
+oo
I(s) = / exp(—t)t*'dt (for 0 < R(s) < +00),
0

rs)= [ 1 —exp(=t) £ dt (for —1 < R(s) < 0). (4.3)

An important consequence of Formula (4.2) is that, if f is a meromorphic function on C,

and if lime_, o [/ f*(s)t~*ds = 0, then one can push the integration contour of For-

mula (4.2) to the right (taking lim. ) and one then collects in passing the contributions

from the residue at each pole s to the right of the fundamental strip. Now, for £ > 0 and

a€C, multiplying ¢t=* = t7% 3,50 In(t)*(a — s)*/¢! by the Laurent series of f*(s) at s=s,

we see that Res[f*(s)t™%, si] can be expressed® as a sum of order(s;,) terms, and one gets
f(t) = > Res[f*(s)t™*, sy

sk pole of f*(s)t—*
R(sk) > —b

order(sg) L B (_1)] -
= > > Resl(s—s) ()l £ (Int)=t.  (4.4)

s pole of f* j (j - 1>‘
R(sk) > —b

5The notation Res[g(s), sx] stands for the residue of g(s) at s = sy.
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4.2. Average height of Moran walks. We now state the main result of this section.

Theorem 4.3 (Average height). The average height of Moran walks of length n is given by

Inn v 1 Ing Q(In(gn)) (Inn)*
E[H,] = —-— == —, 4.
[Ha] In(1/p) Inp 2 1np+ Inp +0 n (4.5)
where v = 57721 ... is Euler’s constant, and where Q is an oscillating function (a Fourier
series of period In(1/p)) given by
2ik
Q(z) == > T(sk)exp(—skx) where s := 111; (4.6)

keZ\{0}
Remark 4.4 (Fourier series representation). The fact that @ is a Fourier series of period
In(1/p) and is real for = € R is better seen via the alternative equivalent expression

Q) =25 (e eos (F55) + strtounsin (327))

k>1

where R and & stands for the real and imaginary parts. This is illustrated in Figure 7.

Remark 4.5 (Fourier series differentiability). Such asymptotics involving fluctuations
dictated by a Fourier series are typical of results obtained via Mellin transforms. They
often appear in the asymptotic cost of divide-and-conquer algorithms, or of expressions
involving digital sums, harmonic sums, or finite differences (see the work of de Bruijn,
Knuth, and Rice [15,38], or Flajolet, Gourdon, and Dumas [19]). It is sometimes also
possible to get them via some real analysis (like Pippenger did [45]), or like in the
seminal work of Delange [16] on the sum of digits. Note that the Delange series is nowhere
differentiable, while our Fourier series is infinitely differentiable, as proven in Theorem 4.10.

1.x10°%4 1.x10°°

5.x 10771 5.x1077

-5.x 10771 -5.x1077

-1.x107% -1.x107°¢

Q(z) (for p=1/2) Q(In(pz)) (for p = 1/2)
FIGURE 7. The height of Moran walks involves asymptotic fluctuations
encoded by a Fourier series Q(z), of period In(1/p), and weak amplitude.
More precisely, it involves Q(In(pz)) which thus oscillates an infinite number
of times for z — 0™, and these oscillations get larger and larger for z — +oo.
Moreover, @) oscillates faster when p tends to 1. We shall encounter later
another Fourier series, R(x), which shares all these properties.
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Proof of Theorem 4.3. The proof exploits the fact that the mean E[H,] asymptotically
behaves like 3129 (1 — exp(—nqph“)); this is proven by rewriting E[H,,] as follows:

h=0
with

ZO = Z (exp(—nqphﬂ) —P (Hn S h)) )
0<h<hq

Y= Z (exp(—nqph+1) —-P(H, < h)) ;
h1<h<hg

Spi= Y (exp(—ngp"t) —B(H, < b)),
hao<h<hs
h3<h<n
+o0

Y= Z (1 — exp(—nqplwd))7
h=hs
“+oo

Yoo =Y (1 — exp(—nqph+1)).
h=0

The key is to prove that, for some hy, ho, and hs adequately chosen, the sums g, X1, X»,
Y3, and ¥4 are asymptotically negligible, while the main contribution to E[H,,| comes from
the last sum (namely, ¥,), which we will evaluate via a Mellin transform approach.

The reader not enjoying delta-epsilon proofs could have the feeling that “cutting epsilons
into 5 parts” like above is a little bit discouraging but this is the price to pay to get
the O((In(n)*/n) error term in Formula (4.5). In fact, in Equation (4.7) for E[H,], it
is possible to cut the sum into only 4 parts, but then this would lead to a final weaker
O(1/y/n) error term.

