Springer Proceedings in Mathematics & Statistics

Frank Nijhoff
Yang Shi
Da-jun Zhang Editors

Asymptotic,
Algebraic and
Geometric Aspects
of Integrable
Systems

In Honor of Nalini Joshi On Her
60th Birthday, TSIMF, Sanya, China,
April 9-13, 2018

@ Springer



Springer Proceedings in Mathematics &
Statistics

Volume 338



Springer Proceedings in Mathematics & Statistics

This book series features volumes composed of selected contributions from
workshops and conferences in all areas of current research in mathematics and
statistics, including operation research and optimization. In addition to an overall
evaluation of the interest, scientific quality, and timeliness of each proposal at the
hands of the publisher, individual contributions are all refereed to the high quality
standards of leading journals in the field. Thus, this series provides the research
community with well-edited, authoritative reports on developments in the most
exciting areas of mathematical and statistical research today.

More information about this series at http://www.springer.com/series/10533


http://www.springer.com/series/10533

Frank Nijhoff - Yang Shi - Da-jun Zhang
Editors

Asymptotic, Algebraic
and Geometric Aspects

of Integrable Systems
In Honor of Nalini Joshi On Her 60th

Birthday, TSIMF, Sanya, China, April 9-13,
2018

@ Springer



Editors

Frank Nijhoff Yang Shi

School of Mathematics College of Science and Engineering
University of Leeds Flinders at Tonsley

Leeds, UK Adelaide, SA, Australia

Da-jun Zhang

Department of Mathematics
Shanghai University
Shanghai, China

ISSN 2194-1009 ISSN 2194-1017 (electronic)
Springer Proceedings in Mathematics & Statistics
ISBN 978-3-030-56999-0 ISBN 978-3-030-57000-2  (eBook)

https://doi.org/10.1007/978-3-030-57000-2
Mathematics Subject Classification: 33xx, 39xx, 14xx, 32xx, 14H70, 37K10, 34M55

© Springer Nature Switzerland AG 2020

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-57000-2

Dedicated to Nalini Joshi on the occasion of
her 60th birthday



Contents

Quadrangular Sets in Projective Line and in Moebius Space,

and Geometric Interpretation of the Non-commutative Discrete

Schwarzian Kadomtsev—Petviashvili Equation . . . ... ... ....... .... 1
Adam Doliwa and Jarostaw Kosiorek

Complexity and Integrability in 4D Bi-rational Maps with Two
Invariants. . . ... .. ... .. 17
Giorgio Gubbiotti, Nalini Joshi, Dinh Thi Tran, and Claude-Michel Viallet

A Non-linear Relation for Certain Hypergeometric
Functions . .. ... . . . . 37
Gerd Schmalz and Vladimir Ezhov

An Algebraically Stable Variety for a Four-Dimensional Dynamical
System Reduced from the Lattice Super-KdV Equation. . ... ... ... .. 43
Adrian Stefan Carstea and Tomoyuki Takenawa

Opers for Higher States of the Quantum Boussinesq Model . ........ 55
Davide Masoero and Andrea Raimondo

Nonsingular Rational Solutions to Integrable Models. . .. ........... 79
Gegenhasi, Xing-Biao Hu, Shi-Hao Li, and Bao Wang

Stokes Phenomenon Arising in the Confluence of the Gauss
Hypergeometric Equation. . . . ............. ... ... . ... ... .... 101
Calum Horrobin and Marta Mazzocco

Periodic Trajectories of Ellipsoidal Billiards in the 3-Dimensional
Minkowski Space . . . ...... ... ... 159
Vladimir Dragovi¢ and Milena Radnovi¢

Analogues of Kahan’s Method for Higher Order Equations
of Higher Degree ... ...... ... ... . . . . . . . . . ... . 175
A. N. W. Hone and G. R. W. Quispel

vii



viii Contents

On Some Explicit Representations of the Elliptic Painlevé
Equation. . . ... ... . 191
Masatoshi Noumi

On the Lattice Potential KP Equation . . ........................ 213
Cewen Cao, Xiaoxue Xu, and Da-jun Zhang



Quadrangular Sets in Projective Line )
and in Moebius Space, and Geometric e
Interpretation of the Non-commutative

Discrete Schwarzian

Kadomtsev—Petviashvili Equation

Adam Doliwa and Jarostaw Kosiorek

Abstract We present geometric interpretation of the discrete Schwarzian
Kadomtsev—Petviashvili equation in terms of quadrangular set of points of a pro-
jective line. We give also the corresponding interpretation for the projective line
considered as a Moebius chain space. In this way we incorporate the conformal
geometry interpretation of the equation into the projective geometry approach via
Desargues maps.

Keywords Discrete Schwarzian KP equation + Desargues maps * Projective line -
Chain geometry - Moebius—Veblen configuration

2010 Mathematics Subject Classification 51B10, 51A20

1 Introduction

In the present paper we address two questions concerning geometric interpretation
of the following discrete integrable system

@Gk — D1 DGn) — () @iy — D) Dy — b))~ Baw — d@) (Par) — b)) ' = 1(,1)

where ¢: Z¥ — F is a map from N-dimensional integer lattice to a division
ring I, and indices in brackets denote shifts in the corresponding variables, i.e.
oo(ni,....ny) =@y, ...,n; +1,..., ny). The above equation appeared first as
the generalized lattice spin equation in Nijhoff and Capel (1990), and was called the
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non-commutative discrete Schwarzian Kadomtsev—Petviashvili (SKP) equation in
Bogdanov and Konopelchenko (1998); Konopelchenko and Schief (2005). As being
one of various forms of the discrete Kadomtsev-Petviashvili (KP) system (Hirota
1981; Kuniba et al. 2011), Eq. (1) plays pivotal role in the theory of integrable
systems and its applications.

Relation between geometry of submanifolds and integrable systems is an ongoing
research subject which can be dated back to second half of XIX-th century (Darboux
1887-1896). In fact, geometric approach to discrete integrable systems initiated
in Bobenko and Pinkall (1996), Doliwa and Santini (1997), Konopelchenko and
Schief (1998), see also Bobenko and Suris (2009) for a review, demonstrates that the
basic principles of the theory are encoded in incidence geometry statements, some
of them known in antiquity.

For example, complex F = C version of Eq. (1) was identified in Konopelchenko
and Schief (2002) as a multi-ratio condition which describes generalization to confor-
mal geometry of circles of the Menelaus theorem in the metric geometry (Coxeter and
Greitzer 1967). Quaternionic version of the equation was studied in Konopelchenko
and Schief (2005, 2009), see also King and Schief (2003) for other geometric inter-
pretations of the multi-ratio condition in relation to integrable discrete systems.

The more recently introduced notion of Desargues maps (Doliwa 2010), as under-
lying property of discrete KP equation considers collinearity of three points. This
approach works in projective geometries over division rings and leads directly to the
linear problem for the equation in its non-Abelian Hirota—Miwa form (Nimmo 2006).
We remark that the Desargues maps give new understanding (Doliwa 2010, 2013) of
the previously studied discrete conjugate nets (Doliwa and Santini 1997). These are
characterized by planarity of elementary quadrilaterals (see also Sauer 1937; Doliwa
1997). The compatibility condition for Desargues maps gives projective Menelaus
theorem, but leaves open the following Question 1: Can the conformal geometry
interpretation of the discrete Schwarzian Kadomtsev—Petviashvili equation be
incorporated into the Desargues map approach? Notice that the recent general-
ization of the Desargues theorem to context of conformal geometry (King and Schief
2012) may suggest something opposite.

When studying reductions of the Desargues maps, as for example in Doliwa
(2013), one is forced to restrict dimension of the ambient projective space up to
“Desargues maps into projective line”. Even if the linear problem is well defined there
the geometric condition, which defines the maps, is empty. This leads to Question 2:
What should replace the Desargues map condition for the ambient space being
projective line? We remark that the analogous problem for discrete conjugate nets
in the ambient space being a plane was successfully solved in Adler (2006).

Our answer for both questions is based on the notion of the quadrangular sets,
which was introduced by von Staudt in his seminal work (von Staudt 1847) as a tool to
provide axiomatization of the projective geometry. We remark that quadrangular sets
of points appeared in integrable discrete geometry in theory of the B-quadrilateral
lattice (Doliwa 2007a), but in the context of the Pappus theorem and the Moebius
pair of tetrahedra, which is outside of the interest of the present paper.
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In Sect.2 we first recall basic ingredients of the geometry of the projective line,
in particular the notion of cross-ratio in the general non-commutative case (Baer
1952). We also formulate the corresponding concept of the multi-ratio of six points
on the projective line over a division ring, which generalizes the definition known
for commutative case in terms of two cross-ratios or determinants. We show that
quadrangular sets of points are fully characterized by the “multiratio equals one”
condition also in the non-commutative case (as the commutative case is well known
Richter-Gebert 2011). This gives our answer to Question 2, which we present in
Sect. 3.

Our answer to Question 1, which we present in Sect. 4, is also implied by geome-
try of the projective line, but this time the line is equipped with additional structure.
When the division ring [F contains a subfield K in its center then F-projective images
of the canonically embedded K-line form the so called chains. This leads to the
concept of Moebius chain geometry (Benz 1973; Herzer 1995). We show that in
such spaces certain quadrangular sets have particular interpretation in terms of the
so called Moebius—Veblen chain configuration. In the simplest case of the classi-
cal Moebius geometry, where K = R C C = F the chains are circles (homographic
images of the real line in the complex conformal plane), and our approach gives that
of Konopelchenko and Schief (2002).

2 Projective Geometry of a Line

2.1 Cross-Ratio and Multi-ratio in Projective Geometry over
Division Rings

A right linear space (I, V) consists of a division ring [ and an additive abelian group
V such that ' acts on V from the right satisfying usual axioms. The corresponding
projective geometry studies linear subspaces of the F-space V. The points of the
corresponding projective space P(IF, V) are one dimensional subspaces of (I, V).

Remark For simplicity we assume that F is of characteristic zero, but we expect
that also finite characteristic may be relevant and give interesting results (Biatecki
and Doliwa 2005).

A collineation of the linear space (I, V) upon the linear space (F, W) is a bijec-
tive and order preserving mapping o of the partially ordered (by inclusion) set of
subspaces of V upon the set of subspaces of W. When dimension of V is at least
three, any such collineation is given by a semi-linear map, i.e. linear map V — W
and supplemented by an automorphism of the division ring.

The case of two dimensional linear spaces (i.e. projective lines) needs a special
treatment. Then any bijection of projective line can be called collineation. There
arises the problem of characterizing those maps which are induced by semi-linear
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maps of (I, V). The first step in that direction (the full answer can be found in Baer
1952) makes use of a generalization of the classical notion of cross ratio.

Definition 1 (Baer 1952) Suppose that P, Q, R, S are four distinct points on the
line L. Then the number ¢ € I belongs to the cross ratio |: I; % ] C F if there exist

elements p, g € V such that

P=(p), 0={q). R=(p+q). S=(p+qo.
Below we present the known expression of the cross-ratio in terms of non-
homogeneous coordinates.
Theorem 1 If k,1 are two independent elements of € V, and p, q,r, s are four

distinct elements of F then

[t 40 (- ]

where by for c € F by [c] = {aca™" |a € F\ {0}} we denote the equivalence class
of conjugate elements.

Remark Given three distinct points P, Q, R € L and given ¢ € F \ {0, 1} there

S R
¢ = 0 corresponds to S = P, ¢ = 1 corresponds to S = R, while to admit S = Q
we need to give the value ¢ = oo.

. . .. . P
exists the fourth point S € L, distinct from the previous ones, such that ¢ € |: Q i| ;

Remark When points P, Q, R have been taken as projective basis of the line, i.e.

04— _ P Qo _
p=0,g =o00,r =1,then |:S Ri| = [s].

The following result for dim V > 3 justifies the use of cross-ratio in describing
geometry of the projective line.

Theorem 2 Suppose that (P, Q, R, S) and (P’, Q', R', §') are quadruples of dis-
tinct collinear points. There exists collineation i of the linear space (F, V), dimV >
3.suchthatm(P) = P, n(Q) = Q', n(R) = R, n(S) = S’ ifand only if there exists
an automorphism a of the division ring F such that

PO _[PC
SR| |S R
We present below the analogous geometric notion of multi-ratio in the non-
commutative case, which we adapted from known definition in the commutative
case in terms of two cross-ratios (Morley and Musselman 1937; King and Schief

2003; Richter-Gebert 2011). Like for the non-commutative cross-ratio our geomet-
ric definition leads to a class of conjugate elements of the division ring.
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Definition 2 Suppose that P, Q, R, S, T, U are six distinct points on the line L.
PQOS

U R T] C F if there exist

Then the number m € F belongs to the multi-ratio |:

elements p, g, s € V such that

P = (p), O={q), S=(s), R={(p-+gq), T =(p+s),
U= (p+gqa), U= (p+sb) m=ab '

Proposition 3 If k,l are two independent elements of € V, and p,q,r,s,t,u are
six distinct elements of T then

(k+1p) (k+1q) (k+1s)
(k+1u) (k+1r) (k+1t)

} =[e-pT@-n@-wlc-we-n"e-p]. @

Proof Let the vectors p,q € V be such as in Definition 2, define the factors
A, i, 0, p € F\ {0} for points P, Q, R, U by
(k+1p)) =p, k+1lg)p=gq, (k+1ryo =p+gq, (k+1lup =p+gqa.
Elimination of the factors w, o, p leads to the relation
a=3"'0=p) g =G —wu-phi
Similar reasoning, but for points P, S, T, U leads to similar relation
b=3""t—p) s =D —w - pr,
which, combined with the previous one, concludes the proof. (I

Remark When the division ring [F is commutative, our definition of the multi-ratio

~1
POS PQOI[PS ,
|: U R Ti| € F reduces to the product |: U R ] |: U Ti| of two cross-ratios.

Proposition 4 The multi-ratio is an invariant of the collineations induced by linear
transformations of the space (F, V).

Proof Fix coordinate system, like in Proposition 3, and use the fact, that such
collineations are generated by affine transformations ¢ — a¢ + b and inversions

o'
(ap +b)(cp+d) "' =ac™' + b —ac 'd)(cp +d)7".

By direct calculation, both transformations preserve the multi-ratio (2) understood
as the class of conjugate elements. O
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AD AC AB CD BD BC

Fig. 1 Quadrangular set of points

2.2 Quadrangular Set of Points on Projective Line

A complete quadrangle is a projective figure formed by four points (vertices)
A, B,C, D in the plane, no three of which are collinear, and the six distinct
lines (sides) that are produced by joining them pairwise. The intersection points
AB, ..., CD of the six lines with a line not incident with vertices of the quadrangle
form the quadrangular set (von Staudt 1847), see Fig. 1.

It is known that, by Desargues theorem, any five points of the quadrangular set
(labeling fixed) determine uniquely the sixth point of the set. Moreover, collineations
map quadrangular sets into quadrangular sets.

Remark The ordering of the points is important, up to permutation of the letters
A, B, C, D. By combinatorial arguments one can show that given five generic points
of the projective line there are 30 positions of the sixth point such that for appropriate
ordering the six points form a quadrangular set.

Proposition 5 The six distinct points AB, ..., CD form a quadrangular set if and
only if their non-homogeneous coordinates ® 5p, ..., Pcp satisfy the multi-ratio
condition

(@ap = Pac)HPap — ®ap) " (@pp — Pap)(@pp — D)~ (Pcp — Ppe)@cp —Pac) =1 (3)

Proof Given five points of the set, we reconstruct the planar quadrilateral which
allows to obtain the sixth point. It is known (Veblen and Young 1910) that the con-
struction is independent on the freedom in choice of the quadrilateral. Because we
were not able to find the multi-ratio characterization of the quadrangular sets in the
non-commutative case we present its detailed derivation.

In the general case fix coordinate system on the line L = {(a, 0)|a € F}. Choose
an arbitrary point A # L, which can be given then non-homogeneous coordinates
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(0, 1). The last freedom in the construction is the choice of a point B on the line
(A, AB), which fixes its coordinates

(@), d3) = (Pap(1 —0),0), o eF\{0,1}.

Then the coordinates of the point C = (A, AC) N (B, BC) are

—1
(@F, ®F) = (@ac(l =), 1= [Pac = Gap+(@ap = @p)o ™| (Pac - @pe;
notice identity
= 1= (®ac — Ppc) (Pap — Ppc)(o ™ —1). (4)

Similarly, the coordinates of the point D = (A, AD) N (C, CD) read

-1
(@b, ®h) = @ap(1=2),2),  »=[Pap = Pac + (@ac = Pep)u™" | (@an = Pe),

and then
AT — 1= (®ap — Dep) " (Pac — Dep)(u™ — 1), (5)

moreover
(@cp — Pac) " (@ap — Pac) = (=11 =)' (6)

Finally, the non-homogeneous coordinates (®zp, 0) of the point BD = L N (B, D)
are given by

Ppp = DPap(l—0) +[Pap(l1—1) — Pap(l —0)] (0 — 1) o, (N
what implies
(®pp — Pap) " (Pap — Pap) =0 (0 — )1 -1\ (8)
Equations (4)—(8) give then
(@pp — Ppc) — (Pcp — Ppc)(@cp — Pac) ™ (@ap — Puac)(@ap — Pap) ™ (Ppp — Pap) =
[(@ap — @cp)7" = 1) = (Pap — Pac) (@™ = 1)+ (Pcp — @)™ = D]ae =)~ 'o =0,
which concludes the first part of the proof.
Because Eq. (3) is uniquely solvable for any of its six points, once other five are

given, and by the analogous property of the quadrangular set, the condition described
by the equation completely characterizes quadrangular sets of the projective line. [J
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Fig. 2 Veblen configuration

3 Desargues Maps into Projective Line

3.1 The Veblen Configuration and the Multi-ratio

Consider Veblen or Menelaus (Konopelchenko and Schief 2002) configuration
(62, 43) in projective space, i.e. six points and four lines with two lines incident
with each point, and three points incident with each line, see Fig.2. We label points
of the configuration by two element subsets of the four element set {A, B, C, D},
and lines by single elements of the same set. A point is incident with the line if its
label contains the label of the line.

Let us present an algebraic description of the Veblen configuration, which can be
considered as a non-commutative version of the theorem of Menelaus (Coxeter and
Greitzer 1967).

Proposition 6 Givenpoints AB € (BC, BD), AD € (BD,CD), AC € (BC, CD)
onthree sides of the triangle BC, BD, C D, and distinct from its vertices. These three
points are collinear if and only if the corresponding proportionality coefficients
a,b,c € F\ {0, 1} between their non-homogeneous coordinates, as defined by

(®pc — Pap) = (®pp — Pap)a, 9
(®cp — Pap) = (®Ppp — Pup)b, (Ppc — Pac) = (Pcp — Pac)c,

satisfy condition
a = bc. (10)

Proof To show that the collinearity implies condition (10) assume that the vectors
D45, Pac, Pap, as calculated from the above linear relations, satisfy the constraint
of the form

®up— Pac = (®Pap — Puc).
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The linear independence of vectors ®zp — ®cp and Pz — ®p implies then
Ar=1—(c—-D@—-D""=®-Dcla-1D7",

which gives Eq. (10).
From the other side, insert the condition (10) into first of the above linear equations,
which in conjunction with other two gives

(®ap — Pap)(1 —bc) = (Pac — Pap)(1 —0),

thus showing the collinearity. (]

Corollary 7 Assume that for fixed coordinate number i all components ®',, ...,
&, of the points of the Veblen configuration are distinct (see Fig.2), then the
components satisfy the following multi-ratio condition

(@ep = Pac)(@ep = Pup) ™ (@ = Pyp)( @y = Pyp) ™ (P = Pp)(@e = Vo)™ = 1.
Proof Insert expressions

a =((D§BD - quAB)_l(@léc - q)iAB)’
b z(q)lél) - (Diw)_l(cbicu - (Diw)a
¢ =(Pep — Phe) T (P — Pyo)

into the condition (10). ]

‘We conclude this Section with a result, which justifies the statement that quadrangu-
lar sets should be considered as Veblen configurations in the geometry of projective
line.

Proposition 8 In the plane of the Veblen configuration consider point O not on
lines of the configuration. The intersection points of lines joining O to vertices of the
configuration with an arbitrary line not incident with O form a quadrangular set.

Proof Take the point O as the first vertex of the quadrangle, fix a line of the Veblen
configuration, and use three remaining points of the configuration as three remaining
vertices of the quadrangle. On the line we have built then a quadrangular set. The lines
joining the points of the Veblen configuration with point O are the lines joining O
to points of the quadrangular set. Any transversal section of the lines by another line
gives six points perspective with the quadrangular set. Because such transformations
map quadrangular sets into quadrangular sets (Veblen and Young 1910) we obtain
the statement. d

Remark The case when O is a point at infinity and the line is a coordinate line is
actually visualized in Fig.2.
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3.2 Desargues Maps

From point of view of difference equations usually one considers maps of Z" lattice.
Recently integrable systems on other regular lattices are also of some interest, see for
example (Doliwa et al. 2007). In particular, the Desargues maps, although initially
defined on multidimensional integer lattice, allow for an interpretation (Doliwa 2011)
as maps from multidimensional root lattice of type A. Such an approach from the
very beginning takes into account the corresponding affine Weyl group symmetry of
the discrete KP system.

Recall that the N > 2-dimensional root lattice Q(Ay) is generated by vectors
along the edges of regular N-simplex in Euclidean space (Conway and Sloane 1988;
Moody and Patera 1992). Vertices of the lattice tessellate the space into N types of
convex polytopes P(k, N),k = 1, ..., N, called ambo-simplices. Itis known that the
corresponding affine Weyl group W (Ay) acts on the Delaunay tiling by permuting
tiles within each class P(k, N). The 1-skeleton of P (k, N) is the so called Johnson
graph J(N + 1, k): its vertices are labeled by k-point subsets of {1,2,..., N + 1},
and edges are the pairs of such sets with (k — 1)-point intersection.

The tiles P(1, N) are congruent to the initial N-simplex which generates the
vertices of the root lattice. We color its faces P (1, 2) in black. The faces P (2, 2) of
the simplex P (N, N) we color white. Then P (2, 3) which is regular octahedron has
four black and four white triangular faces, see Fig. 3.

Definition 3 By Desargues map ¢: Q(Ay) — P(FF, V) we mean a map for which
images of vertices of simplices P (1, 2) with black triangular faces are collinear.

To avoid degenerations it is implicitly assumed that images of vertices of simplices
P (2, 2) with white triangular faces are in generic position. Then the octahedra P (2, 3)

Fig. 3 Desargues map



Quadrangular Sets in Projective Line and in Moebius Space, and Geometric ... 11

is mapped into Veblen configurations, see Fig.3. Moreover, after introduction of
appropriate Z" coordinates in the lattice the non-homogeneous coordinates of the
map satisfy Eq. (1), compare with Corollary 7. Guided by Proposition 8 we give our
answer to Question 2.

Definition 4 By Desargues map of root lattice O (A y) into a projective line we mean
a map for which images of vertices of ambo-simplices P (2, 3) are quadrangular sets
with labeling induced by that of Johnson graph J (4, 2).

4 Desargues Maps in Moebius Chain Geometry

Below we describe the concept of Moebius chain geometry of a projective line,
which allows for a construction of quadrangular sets which satisfy certain additional
property, adjusted to the structure. This will give our answer to Question 1.

4.1 The Concept of Moebius Chain Geometry

Assume that the division ring I contains a proper subfield K in its center. The division
ring F can be considered then as a division K-algebra. Correspondingly, the projective
line over I inherits additional structure, best described within the concept of chain
geometry (Benz 1973; Herzer 1995; Blunck and Herzer 2005). Define the chains as
images of the canonically embedded K-line (called the standard chain) under action
of the group of collineations induced by linear maps of the [F-line. Points are called
cocatenal if they belong to a common chain.

Remark The simplestexample for K = R C C = Fis the classical conformal Moe-
bius geometry of circles (as chains) in the Riemann sphere (complex line or conformal
plane). The notion of chain geometry applies actually to any K-algebra, however we
will be dealing exclusively with division algebras (i.e. with the so called Herzer 1995
Moebius chain geometries).

The K-vector space F can be given natural affine space structure. The straight lines
are the chains which pass through the infinity point of the projective line F U {oo}.
Notice that the notion of “straight line” depends actually on the particular choice
of the infinity point. Two chains are called tangent in point P when after sending
P to infinity the chains are parallel in corresponding affine space. Notice following
results of the Moebius chain geometry:

(1) Any three distinct points of the F-line are contained in exactly one chain.

(2) Four distinct points are cocatenal if and only if their cross-ratio is well defined
element of K\ {0, 1}.

(3) (Miquel condition) Given four chains C;, i = 1, 2, 3, 4, no three of which have
a common point, but C; NC;1; = {P;, Q;} for every i (subscripts are taken
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modulo 4). Then the four points P; are cocatenal if and only if the four points
Q; are cocatenal.

Remark One can consider (Blunck and Havlicek 2000) generalizations of the Moe-
bius chain geometry for which K is a subdivision ring of F not necessarily contained
in its center (like for example in the case C C H, where chains are two dimensional
spheres S? in §* = H U {oco}). However such a generalization may violate some of
the properties above.

4.2 Moebius-Veblen Configuration

Let us present an analogue of the Veblen axiom/theorem, see also Blunck and Herzer
(2005) for its general version (in a slightly different formulation) for chain geome-
tries.

Proposition 9 Given five distinct points AB, AC, AD, BC, BD of the Moebius
chain space such that the chains C(AB, AC, AD) and C(AB, BC, BD) have
in common additional point I # AB. Then also the chains C(I, AC, BC) and
C(I, AD, BD) have in common additional point CD # I, or alternatively the chains
are tangent in 1.

Proof By sending the intersection point / to infinity, see Fig. 4, we obtain five points
of the classical Veblen configuration in the affine space (K, ) what allows to con-
struct the sixth point of the “straightened configuration”, and then eventually to go
back to the original one. O

Remark Notice that in the classical Moebius geometry of the complex projective
line the assumption about existence of the point I is not needed. However this
assumption is essential, if we would like to perform the construction in the case
of quaternionic projective line with R C H.

Fig. 4 Moebius—Veblen configuration in Moebius chain geometry
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The points AB, AC, AD,CD, BC, BD will be called ordinary points of the
Moebius—Veblen configuration, while [ is called the infinity point of the configura-
tion.

Proposition 10 n the Moebius—Veblen configuration the constructed point C D is
the sixth quadrangular point of the initial five ordinary points in the standard labeling.

Proof In the “straightened configuration” apply Proposition 5 to get coefficients
a, b, c which belong to K \ {0, 1} and satisfy condition (10). But now one can elim-
inate the coefficients directly on the level of Eq. (9) in order to get the multi-ratio
condition (3) in IF. Proposition 4, which gives invariance of the condition with respect
to projective collineations of the F-line, and Proposition 5 imply the statement. [

Remark Even if we do not have the point / to our disposal the sixth point C D
of the quadrangular set exists, by the general construction described in Sect.?2.
Then one can consider also the corresponding initial chains C(AB, AC, AD),
C(AB, BC, BD), which contain point A B, and the resulting chains C(AC, BC, CD)
and C(AD, BD, C D) containing the point C D. These new chains can be given only
after construction of the point.

Finally we give our answer to Question 1 presenting the special type of quadran-
gular sets for which the construction of the sixth point follows from Moebius chain
geometry principles, thus incorporating the conformal geometry interpretation of
the discrete Schwarzian Kadomtsev—Petviashvili equation into the Desargues map
approach.

Definition 5 By Moebius quadrangular set we mean the six ordinary points of the
Moebius—Veblen configuration with the labeling as in Proposition 9.

It is well known (Clifford 1871; Konopelchenko and Schief 2002) that the
Moebius—Veblen configuration can be supplemented by four chains C(AB, BC, AC),
C(AB,BD,AD),C(AC,CD, AD) and C(BC, CD, BD) which then all intersect
in the so called Clifford point. The new circle-point configuration of 8 points and
8 circles, with each point/circle incident with 4 circles/points, is called the Clif-
ford configuration. Actually, as it was described in Doliwa (2007b), this result in an
equivalent version was known already to Miquel (Miquel 1838).

5 Conclusion

The projective structure of the line and the notion of quadrangular sets can be used
to provide geometric meaning to non-commutative discrete Schwarzian KP sys-
tem. When the thiner structure of the underlying division ring is considered then
the theory becomes more intriguing. Up to now the case of complex and quater-
nionic Moebius spaces (with the subfield of real numbers) have been thoroughly
examined (Konopelchenko and Schief 2002, 2009). There are known works, see for
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example (Bazhanov et al. 2008), where the Miquel condition has been used to study
particular algebras of quantum integrable systems. We expect that the chain geometry
may become useful platform to investigate other quantum algebras of mathematical
physics.
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Complexity and Integrability in 4D )
Bi-rational Maps with Two Invariants e

Giorgio Gubbiotti, Nalini Joshi, Dinh Thi Tran, and Claude-Michel Viallet

Abstract In this letter we give fourth-order autonomous recurrence relations with
two invariants, whose degree growth is cubic or exponential. These examples contra-
dict the common belief that maps with sufficiently many invariants can have at most
quadratic growth. Cubic growth may reflect the existence of non-elliptic fibrations
of invariants, whereas we conjecture that the exponentially growing cases lack the
necessary conditions for the applicability of the discrete Liouville theorem.

Keywords Integrability - Complexity * Algebraic entropy + Growth of bi-rational
maps - Higher-order difference equation

1 Introduction

Bi-rational maps in two dimensions have played a crucial role in the study of inte-
grable discrete dynamical systems since the seminal paper of Penrose and Smith
(1981) and the introduction of the QRT mappings in Quispel et al. (1988, 1989).
Elliptic curves and rational elliptic surfaces proved to be one of the main tools in
understanding the geometry behind this kind of integrability, see Sakai (2001), Duis-
termaat (2011), Tsuda (2004). In this letter we give examples of higher-order maps
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whose properties go beyond those of the two-dimensional maps, and show that the
geometry of elliptic fibrations is no longer sufficient to explain their behaviour.

Up to now the QRT mappings appear to describe almost the totality of the known
integrable examples in dimension two with some notable exceptions (Viallet et al.
2004; Duistermaat 2011). However, no general framework exists for higher order
maps. A generalization of the QRT scheme (Quispel et al. 1988, 1989) in dimension
four was given in Capel and Sahadevan (2001). Certain maps obtained in Capel
and Sahadevan (2001) were shown in Hay (2007) to be autonomous reductions
of members of g-Painlevé hierarchies (multiplicative equations in Sakai’s scheme
Sakai 2001). Since hierarchies are known also for the additive discrete Painlevé
equations (Cresswell and Joshi 1999), it is clear that the cases considered in Capel
and Sahadevan (2001) cannot exhaust all the possible integrable autonomous maps
in four dimensions, as already shown in Joshi and Viallet (2018). It is important to
mention that there are also other examples of discrete mappings of higher orders
produced either by periodic or symmetry reductions of integrable partial difference
equations (Papageorgiou et al. 1990; Quispel et al. 1991; van der Kamp and Quispel
2010; Levi and Winternitz 2006) or as Kahan-Hirota-Kimura discretization (Kahan
1993; Kimura and Hirota 2000) of continuous integrable systems (Petrera and Suris
2010; Celledoni et al. 2013, 2014; Petrera et al. 2009).

In this letter, we focus on the study of integrability properties of autonomous
recurrence relations. Here an autonomous recurrence relation is given by a bi-rational
map of the complex projective space into itself:

¢: [x] e CP" — [x'] € CP", (D

where n > 1. We take [X] = [x; 1 xz : -+ xpq] and [X] =[x} 1 xf - 1 x) ]
to be homogeneous coordinates on CP". Moreover we recall that a bi-rational map
is a rational map ¢: V. — W of algebraic varieties V and W such that there exists a
map ¥ : W — V, which is the inverse of ¢ in the dense subset where both maps are
defined (Shafarevich 1994).

Integrability for autonomous recurrence relations (discrete equations) can be char-
acterized in different ways. In the continuous case, for finite dimensional systems,
integrability is usually understood as the existence of a “sufficiently” high number
of first integrals, i.e. of non-trivial functions constant along the solution of the dif-
ferential system. In the Hamiltonian setting a characterization of integrability was
given by Liouville (1855). In the case of map (1) the analogue of first integrals are
the invariants. To be more precise we state the following:

Definition 1 An invariant of a bi-rational map ¢ : CP" — CP" is a homogeneous
function 7 : CP" — C such that it is left unaltered by action of the map, i.e.

) =1, )

where ¢* (I) means the pullback of I through the map ¢, i.e. * (I) = I (¢ ([x])).
For n > 1, an invariant is said to be non-degenerate if:

! Bi-rational maps in CP' are just Mdbius transformations so everything is trivial.
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ol 09I
0x; 9x,

3)

Otherwise an invariant is said to be degenerate.

In what follows we will concentrate on a particular class of invariants:

Definition 2 An invariant 7 is said to be polynomial, if in the affine chart
[x1 :---:x, : 1] the function [ is a polynomial function.

A polynomial invariant in the sense of Definition 2 written in homogeneous vari-
ables is always a homogeneous rational function of degree 0. The form of the poly-
nomial invariant in homogeneous coordinates is then given by:

' ([xD)
d

; , d=degl'([x]), 4)

I([x]) =

where deg is the total degree.
To better characterize the properties of these invariants we introduce the following:

Definition 3 Given a polynomial function F: CP" — V, where V can be either
CP" or C, we define the degree pattern of F to be:

dp F = (deg,, F,deg, F,...,deg, F). @)

Remark 1 The degree pattern of a polynomial function F is not invariant under
general bi-rational transformations. However, the degree pattern of a polynomial
function F is invariant under scaling and translations, which are transformations of
the form:

x: [x] = [ax+b], aeC\{0},beCP". (6)

Example 1 Consider the following map in CP%:
o [x:yitl> [—y(x® =12 + 2axt? tx(x? — %) 1 1 (x* — 1)]. (7)

This map is known as the McMillan map (McMillan 1971) and possesses the fol-
lowing invariant:
' Iyewt = X2y + (x% + y* — 2axy)t’. (8)

We have dp Inem = (2, 2), i.e. it is a bi-quadratic polynomial. We also note that the
invariant of a QRT map (Quispel et al. 1988, 1989), Iort, which is a generalization
of the McMillan map (7), is the ratio of two bi-quadratics in the dynamical variables
of CPP?. Hence QRT mappings leave invariant a pencil of curves of degree pattern
(2,2).



20 G. Gubbiotti et al.

Example 2 The invariants of the maps presented in Capel and Sahadevan (2001),
Ics, are ratios of bi-quadratics in all the four dynamical variables of CP*, i.e. ratios
of polynomial of degree pattern (2, 2, 2, 2). In this sense the classification of Capel
and Sahadevan (2001) is an extension of the one in Quispel et al. (1988, 1989).

Finally we will consider invariants that are not of the most general kind, but satisfy
the following condition.

Definition 4 We say that a invariant I : CP" — C is symmetric if it is left unaltered
by the following involution:

L [x1 :x2:~--:xn:xn+1]—>[xn:x,,_l:-~-:x1 :x,,+1], 9)

e (I)=1.

‘We then have the following characterization of integrability for autonomous recur-
rence relations:

(i) Existence of invariants An n-dimensional map is (super) integrable if there
exist n — 1 invariants.

(i) Liouville integrability (Veselov 1991; Maeda 1987; Bruschi et al. 1991) An
n-dimensional map (in affine coordinates) is integrable if it preserves a Poisson
structure of rank 2r and r +n — 2r = n — r functionally independent invari-
ants in involution with respect to this Poisson structure. In affine coordinates
w=(W,_1,...,Wp) = [w,,_l R I 1] we say that amap ¢: w — W' is
called a Poisson map of rank 2r < n if there is a skew-symmetric matrix J (w)
of rank 2r satisfies the Jacobian identity

n

3Jjx 3 Jyi 3J; .
> o + J)j + I =0, Vi, jk (10
P dw;_ ow;_ ow;_

and
deJ(wyde! = J(w), (11)

where d ¢ is the Jacobian matrix of the map ¢, see Capel and Sahadevan (2001),
Olver (1986). The Poisson bracket of two smooth functions f and g is defined
as

{f.gt=VfJI(VeT, (12)

where V f is the gradient of f. We can easily see that {w;_;, w;_1} = J;;. We
note that in the case where the Poisson structure has full rank, i.e. n = 2r, we
only need n /2 invariants which are in involution. In this case the Poisson matrix
is invertible, and its inverse is called a symplectic matrix. A symplectic matrix
give raise to a symplectic structure.

(iii) Existence of a Lax pair (Lax 1968) An n-dimensional map is integrable if
it arises as compatibility condition of an overdetermined linear system. We
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(iv)

emphasize the fact that the Lax pair needs to provide us some integrability
aspects of the maps such as invariants or solutions of the non-linear system.
It is known in the literature that not all the Lax pairs satisfy such conditions
(Calogero and Nucci 1991; Hay and Butler 2012, 2015; Gubbiotti et al. 2016).
Lax pairs that do not satisfy such conditions are called fake Lax pairs and their
existence cannot be used to prove integrability of a given system.

Low growth condition (Veselov 1992; Falqui and Viallet 1993; Bellon and
Viallet 1999) An n-dimensional bi-rational map is integrable if the degree of
growth of the iterated map ¢* is polynomial with respect to the initial conditions
[xo]. Integrability is then equivalent to the vanishing of the algebraic entropy:

.1 k
&= klggo % log degy, ¢ 13)

Algebraic entropy is a measure of the complexity of a map, analogous to the
one introduced by Arnol’d (1990) for diffeomorphisms. In this sense growth
is given by computing the number of intersections of the successive images of

a straight line with a generic hyperplane in complex projective space (Veselov
1992).

We emphasize the fact that the above list is not completely exhaustive of all the
possible definitions of integrability. Since we are focused on autonomous recurrence
relations we choose to cover only the most used definition for these ones.

Remark 2 Here, we collect some observations about algebraic entropy and how to
evaluate it.

®
(i)

(iii)

Algebraic entropy is invariant under bi-rational maps (Bellon and Viallet 1999).
In principle, the definition of algebraic entropy in Eq. (13) requires us to com-
pute all the iterates of a bi-rational map ¢ to obtain the sequence
{dk = degy, (pk};io. Fortunately, for the majority of applications the form
of the sequence can be inferred by using generating functions (Lando 2003):

g =) d". (14)
n=0

In almost all cases, the generating function turns out to be a rational function,
which can be inferred from a finite number of iterates of the dynamical system.
It then becomes a predictive tool, which can be tested using further terms of the
sequence of degrees. In this paper, we find inferred generating functions for 4
cases given in Egs. (23), (28), (47), and (53). In each case, the type of argument
required to show that the given generating function is indeed the correct one
may be found in Viallet (2015).
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(iv) When a generating function is available, the algebraic entropy is then given
by the logarithm of the smallest pole of the generating function, see Gubbiotti
(2016), Grammaticos et al. (2009).

Remark 3 The condition of Liouville integrability (Maeda 1987; Veselov 1991;
Bruschi et al. 1991) is stronger than the existence of invariants. Indeed, for a map,
being measure preserving and preserving a Poisson/symplectic structure are very
strong conditions. However, they lead to a great drop in the number of invariants
needed for integrability. The same can be said for the existence of a Lax pair, since it
is well known that a well-posed Lax pair gives all the invariants of the system through
the spectral relations. Finally, the low growth condition means that the complexity of
the map is very low, and it is known that invariants help in reducing the complexity
of a map. Indeed the growth of a map possessing invariants cannot be generic since
the motion is constrained to take place on the intersection of hypersurfaces defined
by the invariants. For maps in CP?, it was proved in Diller and Favre (2001) that
the growth can be only bounded, linear, quadratic or exponential. Linear cases are
trivially integrable in the sense of invariants. We note that for polynomial maps, it was
already known from Veselov (1992) that the growth can be only linear or exponential.
It is known that QRT mappings and other maps with invariants in CP* possess
quadratic growth (Duistermaat 2011), so the two notions are actually equivalent for
a large class of integrable systems.

Now we discuss briefly the concept of duality for rational maps, which was intro-
duced in Quispel et al. (2005). Let us assume that our map ¢ possesses L independent
invariants, i.e. I; for j € {1,..., L}. Then we can form the linear combination:

H=ou,+ ---4+al;. (15)
For an unspecified autonomous recurrence relation
[x1:x e ixmp] o [x ix e i, (16)
we can write down the invariant condition for H (15):
Hx), [xD) = H (IX]) — H (Ix]) = 0. (17)
Since we know that [x'] = ¢ ([x]) is a solution of (17) we have the following factor-
ization:

Hx), [xD) = A (x], [x]) B (x], [x]) . (18)

We can assume without loss of generality that the map ¢ corresponds to the annihi-
lation of A in (18). Now since deg,, H = deg, H and deg, H = deg, H we have

that if deg, H,deg, H > 1 the factor B in (18) is non constant.” In general, since

2We remark that this assertion is possible because we are assuming that all the invariants are non-
degenerate. It is easy to see that degenerate invariants can violate this property.
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the map ¢ is bi-rational, we have the following equalities:

deg By, = deg,, H — deg, A =deg, H — 1, (19a)
deg B,, = deg,. H- deg, A=deg, H—1. (19b)

Therefore we have that if degxl H, degx” H > 2, the annihilation of B does not
define a bi-rational map in general, but may define an algebraic one. However when
deg, H,deg, H =2 the annihilation of B defines a bi-rational projective map. We
call this map the dual map and we denote it by ¢".

Remark 4 We note that in principle fordeg, H = deg, H = d > 2, more general
factorizations can be considered:

d

%”]:H (x], [x]), (20)

but we will not consider this case here.

Now assume that the invariants (and hence the map ¢) depend on some arbitrary
constants I; = I; ([x]; a;),fori =1, ..., M. Choosing some of the @; in such a way
that there remains M arbitrary constants and such that for a subset a;, we can write
Eq. (15) in the following way:

H=a;,Ji +a,h+ - +aJa , 2n

Qg
where J; = J; ([x]), i = 1,2, ..., K are new functions. The parameters a;, do not
appear in the dual maps in the same way as the parameters «; do not appear in the
main maps. Therefore, using the factorization (18) the J; functions are invariants for
the dual maps.

Remark 5 In fact, one can consider more general combinations than linear combi-
nations given in (15) and (21). However, we only consider those linear combinations
given (15) and (21) in this paper.

It is clear from Eq. (21) that even though the dual map is naturally equipped with
some invariants, it is not necessarily equipped with a sufficient number of invariants
to claim integrability. In fact there exist examples of dual maps with any possible
behaviour, integrable, superintegrable and non-integrable (Joshi and Viallet 2018;
Gubbiotti et al. 2020).

In a recent paper (Joshi and Viallet 2018), the authors considered the autonomous
limit of the second member of the dP; and d Py hierarchies (Cresswell and Joshi
1999). We will denote these equations as dPI(2) and dPI(I2) equations. These dPI(Z)
and dPI(I2) equations are given by autonomous recurrence relations of order four,
and showed to be integrable according to the algebraic entropy approach. They
showed that both maps possess two invariants, one of degree pattern (1, 3, 3, 1) and
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one of degree pattern (2, 4, 4, 2). Using these invariants, they showed that the dual
maps of the dPI(z) and dPI(Iz) equations are integrable according to the algebraic
entropy test and moreover, produced some invariants, showing that these dual maps
were actually superintegrable. Finally they gave a scheme to construct autonomous
recurrence relations with the assigned degree pattern (1, 3, 3, 1) associated with I}y,
and (2, 4, 4, 2) associated with ;e and they provided some new examples out of
this construction.

In (Gubbiotti et al. 2020) we consider the problem of finding all fourth order bi-
rational maps ¢: [x :y:z:u:t]+ [x 1y : 7z :u' :t'] possessing a polynomial
symmetric invariant Ijo, such that dp liow = (1, 3,3, 1) where the only non-zero
coefficients are those appearing in the (1, 3, 3, 1) invariant of both the dPl(z) and
dPI(IZ) equation, and such that ¢ possesses a polynomial symmetric invariant /ly;gn
such that dp Ihgh = (2,4, 4,2). The two invariants ljoy and Inen are assumed to
be functionally independent and non-degenerate. Within this class we have found
the known dPI(Z) and dPI(IZ) equations as well as new examples of maps with these
properties.

In this letter we will present in detail four particular examples of this class. In
Sect. 2, we will discuss two pairs of main-dual maps. We will discuss the integrability
property of these maps in light of their invariants and of their growth. We will present
maps possessing two invariants and integrable according to the algebraic entropy test
with cubic growth. This implies that another rational invariant cannot exist. Indeed,
the orbits of superintegrable maps with rational invariant are confined to elliptic
curves and the growth is at most quadratic (Bellon 1999; Gizatullin 1980). From
this general statement follows that a four-dimensional map with cubic growth can
possess at most two rational invariants. We note that some examples of cubic growth
were already presented in Joshi and Viallet (2018). However, it was pointed out that
these examples can be deflated to lower dimensional maps with quadratic growth.
This also holds for our maps, i.e. we can deflate them to integrable maps in lower
dimension. Furthermore, we will present a map with two invariants and exponential
growth, that is non-integrable according to the algebraic entropy test. We discuss
some possible reasons why this map is non-integrable even though it possesses two
invariants. In the final Section, we will give some conclusions and an outlook on the
future perspectives of this approach.

2 Notable Examples

In this section we discuss two pairs of maps, which arise as part of a systematic
classification to be presented in Gubbiotti et al. (2020). The interest in these particular
maps arises since the relation between their invariants and growth properties is non
trivial. In both cases the main maps possess two functionally independent invariants,
but they behave differently. One map has cubic degree growth, while the other one
has exponential degree growth. Therefore, even though these two maps have the same
number of invariants with the same degree patterns, one map is integrable and the
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other one is non-integrable. In addition, in both cases the degree growth property of
the dual maps reflect the growth of the main map. However, we note that the degree
growth of the dual map does not always reflect that of the main map (Gubbiotti et
al. 2020).

2.1 (Pi) and Its Dual Map (Q.i)

Consider the map [x] — ¢; ([x]) = [x] given as follows:

x' = vt (x + 2) + uz’ly + Puuz + (x + 2)*y*}d — ar*,
Y =x2d(Pp+xy), 2 =yxdp+xy), (P.i)
w =zxd(tpu +xy), ' =itxd(*u + xy).

This map depends on four parameters a, d and u, v.

From the construction in Gubbiotti et al. (2020) we know that the map (P.i) pos-
sesses the following invariants:

1y, = at*yz +d [vy’2® — yz(ux —uz —xy)pu]r* (22a)

— y*22d(ux — xy — yz — uz),

13 Iy = [(uz + xy — y2)pu — vyz] at®
+ [yz(xy + yz + uz)a + dp’ (uz + xy — yz)?
+ 2dpvyz(ux — yz) —dvy*z?] it o2
+ [2dzy(uz + xy — y2)(xy + yz + uz)u + 2dy*z*vux] 1*
+dy* 2 (xy + yz +uz)’.

Moreover, the map (P.i) has the following degrees of iterates:

{d.}p; = 1,4, 12,28, 52, 86, 130, 188, 260, 348, 452,

23
576, 720, 886, 1074, 1288, 1528, 1796, 2092 . .. 23)
The sequence (23) is fitted by:
sT =30 +5° — st 43534352 +5+ 1
gri(s) = (24)

s+ D@24+ D(s — D4

This generating function can be found by using the first 15 iterates, and its validity
can be confirmed by using further iterates. See Remark 2 for the justification.

Due to the presence of (s — 1)* in the denominator we have that the growth of the
map (P.i) is fitted by a cubic polynomial. As discussed in the Introduction this means
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Fig. 1 Affine orbit of 3
equation (P.i) with

parameters a = 6, i = 3,

v =4 and d = 6 and initial
conditions (x, y, z, u) =

(0.02, 0.05, 0.06, 0.07)

at once that the map is integrable according to the algebraic entropy test and that
another rational invariant cannot exist. This suggests that the geometry of the orbits
of the map (P.i) is nontrivial, and goes beyond the existence of elliptic fibrations.

Explicit numerical calculations and drawings suggest that in the case of map (P.i),
no additional invariant exists. Indeed, if an additional third invariant, even algebraic,
existed then all the orbits of equation (P.i) would lie on a curve. On the other hand
referring to Fig. 1 we see that a generic orbit of equation (P.i) does not lie on a curve.
This implies that no such invariant exists.

The dual map [x] — cpiv ([x]) = [x'] of (P.i) is given by:

X' =[BQxy —2yz +u)p+ (Bv — a)y(x —2)]1*
+By(@%y = x*y +uz),

Y =@ +xy), 2 =yxBiu+xy),

u = z2xB*n +xy), ' =1txBE*n + xy).

Q1)

This map depends on four parameters «, 8, and w, v. The parameters © and v are
shared with the main map (P.i).

The main map (P.i) possesses two invariants and depends on a and d whereas the
dual map (Q.i) does not depend on them. Then according to (21) we can write down
the invariants for the dual map (Q.1) as:

algy, + .3115';}1 =ald, + d1§§h~ (25)

Therefore, we obtain the following expressions:
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A1 = [yza 4 (uxy — yzie — yvz + puz) Bl

+ Byz(xy + yz + uz),
tsllggih = {[)’222" — yz(ux —uz — xy)u] o
+ [(uz +xy — y2)2u? + 2yz(ux — yz2)vi — v2y2Z2] B} I
+ {22y (xy + yz — ux + uz)a (26b)
+ [2yz(uz + xy — y2)(xy + yz + uz)p + 2y*vux| B} £*

+ 22y (xy + yz + uz)*B.

(26a)

We remark that the invariant (26a) has degree pattern (1, 2, 2, 1) which differs from
dp IP.i

low*

The map (Q.1) has the following degrees of iterates:
{di}qgi=1,4,12,26,48,78, 118, 170, 234, 312, 406, 516, 644,792 . .. 27)
fitted by the generating function:

(=22 =D —s2=s5—1)
(s24+s+1)(s— D4

8qils) = (28)

This means that the dual map is integrable according to the algebraic entropy test
with cubic growth, just like the main map. See Remark 2 for the justification.
Explicit numerical calculations and drawings suggest that also in the case of map
(Q.1), no additional invariant exists. Indeed, if an additional third invariant, even
algebraic, existed then all the orbits of equation (Q.i) would lie on a curve. In this
case we are actually able to find some orbits lying on a curve, see Fig.2b. However,

(a) Parameters a = 3, 4 =3, v =7 and (b) Parametersa = 3, 4 =6, v = 8 and

B =3. B=0.

Fig. 2 Affine orbit of equation (Q.i) with different parameters but the same initial conditions
(x,y,z,u)=(3,4,1,3)
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it is possible to find orbits of equation (Q.i) that do not lie on a curve. An example
of such orbit is shown in Fig. 2a. Therefore, we can conclude that a globally defined
third invariant does not exist. The existence of some closed orbits like in Fig.2b
suggests the existence of a non-analytic invariant existing only in some regions of
the space.

Therefore, the pair of main-dual maps (P.i) and (Q.i) consists of two integrable
equations with non-standard degree of growth. However, as remarked above the
degree pattern of the invariants of the maps (P.i) and (Q.1) differ slightly.

We now consider the maps (P.i) and (Q.i) in affine coordinates, which are given
by

@ 1 (w3, w2, wi, wo) > (Wa, W3, Wa, W), (29)
where
ad (AP.i)
wp= ——m8M8M8——, i
YT dws (wows + )
N, )
Wy = — 2 (AQ.D)
B w3 (waw3 + )
with
N, = —d(wow%wz + wiws + 2w wiws + wiw? + pwow, 30)

+vwiwy + vwgwg) —a,
N> = Bwowiw; + Buwow; + fwiw; + (@ — 28 — ) wiwy (31
— ﬂw%w% + 2Bu + v — a) waws.

Invariants for these maps are obtained from /i,y and Iy respectively by taking
t=1u=wyz=w;,y=uw,and x = ws.
We note that when a Poisson structure has the full rank, using Eq. (11), one gets

2 det(J(w))

det (J(w)) (32)

[det(d ga)]

This implies that the map ¢ is either volume or anti-volume preserving.
We recall that a map ¢ is called (anti) volume preserving if there is a function
£2(w) such that the following volume form is preserved

w)dwoAdwy A Adw,og = 22W)dwg Adw] A---Adw,_,. (33)

Thus, we can write
a(w), w), ..., w _ 2
(wo, w) nl)zi (W,)’ (34)
3 (wo, wi, ..., wyi) £2(w)
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where the left hand side is the determinant of the Jacobian matrix of the map ¢.
In Byrnes et al. (1999) it was proved that if a map in #n dimension is (anti) volume
preserving and possesses n — 2 invariant, then we can construct an (anti) Poisson
structure of rank 2 from these invariants. However, these invariants turn out to be
Casimirs (functions that Poisson commute with all other functions) of this Poisson
bracket. Therefore, in order to have Liouville integrability, we need an extra invari-
ant in addition to the known n — 2 invariants if we want to use Poisson structures
constructed this way. In other words, the map is super integrable. Thus, to discuss
Liouville integrability of the maps (AP.i) and (AQ.i), we need to find a Poisson
bracket of rank 4 as we already predicted that the third invariant does not exist.
We do not have that information for these maps but we can show they reduce to
three dimensional Liouville integrable maps via a process called deflation (Joshi
and Viallet 2018). Mutatis mutandis, this process will preserve the invariants, and
in dimension three two invariants are sufficient to claim integrability in the general
sense as discussed in the Introduction.