So let’s be brave and begin with ¥,. Here, for the range 0 < h < hq, with hy := %
we get

In(n)
In(1/p)’

< . h+1 < >>
[2o] < hy x <OISI}L2?}<” (exp( ngp") + o@%lp(m < h)

— % (exp(_nqph1+1) +[P>(Hn < h1))
= Iy % (2 exp(—gpn'/!) + O <W>>

o)

where, for the second line we used that the sequences are increasing with respect to h,
and for the third line we used Formula (3.4) for p” and the approximation of Theorem 3.3.
Note that this bound for |3, also implies the uniform bound

(lnn)4> (for h < hy).

n
Now, for X1, in the range hy < h < hy, with hy 1= hlf(li%) + 1?&?(/3)7 we rewrite h as

h:= (1 — t)hy + thy. Such values of h correspond to using ¢ = (t + 3)/4 and ¢ =t in the
Formula (3.4) for p".

P(Hngh):0<
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Via the exponential bound on H, from Formula (3.6), we get

|21] < (hy — hy) X ( max <exp( ngp"™) + max P(H, < h))>

h1<h<hsg h1<h<hao
< hy X (exp( ngp"™ ™) + P (H, < hz)) O((Inn)*/n).
)

Then, for Xy, in the range hy < hs, with hs := 1%11(?(/7;)’ we rewrite h as h := (1 —t)hy+ths.

Such values of h correspond to using ¢ = 1 + 3t and ¢ = 1 — ¢ in the Formula (3.4) for p".
Via Formula (3.6), we get |X2| = O((Inn)?/n).

For the next sum, using the power series expansion of the exponential in Equation (3.3)
(and keeping in mind that our choice of hs implies p"* = 1/n%), we get

Ss= > (1=P(H,<h))<(n+1-hg)(1—P(H, <hy))

h=hs
1

< 1 = exp(—(n+ Dap )1+ 0(1)) =0 (). (48)

Finally, for the sum ¥,, we use the power series expansions of exp(z) and of 1/(1 — p)

and we get:
h3+1 h+1
ngp ngp
Si= Y (1 - exp(ngptth) = M vy Crar )
h>hs - h>h3 k>2 ’

<np™t =0 (1> .

n3

h+1
).

We got that o, 31, X9, X3, and X, are o(1). It remains to evaluate Yoo = 3" 50(1—e™ "%
Such a sum is typical of expressions which can be evaluated by Mellin transform techniques.
To this aim, let ¢(t) = Yjso(1 — ") and set f(t) := 1 — e % and py, := p”, then
= flut).
h>0

Let ¢* and f* be, respectively, the Mellin transform of the functions ¢ and f. Using
Identity (4.3) given in Example 4.2, we have f*(s) = —(pq) °T'(s) on its fundamental strip
—1 < R(s) < 0 and, as ¢ is a harmonic sum, its Mellin transform is

5 = £ Y gt = L) (49)

h>0 -p
This function extends analytically to the full complex plane, with isolated poles at the
negative integers (due to poles of I'(s) there), and with another set of isolated poles (the
roots of p* = 1). These two sets of poles have s = 0 in common. This implies that for

R(s) > —1 the poles of ¢* are

S = 21;’“; for k€ Z,k #0 (all are poles of order 1),
sp =0 (the only pole of order 2).

Using Formula (4.4) for the inverse Mellin transform, we obtain

o(t) = Res[s¢*,0] Int — Res[p", 0] — Z Res[¢", s| t°

kEZ\{O}

Int 1 1
= n . < 7 + + nq) Z F 3].;; 7Skt Sk
—Inp Inp 2 Inp lnp keZN (0}

We finally get the claim of the theorem by noting that E[H,] = ¢(n) + O ( (Ilnn)? ) 0
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4.3. Variance of the height of Moran walks. We now prove that the height of Moran
walks, despite a mean of order O(Inn) and a second moment of order O((Inn)?), has a
variance which involves surprising cancellations at these two orders, leading to an oscillating
function of order O(1) (in n), as implied by the following much more precise asymptotics.

Theorem 4.6. The variance of the height of Moran walks satisfies

ln(1p)2 <Q2(ln(qn)) +29Q(In(gn)) + 2R(In(gn)) + 7?) n 112 Lo ((mnn)a) |

where Q) and R are Fourier series of small amplitudes given by Formulas (4.6) and (4.11).

Var[H,] =

Proof. To obtain the variance of H,, we first consider the second moment
E[H?) = Y P(H, = h)h* = " P(H? > h), (4.10)
h>0 h>0
where we know from Theorem 3.3 that the summand can be approximated by

P(H? > h)=1-P(H, <Vh) =1 exp <—nquJ+1> 1O <(ln”>3> .

n

Then, partitioning the last sum in (4.10) into the same intervals as in Formula (4.7), we
get that E[H?] = ¢yar(n) + O (%), where ¢y,, is the function defined by

Puar () = Y (1 — exp (—:quWJ“» :

h>0
From the behavior of ¢y, (z) at = 0 and & = 400, using the property given in (4.1), we
get that the Mellin transform of ¢y, is defined on the fundamental strip (—1, 0). Using
the harmonic sum summation (4.9), one gets for s in this strip:

61nls) = 19 X (1) = )00 T (57

—S

h>0 h>0
Here, as we have
-5 (n+1)?—1 n n 1+ps
S(EM) =X Y () =X e () =
h>0 n>0  h=n2 n>0 (1—=p~9)

we finally get

o oy —LDs)g*(1+p%)
(z)var(S) _ (ps o 1)2 :

What are the poles of ¢¥, (s)? These are s = 0 (a pole of order 3) and s = s = 2ikm

(for k € Z,k # 0, which are poles of order 2). Using Formula (4.4) for the inverse Mellin
transform, one thus obtains

In(t)?

In(p) +2In(q) + 2y — 2Q(In(qt))

¢var(t) _h'l(p)2 + 1H(t> ln(p)g
- WQGH(W)) + ln(2p)2R(ln(qt))
L1 ot 7/6+97 2y In(g) +In(g)?

3 In(p) In(p)? In(p)? ’
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with the same Q(x) as in (4.6), and where R(z) is another Fourier series given by

R(z)= Y T'(sk)exp(—sz). (4.11)
keZ\ {0}
(Similarly to Q(x), this Fourier series R(z) is always real, as can be seen by replacing I’
by I'" in Remark 4.4.)
Now that we obtained the asymptotic behavior of E[H?], we conclude and obtain
Theorem 4.6 via Var[H,,| = E[H?2]—E[H,]?, where E[H,,] was computed in Theorem 4.3. [J

4.4. Height of excursions. Excursions are walks in N? ending at altitude 0 (where, as
previously, time is encoded by the z-axis, and altitude by the y-axis). As in previous
sections, let Y,, and H,, be the final altitude and height of a walk, and let the random
variable H, be the height of a walk of length n conditioned to be an excursion, that is,
H, = H,|{Y,, = 0}. For Moran walks, we get the following behavior.

Theorem 4.7 (Distribution and moments of the height of Moran excursions). The
distribution of the height of excursions satisfies (for a uniform error term in k)

~ Inn (Inn)?
P(H,<|—|+k]|= - —1)p"tH) +0
( - Ln(l/mJ ! ) exp (—galn =) + O =)
with a(n) := p_{lnla;lp)} (where {x} stands for the fractional part of x, and where | x| stands
for the floor function of x).
Introducing temporarily the quantity £,, := In(q(n— 1)), and with the same Fourier series
Q and R as in Theorems 4.3 and 4.6, the average and the variance are given by

—=. Inn v 1 Ing Q) (Inn)*
IE:[Hn]_ln(l/p) Inp 2 Inp Inp +O< n >’

~ 1 2 1 (Inn)°
Var[H,] = — | Q*(£,) +2vQ(L,) + 2R(6,) + — | + —=+ O :
] = s (@60 + 210060 + 20(0) + )+ 40 (2
Proof. As a Moran excursion necessarily ends by a reset, we have
P(H, < h) =P (H, < h|{Y, = 0}) = ¢P(H,— < h)/B(Y, = 0). (4.12)

Thus, we have P(H, < h) = P(H,_, < h), E[H,] = E[H,_4], and Var[H,] = Var[H,_,],
we can therefore directly recycle the results of Theorems 3.3, 4.3, and 4.6 to get the
asymptotic distribution/mean/variance.