It is easy to check that the maps (AP.i) and (AQ.i) are volume and anti-volume
preserving, respectively, with respect to the same volume form:

2 = wiwa(wiws + ). (35)

‘We now construct the (anti) Poisson structures for these two maps following (Byrnes
et al. 1999). We consider the dual multi-vector of the volume form

9 a a ad
T=m— N—AN—AN—, (36)
wo wq wr w3

where m = 1/52. A degenerate Poisson structure for the map (AP.i) and a degenerate
anti-Poisson structure for the map (AQ.i) are given by the following contraction

J = 7] d low] d Ihigh, (37

where Iy and Iygn are invariants for these maps in affine coordinates. Since these
(anti) Poisson structures are quite big, we do not present them here.

Remark 6 The Poisson structures which can be constructed using the method of
Byrnes et al. (1999) are degenerate and cannot be used to explain the integrability of
the two maps (AP.i) and (AQ.1).

We also note that the maps (AP.i) and (AQ.i) can be reduced to three dimensional
maps using a deflation v; = w; w; ;. The recurrences for these maps are denoted by
(DP.i) and (DQ.1) and are given as follows

du (v +v3)+dv (v +v)+d (v0v1 + vf + 2vivy + v% + v2v3) +a=0,
(DP.1)
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B (—vo+2Bvy —2 vy +v3) + (Bv — ) (Vi — 1) (DQ.1)
+8 (_UOUI - U% + U% + U2v3) =0.

Each of the maps (DP.i) and (DQ.i) has two functionally independent invariants
which can be obtained directly from /joy, and Iy;gn even though they live in a different
space. One can check that the map (DP.i) and (DQ.i) are anti-volume preserving
and volume preserving with £2 = v; 4+ . Therefore, we can construct their (anti)
Poisson structure using the three dimensional version of (37). Using the following
invariant from I, for (DP.i)

IIP'i = dpvov, — dpvovs + dpvivs + dvvy > + dvgvi? — dvgvva
+dv® + dvi*v, + avy, (38)

we have found that the map (dP.i) has an anti-Poisson structure given by

lez'i =d(v1 — vo), J;gi =d(v| — v7),
—dpvy — dpvy — 2dvvy — 2dvgv; + dvgv, — 3dvi* — 2dvivy —a

JPi
1 uw+ v

Similarly, for the map (DQ.i) we obtain the invariant

1P = Buvg — Buvy + Buvs — vy + Buovr + Bui’ + Buivy +avy,  (39)

and the corresponding Poisson structure

Bu+v—v—2v) —w) -«

0 B
Qi M+
JU = -8 , 0 B
Bty —w-2v—w e 0
M+

(40)

For these constructions, / f'i and / 1Q'i are Casimirs for their associated (anti) Poisson
structures. Their second (anti) Poisson structures can be obtained from the invariant
Inign but we do not present here as they are quite big.

It is important to note that the (anti) Poisson structures of (AP.i) and (AQ.i) under
inflation give us the trivial Poisson structures for (DP.i) and (DQ.i), i.e. J = 0, where
0 is the zero matrix. On the other hand, from the common factor that appears in the
Poisson structure of (AP.i), we have found that there exists an anti-invariant K" for
this map, i.e. K*(w) = —KP1(w)where

P.i 2 2.2 2
K'"'=2d (wzwlwo + wywi + wiwyws + pwow; — LWiWr

+ pwrws + lewz) +a.
(41)
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However, K™ is not independent of /%, and 17}, since we have

(K™)* —dd 15}, —8d vIF = . 42)

low

Using this anti-invariant, we obtain the following anti-invariant for the map (DP.i)

KPP = 2d vy — 2d vy + 2d vy + 2dvvy + 2dvovy + 2dvi? + 2dviv, + a.
43)
Therefore, using this anti-invariant, we get a Poisson structure for (DP.i) as follows
(after factoring out a constant term)

nw—v—1vy—2v0 — vy

0 1
. m+ v
JH = -1 0 1 . (44)
— Vv —uvn — 2V —
_,u Y Vo V1 1% - 0
M+ v

We can check directly that the invariants inherited from the affine map (AP.i) are in
involution with respect to the Poisson structure (44). In the sense of the definition
given in the Introduction, this means that the reduced maps (DP.i) and (DQ.i) are
Liouville integrable.

Remark 7 We notice that we can always use the invariants (38) and (39) to reduce
the three dimensional maps (DP.i) and (DQ.i) to two dimensional maps and relate
them to QRT maps. To be more specific we have that the reduced map of (DQ.1)
preserves a bi-quadratic curve so that it is of the QRT type. On the other hand,
using the anti-invariant, the reduced map of (DP.i) sends a bi-quadratic to another
bi-quadratic and fits in the framework of Roberts and Jogia (2015).

2.2 (Pii) and Its Dual Map (Q.ii)

Consider the map [x] — ¢j ([x]) = [x'] given as follows:

x =[P+ )y —u] p— - 2y),
Y =x(? +px?), 2=y + pxd), (P.ii)
u' =z(t* + px?), t =1+ pux?).

This map only depends on the parameter 1.

From the construction in Gubbiotti et al. (2020) we know that the map (P.ii) has
the following invariants:
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Pl = =2 @ =) (P + ) (07 + 7). (452)
t6[]f’i-igih — [(x 2yt 2 2yt uzz4] 12
+ 21‘2 [(_x2 —2xz+ 222) y2 _ 2yZ2u + M2Z2] m (45b)

+t4(z2+u2+x2+y2 —2uy—2xz).
Moreover, the map (P.ii) has the following degrees of iterates:
{d,}pii = 1,3,9,21,45,93, 189, 381, 765, 1533 . .. (46)
fitted by the generating function:

1+ 252

2s—D(s—1)° “7)

grii(s) =

This means that despite the existence of the two invariants (45) the map (P.ii) is non-
integrable according to the algebraic entropy test: its entropy is positive and given
by ¢ = log 2. See Remark 2 for the justification.

Therefore we have that the map (P.i) is an example of non-integrable admitting
two invariants.

Again following (Byrnes et al. 1999) we can produce a Poisson structure of rank 2
for (P.ii) as the affine version of (P.ii) is volume preserving with £2 = (1 + ,uw]z) 1+
uw%), where we have taken t = 1, u = wp, z = w;, y = wy, and x = ws. By the
construction, the two invariants (45) become Casimir functions for it, so again the
existence of such Poisson structure does not imply any form of Liouville integrability.
However, we notice that there are common factors appear at every non-zero entry
of this structure. Thus, we have found the following anti-invariant for the map (P.ii)
using these common factors

KPP — [ (wow% —wi?wy — wyw + w%wg) + wo — wy — wy + w3 X
[t (wow] — wiws + wiwi — wiws) + wo +wy —wr —ws]  (48)
=FF.

This suggests that we should check each factor of K ”# to see whether they are (anti)
invariants of (P.ii). By direct calculation we can see that the first factor F; is an anti-
invariant and F; is an invariant for (P.ii), but they are not functionally independent
of fiow and Iyigh. In fact, their relations are

Iy — F7 + 2150 =0, and I — F5 — 2100 = 0. (49)
Therefore, the map (P.ii) actually has two invariants of degrees (1,2,2,1) and

(1,3, 3, 1). Nevertheless, despite the existence of such invariants the map (P.ii) is
non-integrable in the sense of the algebraic entropy.
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Remark 8 We can use F; and F, to construct an anti-Poisson structure for (P.ii)
using the formula (37):

JI,Z = —1, J2,3 = 1, J3,4 = —1,
2pwy (wy — wp) 2pwy (w3 — wy)
s 4= ————
pwi +1 pw;y +1
wrwiws [4 (wowy — wows + wowsz) — 3wiwa] + w (wf +wi) + 1
(uw% + 1) (uw% + 1)

Jiz=

)

Jia=—

(50)

We have checked that F, and Ilg\'j i are in involution with respect to this anti-Poisson

structure. A Poisson structure can be obtained by multiplying this anti-Poisson struc-
ture with the anti-invariant F;.

The dual map [x] — ¢, ([x]) = [x] of (P4ii) is given as follows:

x’=a[(x2—zz)y+uz2]u+t2au+ﬂy2(x—z)u
+7B(x—2),

Y =ax (t2 —i—[sz), 7 =ay (12 +ux2),

w' = oz (1 +px?), ' =at (4 px?).

(Q.i1)

This map depends on three parameters o, § and . The parameter u is shared with
the main map (P.ii).

Since the main map (P.ii) possesses two invariants depending only on one param-
eter 1 then according to (21) we can write down only a single invariant for the dual
map (Q.ii): ) ) )

190 = alh + Bl (51)
The invariant (51) has degree pattern (2, 4, 4, 2).

We have then that the dual map (Q.ii) has the following fast-growing degrees of

iterates:

{dn}oi =1,3,9,21,45,93, 189, 381, 765, 1533, 3069 . . . . (52)

The growth of degrees evident in (52) is clearly exponential and is fitted by the
generating function
1+ 2s?

Q2s—D(s—1)" (53)

gqii(s) =

This confirms that the algebraic entropy is positive and equal to ¢ = log?2. See
Remark 2 for the justification.
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This means that the dual map is non-integrable with same rate of growth as the
main map. In this case we can show that the map is anti-volume preserving with the
same measure as the main map (P.ii). Moreover, we proved that the map (Q.ii) do
not posses any addition invariant up to order 14. Therefore at the present stage we
cannot construct a Poisson structure using the method of Byrnes et al. (1999).

3 Conclusions and Outlook

In this letter, we gave some examples of fourth order bi-rational maps with two invari-
ants possessing interesting degree growth properties. These examples come from our
classification of all the fourth-order autonomous recurrence relations possessing two
invariants in a given class of degree patterns (Gubbiotti et al. 2020).

The first pair of bi-rational maps is given by the map (P.i) and its dual (Q.i)
and consists of integrable maps with cubic growth. The interest in maps with cubic
growth arises from geometrical considerations: maps with polynomial but higher
than quadratic growth, can arise only in dimension greater than two (Diller and Favre
2001) and prove, in the case of superintegrable maps, the existence of non-elliptic
fibrations of invariant varieties (Bellon and Viallet 1999). The interest in maps with
this type of growth arose recently following the examples given in Joshi and Viallet
(2018) and we expect them to lead to many new and interesting geometric structures.

The second pair of fourth order bi-rational maps, given by the map (P.ii) and
its dual (Q.ii), consists of non-integrable maps with exponential growth. There are
various possible reasons why the map (P.i) is non-integrable despite possessing
two invariants. To claim integrability with two invariants according to the discrete
Liouville theorem (Maeda 1987; Bruschi et al. 1991; Veselov 1991) we need to prove
that the map has a symplectic structure and that the two invariants commute with
respect to this symplectic structure. Hence, either the map (P.ii) does not admit any
symplectic structure, or the map (P.ii) admits only symplectic structures such that
the two invariants (45) do not commute. Since, usually, from a set of non-commuting
invariants it is possible to find a set of functionally independent commuting invariants
we conjecture that Eq. (P.ii) is devoid of a non-degenerate Poisson structure.

Work is in progress to characterize the surfaces generated by the invariants in
both integrable and non-integrable cases. We expect this to give new results in the
geometric theory of integrable systems.
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Hypergeometric Functions e

Gerd Schmalz and Vladimir Ezhov

Abstract We describe a family of Gaussian hypergeometric functions that satisfy a
nonlinear differential identity.

Keywords Heisenberg sphere * Essential symmetry - Gaussian hypergeometric
function - Shear symmetry

The family of hypergeometric functions we are presenting in this article has its
origin in the phenomenon of non-linearisable symmetries of CR manifolds, which is
a special instance of essential symmetries in parabolic geometry (see e.g. Casey et al.
2013, Kruglikov and The 2017, 2018). Roughly speaking, an essential symmetry is
a local diffeomorphism (or infinitesimal automorphism) that preserves the relevant
geometric data and that is not determined by (a certain part of) its 1-jet. The absence
of essential symmetries for non-spherical hypersurface type CR manifolds has been
established by Kruzhilin and Loboda (1983) and Ezhov (1985):

Theorem 1 Let M be a Levi non-degenerate real-analytic hypersurface in C"
(n > 2)andlet p € M. Then either there is a biholomorphic mapping in some neigh-
bourhood U of p that maps M N U onto a piece of the Heisenberg sphere Im w = |z|?
or any biholomorphic mapping that locally maps M to M and preserves p can be
linearised in suitable coordinates.

Notice that the Heisenberg sphere has the automorphisms
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= Z+aw
T 1 =2iaz — (r +ilaP)w’
’ w
w

T 1 2iaz— (r+ilaPw’

which are non-linearisable when the parameters a € C and r € R do not both vanish.

In other words, essential symmetries are usually a privilege of the one most sym-
metric manifold within the particular geometry. In (Ezhov and Schmalz, 2005, 2007)
the authors describe a counterexample to this principle in the class of so-called
torsion-free elliptic CR manifolds of codimension 2 in C*. Such manifolds can be
given by a complex equation

wp — Wy

5 = f(z1, 22, w1 + wy). (D
i

The most symmetric object in this class is the CR manifold given by

wi — Wy

= z . 2
% 2122 )

with symmetry group SL(3, C). The geometry of torsion-free elliptic CR manifolds
turns out to be equivalent to the geometry of complex second order ODE’s with
respect to holomorphic point transformations. Indeed, Eq. (1) can be interpreted as
the family of solutions

y=a+2if(x,b)

of an ODE y” = B(y’, y, x) with parameters a, b, where y = wy, x = 71, a = ws,
b = Z,. The model CR manifold (2) corresponds to the ODE y” = 0 with solutions
y =a+ bx.

The (linear) point symmetry

0
X=y— 3
Yox 3)
extends to the contact 1-jet-bundle with vertical coordinate p = Z—;V( as
% 0 , 0
“Vox TP ap’

The symmetry X is not linearisable by point transformations. The authors have
proved the following theorem in Ezhov and Schmalz (2005).

Theorem 2 A second order ODE admits the shear symmetry (3) if and only if it has
the form

V= foMO —xy) + AO —x9)Y + LD — x9N+ BN,
(4)
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where fo, f1, [, f3 are arbitrary functions. By suitable point transformations these
ODE’s can be reduced to

Y = fo & —xy) + i — xy)2y. (5)

The solution manifolds of the ODE’s in the theorem above give rise to torsion-free
elliptic CR manifolds that have an essential symmetry, without being equivalent to
the model (2).

In this article we consider the more special family
Y=y =y, 6)

where k € C. They feature the additional symmetry

Therefore the ODE’s (6) are completely integrable. We will show that the solutions
of these ODE’s (after some point transformation) yield a class of hypergeometric
functions with a remarkable non-linear symmetry.

The involutive point transformation

1
x=y, y=x, p=—
p
takes the ODE’s (6) to
Y =2y - x)’ (7
with symmetries
ad a k+2 0
X =x—, Y*:x——Ly—. (8)
ay ox 2 709y

The solutions have the form

VEF2dx VD 26
V22 LK VK “\T e

K
. 1 .
With s = ) the functions

y(x) = —x

1
Fi(uw) =u’ = hypergeom <§, —s5;1—3s, u)

/’ du
ul*tsJ/1 —u

are the Gaussian hypergeometric functions with the indicated parameters. Let K = 2,
C =0 and —x**? = u. Then
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(u) ()| phr2= \/__21 S/—
w = P2y, = .
u YV(X)|xk+2 SM ls\/I_

Theorem 3 The function

(R du
v =3 [ o= ®

satisfies the hypergeometric differential equation
d*w 3 dw s
ull—u)—+(1—-s+(s—=Ju)—+-w= (10)
du?

and the non-linear identity

d*w 5 udw\’ dw
- = - —— - 1)—, 11
Yaur =° (w sdu) +G )du an
which is equivalent to
u dw\’ udw\’
w——— ) ==s|lw———] . (12)
s du s du

Proof Since the hypergeometric differential equation is linear we may drop the factor
/=5 for the verification of the first claim, which readily follows by plugging

v = [ = m

W) = s~ / v, 1
ult™sJ/1—u uJ1—u

du 1—s+(s—%)u

T—u w2 —up

w'(u) = s(s — Du*~?

into (10).
We show that the differential equation (11) is equivalent to (7) by substituting
x = u®. Then w(u) = y(x)|.=, satisfies (11) because y(x) satisfies (7). Indeed,
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which yields (11) from (7). O
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Reduced from the Lattice Super-KdV

Equation

Adrian Stefan Carstea and Tomoyuki Takenawa

Abstract In a prior paper the authors obtained a four-dimensional discrete inte-
grable dynamical system by the traveling wave reduction from the lattice super-KdV
equation in a case of finitely generated Grassmann algebra. The system is a coupling
of a Quispel-Roberts-Thompson map and a linear map but does not satisfy the sin-
gularity confinement criterion. It was conjectured that the dynamical degree of this
system grows quadratically. In this paper, constructing a rational variety where the
system is lifted to an algebraically stable map and using the action of the map on the
Picard lattice, we prove this conjecture. We also show that invariants can be found
through the same technique.

Keywords Dynamical systems - Algebraic geometry - Integrable systems

1 Introduction

In a prior paper (Carstea and Takenawa 2019b), applying the traveling wave reduc-
tion to the lattice super-KdV equation (Carstea 2015; Xue et al. 2013) in a case
of finitely generated Grassmann algebra, the authors obtained a four-dimensional
discrete integrable dynamical system
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.f():)Cz

)El=)C3

_ hx

Qi3 =—x—x0+—— (1)

l—XQ

_ +2—xz+hX3

X3=—X] — X -

3 1 3 1 =12

This system is a Quispel-Roberts-Thompson (QRT) map, a two dimensional map
generating an automorphism of a rational elliptic surface (Quispel et al. 1989), for
variables xg, x, coupled with linear equations for variables x;, x3 with coefficients
depending on x;. This system has two invariants

I =— hxg — hxpxy + h2x0x2 + hxgxz — hx% + hxoxg, 2)
12 =2hX() + xg — 2]’1XOX1 + 2hX2 =+ Xogx7 — hX1X2 + h2x1x2 + ZhX()X]Xz

+ x% + hxlxg — hxpxs + h2x0x3 + hxg)@ — 2hxyx3 4+ 2hxoxax3, 3)

but does not satisfy the singularity confinement criterion proposed by Grammaticos-
Ramani and their collaborators (Grammaticos et al. 1991; Ramani et al. 1991). The
example of this criterion is given in the next section.

In the same paper it is observed that the dynamical degree of (1) grows quadrati-
cally. This phenomena is rather unusual, since as reported in Lafortune et al. (2001),
Gubbiotti (2018), the dynamical degree grows in the fourth order for generic coupled
systems in the form

Xo = fo(xo, x1)

X1 = fi(xo, x1)

X2 = fa(xo, X1, X2)

X3 = f3(xo, X1, X2, X3)

where the system is a QRT map for variables xy and x;, and x, (resp. X3) depends
on x, (resp. x3) linearly with coefficients depending on “x¢ and x;” (resp. “xg, xi
and x,”). This type of systems is also constructed by generalising the QRT maps and
referred to as “triangular” in Fordy and Kassotakis (2006).

In this paper, constructing a rational variety where System (1) is lifted to an
algebraically stable map and using the action of the map on the Picard lattice, we
prove the above conjecture. We also show that one can find invariants also using the
action on the Picard group.

In the two-dimensional case, it is known that an autonomous dynamical system
defined by a birational map on a projective rational variety (or more generally Kihler
manifold) can be lifted to either an automorphism or an algebraically stable map on
arational variety by successive blow-ups (Diller and Fravre 2001). Here, a birational
map ¢ from an N-dimensional rational variety X to itself is said to be algebraically
stable if (¢*)" (D) = (¢")*(D) holds for any divisor class D on A" and an arbitrary
positive integer n (Bedford and Kim 2008). These notions are closely related to
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the notion of singularity confinement criterion. While a dynamical system that can
be lifted to automorphisms satisfies singularity confinement criterion (i.e. all the
singularities are confined), a dynamical system that can be lifted only to algebraically
stable map does not satisfy the criterion (i.e. there exists a singularity that is not
confined).

In studies of higher dimensional dynamical systems, the role of automorphisms is
replaced by pseudo-automorphisms, i.e. automorphisms except finite number of sub-
varieties of codimension at least two (Dolgachev and Ortland 1988). In the last decade
a few authors studied how to construct algebraic varieties on the level of pseudo-
automorphisms (Bedford and Kim 2008; Tsuda and Takenawa 2009; Carstea and
Takenawa 2019a). However, since System (1) does not satisfy the singularity con-
finement criterion, it is not expected that it could be lifted to a pseudo-automorphism.
To authors’ knowledge there are no studies (except Sect.7 of Bedford and Kim
2008, which studies a kind of generalisation of standard Cremona transformation)
on construction of an algebraic variety, in which the original system is lifted not to
a pseudo-automorphism, but rather to an algebraically stable map using blow-ups
along sub-varieties of positive dimensions. Since the varieties obtained by blow-ups
possibly infinitely near depend on the order of blow-ups, this is not a straightforward
but a challenging problem.

Since I, is degree (1, 1) for x;, x3, we can restrict the phase space into 3-
dimensional one as

X0 = X2
x1 = (I — (&3 + xox2 + x3) — 2h(xg — xox1 + x2)
—hx1x2Q2x0+x, — 1 + h))

v - “4)
(h(—xo + hxy + xé —2x + 2x0x2)) !
h
X2 = —X» — X9 + 2
1— X2

We also show that the degree of this 3-dimensional system grows quadratically as
well.

2 Algebraically Stable Space for the 4D System

Let us consider System (1) on the projective space (P')*. In the following, we aim
to obtain a four-dimensional rational variety by blowing-up procedure such that the
birational map (1) is lifted to an algebraically stable map on the variety.

Let I(¢) denote the indeterminacy set of ¢. It is known that the mapping ¢ is
algebraically stable if and only if there does not exist a positive integer k and a
divisor D on X such that

(D \ I(p)) C 1(¢"), (5)
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i.e. the image of the generic part of a divisor by ¢ is included in the indeterminate
set of ¥ (Bedford and Kim 2008; Bayraktar 2013, Proposition 2.3 of Carstea and
Takenawa 2019a). See Sect.2 of Carstea and Takenawa (2019a) for notations and
related theories used here.

The notion of singularity series of dynamics studied by Grammaticos-Ramani and
their collaborators is closely related to our procedure. Let us start with a hyper-plane
xy = 1 + ¢, where ¢ is a small parameter for considering Laurent series expression,
and apply ¢, then we have a “confined” sequence of Laurent series:

o e x4, M) = (1,60, —he™!, 1+ hxiP)e?)

—(—he™", A+ hx™e 2 he™, —(1 + hxV)e7?)

—(he™', =1+ hxMe 2 L) — (L x5 = 0 (©6)
where xi(k) ’s are complex constants and only the principal term is written for each
entry and a hyper-surface x, = 0 is contracted to lower-dimensional varieties and
returned to a hyper-surface xo = 1 after 4 steps. We can also find a cyclic sequence:

G0, 67, 10) > (67,10, —e, 20 — 20)
—(", _xl(()) — xgo), x(()o), xfo)) — (x(()o), xl(o), e !, x3(3)): returned, @)

where a hyper-surface x, = oo is contracted to lower-dimensional varieties and
returned to the original hyper-surface after 3 steps, and an “anti-confined” sequence:

h - -
- _1+—(0) e_l,xl( D,xé D !
(xg —D?

—>(x(()0), el xéo), xéo)) — (xéo), xéo), xél), 8_1)

h

1 — 2 _

—><x£),€l,xé),<—l+m>e]>—>---, (8)
2

where a lower dimensional variety is blown-up to a hyper-surface x; = co and con-
tracted to a lower dimensional variety after 3 steps.

In the following, in order to avoid anti-confined patterns, we consider P2 x P2
instead of (P')*. Although there is a possibility that the anti-confined pattern can be
resoluted by some blowing-down procedure, it is not easy to find the actual procedure
on the level of coordinates.

The coordinate system of P2 x P?is (xg: x; : 1, x2 : x5 : 1), and thus the local
coordinate systems essentially consist of 3 x 3 = 9 charts:

(x0, X1, X2, x3), (Y0, Y1, X2, X3), (20, 21, X2, X3),
(x0, X1, ¥2, ¥3), (Yo, Y1, ¥2, ¥3), (20, 21, Y2, ¥3),
(X0, X1, 22, 23), (Yo, Y1, 22, 23), (20, 21, 22, 23),
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where y;’s and z;’s are
-1 -1 -1 _—1
iy yie1) = (¢ x X)) and (24, Zi1) = (XX, X))

fori = 0, 2. Then, both the cyclic Sequence (7); and the anti-confined Sequence (8)
starting with xi(o) = ¢~! do not appear, but another cyclic sequence

(x(()o), xl(o), e cWe™y 5 (67!, ¢!, —g71, —c@e 1
—)(—8_1, —c@g—1 x(()o), xfo)) — (x(()o), xfo), e, c(o)e_l): returned 9)

appears, where ¢ is also a complex constant.

In order to resolute the singularity appeared in Sequences (6) and (9), we blow
up the rational variety along the sub-varieties to which some divisor is contracted to.
For Sequence (6), we have three such sub-varieties whose parametric expressions
are

Vi :(x0, X1, 22, 23) = (P, 1,0, 0),
Va (20, 21, 22, 23) = (0,0, 0, 0),
V3 (20, 21, X2, x3) = (0,0, P, 1),

where P is a C-valued parameter (independent to another sub-variety), while for
Sequence (9) we have a sub-variety

Vi (20, 21, 22, 23) = (P, 0, P, 0).

Thatis, the subvariety V| is the Zariski closure of {(xg, x1, x2, x3) = (P, 1,0,0)| P €
C} and V4 is that of {(xg, x1, x2, x3) = (P, 0, P,0) | P € C} and so forth.

Since Vj includes V5, we have the option of blowing-up order. In the two dimen-
sional case, resolution is unique and the order is not a matter. But in the higher
dimensional case, it affects sensitively to the resulting varieties. Since we only care
on the level of codimension one, the order of blow-ups does not affect the alge-
braical stability in some cases. However, the following results were obtained not in
a straightforward manner but by trial and error.

We can resolute the singularity around V; by the following five blowups:

C1 :(xo, x1,22,23) = (1, P, 0,0)

— (s1, 0, w1, 01) = (o — Lxp, 220 — D7 za(o — D7,
Cy :(s1, 11, up,v) = (0, P, Q,0)

< (52, ta, Uz, v2) 1= (s1, 11, Uy, V157 1),
Cs ($2, 12, Uz, 02) = (0, P, —h(1 + hP)~', Q)

< (53,13, U3, V3) = (52, ta, (ua + h(1 + htx) " Hs5 ', va),
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Cs :(s3,13,u3,v3) = (0, P, Q, (1 + hP)™")

< (S4, 14, ug, v4) = (53, 13, u3, (V3 — (1 + htz) "H)sy 1,
Cs :(s4, ta, g, v4) = (0, P, O, (1 + hP)?)

< (55, 15, Us, Us) = (S, ta, g, (Vg — (1 + hts) D5y,

where only one of the coordinate systems is written for each blowup. Similarly, we
can resolute the singularity around V; by the following five blowups:

Ce (20, 21, X2, x3) = (0,0, 1, P)
< (86, T6, U, V6) == (X2 — 1, x3, 2002 — D7, 21 (s = D7),
C7 :(s6, t6, g, v6) = (0, P, 0, 0)
<« (57,17, U7, v7) = (S6, o, U6, V6Sg )
Cyg :(s7, t7,u7,v7) = (0, P, —h(1 + hP)~', Q)
< (53, I3, ug, vg) = (s7, 17, (ug + h(1 + ht7) sy ", v),
Co :(ss, 15, ug, vs) = (0, P, Q, (1 + hP)™")
< (9, 19, Ug, V9) 1= (3, Is, g, (v — (1 + htg) sy 1),
Cio (89, 19, ug, v9) = (0, P, @, (1 + hP)™?)

< (510, 1105 U105 V10) = (59, 1o, Ug, (Vg — (1 + htg) )5y ).
We need three blowups for Vj:

Ci1 (20, 21,22, 23) = (0,0,0,0)

< (s11, fi1s uan, vn) o= (20, 2120 5 2220 ' 2320 s
Ci2 :(s11, 11, ur1, vi1) = (P, 0, 1,0)

< (S12, 12, 12, V1) 5= (511, (un — Dyt v,
Ci3 :(s12, 12, U2, v12) = (P, 0, @, —1)

< (513, i3, U13, U13) i= (512, t12, w12, (Vi + D)),

where Cy; correspond to V,, while C, and Cy3 correspond to V4. We need additional
four blowups for V;:
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Cia (513, 113, w13, v13) = (0,0, 1 + 1, 0)

< (514 g 1as V14) = (S13033 s 113, (uis — 1= st vgstgs)),
Cis :(s14, ia, 14, v14) = (P, 0, =20 — Ph™', Q)

< (515, 115, U1s, V15) = (S1a, tia, Vias (U1a + 2014 + 51407 D11,
Cig :(s15. 15, U1s, vis) = (P, 0, —Ph™", Q)

< (5165t U6, V16) := (515, 115, (15 + s1sh )13, vis),
Ci7 :(s16, te, 16, Vi6) = (P, 0, Q,27'Q + (1 + h)h ™' P)

) —1 -1 -1
< (817, t7, W17, V17) = (S165 tis, U1e, (V16 — 27 U1e — (1 + h)A™ " s16)t14 ).

The (total transform of) exceptional divisor E; of i-th blowup is described in the
local chart as

Ei:s5i=0, (i=1,2,3,4,5,6,7,8,9,10,11, 14),
Ei:t; =0, (=12,13,15,16,17).

Let us denote the total transform (with respect to blowups) of the divisors (hyper-
surfaces) coxg + c1x; +a = 0 and ¢cx; + ¢c3x3 + b = 0 by H, and H), respectively,
where (co : ¢; : a) and (c; : ¢3 : b) are constant P? vectors. Let us write the classes
of H,, H, and E; modulo linear equivalence as H,, H; and &;. Then, the Picard
group of this variety X becomes a Z-module:

17
Pic(X) =ZH, & ZH, & P Z&:. (10)

i=1

Theorem 1 The map (1) is lifted to an algebraically stable map on the rational
variety obtained by blow-ups along C;, i = 1,2, ..., 17, from P* x P2,

Proof The algebraic stability can be checked as follows. In the present case, the
indeterminate set I (¢) is given by

I(p) = ¢ '(Es — E7) C Enn,

while the condition that the dimension of ¢(D \ I (¢)) is at most two implies D =
E, —Eyandop(D \ I(p)) = ¢(E; — E;) C Ey;.Itcan be checked that o(E| — E»)
and [ (gok), k=1,2,3,..., are different two-dimensional subvarieties in E;, and
hence (5) can not occur.

The class of proper transform of E; is

E—&n (i=1,2,3,4,6,7,8,9, 12,13, 14, 15, 16),
& (i=5,10,17), & —Eis.
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Since the defining function of the hyper-surface z; = 0 takes zero with multiplicities
0,0,0,0,0,1,2,2,2,2,1,1,1,2,2,2,2 on E; (i =1,...,17), it is decomposed
as

‘H, =Proper transform
+ (& — &7) +2(& — &) +2(E — &) +2(Eg — E10) + 2&10
+ (&1 — &) + (€2 — E13) + (13 — E14) +2(E14 — E15)
+2(&15 — E16) +2(E16 — E17) + 2E17,

where each class enclosed in parentheses determines a prime divisor uniquely (we
called such a class deterministic Carstea et al. 2017). Hence the class of its proper
transformis H, — & — & — €11 — £12. Similarly, the defining function of the hyper-
surface x, — 1 = 0 takes zero with multiplicities 1,1, 1,1,1,1,1,1,1,1,1,0,0,
1,1, 1, 1 on E;, and therefore the class of its proper transform is H, — & — & — &1;.
Along the same line, the proper transform of zz = 0 can be computed as H;, — & —
& —En—En.

Using these data, we can compute the pull-back action of Mapping ¢ (1) on the
Picard group. For example, the pull-back of E; is (¥, Z2, 23) = (0, 0, 0), whose
“common factor” on each local coordinate system is x, — 1, s¢, 57, §§ Or S9. Thus,
we have

9
PE) =(Hy — & — & — &) + Y (& — Ei1)
i=6
=H, — & — &0 =&

Along the same line, we have the following proposition.

Proposition 1 The pull-back ¢* of Mapping (1) is a linear action on the Picard
group given by

Ha — Hp,

Hp — Ha + 3Hp — 2E1 — 3E11 — 6.7,9,10,12,13,145

E = Hpy =&, &= Hy—Ero11, & — Hp —E170.11 + &,
&4 — Hp— &7, E — Hp—E1611s

& —> &, & — Eu, & — &5, & — &6, E10 — &,

En— & —&u En— Hy— &, &3 = Hy — Erin12,
Eu— &, &i5—> &, &e—> &, &7 — &,

where &;,
are

i, denotes & + - - - + &;,. The Jordan blocks of the corresponding matrix

.....
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01000

1 110 00100

I, =1, 13 3 x3blocks), |011], [00010
001 00001

00000

In particular, the degree of the mapping ¢" grows quadratically with respect to n.

Corollary 1 The degree of " for the 3-dimensional map r (4) also grows quadrat-
ically with respect to n.

Proof 'Let us denote the initial values as (xg, X1, X2, X3) = (x(()o), xfo), xéo), x§°>).
Map " is obtained by substituting x3 = & (xg, X1, X2) to @" : xi(") = fi(") (x0, X1, X2,
x3), i =0, 1,2, where h and f;’s are some rational functions. Hence the degrees
of xi(")’s with respect to xg, x|, x, are bounded from the above by (degree of 1) x
(degree of ff") ). Since the degrees of fi(”) ’s are quadratic with respect to , the degrees
of xi(”) ’s are at most quadratic. On the other hand, since v is a QRT map with respect
to xo and x, its degree with regarding x; as a constant grows quadratically (Takenawa

2001), hence the degrees of xl.(") ’s are at least quadratic.

The proper transforms of the conserved quantities /; and I, are

I 1 2H, + 2Hp — 261 — 286 — 4E11 — €2,4,7,0,12,13, 14,16

;;;;;;;

which are preserved by ¢*.
We can consider the inverse problem.

Proposition 2 Hyper-surfaces whose class is 2H, + 2H;, — 2, — 28 — 4E11 —
52,4,7,9,]2,13,14,16 are given by C0+C1I| =0 with (CQ : C]) S ]P)l and C] ;ﬁ 0.

aaaaaaa

given by Co + C11; + C2lr, = 0 with (Co : C1 : Cy) € P? and C, # 0.
Thus, we can compute invariants by using the action of the system ¢ on the Picard
group.

Proof The proof is straightforward but tedious. For example, the defining polyno-
mials of a curve of the class ZHa + 2Hb — 251 — 256 — 4511 — 52,4,7,9,12,13,14,16 can
be written as

I'This kind of argument is not original. More general results can be found in Mase (2016), where it
is shown that all the reduced systems from classical KP or BKP equation have the quadratic degree
growth.
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—— io iy _I2 I3
f(xo0, X1, X2, x3) 1= QigiririsXo X1 X7 X5,
iOv ilv i27 i3 2 O
ig+i1+ix+iz <2

2 -1 -1
25 f (X0, X1, 2225 ', 23 ) around Ej,
Z%f(ZoZl_l, Zl_l,xZ,X3) around Es,

23 f oz 2y 2275t z3") around Eyy.

The coefficients are determined so that defining polynomial takes zero with mul-
tiplicity 2, 3, 3, 4,4, 2,3,3,4,4,4,1,2,7,7, 8, 8 on E;’s; which verifies the
claim.
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Opers for Higher States of the Quantum m
Boussinesq Model e

Davide Masoero and Andrea Raimondo

Abstract We study the ODE/IM correspondence for all the states of the quantum
Boussinesq model. We consider a particular class of third order linear ordinary dif-
ferential operators and show that the generalised monodromy data of such operators
provide solutions to the Bethe Ansatz equations of the Quantum Boussinesq model.

Keywords ODE/IM correspondence + Quantum Boussinesq * Opers + Bethe
Ansatz

1 Introduction

The quantum Boussinesq model (Bazhanov et al. 2002) is a 2 dimensional conformal
field theory with a W3 symmetry, and it can be exactly solved via the Bethe Ansatz
equations. This model can be realised as the quantisation of a sl3 Drinfeld-Sokolov
hierarchy, or as the continuum limit of a sl3 XXZ chain. It belongs to a large family of
theories which are known as g-quantum KdV models; they exist for any Kac Moody
algebra g (Feigin and Frenkel 1996) (in the present case g = sl3), and in the simplest
case, namely g = ;[2, the Hamiltonian structure of such a theory is the quantisation
of the second Poisson structure of the classical KdV equation (Bazhanov et al. 1996).

According to the celebrated ODE/IM correspondence (Dorey and Tateo 1999,
2000; Bazhanov et al. 2001, 2004; Dorey et al. 2007; Feigin and Frenkel 2011;
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Masoero et al. 2016, 2017; Masoero and Raimondo 2020; Kotousov and Lukyanov
2019) to every state of the g quantum KdV model there corresponds a unique g~ oper
(here g is the Langlands dual of g) whose generalised monodromy data provide the
solution of the Bethe Ansatz equations of that state.

In our previous paper (Masoero and Raimondo 2020) we constructed the opers
corresponding to higher states of the g quantum KdV model, for any g untwisted
affinization of a simply laced Lie algebra. This was done by following the definition
given in Feigin and Frenkel (2011); solutions to the Bethe Ansatz were obtained
based on our previous works (Masoero et al. 2016, 2017).

In this note we provide explicit and simpler formulas for opers corresponding
to higher states of the quantum Boussinesq model, by specialising the results of
Masoero and Raimondo (2020) to the case g = sl3. This serves two purposes: we
illustrate the general theory and its somehow heavy machinery in terms of familiar
and simple objects, and we find formulas which are much closer to the original work
on higher states opers of the sl;-quantum KdV model (Bazhanov et al. 2004), where
higher states are conjectured to correspond to Schrodinger operators with a monster
potential.

As the result of the present paper, we conjecture that the level N states of the quan-
tum Boussinesq model correspond to the following third order differential operators:

N 3 k 7!
L=20}- + )+— 0.
) Z;((z—wj)2 z2(z —wj) 2]
N _
3 aj 2(k+3)aj—k2) 72 1 P
—+ =+ X5
—i_4Z<(z—wj)3—i_z(z—wj)2+ 3z22(z — w;) +z3+z2+ < ()

Jj=1

where —3 <k < =2, and 7!, 72 € C, and where the 2N complex variables
{ae, we}e=1.. . n, satisfy the following system of 2N algebraic equations

w? 3k
aj —kay + K +3k =3 = Y ( S > (2a)
el N (wg — wj) Wy — Wj

Aag+ B =9k +2wp =y
j=1
j#e

N (9% + 16k> + 6(k? + 10k + 6)a; — Skal)wg>

Wy — LU/

N (18 —ap —ajpw}  (12k + %2 — (63 + 6k)a; — Ykap)w?
(we —wj)3 (wg —wj)?

(2b)

The parameters A, B are given by
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A = 14k* + 50k — 87! + 45,
B =27(F' — ) — k(Tk> + Tk + 97> — 137" +9),

and the additional singularities w;, j = 1..., N are assumed to be pairwise distinct
and nonzero. The system of algebraic equation (2) is equivalent to the requirement
that the monodromy around the singular point z = w; is trivial forall j =1... N,
independently on the parameter A.

The correspondence among the free parameters A, 7!, 72, k of the above equations
and the free parameters c, (A,, A3z), i (respectively the central charge, the highest
weight, the spectral parameter) of the Quantum Boussinesq model, as constructed in
Bazhanov et al. (2002) (more about this below), goes as follows:

34k +9)(3k +5)
- k+3 ’ (32)
-1 _ 2 -1 _ -1 _
A= (7' — 8)k? + 6(F' — 5)k + 97 27’ G3b)
9(k + 3)
3/2

Ay = %(fl — 7, (3c)
A= —iI'(—k —2)*12, (3d)

where I"(s) denotes the I" function with argument s. Moreover the integer N, which
is the number of additional regular singularities in (1), coincides with the level of
the state. Hence, system (2) is expected to possess p,(N) solutions, where p,(N) is
the number of bi-coloured partitions of N.

The paper is organised as follows. In Sect.2 we introduce the quantum KdV
opers, following (Masoero and Raimondo 2020) (which in turns builds on Feigin
and Frenkel 2011), and derive from the general theory of the formulas (1) and (2). In
Sect. 3 we review the construction of solutions of the Bethe Ansatz equations as gen-
eralised monodromy data, following Masoero et al. (2016), Masoero and Raimondo
(2020). Finally, in Sect.4 we briefly summarise the construction of the quantum
Boussinesq model provided in Bazhanov et al. (2002).

This work deals with differential equations and representation theory. We omit
many proofs of the analytic results, which can be found in greater generality in
Masoero and Raimondo (2020). However, we do provide all details of the algebraic
calculations.

2 Quantum KdV Opers

In this section we introduce the Quantum KdV opers, as defined in Feigin and Frenkel
(2011), in the special case g = sl3, and derive the third order scalar differential oper-
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ator (1). The reader should refer to Masoero and Raimondo (2020), and references
therein for more details.

We begin by introducing some theory of the algebra sl3(C),! which we realise as
the Lie algebra of traceless 3 by 3 matrices (in such a way that it coincides with its
first fundamental representation, also known as standard representation). The algebra
has the decomposition n_ & h @ n,, where n_ are lower diagonal matrices,  is the
Cartan subalgebra of traceless diagonal matrices, and n are upper diagonal matrices.
The subalgebra b := b @ n is called the Borel subalgebra. We provide an explicit
basis of b, as follows

100 000
hi=|0-10]), hy=]01 0], (G))
000 00-1
010 000 001
e =1000], e2=1001], e=1]1000]. (5)
000 000 000

We introduce three further elements, the sum of the negative Chevalley generators
of the Lie algebra f € n_ (principal nilpotent element), the dual of the Weyl vector
p” € b, and the dual of the highest root 6% € . We have:

000 10 0
f=|100], pv=0"=[000|. (6)
010 00—1

The unipotent group N = {exp y, y € n,} acts on sl3 via the formula

(ady)*.g
expyg=g+) —p— ady.gi=[yel
k>1 :

and the affine subspace f + b is preserved by the action. Following Kostant (1978),
and given a vector subspace s C n,, we say that the affine subspace f + 5 is a
transversal space if

1. The orbit of f + s under the action of A/ coincides with f -+ b,.
2. Foreachs € s, thenexpy.(f +s) ¢ f +sunless y =0.

The subspace s = Ce; @ Cey satisfies the above hypotheses” and the transversal
space f + s is the space of companion matrices:

IFor sake of simplicity we prefer to work with sl3-opers, instead of f’-\[3—0pers. We do that by
considering the loop algebra variable A as a free complex parameter. More about this in Masoero
and Raimondo (2020), Sect. 4.

2 As an example, the Cartan subalgebra | satisfies the first but not the second hypothesis above.
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Oab
f+s= 100]) |a,beC
010

We fix this choice for the rest of the paper.

2.1 Opers

We denote by K the field of rational functions in the variable z, and we define

1. g(K), b, (K),n (K) the Lie algebras of rational functions with values in
g, b, ny respectively.

2. The space of (global meromorphic) g-valued connections conn(K) = {0, +

8.8 € 9(K)}.

The subset op(K) = {L =0, + f + b, b € b (K)} C conn(K).

4. The group of unipotent Gauge transformations N'(K) = {exp y, y € n.(K)}, act-
ing on conn(K) via the formula

w

1 dy
expy.(0; +8) =0, — Y ———(ad,)*—= +expy.g. (7)
= (k+1)! dz

Note that the above action preserves the subset op(K).
5. The space of sl3 opers as Op(K) = op(K) /N (K).

The space of opers Op(K ) admits a very explicit description once a transversal space
f + s is fixed: any element in op(K) is Gauge equivalent to a unique connection of
the form 0, + f + s, s € s(K). Hence we have a bijection

Op(K) = {0, + f +s,5 € s(K)}.

We call 0, + f + s the canonical form of any oper Gauge equivalent to it.

2.2 Opers and Scalar ODEs

It is a standard and elementary result that the space of sl; opers coincides with the
space of third order linear scalar differential operators (with principal symbol equal
to 1 and vanishing sub-principal symbol). Indeed, for what we have said so far, any
oper has a unique representative of the form

L=0.4 f+vie + v:(2)ep,
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where vy, vy are a pair of (arbitrary) rational functions. In the first fundamental
representation, this oper takes the form

0v1(z) v12(2)
£L=0.+|1 0 o |. (8)
0 1 0

If {€], €2, €3} is the standard basis of C3, and given ¢ = C — C3, with ¥(z) =
Y1(2)er + Ya(z)€er + 13(2)€3, then the matrix first order equation

L)(z) =0,
is easily seen to be equivalent to the following scalar ODE for the third coefficient
v = ’L/J3
(@) =010, +v)¥(2) = 0. )

We will use this scalar representation in the rest of the paper.

2.3 (Ir)Regular Singularities

Let £ be an oper in the canonical form (8), and w € C a pole of v; or v,, so that

v =50G—w) " +o((z —w)™),

v =5 —w) "+ o((z — w)™®)

for some 5!, 52 # 0 and some 41, 9, € Z. We define (Masoero and Raimondo 2020)

— The slope of the singular point w € C as

01 O
= 1 —, = .
o max{,max{2,3}}e(@

— The principal coefficient of the singular point w as

—15'§%
f—p'+5e+5%e,=11 00 if u=1,
011
and
05!5?
f—i—flel—i—izez: 100 if  p>1
010
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As proved in Masoero and Raimondo (2020), the singularity is regular (in the sense
of linear connections) if ;n = 1 and irregular if p > 1.

Remark 1 In the case when w = 0o, we write v; = 70! + 0(151), and v) = 5,2 +
0(z%) for some 5', 5 # 0, and §;, §, € Z, and define the slope of w = 0o as j1 =

max{l, max{‘;—', %2} + 2}. The principal coefficient is defined as above.

2.4 sl3-Quantum KdV Opers

We define sl3-quantum KdV opers following Feigin and Frenkel (2011). To this aim
we fix =3 < k < —2 and 7', 72 € C and write

L(z,N) =Ls(z,N) +5(z), s€K(s). (10)

Here L s is the ground state oper

0 7y P24+ 0
Losz N =0.+|1 0 0 . (11)
0 1 0

We notice that L£¢ s(z, A) has two singular points: z = 0 is a regular singularity with
principal coefficient
L7

0
1

—_ O

1
0
4

while z = oo is an irregular singularity, with slope p = 3

and principal coefficient
001
100
010

As it will be reviewed in the next section, one can obtain solutions of the Bethe Ansatz
equations by considering the differential equation L¢ ;1) = 0: more precisely these
are obtained as coefficients of the expansion of the subdominant solution at +o00 in
terms of a distinguished basis of solutions defined at z = 0.

In Bazhanov et al. (2004), Bazhanov, Lukyanov and Zamolodchikov proved that
in the case g = sl,, the ground state oper could be modified without altering the
above global structure, so that the modified equations yield (different) solutions of
the same Bethe Ansatz equations (as coefficients of the same expansion). Feigin and
Frenkel (2011) extended these idea to the case of a general Kac-Moody algebra,
and conjectured that the higher level opers could be uniquely specified by imposing
on the s-valued function s the 4 conditions below. These conditions were shown
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to sufficient (Masoero and Raimondo 2020), and are expected to be necessary for
generic values of the parameters k, 7', 72 (Feigin and Frenkel 2011). We say that the
oper L(z, M) of the form (10) is a s[3-quantum KdV oper if it satisfies the following
4 assumptions:

Assumption 1 The slope and principal coefficient at 0 do not depend on s.
Assumption 2 The slope and principal coefficient at co do not depend on s.

Assumption 3 All additional singular points are regular and the corresponding prin-
cipal coefficients are conjugated to the element f — p¥ — 0" € f + b.

Assumption 4 All additional singular points have trivial monodromy for every A €

C.

The following proposition, which is Proposition 4.7 in Masoero and Raimondo
(2020) specialised to the case of g = sl3, is a first characterisation of the Quantum
KdV opers; it shows that they have the form (1).

Proposition 1 An operator L(z, X) of the form (10) satisfies the first three Assump-
tions if and only if there exists a (possibly empty) arbitrary finite collection of non-
zero mutually distinct complex numbers {w;};c; C C* and a collection of numbers

af{), aé{), aéé)}jgj C C, such that L(z, \) has the form

0 W, W,
LzN=0.+|10 0], (12)
01 0

where

=1 )
Wl(z)=:—2+2( 9 ) (13a)

(z—w)?  z(z—wj)

jeJ
2 1 3 a¥ ¥
Wa(z, \) = = + — + AF + + 2y p3) .
2( ) Z3 Zz J; ((Z - wj)3 Z(Z — wj)2 ZZ(Z _ wj)
(13b)

Note that when J is empty then (12) reduces to the ground state oper (11). If J is not
empty, then we set J = {1, ..., N}, for some N € Z,. In order to fully characterise
the sl3-quantum KdV opers, we must impose the fourth and last Assumption on
the opers of the form (12), namely the triviality of the monodromy about all the
additional singularities w;, j = 1... N. We notice that the opers of the form (12)
depend on the 4N complex parameters {af{), aé‘{), ag), w;}jer..n. We will show in
the following subsection that the trivial monodromy conditions are equivalent to
a complete system of 4N algebraic equations, which in turn are equivalent to (1)
and (2).
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2.5 Trivial Monodromy Conditions

We fix £ € 1... N and study under which conditions the oper £(z, A) of the form
(12) has trivial monodromy about wy. As we showed in Masoero and Raimondo
(2020), Assumption 3 (more precisely, the fact that 8" is a co-root) implies that the
monodromy about wy is trivial if and only if it is trivial in at least one irreducible
(nontrivial) representation. In other words, it is necessary and sufficient that the
monodromy at z = wy is trivial for the solutions of the equation L(z, A)¥ =0 in
the standard representation.
To this aim we write the above equation in the scalar form

(07 — W10, + W)@ (2) =0, (14)

and use the method of the Frobenius expansion, that is we look for solutions of the
form
PP (2) =Y Dz —wp)*™. (15)

m=>0

Writing the Laurent expansion of (14) at w, as

~+00
Wi@) =Y gz —w)" 2 qif =3, (16a)

m=0

+00
Wa@) =Y ghnz—w)" >, gy =3, (16b)

m=0

expanding the Eq.(15) in powers of z — w,, and equating to zero term-by-term we
obtain

o” P(8) =0,

PB+n@ =3 (B 47— mall) —at)) 22, an

m=1

where the indicial polynomial P(3) = (5 — 3)(6 — 1)(83 + 1). The roots of the indi-
cial polynomial, 3 = —1, 1, 3, are known as indices. Since the indices are integers,
the monodromy matrix has a unique eigenvalue, 1, with algebraic multiplicity 3,
and the monodromy is trivial if and only if the recursion (17) has a solution for
all the indices. Indeed, in such a case, ®° (e*"iz) = ol (z) for 8 = —1, 1, 3; other-
wise logarithmic terms must be added to the series (15) and the monodromy is not
diagonalizable (Wasow 2018).

We analyse the recursion (17) separately for the three indices.