In this recycling, some care has to be brought while performing the substitution n — n—1
in the asymptotic formulas for the walks: indeed, this could impact intermediate asymptotic
terms (smaller than the main asymptotic term, but larger than the error term); however,
in our case, all is safe as we have

(In(n+1))™ (Inn)™ Lo ((ln n)m> '

= nm’+1

= U
(n+1)™ n™

This result is a simple consequence of the combinatorially obvious identity (4.12), so
this direct link between the asymptotics of walks and excursions holds in wider generality
for any model of walks with resets for which the step set S contains only positive steps.
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4.5. Fourier series: bounds and infinite differentiability. In his seminal work [3§],
Knuth mentions at the end of his Section 3 that if one assumes that In(gn) is equidistributed
mod 1, then the sum Q(In(gn)) is of “average 0”. Let us amend a little bit Knuth’s assertion.
Indeed, Weyl’s criterion asserts that a sequence a,, is equidistributed mod 1 if and only if,
for any positive integer ¢, we have

N
NIE)TOO ]1[ 7; exp(2inla,) = 0.
Considering this sum with £ = 1 and a,, = In(¢n), and applying the Euler—-Maclaurin
formula to it, one gets that it does not converge to 0, and therefore In(gn) is not equidis-
tributed mod 1.

However, it is indeed true that the oscillating Q(z) and R(x) are of mean value zero
over their period (i.e., Jan/) Q(z)dx = 0; see Figure 7 on page 283), and that Q(In(gn))
and R(In(gn)) are “almost” of mean value zero and that they possess small fluctuations.
Let us give an explicit bound on their amplitude. To this aim, we first need to bound the
digamma function’, defined by

Y(z) :=1T"(2)/T(2).

The function 1 can be seen as an analytic continuation of harmonic numbers and satisfies
Y(t+ 1) = (t) + 1/t. While several bounds for ¥(z) exist in the literature (see e.g. [52]),
most of them are dedicated to z € R (for example we have ¥(t) < In(t) — 1/(2t) for ¢t > 0),
so we now establish a lemma for z € iR (which we believe to be new, and which has its
own interest beyond our application hereafter to bounds of Fourier series).

Lemma 4.8 (A bound for the digamma function on the imaginary axis). Fort > 0, we
have

(i) < ;m (1+2) + (g+1—7> +1, (4.13)

which also implies the bound
, s In2 1
pio) < (5 +1-7+52) + (e +3).
Proof. Using Euler’s representation of the gamma function as an infinite product, i.e.,

I'(z) = E [T+ 1/k)/(1+2/k) = exp(—72) I exp(z/k)

Z 51 z o1 1+ 2/k’

we get that its logarithmic derivative, ¥(z) = I"(z)/T'(2), satisfies, for z € C,z ¢ —N :

1 Xz
?/)(Z)—_;—VﬂLkglm-

"This is a rather misleading name: indeed, the digamma function is traditionally denoted by the letter
psi (i.e., ¥), while it should logically be denoted by the Greek letter digamma (i.e., F, a letter which looks
like a big I" stack on a small ', which later gave birth to the more familiar letter F' in the Latin alphabet).
This paradox is due to the fact that Stirling, who introduced this function, did initially use the notation
digamma F, but later authors switched the notation to 1, while the initial name remained.
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We refer to [18, Section 1.1] for more details on these formulas. Now, setting z = it
(with ¢ > 0), and regrouping the imaginary and real parts gives

1 =Xt = t?
v =i 3+ £ ) + (e ).
and thus, by the triangle inequality
1 =X ¢t = t2
[ (it)] < (t + n; M) - (;1 FICEETE ’y) . (4.14)

Here, note that for all n < u < n + 1, we have n? + t> < u? + > < (n + 1)? + 2, and thus

t n+1 t t
— §/ du < .
(n+1)2+82 = Jn w2+t n? + t2

Summing for n from 0 to +o00, we obtain

+oo +oo

t n+1 t +o0 t T
3 <3 7du:/ — du=—,
n2+t2_n0/n u? 4 t2 0o u?+t? 2

n=1

So the first infinite sum in (4.14) is bounded by 7/2. For the second infinite sum, it is
convenient to split it in the contribution from the summand for n = 1, which is bounded by

t2
R (1 +t2> =1

plus the remaining part (i.e., the sum of the terms for n > 2):

- < [T L1 2)
_ ————du = -In :
n(n?+t?) = Jir w(u?+1) 2

n=2
Plugging these two bounds in (4.14) proves our lemma. O

Equipped with the previous lemma, we can now give our bounds for Q(z) and R(z).