The recursion (17) for the index 3 = 3 admits always a unique solution, since
PB4+r)#0,Vr>1.
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In the case 8 = 1, we have that P(3 4+ r) = 0, r > 1 if and only if r = 2. Hence
the recursion is over-determined. Computing the first two terms we obtain

(D © [©) (1
—30, :<qll _qZI)d)O ’
1 ¢ ¢ 1 ¢ ¢ 1
0x " = (2 — g ) " + (413 — 0¥ ) @(".
It follows that the recursion for the index 5 = 1 has at least one solution if and only

if
2 2 1 2
) (£) (£) ) (&) (£)
diy — 4y =§<411) — 411921 ‘*‘3(6121) . (18)

Finally, the Frobenius method for the index 3, = —1 gives

(=1 _ ) (0) (=D
32 —_<’711 +q21)¢0 :
(=1 () 5 (=1 0 (0) (=1
0x @) 7 =—qp P, *(‘112 Jr‘122)‘150 ’
=D _(,© O 5D () 5 (=1 (©) O 5D
—3%; —<‘111 _‘121>‘p2 —dyn ? _(’113 +‘123>¢0 ’
=1 _ (0) (0) (=1 (0 O 5D (0) 5 (—1) (0 (0) (=1
0x &y —(2411 _421)@3 +(‘112 _‘122)‘1’2 —43 P _(414 +424)¢0 ’

and we obtain the following constraints

o, ©o_Lw e 1( (0)2

g1y + 4y —55121 q, + 3 9
1 1
¢ ¢ ¢ ¢ 0, (@ ¢ ¢ ¢
454) + 5154) = (2451) - ‘151)) <_§CI§2)(‘]{1) + ‘12(1)) + 5(51;3) + 4§3))>
1
+ 3953 @1 + a1,

Combining these with (18) we obtain the following characterisation: the monodromy
about wy is trivial if and only if the following system of 3 equations

i =5 (o) = aitas? + (&9)"). (19)
0 =54 (245~ af?). 20)

o + a8 =1a (2480 — o) + e
+ ol (200 = aff) (ol =248 (4l +a80). @D

In order to proceed further we write explicitly the coefficients g’s, which appear
in the above equations, in terms of the parameters of the opers (12)
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)
© _ %1 o _ 4

¢ ¢
=3, =3, = , ==,
910 920 i =7, @1 = 7y,
-1 (0) N () ) )
Ol T ) 3 U1 20 = 22 %
12 w? o\ we = wj)?  we(we — wj) 2 w?
J#t
1 N () )
40 = -2 6 ar ar
13 wf st (we —wj)®  we(wg —wj)? we (we —wj)
J#t
-2 (£) (e ) () ()
retay —2a5; tw 3 a a
q%): 21 . C k+Z 5+ 21 S+ 22 ’
w; ot (wg —wj)>  we(wg —wj) we(w—wj)
J#L
=1 () N J J J
© _ 3 —ap £y 9 + bl + a4, n ai
e = (we—wp*  welwp —wj)?  wi(wg —w;)2  wiwe—w;j) /)’
¢ j=1 \\We Wi e — Wy AL P (We —Wj
J#L
(0) (0) =2
345y — ay, — 3r° — 2w
0 2 — 41 ¢ 1
= + Mkw
924 w? ¢
() [©] (0) (0)
_ Z 2ay, a4y +ay n 2ay, .
(we—w] wewe —wj)  wiwe —wp?  wi(we —w))

We notice that while Egs. (19) and (20) do not depend on A, Eq.(21) is a first-
order polynomial in \. Since the trivial monodromy conditions must hold for any A,
Eq.(21) consists of a pair of independent constraints: both the constant part in A and
the linear part in A are required to vanish independently. The vanishing of the part
of (21) which is linear in A reads:

k
) k—1 ) __
q,; we kw,” =0,

from which we obtain
aV =k, £=1,...,N. (22)

Making use of the explicit expression of the ¢’s in terms of the a’s, as given above,
and denoting

a=a?), £=1,...,N, (23)
from (20) we obtain
k2
a“)_—(k+3)mZ 3 f=L.oN (24)

Substituting (22) and (24) into the expression for the g’s found above, then from
(19) we obtain (2a), while the vanishing of the constant (in \) coefficient of (21) is
equivalent to (2b).
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We have thus arrived to the following result: an s(3 Quantum KdV oper is equiva-
lent to a scalar third order differential operator of the form (1) such that its coefficients
satisfy the system of algebraic equations (2).

2.6 The Dual Representation. Formal Adjoint Operator

Before we proceed further with our analysis, and we construct solutions to the Bethe
Ansatz equations, we introduce a second representation of the algebra sl3. This is
called the second fundamental representation or dual representation, and we denote it
by C3 .1t {€1, €2, €3} is the standard basis of C? as above, we denote by {€], €5, €3}, the
corresponding dual basis in C** such that (€f, €;) = 6;;. In these basis, the matrices
representing the elements hy, ha, 8, p¥, ey, 2, ¢y, f read

000 100 100
hi=1010], hh=[0-10], p=6"=1]00 0 |,
00-1 000 00-1
000 010 00 -1 000
e1=1001], e2=]1000), e=(0001]), f=1100
000 000 00 0 010

As we have discussed before, the general sl3 oper can be written the canonical form as
the connection £ = 9, + f + vie; + vyey, for an arbitrary pair of rational functions
vy, vz € K. In the dual representation, we thus have

OO—UZ
L=0,+[10 v
01 0

We showed that in the standard representation C? the connection £ is equivalent to the
scalar third order operator (9). In the dual representation the same oper is equivalent
to a different scalar operator, namely to its formal adjoint. Let ¢/* =: C — C3*, with
P (2) = Y{ ()€ + U5 (2)e5 + Y5 ()€}, satisfy L4 = 0 in the dual representation.
Then ¥*(z) := 15 (2) satisfies the scalar ODE

(=02 + 010, + (1, + V))¥*(2) =0, (25)
which is the formal adjoint of the Eq. (9).

The following standard isomorphisms (of s[;-modules) will be needed later to
derive the Bethe Ansatz equations: A* C? = C3* and A\* C** = C3. Explicitly,
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g hNe) =€, 1legne) =6, 1(eNe)=E¢, (26)

e ne) =€, 1ENE) =€, 1(6Ne) =e;. 27)

The above isomorphisms imply that if 1(z), ¢(z) are solutions of L (z) = 0, for
1) : C — C? in the standard representation then z(ql)(z) A ¢(z)) is a solution of the
dual equation £1*(z) = 0, with ¢0* : C — C>"; and conversely.

In the present paper we prefer to work with solutions of the equations in the
scalar form (9) and (25). Recall that the solution of the equations in the scalar
form is just the third component of the solution of the vector equation. If ¥ (z) =
Y1(@)er + Y2(2)e2 + ¥3(2)e3 and o(z) = ¢1(2)€1 + d2(2)€2 + P3(2)e€3, then a sim-
ple calculation shows that

(1t A D), e3) = Wrlas, ¢3]

where Wr[-,-] denotes the usual Wronskian Wr[f(z),g()] = f(2)g'(z) —
['(@)g(2). Similarly, for ¥*(2) =9} (2)ef +¢3()e3 + ¥5()e; and ¢*(2) =
&1 ()€ + P3(2)e5 + ¢3(2)€; we have

(€3, 10" A 9")) = Wrly3, #3].

To prove the above relations, it is sufficient to note that from the matrix first order
equations L(z) = 0, L1*(z) =0 we obtain the identities 1,(z) = —5(z) and
Y3 = —1%'(z). We have thus shown that the Wronskian of two solutions of (9)
satisfies (25), and conversely the Wronskian of two solutions of (25) satisfies (9).

2.7 Relation with Previous Works

The ground state sl3-quantum KdV oper, given by Eq.(11), was also considered —
in the scalar form — by Dorey and Tateo (2000), and by Bazhanov et al. (2002), who
wrote the following third order scalar operator

~ ~

L. B)y=8+ 50, + 3+ — E, (28)
X x
withw, = £,4, + 571579 + 0yl — 2,1y = —L,0,05 and where the ¢;’s are constrained

by the equation £; + £, + £3 = 3. In addition, in our previous paper (Masoero et al.
2016) we considered the ground state oper in the following form

L1/x 0 M _F
Lx,Ey=0+| 1 (L—Lp/x O (29)
0 1 —{y/x
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for arbitrary ¢, £, € C and M > 0. We now show that the differential operators
(11), (28), and (29) are equivalent under appropriate change of coordinates and
Gauge transformations, once the parameters are correctly identified. To show that
the differential operators (28) and (29) are equivalent, we write the operator (28) in
the oper form
0 —/x% Wa/x> +x*M — E
O+ 1|1 0 0 . (30)
0 1 0
It is then a simple computation to show that (30) and (29) are Gauge equivalent if
wesetﬁl —0; + 2, Zz—zl—fz+landZ3—£2
Next we show the equivalence between (29) and (11). As observed in Feigin and
Frenkel (2011), after the change of variable

k+3\ 3M +2
= po(x) = | —— B, k= — , 31
¢ x) ( 3 )x“ 1+M 3D

the operator (29) reads

r/z 0 2+ NK
Loz, ) =0+ 1 (n—-r)/z 0 , (32)
0 1 —r/z

where A € C and ry, r, € C are defined by the relations

k 3 3(k+2)
E—— (i) Al =

rm—-D+1,i=1,2. (33)

3 k+3

It is again a simple computation to show that the opers (32) and (11) are Gauge

equivalent provided the coefficients r', r2, 7!, 72 satisfy the following relations

(34)

—1 — (rl)Z r1r2 + (r2)2 _ rl _ rZ
PZ=r rz(r — rz) +r2(2r —rl= 2).

2.8 Weyl Group Symmetry

The parametrisation (34) of 7!, 72 in terms of ! and 2 will be very convenient when
discussing the behaviour of solutions of £(z, A\)1 = 0 in a neighbourhood of z = 0.
The Weyl group of sl3 — which is isomorphic to the group of permutations of three
elements, S3 —is a symmetry of the map (34), once its action on the parameters rtr2,

which is called the dot action, is properly defined:
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r! —r242 r! —r242
g - <r2> = (_rl +2)° T 2=\ +1)- (35)
We let the reader verify that o, T generate the group S3 (in particular 0> = 1, 73 = 1)

and that the above action is a symmetry of (34). This phenomenon is studied in great
detail and generality in Masoero and Raimondo (2020), Sect. 5.

3 The Bethe Ansatz Equations

In this section we construct solutions of the Bethe Ansatz equations as generalised
monodromy data of Quantum KdV opers, £(z, A). As proved in Sect.?2, these are
opers of the form
ow, W,
Lz, N)=0.+]|10 0], (36)
01 0

where

-1
W1(z)=%+2 ( & + k ) (37a)

S \e-wp?  z@—wp

| k 3 a; 2k +3)a; — k?
Wa(z, N) = = + — + Ak + +—L—+ : ,
? 3 2 Jgj c—wj)?  z@-wp? 32@-wj)

(37b)

and where {a;, w;};=1, n satisfy the system of equations (2). We follow Masoero
et al. (2016), Masoero and Raimondo (2020) closely and the reader should refer to
these papers for all missing proofs. Any finite dimensional representation V of sl3
defines the ODE

L(z, )Y =0, v:.C—V.

Since the monodromy of £(z, A) about w; is trivial for any j, then the solutions of
the above equation are, for fixed A, analytic functions on the universal cover of C*,
minus the lift of the points w;, j € 1... N. We denote such a domain by C. Asit was
originally observed by Dorey and Tateo, the appearance of the Bethe Ansatz equations
is due to a discrete symmetry which acts on both the variable z and the parameter \.
It is therefore necessary to consider solutions /(z, A) as analytic functions of both
variables z and \. More precisely for our purpose v)(z, -) is assumed to be an entire
function of A\. We thus define a solution to be an analytic map ) : C x C — V which
satisfies the equation L£(z, A)1(z, A) = 0 for every (z, A).

The space of solutions, which we denote by V (), is an infinite dimensional vector
space which, as we showed in Masoero and Raimondo (2020), is simply isomorphic
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to V ® O,, where O, is the ring of entire functions of the variable \. This means
that an O,-basis of the space of solutions has cardinality dim V.

3.1 Twisted Opers

Let k = —k — 2, so that 0 < k < 1. For any t € R we define the twisted operator
and twisted solution:

L1z, \) 1= L(e¥™ 7, 2k )y, (38)
wt (Z, )\) — eZimpV,(/J(eZWitZ’ eZﬂ'iZI;)\)' (39)

Taking into account the oper change of variables (Masoero and Raimondo 2020),
then from (36) we explicitly have

EI(Z7 )\) — az + f +e47TiZ‘W1(627rilZ)el +€6mlW2(€2ﬂilZ, ezmri@/\)ee’

and one easily see that the function ¢, (z, A) satisfies £ (z, A)v, (z, A) = 0. A crucial
property of the oper (36) is the following Dorey-Tateo discrete symmetry:

L7z N =L N, (40)
which leads us to consider the following (O)-linear) monodromy operator
M:VO) = V), M@ V) =™ ez, e . @)

In the case sl3, we just need to consider the equations L£'(z, A\)1 = 0 for the

standard representation and its dual. More precisely, the standard representation at 0

twist, and the dual representation at twist t = %

LE NN =0, ¢:CxC—C, (42)
L2z, 0 (2, \) =0, *:CxC— C¥, 43)
By a slight abuse of notation we denote C*(\) the space of solutions of the first

equation, and by C3*()\) the space of solutions of the latter equations, as well as the
solutions of the same equations in the equivalent scalar form

(07 = Wi (@0, + Walz, V)W (z, \) = 0, (44)
(9> — Wi(=2)0. + Wa(—z, €5 \) — W] (—2))¥*(z, \) = 0. (45)
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Since the solution of the equations in the scalar form is the third component of a
solution of the equation in the matrix form, and since p¥e3 = —e3, pVef = —¢j, the
twist for solutions of the above scalar ODEs is defined as follows

Wt(Z, )\) — e—2i7‘rll1/(€27rilz’ ezwité)\) , lp;k(z’ )\) — e—2i‘n’tl1/*(627'ritz’ 627Tit]€)\).

Equation (45) is the adjoint equation to (44) twisted by t = % ; and conversely, Eq. (44)
is the adjoint equation to (45) twisted by t = % As we recalled in Sect.2.6, the
Wronskian of two solutions of a scalar ODE solves the adjoint equation. It follows
that

1. W (z, \), @(z, ) € C3()) then

Wrl¥_ ) (z, A, @1 (z. V] € C7 (N,

2. fW*(z, \), D*(z, \) € C3*()), then

Wrld? (2. ), @1z V] € C .

3.2 The Eigenbasis of the Monodromy Operator. Expansion
atz =0

The point z = 0 is a regular singularity for the Egs.(44) and (45), but it is also
a branch point of the potential W,, because of the term AzK. Tt follows that the
standard Frobenius series cannot provide solution of the above equations at z = 0.
A generalised Frobenius series, introduced in Masoero and Raimondo (2020), does
however the job. The latter is defined as

D@ N =2" Y cnad"C" co=1. (=Xt (46)

m>n>0

where the indices (3 are computed as in the standard Frobenius method: if the equation
reads

(aﬁ + 2 J;g(l)az +2 +;(1)) ¥(z) =0,

the indices are the roots of the indicial polynomial P(3) = 3° — 38>+ 2+ a)3 +
b. The following facts are proved in Masoero and Raimondo (2020), Proposition
5.1. For every finite dimensional representation V of s(3, and under some genericity
assumptions 3 on the triple (12, 71, 72), we have:

3The genericity assumptions imply that the monodromy operator M is diagonal and no logarithmic
terms appear in the generalised Frobenius series.



72 D. Masoero and A. Raimondo

1. The series (46) converges to a solution @@ (z, \) € V(\).

2. MOD(z, \) = 2P DD (7, \), where M is the monodromy operator defined in
41).

3. The collection of the solutions @?(z, \) for all indices 3 forms an O,-basis of
V).

In the cases under our study, namely Eqs. (44) and (45), the indicial polynomials
are, respectively, given by

PB) =3 —338"+Q2—-i)g 472,
PP = =38+ @2 -+ 27 — 7%

Using (34), then we obtain the factorizations

P(B)=@B=r)(B—1+r"=rH(B =241,
P*B)=(B=r)B—=1+r =)@ =2+,

so that the indices are given by

Bi=r Bo=r'—r*+1, B=-r'+2, (47a)
Br=—-r’+2, Bi=r—r'+1, gi=r" (47b)
We denote by
{d)(ﬂl)(z’ N, (15(‘82)(1, N, q)(ﬂs)(z’ M, (48a)
{20 (z, 1), 27 (2, 1), 2 (2, M)}, (48b)

the corresponding solutions of (44) and (45) respectively. Recall that the Weyl group
acting by the dot action (35)on r!, r2, provides a group of symmetries of 7!, 72, hence
it leaves the indicial polynomial invariant, permuting its roots.* The (induced) action
of the generators o, 7 of the Weyl group, see (35), on the indices (47) is provided by
the following permutations:

U(ﬁl) = ﬁo’(i)v T(ﬁi) = ﬁT(i)» i = ]1 27 31 (493.)
o(B) =Brpy, 7B =By, i=1,2,3, (49b)

where
0(1,2,3):=(3,2, 1), 7(1,2,3) := (2,3, 1). (50)

Comparing the asymptotic behaviour at z = 0, we deduce the following 6 quadratic
identities among the (properly normalised) @ (?’s and @(?")’s. Let s € S, then (we

4Many authors fix r!, r2 by imposing the conditions R > RG, > N33, or equivalently RG5>
NG5 > RBJ (Bazhanov et al. 2002; Dorey et al. 2007; Masoero et al. 2016).
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can find a normalisation of the solutions @ @), @) guch that):

Wr[¢;ﬁi(l))’ ¢:(fi(2))] — (_l)p(s)e:tiﬂs(’y)@(ﬂ;‘l3))’ (513)

2 2

Wr[@ig‘fm), q)ff@))] — (_I)P(S)eiiﬂ(v*)(p(ﬂ.un)’ (51b)
2 2

where p(s) is the parity of s € S3, and where
S('Y) = ﬁs(Z) - ﬁs(l), S('Y*) = ﬂj(z) - ﬁj@), (52)

with the B, and 3]

;"( ) defined by the relations (47) and (49).

3.3 Sibuya Solutions. Expansion at 7 = 00

AL
We let g(z, \) be the Puiseaux series of (z’z(l + )\z’k)) 3 truncated after terms of
z~!, and S(z, \) be its primitive

L5 ) .
q(z,A):z%z(HZc,A’z*’k), S(z, /\)=/ q(y, Ndy, (53)

=0

where ¢; are the coefficients of Taylor series expansion at y = 0 of (1 — y)é, and
ZH»]

[Eyldl = .l # -1, [* ‘l =logz.
The Sibuya, or subdominant, solution of the Eqs. (44) and (45) is uniquely defined
by the following asymptotics

W(z,\) =255V (140(1)), asz— 4oo, (54a)
Wiz, \) = 23 SEV (14 0(1)),  asz — +oo. (54b)

Moreover we have that

W'z, \) =—e SV (1 +0(1), asz— 400, (55a)
U (z,\) = —e*EV (1 +0(1)), asz — +oo. (55b)

The Sibuya solutions ¥, ¥ * satisfy the following properties

— It is the solution (unique up to a multiplicative constant) with the fastest decrease
as z — +oo0.

— The asymptotic formulas (54) hold true on the sector | arg z| < 7 + ¢, forsome e >
0 (Masoero et al. 2016). In other words, if we continue analytically ¥ (z, ), ¥*
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(z, M) as well as the functions ¢g(z, \) and S(z, A) past the negative real semi-axis,
the asymptotic formulas still hold.

— The solutions ¥ (z, A), ¥*(z, \) are entire functions of )\, i.e. ¥(z, \) € C3(\)
and ¥*(z, \) € C* ().

— Finally, and most importantly, the solutions ¥ (z, \), ¥ *(z, A) satisfy the so-called
¥ -system

Wrl¥_i(z, M), ¥1(z, V]) = ¥7(z, V), (56a)

WrlW=, (2, 2), Wiz, VD) = ¥ (2, A). (56b)
The latter identities can be checked by comparing the asymptotic expansion of the
left and right hand side as z — +oc0.

The ¥-system is the last necessary ingredient to construct solutions of the Bethe
Ansatz equations.

34 0 E System and the Bethe Ansatz

As we have shown, the solutions {@ ) (z, \),@ ™) (z, \), ®¥)(z, \)} obtained in
(48a) provide an Oy, basis of C3()), and the Sibuya solution ¥ (z, \) belongs to the
same space. It follows that there exists a unique triplet of entire functions Q; (\) € Oy,
fori = 1,2, 3, such that

¥z M) = Q1N M (@, N) + QNP (2, ) + QNP ) . (5Ta)
Similarly, we have that

W N = QTN (2 M) + 03NS (2, M) + Q5N (Z N, (5Tb)
for a unique triplet of entire functions Q}(\) € O,, with i =1, 2, 3. Substituting
the expansions (57) in the ¥-system (56) and making use of the relations (51) we

obtain the following quadratic relations among the coefficients Q’s and Q*’s, which
is known as Q Q-system. For each s € S3 we have

(=1 Qi M) = €™ 0y (e N Qi (€N

— ™D Q1) (€™ N) Q0 (67N, (58a)
(=D Qy3 (V) = ™ Q% (€7N) Q) (€7 N)
_ e—iﬂs(f)*) Qj(l)(eiﬂ];A) Q;F(2) (e—irrlz)\)’ (58b)

where p(s) is the parity of s, and the phases s(v), s(7*) are defined in (52).
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Remark 2 System (58) was shown by Frenkel and Hernandez (2018) to be a univer-
sal system of relations in the commutative Grothendieck ring K (O) of the category
O of representations of the Borel subalgebra of the quantum affine algebra U, (s[3).

Finally, the Bethe Ansatz equations is a pair of functional relations for each one
of the six pairs of Q functions of the form { Q) Q;‘G)}, s € §3. Let \; denote an
arbitrary zero of the function Q1),and A{ an arbitrary zero of Qf ;). Evaluating the

above relations at e*™ ), we obtain the Bethe Ansatz equations

.7 . ]2
_ eziﬂ's(fy) QS(])(eZMTkAs) - ;F(:.;)(elﬂ' )\v)
Osy(e™2™Ng) Q3 (™)
Q;k(S)(e%Wk/\;k) _ Qs(1)(ei”k)\j)
Q;‘(S)(efﬁﬂ'k)\?) Qy([)(eimk)\?)

: ¢ *
_ esz ")

It is believed that each one of the 6 Bethe Ansatz equations is strong enough to
characterise all of the Q’s and Q*’s, by means of the so-called Destri-De Vega
equations.

4 Quantum Boussinesq Model

The quantum Boussinesq model has been described in great detail by Bazhanov
et al. (2002), from which the notation of the present section is taken and to which
we refer for further details. The model is defined by considering a highest weight
representation Va, 4, of the Zamolodchikov’s Ws-algebra (Zamolodchikov 1985),
and it is characterized by 4 parameters: the central charge —oo < ¢ < 2, the high-
est weight (A, A3) € C?, and the spectral parameter 4 € C. For generic values of
¢, Ay, Az, the representation V4, 4, is irreducible, a condition we assume from now
on. LetL,, W, n € Z, denote the generators of the V5 algebra as in Bazhanov et al.
(2002), Sect. 2. The highest weight fixes a ground state | A,, Az) € V4, a,, satisfying
Ln|A2, A3> = Wn|A2, A3> =0forn > O, and

Lo|Az, A3) = As|Az, A3)  WolAsz, Az) = Az|As, A3z).

The Ws-module Vy, 4, admits the level decomposition
[e ]
Vi, =D Vil ay LoVia, = M2+ NV,
N=0

The ground state |A,, A3) has level zero, the higher states are obtained by the
action of products of the lowering operators L,, W,, n < 0. More precisely, let
{vi...,v, U1..., g}, withy;, U; € N,beabicoloured integer partition of the integer
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N, namely v; <vj1, v; < Vjpand 3, v; + 3, 7; = N; to any such a partition
one associates a state of level N by the formula [ ] Ly, I ; W_3,10).

The integrable structure of the quantum Boussinesq model can be conveniently
encoded in the so-called Q-operators (Bazhanov et al. 2002, Sect.2), from which
the quantum integrals of motion of the model can be obtained. The Q-operators are
more precisely operator-valued functions Q; (¢), 6,» (t),i = 1,2, 3, depending on the
parameter ¢ = i, where p is the spectral parameter of the quantum model.’ The
level subspaces VXZ!) », are invariant with respect to the action of the Q-operators,

. (N N ~ . (N (N
QW VY, -V, Qv -V,

and in particular (for N = 0), the ground state |A,, A3) is an eigenvector for the
Q-operators:

Qi(1)| A, A3) = P (1)| s, As),
—(vac)

Q: ()] A2, A3) =P, (1) Az, As).

As proved in Bazhanov et al. (2002), Sect.5, the Q-operators (and therefore their
eigenvalues) satisfy the system of quadratic relations

Qi) = Qu(gNQs(g~'1) — Qs3(g1)Qa(g 1), (59a)
Qi) = Q:(gNQu(g 1) — Qa(g)Qs(g 1), (59b)
2Qx(1) = Q3(gH)Qi(g ') — Qi(gH)Qs(g~'D), (59¢)
2Qx(t) = Qi(gNQ3(g~"'1) — Q3(g1)Qi (¢~ '1), (59d)
c3Q3(1) = Qi(gNQa(g~'1) — Qa(gH)Qi (g 'D), (5%)
c3Q3(1) = Qa(gNQ (g~ ') — Qi(g1)Qa(g D), (59f)
where
g =e"s, (60a)
¢ = eirr(m—«/?pz) _ e_iW(Pl_\/gPZ)’ (60b)
¢y = 2T _ ezmpl’ (60c)
3 = TP HV3P) _ pmin(piV3p) (60d)

and the parameter g, p;, p» are related to ¢, Ay, As by the identities (Bazhanov et al.
2002, Sect. 3)

2 2 2 2
_ pitp,  c—2 2p2(p; —3py)

=50-24 h, A, =412 , A3 = ———F——
¢ (g+g ), A . T 3 G2

. (61)

5The spectral parameter 1 is denoted ) in Bazhanov et al. (2002).
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4.1 From (58) to (59)

We now prove that the QQ system (58) and the system (59) are equivalent. As a
by-product we deduce the explicit relations (3) among the parameters of the opers,
71,72, k, \, and the parameters of the quantum theory, ¢, Ay, As, u. More precisely,
we derive (3a), (3b) and (3¢) while (3d) can be found in Bazhanov et al. (2002).

Let Q;, Qf.i = 1, 2, 3 be the functions defined by the expansions (57), satisfying
the Qé—system (58). Assume that Q;(0) # 0 and Q7 (0) # 0,i =1, 2, 3. Recall the
definition of the indices 3;, 5, i = 1, 2, 3 as given in (47). Then, a direct calculation
shows that the functions

0:)

_ 20
0:(0)’

0;(0)’°

Pi(t) =t¥ PX(1) i=1,2,3

satisty (59), with the parameters g, pi, p» appearing in (60) related to the parameters
k,r', r? by the relations

A rt 2 V3
g=1_k=k+37 p1=_+__la pZZT

T+ 5 r'=r).  (62)

Substituting the above equation into (61) and using (34) we obtain (3a)—(3c).
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comparatively less-studied DJKM equation, Novikov-Veselov equation and negative
flow of the BKP equation.

Keywords Lump solution - Béacklund transformation - Nonlinear superposition
formulae

This work was done when the last two authors were being PhD students. Now Shi-Hao Li is
at the School of Mathematics and Statistics, ARC Centre of Excellence for Mathematical and
Statistical Frontiers, The University of Melbourne, Australia and Bao Wang is at the department of
Mathematics and Statistics, Brock University, Canada.

Gegenhasi
School of Mathematical Science, Inner Mongolia University, No.235 West College Road, Hohhot
010021, Inner Mongolia, China

X.-B. Hu (X)) - S.-H. Li - B. Wang

LSEC, ICMSEC, Academy of Mathematics and Systems Science, Chinese Academy of Sciences,
P.O.Box 2719, Beijing 100190, China

e-mail: hxb@]Isec.cc.ac.cn

School of Mathematical Sciences, University of Chinese Academy of Sciences, Beijing 100049,
China

© Springer Nature Switzerland AG 2020 79
F. Nijhoff et al. (eds.), Asymptotic, Algebraic and Geometric Aspects

of Integrable Systems, Springer Proceedings in Mathematics & Statistics 338,
https://doi.org/10.1007/978-3-030-57000-2_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-57000-2_6&domain=pdf
mailto:hxb@lsec.cc.ac.cn
https://doi.org/10.1007/978-3-030-57000-2_6

80 Gegenhasi et al.

1 Introduction

The theory of modern integrable systems originated from the work on the celebrated
Korteweg-de Vries (KdV) equation. It is a prototype water wave model involving a
broad variety of mathematical methods. This theory allows one to study a wide range
of phenomena and problems arising from physics, biology, and pure and applied
mathematics. The special significance of integrable systems is that they combine
tractability with nonlinearity. Hence, these systems enable one to explore nonlinear
phenomena while working with explicit solutions. One of the interesting explicit
solutions in nonlinear dynamics is that of solitons. Kruskal and Zabusky first discov-
ered solitons in the mid-1960s when they worked on the KdV equation. A soliton
is essentially a localized object that may be found in diverse areas of physics, such
as gravitation and field theory, plasma and solid state physics, and hydrodynamics.
The importance of solitons stems from the exhibition of particle-type interactions
and the characterization of the long time asymptotic behavior of the solution.

There are some other types of explicit solutions available in the literature. One
of them is so-called rational solutions, which is important to be found for integrable
equations. It provides us a criterion for integrability as the existence of an infinite
sequence of rational solutions appears to be equivalent to the Painlevé property
(Newell 1987), and the rational solutions are of, at least, potential value in physi-
cal applications. In this regard, of particularly interesting are an important class of
what we called nonsingular rational solutions. To the best of our knowledge, the
study of nonsingular rational solutions to integrable equations can be traced back
to Ames (1967) where N.J. Zabusky found simplest nonsingular rational solution
u= —H_j—gzxz to the Gardner equation

u, + 12quu, + 6u2ux + Uy = 0.

In the literature, there are three types of nonsingular rational solutions: (1) Alge-
braic solitons; (2) Lump solutions; (3) Rogue wave solutions. There are some exam-
ples which exhibit nonsingular rational solutions. In the case of algebraic solitons, a
typical example is the Benjamin-Ono (BO) equation

1 *© u(y,t)
u; +4uu, + Hu,,, =0, Hu(x,t) = —PV dy. (D)
b4

Co Y —X

In Ono (1975), Ono obtained 1-soliton solution u = m Some further
results about the algebraic solitons of the BO equation could be found in Matsuno
(1982a,b), Case (1979). The second example of algebraic solitons is the mKdV
equation v; + 6v2v, + vypr = 0, Whose simplest algebraic solution was also given by
Ono (1976) v = vy — M%(x:%%. Furthermore, N-algebraic solitons were found in
Ablowitz and Satsuma (1978). As for lump solutions, the result can be traced to Man-
akov et al. (1977) where Manakov et al. gave lump solutions to the KPI equation. In

particular, in Ablowitz and Satsuma (1978); Satsuma and Ablowitz (1979), Ablowitz
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and Satsuma developed a new method to seek lump solutions to the KPI equation and
DSI equation by taking the “long-wave” limit of the soliton solutions and there have
been many results about this topic; please see Feng et al. (1999), Grammaticos et al.
(2007), Ablowitz et al. (2000), Villarroel and Ablowitz (1999), Ma (2015), Villarroel
and Ablowitz (1994), Gilson and Nimmo (1990), Hu and Willox (1996). The third
line of research about nonsingular rational solutions is rogue wave solutions, which
is of physical significance. As is known, the NLS equation iu, + u,, + 2|u|*u =0

admits the following rogue wave solution u = (1 - %) %!, Obviously, by
2

taking u —> ue™*'", we may get a nonsingular rational solution of the equation
ity + uyy +2(ul> = Du = 0.

For more examples, please see, e.g., Kharif et al. (2009), Solli et al. (2007), Peregrine
(1983), Dubard et al. (2010), Dubard and Matveev (2011), Gaillard (2011), Guo et al.
(2012), Ohta and Yang (2012), Li et al. (2013), Ohta and Yang (2012, 2013) and
references therein.

The purpose of this paper is to develop a new procedure to generate lump solutions
to several integrable models. Different from those by Ablowitz and Satsuma by
taking the “long-wave” limit of the soliton solutions obtained and those by Ablowitz
and Villarroel based on inverse scattering transform, the technique we develop here
is via Bécklund transformations and nonlinear superposition formulae in Hirota’s
bilinear formalism (Hirota and Satsuma 1978). We will apply our procedure to the
some known examples such as KPI equation, two-dimensional Toda equation, BKP
equation to show how it works and further to the DJKM equation, Novikov-Veselov
equation and negative flow of BKP equation to show its effectiveness.

2 The Lump Solutions of KP Equation

The KP equation takes the form
(uy + 6uny + Uyyy)x +auyy, =0. 2)

Traditionally, the Eq. (2) with « = —1 is called KPI, and the one for @ = 1 is KPIL
The KPI equation does not have stable soliton solutions but has localized solutions
that decay algebraically as x> + y?> — oo and are called lumps. The lump solutions
of KPI have been first obtained by Manakov et al. (1977) and also by Ablowitz and
Satsuma (1978). Subsequently, Ablowitz and Satsuma derived the determinant form
of the N-lump solution for the KPI equation by taking limits of the corresponding
soliton solutions in Satsuma and Ablowitz (1979). In the following, we will use the
bilinear Béacklund transformation and the nonlinear superposition formula to rederive
the N-lump solutions of KPI equation.
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Through the dependent variable transformation # = 2(In f),,, the Eq.(2) can be
written in bilinear form

(DyD; + D} +aD})f - f =0, 3)

where the bilinear operator D" D¥ is defined by Hirota (2004)

3 a\" /a8 9\
D;"Dfa'bs< ) (———) a(x, )b, 1)

ax  ox’ 3 ar

x'=x,t'=t

A bilinear Bicklund transformation for Eq. (3) is given by Nakamura (1981), Hu
(1997)

(aDy + D>+ AD,)f - f' =0, 4)
(D, + D? —3arDy —3aD,D,) f - f' =0, )

where a?> = %a and A is an arbitrary constant. We represent (4)—(5) symbolically by
f BN f’. The associated nonlinear superposition formula for the Eq. (3) is stated in

the following proposition (Nakamura 1981; Hu 1997).

Proposition 1 Let fy be a nonzero solution of (3) and suppose that fy and f, are
solutions of (3) such that fy N fi (i =1,2). Then fi1, defined by

1
fo fio =c[Dy + 5()»2 — M) f1 - fa, c is anonzero real constant (6)

is a new solution to (3) which is related to f and f, under bilinear BT (4)—(5) with
parameters Ay and Ay respectively, i.e.
A1 fl A2
f < >f12
A2 fo A1

In Hu (1997), it has been shown if we choose 6; = x + p;y — ozpizt, then the

Bicklund transformation tells us 1 =g fi = 6; + B; (where B; is a constant). By

using proposition 1, we can obtain the following solution to the KP equation

2 1
Jo=——"—"[fixo— fifax + (2 — XD fifa]l =
a(p1 — p2) 2

2 2 -
10+ (o — ———— )y + i+ L2 P
a(p1 — p2) a(p1 — p2)

(7

2
016+ B+ ——
a(p1 — p2)
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bytaklngc—ap pz)m(6) Ifao =—1,py=pi,p1=— B2 =

a(p1— )
(7), then we obtain the 1-lump solution p "

H(Pl P2’

12
f2=616f — ———= >0.
(-2
Furthermore, we can obtain an N-lump solution of the KP equation by using the
nonlinear superposition formula repeatedly. For this purpose, we have the following
proposition.

Proposition 2

fl f2 fN
(_ax‘i‘%)fl (—0, —I—%)fz (_3}(4_%)]01\]
Fiv =cx : : : ®)

(=0 + 2OV f (=0, + 2V e (=0 + IOV Ay

is a determinant solution to the KP equation (3), where f;(i =1,2,...,N) is
obtained from the seed solution fy by using Bdcklund transformation (4) and (5),

. Ai
ie fo — fi.

In order to obtain the N- lump solution, we take f; =6; + B;,6; = x + p;y —
apt,hi = —api, Bi = Y oy fori=12,... Nandey = I1 A/EA/.Inthis
J#i I<i<j=N
case, from (8), we have

9i+/31 On + BN
—1+ 361+ 1) —1+ @Oy + )
Fy =cn . .

(=N + (V= 2+< W=L@) + 1) - (=N + DN - 2+< WLy + Bw)

It can be verified that the above determinant can be written as the product of the
determinants

A M AN—1 2 .2

1 7| e (7]) o = M—An 2)\N
AL (l2yN-1 —

13 () wn T2—hy
Av L (AnyN-1 2 __2 ..

1 2 ( 2 ) M—An  Aa—hy O

By using the basic property of Vandermonde determinant, we know
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2 2
61 AT Py y
N —
A A
Fy = ) ) DN 9
2 —2 ... Oy

T Ay ha—Ay

If we choose N =2M, py+i = (p))*(i = 1,2, ..., M), then Fy gives the M-lump
solutions of KPI equation which coincides with those obtained in Satsuma and
Ablowitz (1979). The positivity of (9) could be found in Ohta and Yang (2013)
for an affirmative answer.

3 The Lump Solutions of the DJKM Equation

The second equation of the KP hierarchy is the DJKM equation which is written as
Wyxxxy + 2wxxxwy + 4wxxywx + 6wxywxx — Wyyy — zwxxl =0. (10)

Through the dependent variable transformation w = 2(In f),, the Eq.(10) can be
transformed into the multilinear form

1
DU(DIDy = DD f - f1- f*+ D(DF =3D)f - f1- f2=0. (1)
A bilinear Biacklund transformation for Eq. (11) is given by

(D} +iDy+A+uD)f - f =0, (12a)
i

. 3 Lo i,
(D + 5D, = 3D} = 21D, = 5

i ,
5 5 pwD Dy — EDny)ﬂf =0, (12b)

where A, u are arbitrary constants. If we take A = 0 for simplicity, then Bécklund

transformation (12a) and (12b) can be symbolically written as f £ f'. The asso-
ciated nonlinear superposition formula for the Eq.(11) is stated in the following
proposition.

Proposition 3 Let f be a nonzero solution of (11) and suppose that f, and f, are
solutions of (11) such that fy N fi i =1,2). Then fi, defined by

1
fo f12=C[Dx+§(M2_M1)]f1 - fa, (13)

is a new solution to (11) which is related to f, and f, under bilinear BT with
parameters |1y and v respectively. Here c is a nonzero real constant.

Similar with the KP case, we obtain the 1-lump solution to the DJKM equation
by using the Bicklund transformation and nonlinear superposition formula. By set-
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ting0; = x + p;y — %p?t, then from bilinear BT, one obtains 1 = fi=6i+ 6
(where g; is a constant). Now from the nonlinear superposition formula (13), we
obtain the following solution of the DJKM equation

2 1
fo=——fuuo— fifox + (2 —u) fifol =
M2 — [ 2

2 2 2(B2 — B1)
016+ (B1+ ———)0 + (o — ——)01 + [Bi1fr + —————1(14)
M2 — 1) M2 — g M2 — g
by taking ¢ = - in(13). If we choose py = p, fi = 2, o = =2~ in(14),
then we obtain u, = —puj, 6, = 6 and the 1-lump solution i
=00+ — =Pt —— 50 (15)
12 =0 — =16 — > 0.
P (4 )2 (1 + 1})?

The N-lump solution could be found by using the nonlinear superposition formula
repeatedly.

Proposition 4

f] f2 fN
FN - CN . . . .

(=0 + VT i (=0 + VT e (B + 5OV

is a determinant solution to the DJKM equation (11), where f;(i =1,2,..., N) are
obtained from seed solution fy by using BT (12a)—(12b) fy AN fi.

In order to obtain the multi-lump solution, we take f; = 6; + B;, 6; = x + p;y —

%p?t, Wi =—ipi, Bi=> uzu' fori =1,2,..., N. After the proper choices of
g

parameters, the determinant F could be written as

01 + B ON + BN
Fy =cn X .
N+ DDV 2+ ELON=Y 0+ ) - N+ DEDON 2+ BN oy + By

It can be verified that the above determinant is also a product of determinants

L& ... (%)N*1 61 mzuo MIEMN

1 & ... (E2)N-1 0y 2
A M e 16
.N ) N.N—l ] . . .

1M () ——2 ___2 ... gy

H1—KN H2—HKN
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The choiceof cy =  [] MEMV gives us
l<i<j<n "™

O //«IEMZ o m—zmv

__2 6, R
M1—M2 M2—HUN

Fy = . ) ) . . (17
2 2
_ _ N

H1—HUN MH2—HUN

For N =2M and pyy; = (pi))* (i =1,2,..., M), we could find that 6y,; =
6)*, upm+i = —(u;)* and the positivity of Fy is the same with KP case. There-
fore, in this case, Fy is the M-lump solution of the DJKM equation.

4 The Lump Solutions of the Elliptic Toda Equation

We now consider the so-called elliptic Toda equation

2 82

(W + 8—y2)(10gun) =Ups1 — 2y +Up_1.

This equation has been studied in Villarroel (1998); Villarroel and Ablowitz (1994),
where the inverse scattering method was applied to obtain lump solutions. By the use
of variable transformation u,, = %, we can obtain the following bilinear form

(DI + D) fu+ fo= Q> =) f+ fo (18)

which admits a Biacklund transformation as follows
(Dy+iDy+ 27" + ) f - g =0, (19a)
((Dx —iDy)e P — heiPr 4 ye P f g = 0. (19b)

Furthermore, from the Biacklund transformation, we may get the following superpo-
sition formula.

Proposition 5 Let fo(n) be a nonzero solution of Eq.(18) and suppose that fi(n)

and f>(n) are solutions of (18) such that fy(n) L> fi(n) (@ = 1, 2), then there exists
the following nonlinear superposition formula

1 1 1
e 2P fo - fio =che 2P —xe2P fi - fo (20)

where fi, is a new solution of (18) related to f, and f, with parameters A, and A
respectively. Here c is a nonzero constant.
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In order to get the lump solution, we choose fy = 1and f; (i = 1, 2) as linear func-

tions with respecttox, y and n,i.e. 1 N fi=6i+pi=n+ pix +qy+ Bi.Then
from the Bicklund transformation (19a) and (19b), we may get ; = —A; ! Vi = My
pj =30 +2;) and g; = 3:(A;' — A;). Therefore, we get the seed function of
the lump solutions

1 _ I _ :
0, =n+ E(,\jl +A)x + Z(le — Ay, j=1,2.
Therefore the nonlinear superposition formula (20) becomes

fzn) =ch filn — 1) fo(n) — A fi(n) fa(n — 1)). 2D

In this case, if we take ¢ = ﬁ and f; = 6; 4+ B;, then (21) can be written as

1
fi2(n) =016, + (A8 — Aa(B2 — 1))04
Al — A2
1
+ A1(Br — 1) — 22B1)02 + 182 + (A2B1 — A1B2). (22)
)L] — )Lz )Ll - )‘2
Furthermore, if we take §; = )H)L_l)tz’ Br=— MA_ZM, then we have:

fi2(n) =010, + A, (23)

where A = ﬁ Obviously, if we choose A; # A2, then 0, =65, A > 0, and
therefore we get 1-lump solution of the elliptic Toda equation which is shown in

Fig.1.

Proposition 6 The elliptic Toda equation admits the general nonlinear superposi-
tion formula

e P Fy_y - Fyypt = e 72 — Ay 1e2P)Fy - By, (24)

j--i

Fig. 1 1-lump solution of the elliptic Toda equation
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where

fin) Sn(n)

Fy(n) = : :

(=" T fin=N+1) - (2" iy =N +1)
= |1(n), ..., N(n)|.

Ey(n) =1[1(n),...,N —1(n), N + 1(n)].

Here {fi(n,x,y), j=1,2,..., N + 1} are the seed functions fj(n,x,y) =n+
SO a)x + 505 = 1)y + By

Proof 1t is noted that (24) can be alternatively written as:
Fy-1(n = DFys1(n) = O Fy (= DEy () = hvsr Fn(m) Ey(n = 1) - (25)

and

N—1
Fyoin=1D=|ln—-1),...,.N—-1(n—-1)| = H(—)L,»)D[;]}

i=1

J
k
D whose j-th row and k-th column are deleted. By taking the explicit forms of F
and F into the Eq.(25), we may see the nonlinear superposition formula is a Jacobi
identity.

where the determinant D means Fy (n) and D means the (N — 1)-th minor of

Inspired by the 1-lump solution, we now choose f;(n) =0;(n)+B; =n+
%(A;l +Aj)x + %()\;l — Xj)y + B,, and therefore the solution Fy (n) can be writ-
ten as

01 + B1 On + By
—A0r+ 61— 1D —Any@On + By — 1)
Fy(n) = . )

’

(AN 1O+ B = N4 1) - (—h)¥ 1O + By = N + 1)

from which we see that if and only if we take 8; = A; > ﬁ, we can get Foy
j#E
without the odd term. On the other hand, from the determinant identity, we may get

—A —
1=y - (—Al)ﬁ 9; el W
1 —hy -+ (=2)N™ —h g, ..k

Fym)=|. . . x [T T (26)
1 =y - (=ap)¥! Ay Ay gy

AN—=A1 AN—A2
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In this case, we have the following determinant solution

S e B
9}{ s R
2 Gy e 2

2= ha—AN

Fy(n) = 27)

A Ay g
AN=A AN—A2 N

In the following, we want to construct lump solutions from (27). Here we just consider

the case of N = 4, and set the parameters as A3 = /\i*, Ay = Ai In this case, we have
1 2

AAo
(A1 — A2)?

e

Fy = 6,076,605 —_—
4 10,020, + O — 1)2

0765 +c.c+ 0165 + c.c

AT
(may = D?

A3
(h223 — D?

020; + 0101* + A,

where c.c means the complex conjugate and A is greater than zero. It means Fy is
2-lump solution of the Toda equation and Fig. 2 shows 2-lump solution of the Toda
equation.

In general, Villarroel has shown in Villarroel (1998) that the F,y given by (27) is
always greater than 0 if Ay4;A = 1 and {A;, 1 < i < 2N} are off the unit circle.

5

. i b ;

1

<> g

Fig. 2 The interaction of 2-lumps of the Toda equation
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5 The Lump Solution of the BKP Equation

In Gilson and Nimmo (1990), the lump solution of the BKP equation has been
considered by Claire Gilson and Jon Nimmo. In this part, we would like to show the
Bicklund transformation and nonlinear superposition formula can also provide us a
Pfaffian form to the lump solution of BKP, which indicates this technique could also
be used for the B, -type equations and Pfaffian forms.

Consider the BKP equation

(u; + 15uuz, + 15u> — 15uu, + usy), + Suz,, — Suy, = 0.

Through the bilinear transformation u = 2(log f),, we obtain the bilinear form for
the BKP equation

(DS —5D}Dy — 5D + 9D, D) f - f =0, (28)

whose Backlund transformation is indicated as follows (Hirota 2004)

(D} — D, —3kD? +3k’D,) f - g =0, (29a)
(=D —5D?D, + 5kD? + 5k*D? — 10k* D, + 10kD, Dy +6D,) f - g = 0.
(29b)

Furthermore, we have the following nonlinear superposition formula.

Proposition 7 Let fy be a nonzero solution of Eq.(28) and suppose that f| and f>

. A . . . .
are solutions such that fo — f; (i = 1, 2), then there exists the following nonlinear
superposition formula

[Dy — (k1 + k)1 fo - fiz = c[Dx + (k1 —k2)1f1- f2 (30)
where f1, is a new solution related to f| and f, with parameters L, and , respec-

tively. Here c is a nonzero constant.

For the Bécklund transformation (29a) and (29b), if we take fo = 1 and f;(i = 1, 2)
as the linear functions, then f; = 6, + 8; = x + 3ki2y + Sklf‘t + Bi, i =1, 2. In this
case, the nonlinear superposition formula becomes

d
_EfIZ_(kl+k2)f12=f2_f1+(k1_kz)fl'fZ- (€29)

By solving this ordinary differential equation, we may obtain the solution of the BKP
equation
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Fig. 3 The figure of 1-lump solution of the BKP equation

¥ ky — f et 2k, f 2k 42 ky — ky
S N o S IR 5 S (TR
ky — ki (k3 — k) B2 + 2ky (k3 — kD)1 — 2k,
= 616, + 0 6+ A,
ki 4k 2 (k1 + k2)? 1 (k1 + k)? :
where A = k2+2/31/32 + £ kl+k2 (k1+k (B + Bo) + 2(k s+ It can be verified that
if we take B; = kz, B = kz, ky = k% and |Imky| > |Rek;|, then the 1-lump

solution could be obtamed

Remark 1 Notice that the first order ordinary differential equation (31) may have a
general solution, however, in the lump-solution case, we just consider the polynomial
solution of f, hence this solution is unique in this sense.

In Fig. 3, the 1-lump solution of the BKP equation is drawn for a particular choice
of the parameters.

Proposition 8 BKP equation has a general nonlinear superposition formula as fol-
lows

[Dx - (k2n+l + k2n+2)]F2n . F2n+2 = [Dx + (k2n+l - k2n+2)]ﬁ2n+1 . F2n+1~ (32)
In particular, the solution F,,, F»,| and ﬁ2n+1 have the Pfaffian forms

Fon=(1,...,2n), Faps1 = (do, 1,....2n+ 1), Fopi1 = (do, 1,...,2n,2n +2),

(33)
in which the Pfaff element satisfies the following relationship
(do,i) = f; = 6 + B = x + 3kjy + 5kt + B;,
d
(di,1) = E(do’ i) +ki(do, 1) =1+ki fi, (34)

d
E(i’ D+ ki + k), j) = (do, dy, i, j), (do,dr) =0.
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In order to prove the proposition, we need following lemmas.

Lemma 1 Under the assumption of the Pfaff element (33), we have

2n

d
(L2 + O k(... 2n) = (do. dy. 1. ... 2n). (35)

i=1

Proof We will prove this conclusion by induction. For n=1, it is just the assumption
we set in (33). By assumption, it is known that

2n+2
d A A .
=@ M)+ Y k@ MA+2) = (o di,2, s fye 20+ 2)
i=2,i#]

holds for Pfaffian of order n. Then for Pfaffian of order n + 1, we have

(do.dy, 1,...,2n+2)

2n+2
=Y (=D[Wo.dr, 1, )2, joo 20+ 2) + (1, )do.dr 2, ... fo ... 20+ 2)]
j=2
2n+2 ) d
= D DU )+ G+ IR, o 20 +2)
i=2 *
. d A \
+, Pl—@, ..., i M2+ k2., i 2n +2))}
dx —
i#]
d 2n+2
:E(l,...,2n+2)+Zki(l,...,Zn—‘,—Z),

i=1
which completes the proof.

Lemma 2 Under the assumption of the Pfaffian element (33), we also have

2n+1
d
@ 1....2n4 )= (o 1....20+ )+ (Y kdo,1,....2n+1),  (36a)
dx P
d
@, 12,20+ 2) = ——(do, 1, 20,20+ 2) + (Y K)o, 1,0, 20,20 +2).
X
i#2n+1

(36b)

Proof We just prove the first equation, and the second one can be verified in a similar
way. By expansion of Pfaffian, one has
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@d.,1,....2n+1)
2n+1
=Y (=D, H(,....j,2n+1)
j=1
2n+1 ) d R
= D DT o, )+ ko, DI 20 )
j=1
d 2n+1 - ' .
= ——o.1....m+ 1)+ ;(—1)1 kj(do, Y1, ...\ jyo2n+1)

2n+1 ] 2n+1
=2 Do, Pldo.di 1o 2n 4 D = () k(L o 204 D]
j=1 i=1,i#j
2n+1

d
= -, 1,20+ D+ (Y k) (o, ..., 21+ 1),

i=1
and the equation is verified.

The Lemma 1 tells us the left side of the nonlinear superposition formula can be
written as

(do,di, 1,....20)(1,....2n +2) = (1,...,20)(do, d1, 1, ..., 2n +2), (37)

while the Lemma 2 shows the right side can be written as

—(d,1,...,2n+ 1)(do, 1,...,2n,2n +2) + (do, 1, ...,2n 4+ 1)(d;, 1,...,2n,2n + 2).
(38)
Therefore, under these two lemmas, we find that the nonlinear superposition formula
of BKP equation (30) can be written as

(do,dy,1,...,2n)(1,....2n +2) = (1,...,2n0)(do, d1,1,...,2n 4+ 2) =
—(d,1,...,2n4+1)(do, 1,...,2n,2n+2) 4+ (do, 1,...,2n 4+ 1)(dy, 1,...,2n,2n + 2),

which is the Pfaffian identity (Hirota 2004).