Proposition 4.9 (Uniform bounds for the oscillations). The oscillating functions Q(x)
and R(z) are uniformly bounded by

sup |Q(z)] < n(p) Inexp (p, §W2) ,

z€RT T
1 4 1 114
xsel]le |R(z)| < n7(Tp) [lnexp (p, 57r2> + (;—i—l—fy— 112(72:)> Inexp (p, 15579)] , (4.15)
where

i - 1o (1))

For p =1/2, we have more precisely

sup |Q(z)| = 1.090430--- x 10°®  and sup |R(x)| = 2.987768 --- x 107°.

zeRT zeRT
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Proof. Applying the triangle inequality on the definition of Q(z) in (4.6), we get
Q@) < > [T(si)l x [exp(—spa)| <2 |T(sy)|
keZ\ {0} k>1

(a quantity independent of z, as |exp(—six)| = 1). Then, using the complement formula
for the gamma function, we have I'(—z)I'(z) = TeETD) (for z ¢ 7). Using this relation

for z = it (with t € R) together with the relation I'(z) = I'(Z), we infer that

T
r =Tt)[(—it) = —————. 4.1
() = DGO it) = (4.16)
Thus, for t = lnp’ this gives
4.17
sup Q= \/ Kt smh wht) = 2\ Fsinh(ek) k;smh ht) (4.17)
As, for x > 0, we have sinh(z) > (1/4)z exp(4x/5), we get
In(1/p 1
IseuRg s \/7,€>1 (1/4)mk?*t exp(4mkt/5)
=1In(1/p 4.18
1/ )kz;lﬂkexp( ﬂkt> (4.18)
In(p) 472
= In|1- . 4.1
T ( P <5ln(p) (4.19)

Note that the more relaxed bound (4.19) is quite close to the stricter bound (4.17):
e.g. for p = 1/2 the bound (4.17) gives the upper bound 1.090430--- x 107¢ (and one
can numerically check that these first digits also constitute a lower bound), while the
bound (4.19) gives the upper bound 2.49 x 107°.

Now, for bounding R(x), we use the identity ["(z) = ¥(2)I'(z), with the bound (4.13)
from Lemma 4.8 for W(zt)] and the bound (4.18) for |[(it)|:

k>1 k>1

2nk \*\ 7, Inp In(1/p)
<l§1( ( <1H(p>> )+2+1 v 27T]€> Wkexp<_%7rgk/ln(p)>~ (420)

Now, it is easy to check that we have %ln (1+2%) <exp (éﬂ':ﬂ) for all x > 0. Then,
noting t = —27/In(p), we get

k>1 wk exp ( 7rkt> k1 mkexp (1557Tkt)

= 1n7(Tp) In (1 — exp (%)) .

Together with the contribution of the remaining summands in (4.20), this gives the

bound (4.15) for |R(x)|. O

From this, we can establish the infinite differentiability of our fluctuations.
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Theorem 4.10 (Fourier series infinite differentiability). The Fourier series

Q(z) = > T(s)exp(—spz) and R(z)= Y T'(sk)exp(—spx)
keZ\{0} keZ\{0}
(where s, = 257 ) are infinitely differentiable on R.

Inp

Proof. A Fourier series f(x) = Y ,cz cx exp(—ikz) satisfies the Weierstrass M-test if there
exists a sequence M, such that |c;exp(—ikz)| + |c_pexp(ikz)| < My (for all z € R)
and Y ;>¢ M}, converges. If f(x) and g(x) := —iY kg ke exp(—ikx) both satisfy the
Weierstrass M-test, then they converge absolutely and uniformly in R, and f' = g.
Thus, by successive application of this M-test, if the coefficients decay polynomially,
i.e., we have |c_i| + |cx| = O(Jk|7¢71), then f(x) is in C? (that is, d times differentiable)
and f(x) is in C* (that is, infinitely differentiable) if its coefficients decay faster than any
polynomial rate. By Equation (4.16), the coefficients I'(s;) decay like ~ exp(—kn/In(p)),
so Q(z) is in C*. By Equation (4.20), the coefficients I"(sy) also decay like an exponential,
so R(x) is in C*. O

It is interesting to compare this smoothness result with the situation observed by
Delange [16] in his seminal work on the sum of digits of n in base 1/p (when 1/p is an
integer). Therein, he proved an asymptotic behavior involving fluctuations dictated by a
Fourier series, which can also be obtained by a Mellin transform approach, quite similarly
to the road followed in our article. It appears that his Fourier series (already mentioned
in Remark 4.5) has coefficients ((sy)/((1 + sg)sx) ~ k~15; it is thus not surprising that
the Delange series is nowhere differentiable, in sharp contrast with the smoothness of our
Fourier series (see Figure 8).

This concludes our analysis of the height and the corresponding fluctuations.