And then we would like to prove the F», given in (33) is always positive or
always negative under some constrains. Following the method mentioned in Gilson
and Nimmo (1990), we first consider the determinant of 2n x 2n skew-symmetric
matrix A = (4, j)1<i, j<2» Which can be represented as the square of Pfaffian given
in (33):

F} =(1,2,...,2n)% =det A. (39)

Applying Eqgs. (33) and (39), we can derive:
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ki — e+ 2k, ' 2k; )+2(k?+k§)
k+k ' -k =k (kG — k)2

I (40)

ai,j =

If we set k; = k;,;, Bi = B;,; and [Imk;| > |Rek;|, then the determinant of A can
be written as the following form:

B

C
det A = det _B* C*

, (41)

which is always positive. In Eq.(41), B = (b; j)1<i, j<n, C = (¢i,j)1<i, j<n are two
n x n matrices, whose element b; ;, ¢; ; are given by:

bij = [(ﬁ 2 e B . B 2062+ k%)
T ki ks o T e S (S St
ki — , 2k,» 2(k7 + k3)
Cij = k, [(fl ki 2)(fj ka) + (klz — k12)2]

Since Fzzn > 0 by taking k; = k;;, B; = B,,; and |[Imk;| > |Rek;| in F,, , and the
lump solution is a continuous function, so the F5, is always positive or always
negative. Therefore, the solution F,, with k; = k), B; = B,; and [Imk;| > |Rek;|
is the nonsingular rational solution of the BKP equation.

6 The Lump Solutions of the Novikov-Veselov Equation

In this part, we want to discuss the lump solution of the Novikov-Veselov equation
20t + Uy + tyyy + 30 uy) + 3w uy)y =0, (42)

which can be viewed as an extension the KdV equation in two spatial dimensions
and one temporal dimension. Biacklund Transformation and nonlinear superposition
formula and 1,2-lump solutions have been studied in Hu and Willox (1996). Here
we revisited some important facts.

Under the dependent variable transformation u = ug + 2(log f),, with ug a con-
stant, the Eq. (42) can be transformed into the multilinear form and enjoys the fol-
lowing Bicklund transformation

(DyDy — uDy —ADy +Ap+up)f - f =0, (43a)
(2D, + D} 4 D} 430Dy —3AD; + 3’ Dy —3uD)) f - f'=0,  (43b)

where A and p are arbitrary constants. The nonlinear superposition formula can be
stated as follows.
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Fig. 4 1-lump solution of the Novikov-Veselov equation

Proposition 9 Ler fy be a nonzero solution of (42) and suppose that f| and f, are
solutions of (42) such that fo - f; (i = 1,2). Then fi, defined by

[Dx — (ki + k)1 fo - fi2 = c[Dx + (ki —k2)1f1- f2 (44)

is a new solution to (42) which is related to f1 and f, under bilinear BT (43a) and
(43b) with parameters k, and k| respectively. Here c is a nonzero real constant.

To obtain the lump solutions, we have to take fo =1 and f; =6; + 8 = kizx +
upy — mt + B;. For 1-lump solution, if we setk, = ki, p; = B; and Imk; >
i THY/K;
Rek;, (i =1, 2), then
2k3k kik3 (ki + k3)

2
fio= 061+ 515) xce. +2
ki — k3 (ki — k3)?

s

where c.c. means the complex conjugate. Obviously, fi, is positive and itis a 1-lump
solution. We depict the 1-lump solution of the Novikov-Veselov equation in Fig.4.

Noticing that the nonlinear superposition formula of the Novikov-Veselov equa-
tion (44) is the same as the BKP equation (30), the Novikov-Veselov equation (44)
possesses the same structure of solution as the BKP equation except the seed function.
Hence we have the following proposition.

Proposition 10 Novikov-Veselov equation owns a general nonlinear superposition
formula

[Dx - (k2n+1 + k2n+2)]F2n : F2n+2 - [Dx + (k2n+l - k2n+2)]FA'2n+1 : F2]‘l+la (45)
where

Fo=(1,....20), Fai1 = (do, 1,....2n 4+ 1), Fays1 = (do. 1,...,2n,2n +2),
(46)
where the Pfaffian elements satisfy the following relationships
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(do, i) = fi = 6; + Bi = k*x +upy — 1+ Bi,

3
20k + ud/k?)
d
(di,i) = —(do, i) + ki (do, i),
dx

d
E(i’ D+ ki + k), j) = (do, dy, i, j), (do,dr) =0. (47)

Since the proof of this proposition is similar to that of BKP equation, we omit it here.

If we setk; = k., B; = B;,,; and [Imk;| > |Rek;|, then we can show in a similar

way in Sect. 5 that F5, is always positive or always negative. Therefore, we get the
N-lump solution of the Novikov-Veselov equation, which has the representation of

(46) with k; = k7, i = B, and [Imk;| > [Rek;].

7 The Lump Solutions for Negative Flow of BKP Equation

In Hirota (2004), Sect. 3.3, the author proposed another shallow wave equation, called
the negative flow of BKP equation

Uyt — Uxxxy — 3(”xuy)x +3u,, =0. (48)

By the dependent variable transformation u = 2(log f),, it can be transformed into
a bilinear form
[(D: — D)Dy +3D;1f - f =0,

which possesses the following Bécklund transformation

(DyDy +A7'D, +AD)f - f' =0, (492)
(D2 +31D? + 34D, — D)) f - f' =0. (49b)

Furthermore, we have the following result.

Proposition 11 Let fy be a nonzero solution of Eq.(48) and suppose that f, and

f> are solutions of (48) such that fy N fi (i = 1,2), then there exists a following
nonlinear superposition formula

(Dyx + (ki = k2)) fo - fi2 = c¢(Dx — (ki — k2)) f1 - /2, (50)

where f15 is a new solution of (48) related to f| and f> under bilinear BT (49a) and
(49b) with parameters k, and k| respectively. Here c is a nonzero constant.

A 1-lump solution of the negative flow for BKP equation is derived in the follow-
ing. Starting with fo =1, f; = x — kizy + 3ki2t + B;(i =1,2), we may obtain the
following solution
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ko 2k, 2k, kz — ki
fe= T Lt RS s
ky — ki (k3 — k3) B2 + 2k (k3 — k3B — 2k,
= 016, + % 6, + A,
ki +ky 2 ki + k)2 ki + k)2 °

where A = 1+k2'3 P2 + ﬂ1+k7 (k1+kz)2 B +’32)+2(k1+kk1)3 If we take f; =

% B = k22k11<2’ ky = ki and |Imk;| > |Rek;|, we get the 1-lump solution.

In order to obtam N-lump solutions, we need to establish a general nonlinear
superposition formula for the negative flow BKP equation.

Proposition 12 The negative flow BKP equation owns a general nonlinear super-
position formula

[Dy — (kaust + k2u12)1Fan - Fanga = [Dy + (kaust — kou2)1Fauss - Faypr (51
and the solutions F,,, Fy,+1 and ﬁ2n+[ are expressed as Pfaffians

F,=,...,2n), Fouy1 = (d, 1,...,2n+ 1), ﬁ2n+1 =(dy, 1,...,2n,2n+2),

(52)
where the Pfaff elements satisfy the following relations

(do. i) = fi = 6; + Bi = x — k}y + 3K}t + B,

d
(dl’ l) = _(d()’ l) + ki(d()a l)v

dx
d
E(i’ )+ (ki + k), j) = (do. dr. i, J), (do,dr) = 0. (53)

The proof of Proposition 12 is similar to the case of BKP equation, so we omit it
here. Furthermore, we can show in a similar way in Sect.5 that F, in (52) with
ki =k ;. Bi = B,,; and [Imk;| > |Rek;| gives the N-lump solution of the negative
flow of BKP equation.

8 Conclusion

It is truly remarkable that the lump solutions of several integrable models could be
obtained by Bicklund transformations and nonlinear superposition formulae and the
effectiveness presents itself in this paper. It is natural to expect that this technique
can be applied to more equations in AKP and BKP type, also for CKP and DKP type
equations. The lack of the bilinear Bécklund transformation of CKP equation brings
us essential difficulty to construct the nonlinear superposition formula, as well as
the lump solution. In particular, we also expect to develop the similar technique to
generate the lump solutions for the discrete integrable lattices.
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Stokes Phenomenon Arising in the )
Confluence of the Gauss Hypergeometric | @&
Equation

Calum Horrobin and Marta Mazzocco

Abstract In this paper we study the Gauss and Kummer hypergeometric equations
in-depth. In particular, we focus on the confluence of two regular singularities of
the Gauss hypergeometric equation to produce the Kummer hypergeometric equa-
tion with an irregular singularity at infinity. We show how to pass from solutions
with power-like behaviour which are analytic in disks, to solutions with exponential
behaviour which are analytic in sectors and have divergent asymptotics. We explic-
itly calculate the Stokes matrices of the confluent system in terms of the monodromy
data, specifically the connection matrices, of the original system around the merging
singularities.

Keywords Hypergeometric differential equations + Asymptotic expansions *
Confluence + Monodromy data

1 Introduction

This paper studies the Gauss hypergeometric differential equation,

& d
x(1—x)d—xﬁ+(v—(a+ﬁ+1)x)%—aﬁy=0, (1.1)

where x € C, and the Kummer confluent hypergeometric differential equation,
d2y+( )d& By=0 (1.2)
b4 s Y—2z iz y=0, .

where z € C.
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For brevity, in this paper, these equations are simply called Gauss equation and
Kummer equation respectively.

The aim of the paper is to give rigour to the confluence of two regular singularities
of the Gauss equation to produce the Kummer equation with an irregular singularity
at infinity. In particular, the monodromy data of the confluent equation (Kummer),
including Stokes data, are produced as limits of the monodromy data of the original
equation (Gauss) using explicit formulae.

One of the main difficulties addressed in this paper is how to make sense of the
confluence limits by understanding how to pass from the solutions of the original
system to the solutions of the confluent system. This is a non-trivial question because
it involves passing from a solution with power-like behaviour which converges in
a disk to solutions with exponential behaviour which are analytic in a sector and
asymptotic to a divergent series.

The procedure of this paper is based on an existence theorem by Glutsyuk (1999).
Essentially, this states that there exist certain diagonal matrices K. and K_. such
that the limit,

limK~! C K.,
e—0

where C is the connection matrix between the merging simple poles of the original
system, exists. Moreover, this limit gives one of the Stokes matrices if ¢ — 0 is
taken along a certain ray. However, this existence theorem does not prescribe how
to calculate the diagonal matrices K. and K_.. The main result of this paper is to
calculate such diagonal matrices and thus produce both the Stokes matrices in terms
of limits of the connection matrix of the original equation explicitly. In particular
calculate how one Stokes matrix is produced as limit along a certain ray and the other
one by the limit along the opposite ray.

Despite the fact that the analytic theory of the Gauss and Kummer equations has
been developed more than a hundred years ago, the question of producing the Stokes
data of the Kummer equation in terms of limits of monodromy data of the Gauss one
has only been approached rather recently (Lambert and Rousseau 2008; Watanabe
2007). In particular, in Watanabe (2007), the Mellin-Barnes integral representations
of the solutions of Kummer equation are produced as limits of the ones for the Gauss
equation, and then the Stokes data are deduced from the Mellin-Barnes integral rep-
resentations (this last calculation is reported here in Appendix B for completeness).
In Lambert and Rousseau (2008), the confluence problem is solved by observing that
one of the Fuchsian singularities remains Fuchsian under the confluence, so that the
corresponding local fundamental matrix of the Gauss equation admits an analytic
limit under the confluence, thus allowing to compute explicitly the monodromy of
the Kummer equation around 0. The Stokes matrices are then determined by the fact
that loops around 0 are homotopic to loops around oo in the Riemann sphere with
two punctures.

The approach of the current paper does not require closed form expressions such
as Mellin-Barnes integrals. Indeed, in Horrobin et al. (2020), we use this procedure
to calculate the Stokes matrices of the linear problem associated to the fifth Painlevé
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equation (and its higher order analogues) in terms of limits of the connection matrix
between 1 and oo in the linear problem associated to the sixth Painlevé equation
(and its higher order analogues) for which closed form fundamental matrices are
unknown.

Another advantage of the procedure of the current paper is that it does not rely on
the existence of an additional simple pole which survives the confluence limit, and
therefore it can be applied to the confluence from the Bessel differential equation to
the Airy one for example, or even more ambitiously, in the confluence from the fifth
to the third Painlevé equation—this challenging work is postponed to subsequent
publications.

This paper is organised as follows: In Sects.2 and 3, the authors remind some
background on the Gauss and Kummer hypergeometric differential equations respec-
tively. In Sect.4 the confluence procedure is explained, and the main result of this
paper, Theorem 4.9 is proved. In Appendices A and B, the classical derivation of the
monodromy data for the Gauss and Kummer hypergeometric differential equations
respectively are derived using Mellin-Barnes integrals.

This paper is inspired by some of the facets of Nalini’s mathematical taste and
style because to tackle a seemingly simple problem it requires an unexpected depth
that opens a Pandora’s box of beautiful mathematical problems. For this reason, we
wish to dedicate this paper to her. [Calum Horrobin and Marta Mazzocco]

I wish to thank Nalini for her friendship of more than twenty years. Throughout
her career, Nalini has mentored, supported and sponsored a huge number of early
career mathematicians, some formally as her PhD students and post docs, others
informally, like myself and many others. [Marta Mazzocco]

2 Gauss Hypergeometric Differential Equation

Throughout the paper we work in the non-resonance assumption: vy, v — o — f3,
a—p0¢7.

To define monodromy data, it is easier to deal with a system of first order ODEs
by using the following trivial lemma:

Lemma 2.1 Under the assumptions o # 0, v # 8 # 1 and a # B — 1, the matrix

- yi(x) y2(x)
o= <‘1’(y1,yi:X) W(deéﬂf))’ @D

where

a@B—y+(@+1=058x) ) +x(x — D(a+1—- )y (x)
a(B—1D(B—7) '

v (ykv )’J/c, .X) =
2.2)
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Fig. 1 Chosen disks with Q — —— Q
branch cuts. Note that Qo is 0,” /4\ N 1
a disk in the complement of // // \ \
S UD \
o U Q) ‘——"\‘———Q It___;r___
\
AN 0\ 4 1,
\\_/\/\‘__//

is a fundamental solution of the equation

dY_ ﬂ A

a_<x +x—l>Y’ @3
e 1 (aB=n al =B =)
T et B\ a+l—y A =Bla+1-y )"

A - 1 <a(v—a—1)a(ﬁ—1)(6—v)>
! y—a—1 B-DEB-7y )’

— at1-0

if and only if y;(x) and y,(x) are linearly independent solutions of Gauss hyperge-
ometric equation (1.1).

So, from now on, we stick to the system of first order ODEs (2.3).
We define the following disks with chosen branches, as illustrated in Fig. 1:

Q={x:|x| <1, —7 <arg(x) < 7},
Q={x:lx-1] <1, —m <arg(l —x) <7},
Qo =1{x:|x| > 1, —m < arg(—x) < 7},
It is well-known that the solutions of Eq.(1.1) are expressible in terms of Gauss
hypergeometric , F series, in particular the following three pairs of linearly inde-

pendent local solutions yfk)(x) and yék) (x) of (1.1) defined in the neighbourhoods
Q; form a basis around each singular point:

. at+l—7, B+1-
) =x! ’2F1< ;_i V;JC),

(e
yéo)(x) =, F ( ,yﬂ;x> ,

[€)) _ _ v\7—a—pf T ’Y_/B _
yo@)=(1-x) 2F1<’y+1—a—6’1 x),

My _ a B
w0 =ah (5, i1x).

x € Qo, 2.4)

x € Qy, (2.5)
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—a a, a+1-— _
¥ (x) = (—x) " F, Tox 1),

a+1—-p0
. o xeQu.  (26)
W = o hm (P —'),

Lemma 2.2 The following local fundamental solutions of the matrix hypergeometric
equation (2.3) have the following form

YO (x) = RyGo(x)x®, x € Qo, Q2.7)
YW (x) = RiG(x)(1 — x)®", xeQ, 2.8)
Y (x) = RooGoo (X)(—x) 9, x € Qo (2.9)

where Ry and ©y are the following matrices:

1 1 1 1 1 0
RO = atl—y 1 |>» Rl =\ 1 at+l—y 5 Roo 0 (B—a)(a+1-p)
a(B—y) B-1 a (B=D(B-) a(B-D(B-)

_(1—=~0 _(yv—a—=p80 (o 0
on=(to70) o= (0 "0) o= (555)

which satisfy Rk_] ARy = O, and G (x) are the following series:

a+1—r,
2F1< 7 8=,

1_ 9
Go(x) =
0@ xatl(=p) p CY+2—’Y,,3+1—’Y_X
1=y 2= 3—+~ ’ ’
xa(=B) atl B
y(y=1) y+1 7
Q, ﬂ_l,x

- B
2F1( 31— x,
Gi(x) = -

(1-x)(B-1(B—) Yooy +1=F
(a+B=—=D(a+5-7) 2 Fy y+2—a—-0 >
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(1—x)a(a+1—7) a+l, 8 _
@ity 2 <a +B+2—7~ l—x

a, -1 B ’
2Fl(a+ﬁ—7’1 X)

a at+l-—y —1>
2Fl< LX),
Gool) = ati=p

aB=D(B=P(—a=D) 1 atlat+2-y
(@A) a+1-Pf)(a+2—p) x 251 a+3—-p ’

Proof This result can be proved in two ways: either by reducing Eq. (2.3) to Birkhoff
normal form near each singularity and computing the corresponding gauge transfor-
mations RyGo(x), R1G(x) and G (x) recursively or by direct substitution of the
local solutions (2.4)—(2.6) into expression (2.1) and using Gauss contiguous relations.
g

Remark 1 The matrices Ry, k = 0, 1 and oo, in the above solutions (2.7), (2.8) and
(2.9) have been chosen to satisfy Rk_lAkRk = Oy, where Ay, ;= —Ag — A;. The
matrices Go, G|, G have leading term given by the identity.

We now define the monodromy data of Gauss hypergeometric equation (1.1) and
recall how to express them in explicit form (Bateman and Erdélyi 2020; Whittaker
and Watson 1979). In Appendix A we derive these classical formulae by following
the approach of representing solutions using Mellin-Barnes integrals.

When defining local solutions, we have been specific about identifying which
sheet of the Riemann surface of the logarithm we are restricting our local solutions
to at each singular point. We may extend the definitions of our local fundamental
solutions ¥ ®(x) to other sheets e*"™ ;, k = 0, 1, 0o, by analytically continuing
along a closed loop encircling the singularity x = 0, 1, co. This action simply means
that our solution becomes multiplied by the corresponding exponent e ®, for
k=0,1 and oo, m € Z. Note that, for k = 0 and 1, the analytic continuation of
Y ®(x) around its singularity in the positive direction means m > 0 in the previous
sentence; while, for k = oo, it means m < 0. The diagonal matrices e>™ ©* are called
the local monodromy exponents of the singularities.

We proceed with the global analysis of solutions. Let ¥ (x), YV (x) and
Y (x) be the fundamental solutions of the hypergeometric equation as defined
in the previous section. Denote by ; « [Y Y )] (x) the analytic continuation of ¥ /) (x)
along an orientable curve 7 x : [0, 1] — C with ;4 (0) € ©; and ~y; x (1) € €, for
Jjs k=0, 1, co. We have the following connection formulae (see Appendix A for the
detailed derivation of these):
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Fig. 2 Curves defining the
monodromy matrices M}, of
Gauss hypergeometric
differential equation

ik [YP] @) = Y® )Y, (2.10)

T ()T (y=p) r'3rHy-o)
I'(a+1-3)T(1—7) C(B+1—a)l (1—7)
T(1—B)T (a+1—7) T(1—a)T(B+1—7)

eiT=5) C(a+1=-AT (a+5—7) £iT(r=a) F(B+1-a)l (a+6—7)
C'>® = ( ) , (2.12)

eim(=1 Fa+1-AT (=1 e mO=1) LF@B+1-a)l'(y=1
C0>® = ( ) , (2.11)

T(@T (a+1—) T3 (B+1—)

eima Fa+1-f(y—a—F) el FB+1-a)r(y—a-pF)
rA-Ar-» T(1—a)l (7—a)

Fy+l-—a=pr'(y=1) Ila+p+1-NrH-=1)
COl < )

Fey—a)r(y=p» F(@)I'(B)
Fy+l-a=prd—y) Clat+f+1-Nrd—y)
FA-al(I=5)  T(a+tl-)TB+1—y)

(2.13)

We choose to normalise the monodromy data of Gauss hypergeometric equa-
tion with the fundamental solution ¥ ** (x). Denote by ~ [Y ] (x) the analytic
continuation of Y (x) along an orientable, closed curve =y : [0, 1] — C with
Y (0) = (1) € Quo, k = 0, 1, which encircles the singularity x = 0, 1 respectively
in the positive (anti-clockwise) direction. The curves 7 and 7 are illustrated in Fig. 2,
note that v, 1= 7[1761. We have:

w[Y T =yPM, k=01, 00,
where,

My = (COoo)*leZTri@oCOOO’ M, = (Cloo)*l eZWiG)lCloo’ M., = 2O
(2.14)

These matrices satisfy the cyclic relation,

Moo MMy = 1. (2.15)
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Definition 2.1 We define the monodromy data of Gauss hypergeometric equation
(1.1) as the set,

MMMy = I, My, = &>

— 3
M= {(Mo, My, M) € (GL(C)) eigenv(My) = 29| k=0,1

}/Gu ©
(2.16)

where eigenv(M;) = ¢>™© means that the eigenvalues of M; are given as the ele-
ments of the diagonal matrix ¢>™*®+ and the quotient is by global conjugation by a
diagonal matrix.

3 Kummer Confluent Hypergeometric Equation

We use z as the variable of Kummer confluent hypergeometric equation, we also
write tilde above some of the functions and parameters to distinguish from the Gauss
hypergeometric equation. We recall the following,

Lemma 3.1 Under the assumption (3 — 1)(6 — ) # 0, the matrix
& y1(2) 2(2) )
Yo =(~ 2% |~ 2% , 3.1
@ <‘11(y1,y1;z)\lf(yz,y§;z) G-
where,

A (z+ B =) (@) — 25, (2)
Vo) =" hG )

is a fundamental solution of the equation

oY _((10Y, A& * _(B=r =BG -7
a—z_((00)+7)Y,wherer—< 1 DY ) (32)

ifand only if y1(2) and y,(z) are linearly independent solutions of Kummer confluent
hypergeometric equation (1.2),

2"+ (v=2y -By=0.

Kummer confluent hypergeometric equation (1.2) has one Fuchsian singularity at
z =0, since 1 fz and _7/3 have simple poles at z = 0, and an irregular singularity at
z = oo of Poincaré rank one. The exponents of the singularity z = 0 are | — « and 0
and at z = oo are 7 — ($ and 3 — 1. We make the non-resonance assumption y ¢ Z.
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3.1 Local Behaviour of the Solutions

Kummer confluent hypergeometric equation has an irregular singularity at z = co
of Poincaré rank one and, as such, solutions around this point exhibit Stokes phe-
nomenon. In this sub-section, we will state some definitions and theorems which
precisely describe fundamental solutions of Kummer equation at the irregular point
and the monodromy data, including Stokes matrices.

We first fix the pair of linearly independent local solutions of (1.2) as follows:

~(0) 7, B+1—7,
@) =17 ”1F1< 2—n ’Z>’

. 5 z € Q. (3.3)
3@ =1k ('y;z>’

Where
SZ py— z: 7 < ar (Z)
0 ’ 2 g = 2 ’

is a punctured disk around O with branch cut along the positive imaginary axis.
In terms of the linear system (3.1), these solutions correspond to the following
local fundamental solution of the matrix hypergeometric equation (3.2):

YO (2) = RyHo(2)™, ze D, (3.4)

where ﬁo and @o are the following matrices:

~ 1 1 ~ 1—~0
R0=<1 1) and @0:( )9
A= -1 00

which satisfy ﬁo_ 'Zoﬁo = @o, and Hy(z) is the following series:

5_'7. z2(y=p) B .
1F1<1_,Y,Z mlFl ’Y-i-l’z

20-9) B+l-7. p—1.
(1—w><2—w)1Fl< 3~ ’Z> 1F1(7_1’Z

We now turn our attention to the irregular singularity z = oo.

Definition 3.1 The rays {z : Re(z) =0, Im(z) > 0} and {z : Re(z) =0, Im(z) <
0} are called the Stokes rays of Kummer equation (1.2).

‘We note that these rays constitute the borderline where the behaviour of e* changes,
as z — 00; that is to say, on one side of each of these rays we have ¢ — 0, whereas
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on the other side of each ray we have e* — oo. This is a key aspect of Stokes
phenomenon and plays a role in understanding the following classical theorem.

Theorem 3.2 Let
S _ o () —k 37
Kk =12: > < arg(z T < > (-

For all k € Z, there exists a solution Y% (z) of Eq.(3.2) analytic in the sector P
such that,

T (00,k) 5% - —n ezz‘d77 0 S
YR (@) ~ Rao | D huooz o ) asz—o00 zeE, (35
n=0

Z

where Ro is the following matrix,

7 (1 0 )
oo — —1 ,
0 B-D(B-7

and Hy(2) is the following series

Hoo(z) 2F0<1—ﬁ,7—5:z_1> _712170([5’,54-1—7;—{1)
T %ﬁo@—ﬂwJﬂ—ﬂ;z‘l) 2F0<5—17/3—V;—z_1> '

Moreover; each solution Y % (z) is uniquely specified by the relation (3.5).

Proof A proof of the existence of fundamental solutions yeoh (z) which are analytic
on sectors X; may be found in Balser et al. (1979). To find the asymptotic behaviour
(3.5), we make the following ansatz

Z

YR ) ~ EooHoo(z)exp </

—00

7 (l 0 )
oo = —1 s
0 B=1)(B-)

Ap and A are constant, diagonal matrices to be determined and Hy,(z) is a formal
series

A , ~
Ao+ — dz'), asz— o0, z € X4,
Z

where,

o)
Hy(2) = Z hn,oozin~
n=0

where the coefficients 4, o, are to be determined.
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By substitution in the Eq. (3.2), we obtain
oo oo
A
- Znh”*oozinil + Zhn,oozin <Ao + —1)
n=1 n=0 N

(0055 (S

By setting ho ~, = I and equating powers of z7" in this equation, for n = 0 and 1,

we find:
(10 _(B=v O
A0_<00>and1\1—( 0 1_6>,

and, for n > 1, we find the recursion equation,

10 —B 0 o~
|:hn,oo’ (0 0>:| = (n - 1)hn—l,oo + hn—l,oo (’7 0 ﬁ ﬂ _ 1) + RooleRoohn—l,oo-

It can be verified that the general solution of this equation is,

(EENLEY (Bt (B
_ “)in=1)!
noo = | 1=pB—e—BrGr1=Bt G-Duli—, | > (3.6)
i—1)! — Dl

which are indeed the coefficients in the asymptotic series given.