Q(z) (for p=1/2) R(x) (for p=1/2) Delange(z) (for p =1/2)

F1GURE 8. Our Fourier series () and R are infinitely differentiable, while
the Fourier series obtained by Delange is nowhere differentiable. This follows
from the asymptotics of their coefficients, as explained in the proof of
Theorem 4.10.
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5. SOME RESULTS FOR THE MORAN MODEL IN DIMENSION m > 1

5.1. Joint distribution of ages for the Moran model with m > 1. Moran processes
are models of population evolution (or mutation transmission) where the population is
of constant size (some individuals could die but are then immediately replaced by a
new individual). Depending on the applications, several variants were considered in the
literature starting with the seminal work of Moran himself [43,44], up to more recent
extensions (for example to spatially structured population [41].

Motivated by the model with resets of Itoh, Mahmoud, and Takahashi [34,35], we
now define the Moran model with m individuals. 1t is a process parametrized by some
probabilities p and p;’s such that p + >°7"p; = 1, and which starts at time 0 with m
individuals of age 0. Then, at each new unit of time,

e cither, with probability p, all survive (their age increases by 1),

e either, with probability p; (for 1 < i < m), the i-th individual dies (it is then
replaced by a new i-th individual of age 0), while the age of the m — 1 surviving
individuals increases by 1,

e cither, with probability pg, all die and are replaced by m new individuals of age 0.
Now, we define the sequence of multivariate polynomials f,(z1,...,z,) (for n € N) by
the fact that the coefficient of 2 - z*m in f,(21,...,2,) is the probability that, at
time n, the i-th individual has age k; (for i = 1,...,m). Accordingly, F(t,z1,...,xy) :=
>ons0 fa(21, ..., xm)t" is the probability generating function associated to the above Moran
model, where the time is encoded by the exponent of .

Theorem 5.1. The probability generating function of the Moran model is a rational
function, and it admits the closed form

om__q k &
o (=1)*Pt
F(taxh...,xm)zzk—o (A ) & 7

where the Py’s are polynomials (given in the proof) in the x;’s, p, p;’s, and where A is the
following polynomial of degree 2™ in t:

A= ] (1—t<p+p0[[lz{1,...,m}]]+Zpi>Hxi).

1C{1,...,m} iel /) igl
Proof. The Moran model evolution is encoded by the following functional equation for the
probability generating function F"

F(t,xy,...,xn) =1+tpry -z, F(t,x1, ... xm) +tpoF (¢, 1,...,1)

m l’ . -.:L‘m
+1 (szlF(t, L1y 7xm)|xi_1> ) (52)

i=1 i

(5.1)

where F,,—; means F' evaluated at z; = 1.

To solve this single functional equation (which has m + 2 unknowns®), the trick is to
transform it into a linear system of equations with... 2™ unknowns! Indeed, by substituting
x; = 1 (in all the possible ways) in the functional equation (5.2), we get a system of 2™
equations.

8We temporarily count F(t,1,...,1) as unknown, even if it is obviously equal to 1/(1 —t), as F is a
probability generating function.
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Then, we encode this system by a matrix M, where we cleverly (sic!) choose the order
in which unknowns are associated to the lines/columns of M. Let us define this order;
to this aim consider the Cartesian product X := {1,z1} x -+ x {1, z,,}. For any pair
of m-tuples X and Y from X, one writes X < Y if the number of 1’s in X is less than
the number of 1’s in Y, or, when they have the same number of 1’s, if X is smaller
than Y in the lexicographical order induced by x; < --- < x,, < 1. For example, we have
(x1,22) < (21,1) < (1,22) < (1,1). Listing all the elements of X" in increasing order, we
get a list of 2 tuples Xy, ..., Xom. The matrix M encoding the aforementioned system
of equations is constructed such that the i-th line of the matrix M corresponds to the
unknown F'(¢, X;) and the j-th column corresponds to the unknown F (¢, X;).

With this order, the matrix M is an upper triangular matrix (as each of the substitution
of some x;’s by some 1’s in Equation (5.2) leads from some tuple X to m + 2 larger
tuples Y), and thus the determinant of M is the product of its diagonal terms:

det M = H (1—t<p+p0[[fz{1,...,m}]]+2pi>nxi),
1C{1,...,m} iel /gl
where we use Iverson’s bracket notation®.

As this determinant A := det M is not zero, this entails by Cramer’s rule that
F(t,zq,...,x,) can be written as a rational function with denominator A (note that, for
some specific real values of p and the p;’s, it is not excluded that the numerator could have
a shared factor with A). Of course, computing the determinant of each comatrix, and
using the relation po =1 — (p+ p1 + -+ - + Pm), We get symmetric polynomial expressions
for the P;’s occurring in (5.1), e.g.:

PO == 1,
P =p (H(l +25) — H%) +> x> pj
i=1 i=1 =1 j=1,..m
i

Pom_y = (H 952”) II <P + sz> : O
i=1 iel

Note that the case pg = 0, p; = 1/m for i = 1,...,m (with m > 2) was analyzed by
Itoh and Mahmoud [34]: they proved that the age of each individual converges to a shifted
geometric distribution, namely Geom(1/m) — 1. They also show that the number of indi-
viduals of age k at time n converges to a Bernoulli distribution, namely Ber((m/(m —1))*).
Our Theorem 5.1 constitutes a joint law version of these results, at discrete times, for
generic p;’s. For example, introducing G(t,v) := Y7L, (T) vk :rf]F(t, Tly ...y Ty), the
coefficient [t"]0,G(t,1) gives the average number of individuals of age k at time n. (Note
that the sum with the binomial coefficients (T) has to be replaced by a sum over the

subsets of {1,...,m} if the p;’s and the initial conditions for the z/s are not symmetric.)
9This notation, [assertion], is 1 if the assertion is true, and 0 if not. It was introduced in the semantics

of the language APL by its founder, Kenneth Iverson. It was later popularized in mathematics by Graham,
Knuth, and Patashnik [27].
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5.2. A multidimensional generalization of the Moran model. Interestingly, the
same strategy of proof allows us to solve a wide generalization of the Moran model, where

e with probability p;, all the individuals from the subset I of {1,...,m} die (they
are then replaced by new individuals of age 0), while the age of each surviving
individual increases by 1.

e the process starts with m individuals of any (possibly distinct) ages, encoded by a
monomial fo(z1,...,Tm).

This translates to the following single functional equation, involving 2" unknowns:

F(t,z1,...,xm) = fo(z1,...,zm) +t > prF(E,Xy) [,
1€{1,..,m} igl
where X[ = (ZEl, Ce ,l‘m)‘xl —1foralliecl-

Obviously, by taking fo = 1, po = p, p{1,..m} = Po, P{iy = Pi, and all other p; = 0,
the generalized model simplifies to the classical Moran model of Theorem 5.1. Another
natural set of probabilities is p; = ¢®(1 — ¢)™*, where k is the number of elements in I.
It encodes the model where, at each unit of time, each individual dies with probability q.

More generally, for any set of p;’s, one gets the following result.

Theorem 5.2. The probability generating function of the generalized Moran model is a
rational function:

_ S (C1)rQktt
= A , (5.3)
where the Qs are polynomials in the x;’s and p;’s for I C {1,...,m}, and where A 1is
the following polynomial of degree 2™ in t:

A = H (1—t<p@ +p{1,‘_'7m}[[[: {1,...,m}]]+2p{i}> sz> .
IC{1,...,m} iel igl
Note that, for this generalized model, the denominator A is the same as in Theorem 5.1,
and the @QQ’s are a lifting of the P;’s from Theorem 5.1, involving more terms and variables
(namely, all the p;’s). For these two models, these polynomials P, and @y are variants of
symmetric functions. We comment more on this fact now.

F(t,xy,...,2)

Remark 5.3 (Links with bi-indexed families of symmetric functions). Many problems related
to lattice paths lead to generating functions expressible in terms of symmetric functions;
this results from the kernel method, which involves a Vandermonde-like determinant, and
thus leads to variants of Schur functions [4,6,11]. For the generalized Moran model we also
get symmetric expressions, as the problem is by design symmetric, but in a more subtle
way: one does not get formulas nicely expressible in terms of classical symmetric functions.
This is due to the fact that we have to play with two distinct sets of variables (the p;’s
and the z;’s), the occurrences of which are not fully independent. It appears that these
subtle dependencies are well encoded by the MacMahon elementary symmetric functions,
defined by e, := [t;t’;] " (I4+t,x;+1t,p;). For example, we have ey 1 = x129ps + Tox3p1 +
x3x1ps. They allow us to provide more compact formulas for our generating functions, like
Py =e1+p3itejo. We plan to study these aspects in a forthcoming work. Note that
these MacMahon symmetric functions also appear in problems a priori unrelated to our
multidimensional Moran walks, see e.g. the articles of Gessel [25] and Rosas [48].
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5.3. Application to the soliton wave model. The soliton wave model (as considered
by Itoh, Mahmoud, and Takahashi [35]) is a stochastic system of particles encoding a
unidirectional wave. The number of particles is constant during the full process: we have
m particles on Z which can only moves to the left as follows. At time n = 0, the initial
configuration consists of m particles, at z-coordinates 1,...,m. Then, at each unit of time
n =1, 2,..., uniformly at random, one of the m particles jumps just to the left of the
first particle (the wave front), thus leaving an empty space at its starting position:

0000000 — (00000

Note that at time n the location of the leftmost particle has thus xz-coordinate 1 —n. See
Figure 9 for an illustration of 6 iterations of this process, where, for drawing convenience,
we shift the origin of the x-axis after each step, so that the first particle is always at

x-coordinate 1.
Then, applying Theorem 5.2 to this model, we get the following proposition.

Proposition 5.4. The joint distribution F(t,xy,...,x,) of the time/positions of the
particles in the soliton wave model is given by Formula (5.3), by taking as initial condition
fo =iz} .. 2, and, as probabilities of transition, py;y = 1/m and all other pr = 0; what

. m’

is more, the denominator of F(t,xy,...,xy) thus simplifies to
I
A I (1 —t||> e
1C{1,..,m} mJgr

where |I| stands for the number of elements of the set I.

Wave Time n | Length L,

0000 0 !
Q0 00 : i
Q0 Q@O | * | ¢
Q00 Q| 3 6
0000 ‘@]
Q Q O Q 3 5
OO0 O O 6 6
FIGURE 9. The soliton wave model: a wave is a sequence of particles (the
sequence may have some inner holes), and at each unit of time, one particle
is selected and jumps at the very start of the wave (and thus leaves an empty

slot where it was). Trailing empty slots are ignored (this occurs when the
last particle is selected, e.g. from step 3 to 4 above).
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Figure 9 also shows that this model has one degree of freedom, that is, the soliton
wave model with m particles can be modeled as m — 1 interactive urns Uy, ..., U,,_1: the
urn Uy, contains the number of white cells between the k-th and (k + 1)-th blue particle.
Accordingly, this interactive urn process starts with Uy(0) = 0 for all k, and then, at each
unit of time, we have one of the following m events (with probability 1/m):

e Uj(n+1)=U(n)+ 1 and other urns are unchanged.

efork=2....m—1U(n+1)=0,U;(n+1):=U;_1(n) (for j =2,...,k—1),
Uk(n + 1) := Ux_1(n) + Ux(n) + 1, and remaining urns are unchanged.

e Uj(n+1)=0and, for k > 2, Uy(n+1) := Ug_1(n).

The length of the soliton is then given by L, = m + Ui(n) + -+ + Up—1(n); it can
equivalently be viewed as the maximum of the z-coordinates (at time n) of each particle.

6. CONCLUSION AND FUTURE WORKS

In this article, we considered several statistics (final altitude, waiting time, height)
associated to walks with resets, for any given finite step set. For the case of the simplest
non-trivial model (namely, for Moran walks), we prove that the asymptotic height exhibits
some subtle behavior related to the discrete Gumbel distribution. In a forthcoming article,
we plan to consider the asymptotic analysis of the height for more general walks.

In our formulas for walks of length n, taking ¢’ :== ¢/n (and more generally ¢’ = ¢(n)) as
the probability of reset leads to models which can counterbalance the infinite negative drift
of the initial model, and thus present a different type of asymptotic behavior. Studying
these models and their phase transitions in more detail would be interesting.

In Section 5, we considered several multidimensional extensions of such walks, with
applications to the soliton wave model, or to models in genetics. More multidimensional
variants of Moran models allowing both positive and negative jumps (and with or without
resets) can be handled using the approach presented in this article (see [1]). One interesting
example is the one where each dimension evolves like a Motzkin path, this model was
e.g. considered in the haploid Moran model [32], where the authors use a Markov chain
approach, using duality /reversibility to establish links with Ornstein—Uhlenbeck processes.
Note that even if one adds resets to such Motzkin-like models, one keeps nice links with
continuous fractions associated to birth and death processes; see [20]. The analysis becomes
much more complicated as soon as jumps of amplitude > 2 are allowed; in such cases, our
approach based on the kernel method strikes again.

Another natural extension is to consider walks in the quarter plane with resets (a natural
model of two queues evolving in parallel); even for walks with jumps of amplitude 1, the
exact enumeration and the asymptotic behavior of the (maximal) height remain open.
Other more ad hoc extensions consider some age-dependent probabilities p;’s, then leading
to partial differential equations for the corresponding generating functions. Some specific
cases lead to closed-form solutions.

All these variants of Moran models are parametrized by the p;’s. One can then turn to
the tuning of several statistical tests: having some experimental data, it is natural to look
for maximum likelihood estimators of the p;’s, and to study if they are unbiased, sufficient,
and consistent (for more on these notions, see e.g. [50]). In conclusion, the Moran model
offers a large variety of interesting models, with many aspects to explore!
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