To prove uniqueness of solutions, let Y©b)(z) denote another fundamental solu-
tion of Eq.(3.2) which is analytic on the sector ¥, and has the correct asymptotic
behavior, namely,

2,0y -~
yeob (z) ~ (Zh 0™ ) (e % Z&), asz — 00, z € 5. 3.7)

Since Y0 (z) and Y ¥ (7) are fundamental solutions defined on the same sector,
there exists a constant matrix C € GL,(C) such that,

YOR (@) = YR, ze 3.

Using the asymptotic relations (3.5) and (3.7), we deduce the following,

0= —z2,7=8 ~
(e ZO Z1—3>C<e 8 Zg_l)Nl, asz — 00, 7 € X.

From this relation, we immec}viately see that (C);,; = (C),2 = 1. Moreover, since
there exists rays belonging to X along which each exponential, e* and ™%, explodes
as z — 00, we conclude that (C);, = (C)21 = 0. O
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Remark 2 The m~atric~es~§o an<~i ﬁoc in the above solutions (3.4) and (3.5) have been
chosen to satisfy R 1A()RO = ® and,

5 (1))

We denote the asymptotic behaviour of true solutions at infinity as in (3.5) by,

00
~ o ez 0 ~
Y}OO)(Z) = ( E hn,ooZ ) ( 0 Z1[3> s 7 € Y.
n=0

The series Hy(2) = Z:O:O hy.00z”" defines a formal gauge transformation which
maps equation (3.2) to,

s . ({10 L(B=7 0 \\o
a_zY(Z)_((00>+Z< 0 1—6))Y’ (3.8)

via the transformation ¥ () = RooHoo (z)?(z). We define the coefficient of l in the

~

new equation to be —®,, namely,

~ _(vy—B8 0
®°°'_< 0 ﬁ—l)

In the generic case a,b ¢ 7Z=9, d’Alembert’s ratio test shows that the series
2 Fo(a, b 271 diverges for all z € C. In this sense, the asymptotic behaviour Y}OO) (2)
is a formal fundamental solution.

—diag (Ao) .

Remark 3 Using expression (3.1) in Lemma 3.1, the formal fundamental solution
Y ;Oo) of (3.2) corresponds to the following standard formal basis of solutions of (1.2),

519 =" Fy (Y= 8. 1= Biz7Y),

. 3.9
)N’f;)(z) =R (B, B+1—v—2"). 69

3.2 Monodromy Data

We now define the monodromy data, including Stokes data, of Kummer equation
(1.2) and recall how to express them in explicit form (Bateman and Erdélyi 2020;
Whittaker and Watson 1979). In Appendix B, we derive these classical formulae by
representing solutions using Mellin-Barnes integrals.

Definition 3.2 Let Y0 (z) be the fundamental solutions given in Theorem 3.2 and
define sectors,
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Fig.g Sectors ﬁo, ﬁ,l, f)o ~ Sm+
and ¥_; projected onto the Z : ~
plane C\{0}. The positive 0 : ~ Z
and negative imaginary axes < ’\\ = N / 1
are Stokes rays / S ANEERN
~ LN N
H Iy N/ Vo
0\7\'\ N1/ \‘\J\ ~
(I ¥00 H
o REN /) -1
\ \ o \\ / /
\\ \\II : v/ //
N I P
SN | _-
—— —
I
|
Jm
~ ~ o~ s 3T
My =X N =421 1z > 0, E<arg(z)—k7r<7 ,
as illustrated in Fig. 3. We define Stokes matrices §1< € SL,(C) as follows,
yoeortD ) = Y0 ()8, z e I,. (3.10)
From the asymptotic relation (3.5), it is clear that
?(Oo,k+2)(z) — ?(oo,k) (Zefzﬂ'i) 6727”'@00’ ze §k+2- (311)

due to the fact that these two solutions have the same asymptotic behaviouras z — oo
in the sector z € §k+2- Therefore all solutions Y% (z) are categorised into two
fundamentally distinct cases, namely, when k is even and when k is odd. Combining
Definition 3.2 with the relation (3.11), one can show that

2700 T N —27i®
e RS = Sg_1em T,

which shows that Kummer equation has only two types of Stokes matrices Sx which
are fundamentally different: one with k odd and the other with k even.

Here we select to work with the fundamental solutions ¥ y(eo—D (z) inthe sector s,
and Y 0 (2) in the sector 20 and with the Stokes matrices So and S_ 1- The explicit
form of the Stokes matrices are derived in the Appendix B where the following
Lemma is proved:

Lemma 3.3 We have the following classical formulae:

~ 2mi iT(y=20) ~ 1 0
5 = <1 TATEB+1-—7 € ) and S, = ( i 1). (3.12)
0 1 W) o)
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Fig. 4 Curves defining the
monodromy matrices M} of
Kummer hypergeometric
differential equation

We choose to normalise our monodromy data with respect to the fundamental
solution ¥ 9 (z). Denote by vo0,0 [ ¥ ] () the analytic continuation of ¥ > (z)
along an orientable curve 00 : [0, 1] = C with 75,0(0) € fo and ve0,0(1) € 50.
We have,

Yoo [Y 0] (2) = YO () C*,

where,
eim(B=1) 'qd-H _T=D
~0c0 __ T'(y=0) INE))
C™ =\ jre-mrd= _ _ra=y |- (3.13)
ra-p L (B+1-7)

Denote by 7 [Y*?] (z) the analytic continuation of ¥ (z) along an ori-
entable, closed curve vy : [0, 1] = C with v(0) = (1) € Xy which encircles the
singularity z = O in the positive (anti-clockwise) direction. The curve ~ is illustrated
below, note that v, 1= 7, ! (Fig. 4).

‘We have,

W [Y 0] () = Y®P )My, k=0, 00,
where,
My = (C°%) 7 O and M = 5e¥O~5. (3.14)
These matrices satisfy the cyclic relation,

MMy = 1. (3.15)

Definition 3.3 We define the monodromy data of Kummer hypergeometric differ-
ential equation (1.2) as the set,
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So unipotent, upper triangular,

[r] (]l?o, §0, S 1) §,1unip0te£1t, lower triangular,
€ (GLy(O))’ Soe?™O~S_ 1Mo = 1.
eigenv (M) = >

M= (3.16)

/GL2(C)

where eigenv(]%) = ¢?™® means that the eigenvalues of M, are given as the ele-
ments of the diagonal matrix ¢>™® and the quotient is by global conjugation by a
diagonal matrix.

4 Confluence from Gauss to Kummer Equation

In this Section we analyse the confluence procedure from Gauss equation (1.1) to
Kummer equation (1.2). We are primarily concerned with understanding how to
produce the monodromy data of the Kummer equation, as defined in Sect. 3.2, from
the connection matrices of the Gauss equation (see Sect.?2), under the confluence
procedure.

We first explain how the confluence procedure works intuitively. By the substitu-
tion x = £, on the Gauss equation (1.1)

x(1=x)y" @)+ (y = (@+ B+ Dx) y'(x) —af y(x) =0,

Z ([a—2Z Z
<:>—( >042yzz+(7_(a+ﬁ+l)_>ayz_a/6y:()f
o (&%

(e

1
<:>ZYZ1+(’7_Z)YZ_ﬂy_a(zzyzz“"(ﬁ"i‘l)yz):o‘

we produce an differential equation with three Fuchsian singularities at z = 0, o and
oo respectively.

As a heuristic argument, one can see that the final equation becomes Kummer
equation (1.2) as & — o0 so that a double pole is created at z = oo as the two simple
poles z = a and co merge. This derivation does not explain how of obtain solutions
of the Kummer equation by taking limits as @ — oo of certain solutions of Gauss
equation under the substitution x = . To understand this, we need to use a result by
Glutsyuk (1999), which deals with limits of solutions at merging simple poles under
a generic confluence procedure. This is explained in the next sub-section.

4.1 A Result by Glutsyuk

Consider the following differential equation,
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Fig. 5 An illustration of the ~T T T~
neighbourhoods .. with Q c // N
branch cuts in which we / \\
define the fundamental / \
solutions ¥ &2 () / — \
~T ~< E
e N \
o » |
// | e \ |
/ o \ /
| N [
¥, 2
| N |
\ —8 S __}/ -
\ /
\\ Y,
/
RN ~_ _- - Q -&
or A ) A\ &) € GLy(C), 4.1)

N - te

with A(), €) a holomorphic matrix about A\ = ¢ such that A(+£e, €) # 0 for suffi-
ciently small € > 0 satisfying the following limit,

lim A\, £) = A(X, 0).

Hence, the non-perturbed, or confluent, equation,

Y AN 0)
D

4.2)

has an irregular singularity at A = 0 of Poincaré rank one. Moreover, it is assumed
that the eigenvalues of the residue matrices A(%¢, €) of at A\ = +¢ are non resonant
and that the eigenvalues of the leading matrix of A(\, 0) at A = 0 are distinct.

We first deal with the perturbed equation (4.1). We define neighbourhoods 2.,
of the points A = =¢ respectively whose radii are less than 2|¢| and with branch cuts
made along the straight line passing through the points A = —¢, 0, ¢, as illustrated
in Fig.5. Equation (4.1) has fundamental solutions ¥*%(\) which are analytic in
the cut disks 24 (¢) of the following form,

n=0

oo
Y& ) = (Z GraO\F 5)n> A F o), A€ Qg

where Gy, 1. are fixed matrices which diagonalise the residue matrices A(=¢, €) and
all other terms of the series are determined by certain recursion formulae.
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Fig. 6 An illustration of the
Stokes rays r;, ; and sectors

S and .7} %

We now turn our attention to the confluent equation (4.2). Denote by p; and
the eigenvalues of the leading matrix of A(A, 0) at A = 0 (by assumption, (] 7# o)
and let,

r = {)\: Re(%) —0, Im(%) >o}, i,je{l,2),

be the Stokes rays. We denote by . and .} open sectors whose union is a punctured
neighbourhood of A = 0, each of which: has an opening greater than 7; contains
only one Stokes ray and does not contain the other Stokes ray at its boundary. An
illustration of such Stokes rays and sectors is given below (Fig. 6).

We can cover all of the sheets of the Riemann surface of the logarithm at A = 0
by extending the notation as follows,

A€ T & A € A

From the standard theory of linear systems of ordinary differential equations, there
exists a number R sufficiently large such that, for all k¥ € Z, there exist fundamental
solutions Y ®® (\) of the non-perturbed equation (4.2) analytic in the sectors .7
such that,

YOO ~ (Z Hn/\”> A%exp </\1 (%1 32)) ;a8 A= 0, A e A,

n=0

where H is a fixed matrix which diagonalises the leading term of A(\, 0) at A = 0,
all other terms of the series and the diagonal matrix ® are uniquely determined by
certain recursion relations. Each solution ¥ % (\) is uniquely specified by the above
asymptotic relation.

We define open sectors o1.(¢) C 24 with base points at A\ = ¢ respectively
whose openings do not contain the branch cut between —¢e and ¢ as illustrated in
Fig.7.
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Fig. 7 An illustration of the PN
Sectors o4 (€) O-E(E) /7 Foll
1 » “
I -
v--7% Il
7 1 y:
R ’
-
A Pd -
/7 1 4
4 1 //
1 1s -1
1 - 1
% 0. .(¢)
\ - 7
. —€ -£
\\ ’/

We impose the condition that, as e — 0 along aray, the sector o.(¢) (resp. 0_.(€))
is translated along a ray to zero and becomes in agreement with the sector .| (resp.
%), for some k € 7. We write this condition as follows,

lil‘% 0:(e) = Y41 and lirr(l) o_.(e) = . 4.3)
e— £—>

Theorem 4.1 Let the fundamental solutions Y © (\), Y =9 () and Y O% () and the
sectors o.-(g), 0_.(¢) and %} be defined as above. There exist diagonal matrices K.
and K__ such that we have the following limits,

i (e _ y(0.k+1)
!E)I(l) Y ()\)’)\eng(f) K5 =Y ()\),

i YOO, Ko = OO0,

uniformly for \ € Fj1, %% respectively, as € belongs to a fixed ray.

Remark 4 Itis well-known that, when solving a linear ordinary differential equation
around a Fuchsian singular point, the maximal radius we may take for the neigh-
bourhood on which we can define an analytic solution is the distance to the nearest
singularity. For the perturbed equation (4.1), as € becomes arbitrarily small it is clear
from the hypotheses on A (A, €) that the closest singularity to A = d¢ willbe A = F¢
respectively. We have illustrated the domains Q.. in Fig.5 with the maximal radii
for which it is possible to define analytic solutions. Observe that the neighbourhoods
of analyticity of the fundamental solutions diminish as ¢ — 0. The intelligent part
of restricting the fundamental solutions Y9 ()) to the sectors o..(¢) as drawn in
Fig.7, rather than the neighbourhoods 2., is that the radii of these sectors need not
be restricted to the distance to the nearest singularity. Indeed, by construction, the
singularity A = ¢ will not be inside the sector 0. (¢) respectively. In particular,
this means that the radii of these sectors need not vanish.

By the same reasoning as in the previous remark, it is without loss of generality
that we may assume o.(¢) N o_.(e) # & for ¢ sufficiently close to zero. Accordingly,
since we have two fundamental solutions defined on this intersection, they must be
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related by multiplication by a constant invertible matrix on the right, namely,
YON =r"2MWC,  Meo.e)No_.(e), (4.4)

for some connection matrix C € GL,(C). Similarly, the two fundamental solutions
Y©0()) and YD ()) of the confluent equation must be related to each other by
multiplication by a constant invertible matrix on the right on the intersection .% and
7, namely,

YOOy =vOO0N s, Ne AHNA, 4.5)

for some Stokes matrix S € GL,(C).

Corollary 4.2 Let the fundamental solutions Y ©(\), Y2 (\) and YOO (\) and
the sectors o.(€), o_.() and %, be defined as above; let K. be matrices satisfying
Theorem 4.1 and let C and S be the matrices defined by (4.4) and (4.5) respectively.
We have the following limit,

lim KZ/CK. =, (4.6)

as € belongs to a fixed ray.

In (4.6) it is clear how to obtain one of the Stokes matrices at the point A = 0 of
the confluent equation. In order to obtain the second Stokes matrix we take € — 0
along the opposite ray to the one already considered. Rather than having the limits
in (4.3), we would now have, for example, that o.(¢) tends to .%; and o_.(¢) tends
to .%x—1. In this way, we use the limit in (4.6) to produce the other Stokes matrix.
We will explain all of these details and calculate everything explicitly for each of the
cases we consider.

4.2 Limits of Solutions

As outlined above, our confluence procedure is to introduce the new variable z by

the substitution x = £ and take the limit o« — oo. For the remainder of this chapter

we must be careful in which way we are taking « to infinity, for example it would be

inconvenient for us if « spiralled towards infinity. We will consider two limits along
™

fixed rays: one with arg(«) = 5 and the other with arg(a) = —7.

4.2.1 Obtaining the Solutions ¥ ¥ (z)

We now turn our attention to the main problem of how to obtain fundamental solutions
at the double pole of the confluent equation from solutions at the merging simple poles
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of the original equation. We first examine the behaviour of the fundamental solutions
at x = oo, as given in (2.6). Observe that these solutions are expressed using the
Gauss , F; series in the variable x~! = % which diverge for [x7!| > 1 & |z| < |a.
In this case, we clearly do not have uniform convergence with respect to o and we
need to use Glutsyuk’s Theorem 4.1.

The fundamental set of solutions (2.6) are written in canonical form. However,

we will rewrite the solution yl(oo) (x) using one of Kummer relations as follows,

(00) _ a a,a—i—l—y -1
('x) ('x) <a+1_6 ax )a XEQOO9

= (—x)ﬁ*ﬁ’(l —x)W’*afﬁzFl ( N f 1’7_ ﬁﬂ’ > , XE€ ﬁoo, 4.7)

where the new domain ﬁoo is defined as,
ﬁoo ={x:|x]>1, -7 <arg(—x) <7, —7 < arg(l —x) < 7}.

There is no need to rewrite the solution yéoo) (x) as given in (2.6) as it is already in
a suitable form, this i 1s explamed in Lemma 4.3 below. We note that the above two
forms of the solution y1 (x) are equivalent on the domain 2., N Q . The condition
imposed on arg(l — x) in Qo is only necessary to deal with the term (1 — x)?~*%.
After making the substitution x = £ and taking the limit & — ocowe have

R R
= exp ((7— a—0F) (—é +(’)(a—2)>) i

= (1+0(a)). (4.8)

This computation shows how to asymptotically pass from power-like behaviour to
ponential behaviour as o — oo. Moreover, with this new form of y, ™ (x) we are
ready to state the following lemma.

Lemma 4.3 Let yéoo) (x) be given by (2.6) and yfoo) (x) be given in its new form by
(4.7). After the substitution x = =, the terms of these series tend to the terms in the
formal series solutions yIO;) (2) and Y2 f) (z) as given by (3.9), namely we have the
following limits:

i (1 _ﬁ)n(’}/_ﬁ)na (’Y ﬁ)n(l _ﬁ)n
asoo (a4 1—B)pnlzt nlz"

@B+ 1=7)pa" _ n B (B+1 =)
m =(-)y—
a=oo (B+1—a),n!z" nlz"

Proof By direct computation, using
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n n

(0%

(a+1_ﬁ)n

«

_ -1
=1+0(a"") and Grica.

=(-D"+0(a™).

O

Remark 5 Lemma 4.3 is stated in terms of the solutions of the scalar hypergeo-
metric equations (1.1) and (1.2). From the viewpoint of working with the (2 x 2)
equations (2.3) and (3.2), we rewrite the solution Y (x), as given in (2.9), as fol-
lows,

Y x) = Roo ) guiooX " (—x)7, X € Qoo
n=0
o0
= Roo ) BuooX "(=x)" "1 (1 = 0)?, x € Qo (4.9)
n=0

where o0 = I and we find all other coefficients g, «, # > 1, from the recursive
relation,

n—1 n—1
n:g\n,oo + [gn,w’ ®ooY] = _R;olyAlYRooY Zgloo + Zgl,oo@l-
=0 1=0

This recursion equation only differs from that for g, ~, given in the proof of Lemma
2.2, by the final summation term. We find the solution to this equation is,

1=8),(;=), BB

S 1= ! 1), D!

oo = | 0000 Bty ti-p, b, ] (4.10)
(a=P)(a+1-p*(a+2-p) (a+3—=F),—1(n—1)! (B—a—1),n!

The transformation (4.9) is analogous to Kummer relation (4.7). We note that,

e (£> = R ign S ((_O‘)W/ﬁzﬁ”’ (1- §)77Q*3 0 > |
n=0

« 0 (_O()ﬂ—lzl—ﬂ
10 10\~ , (10
(2 () Err(.0)
7287 (1 N ﬁ)v*afﬁ 0 (_a)w—ﬁ 0 /
0 1A 0 —(-w’)

The limits analogous to those in Lemma (4.3) are stated as follows: we have the
following limit of the leading matrix,
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i R (10) hm(l 0 )(10)
. = (B—a)(a+1-p) - ’
a—oo P\ 0« ! a—o0 \ 0 “a(B-DB—) 0a 1

)
= —1 = [o.o}}
0 B-D(B—)

and for the terms of the new series,

lim L0 s 1o =h
a—oo \ 0 & @ 8n.00 0 Olil oo

where g, o and i, « are given by (4.10) and (3.6) respectively. Hence, we understand
that a term-by-term limit of the solution,

(T ).

produces the formal solution 17}(’0 ) (z), which is analogous to (3.7).

We now turn our attention to the fundamental solutions at x = 1, as given in
canonical form in (2.5). Observe that these solutions are expressed using Gauss
hypergeometric , F; series in the variable (1 — x) = (1 — £), which diverge for |1 —
x| > 1<% |z —a| > |a]. As with the fundamental solutions at x = co, we do not
have uniform convergence with respect to « here. Rather than keeping these solutions
in canonical form, we use two more of Kummer relations to rewrite them as follows,

—a— -, -

yl(l)(x)z(l—x)W ﬁzFl(,;y_i_l_rL_%;l—x) x € Qq,

— B = )b TR I=B Q

=x""7(1-x) 2Fl(7+l—a—ﬁ’1 X , x€Q, @11
) a, 3 )
) (x)=2F1<a+ﬁ+l—w’1_x> x € Qy,

_ .0 /8+1_'Y’/B, 1 =~

=X 2F1(a+6+1—’y’1 X , x €Q, (4.12)

where the new domain 1 1s defined as,
Ql = {x : ’1 —x’1| <1, —m<arglx) <7, —m <arg(l —x) < 7r}.

We note that the two forms of these solutions are equivalent on the domain 2; N

Q). There is a very simple philosophical reason why we rewrite the series in these
solutions with (1 — x~!)", rather than (1 — x)": after the change of variable x = ﬁ,

we want to produce a formal series in z7". Similarly as before, the computations
ending in (4.8) show how the solution yfl) (x) asymptotically passes from power-like
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behaviour to exponential behaviour as & — 00. Moreover, the terms of the series in
these new forms of yfl) (x) and yél) (x) satisfy the lemma below.

Lemma 4.4 Let yfl) (x) and yél) (x) be given in their new forms by (4.11) and (4.12)
respectively. After the substitution x = %, the terms of these series tend to the terms

in the formal series solutions )750;) (z) and )7;0;) (z) as given by (3.9), namely we have
the following limits:

V=B =Pz —)" (v =Bl = P

Gt l—a— palr PIF

i B+1=7)u(Bn(z —a)" 2 Bn(B+1 =)
im = (= P

asoo (a4 PG4+ 1—ry),nlz" nlz"

Proof By direct computation, after expanding the powers of (z — «) and the
Pochhammer symbols to find,

(z—a)" _ (z—a)" _
————— =1+40(«x and ——————~ = (=D)"+0(a7").
(Y+1—a—=DP), (™) (a+B8+1—9), )

O
This lemma shows that term-by-term limits of the solutions,
yWaea™ o’ and -y’ e o™, (4.13)

produce the formal solutions,
51°7:) and 357 (2),

respectively. The factors a’~7 and o=” in (4.13) are necessary because of the terms,

7 =77"707F and x7P =77"d”,
in the solutions yfl) (x) and yél) (x) respectively. We note that the direction in which

a — o0 is not yet important for this lemma. The importance of this lemma is shown
in the proof of our Main Theorem 4.5.

Remark 6 Similarly as in Remark 5, we may consider the viewpoint of working
with the (2 x 2) equations (2.3) and (3.2) and rewrite the solution ¥V (x), as given
in (2.8), as follows,

[o¢]
YO =R Y g1 —x0)"(1—x)?, x €Q,
n=0

=R Y i (1-x)'x" 01 -n  xeQ. (@14
n=0
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where go.; = I and we find all other coefficients g, 1, n > 1, from the recursive
equation,

(801, ©1] + 1Bt = (1 = DEuei1 + 8no1,1(O1 + Oco) + Ry AgR 1811

This recursion equation differs quite significantly from that for g, ;, given in the
proof of Lemma 2.2. We find the solution to this equation is,

A=B)n(y=Bn OnB+H1=n Bn—1B+1=7)n—1
(Y FHl—a=PF)un! (a+f+1=y)pn! — (a+B+1-7)—1(n=1)!
&n,1 1 ((2*/3)11('7“’1*%3);1 _ <2—3)n_|(v+l—ﬂ>n_1) atl—y  (B=Du(B=n :
a \ (y+I—a=pBun! ytHI—a=R)u—1(—D! (B=D(B—) (a+F+1-7)pn!

4.15)

The transformation (4.14) is analogous to Kummer relations (4.11) and (4.12). We
note that,

m (= S a\” ar Bz (1 = g)n,—a—/a 0
Y (a) = Rl ;gn,l (1 - ;) ( O «@ aﬂ_lzl_ﬂ) )
=Rl (O —O[1><O —O[>’Z n,1 (1_2) (0 _a1>

Zﬂf'y (1 _ i y—a—p 0 a’y—‘ﬁ 0
0 15 0 —-af )

The limits analogous to those in Lemma 4.4 are stated as follows: we have the
following limit of the leading matrix,

1 0 1 1 1 0
nle( _):nm(l )( )
a—00 O—Oé1 a— 00 am O—Oé1

1 0 ~
= (0 —1 > = Roo’
B-D (B~

and for the terms of the new series,

. 10 e~ 1 0 B
algr;o (O —a) (=) "gn1 (O —oz_1> = ftn.co:

where g, | and h,, », are given by (4.15) and (3.6) respectively. Hence, we understand
that a term-by-term limit of the solution,

()

produces the formal solution 17 ;~°° 4 (z), which is analogous to (4.13).
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Fig. 8 Sectors o, (a) and O'a ( a) O-oo( Qf)
Ooc(@) = =~
// \\ , Oo\\
/ L \
4 =TT
\\ /N //
~_ _ N _~

Having understood how to take term-by-term limits of the series solutions of
Gauss equation around x = 1 and oo to produce the formal solutions of Kummer
equation around z = oo, we now show how to apply Glutsyuk’s Theorem 4.1 to
Gauss hypergeometric equation. Let 1 € (0, %) be some fixed value. We define the
following sectors,

%::{z:arg(z)—kwe( —g,%r—n>}, (4.16)

we note thatif z € 57/( thenz € ¥;. The presence of 7 is to ensure that the boundaries
of the sectors .#; do not contain a Stokes ray, as is necessary in the hypothesis of
Glutsyuk’s Theorem 4.1. We note that this condition is not satisfied by the sectors
ik defined in Theorem 3.2, which are the maximal sectors on which we can define
single-valued analytic fundamental solutions.

We also define the following sectors,

. 1=2[<laP arg(i)e(n—mﬁ—n)a}

oo () = {z. arg (1 _ 2) e (n—mm—n) , “4.17)
_ | ag(—za ) e g—m -1,

Oool@) := {z. arg(l—é)e(n—ﬂ',ﬂ'—n) } (4.18)

We note that if z is sufficiently close to a with z € o, () then x = £ € §1 and if
z is sufficiently large with z € g (c) then x = é € ﬁoo. These sectors will be the
new domains of our solutions y" (za™"), i (za™") and y\™ (za™"), y™ (za™")
respectively, they are illustrated below.

Compared with the domains Ql and Qoo, which are disks with branch cuts, the
sectors o, () and o, (c) have larger radii and do not contain any part of the branch
cut between o and oo. We can analytically extend our solutions y,il)(zofl) and
y,EOO) (za™"), k = 1, 2, to these larger domains because the singularity z = oo (resp.
z = «) can never lie inside the sector o, () (resp. g () or on its boundary. That
is the key reason to restrict our solutions to sectors rather than disks.

We examine the sector o, (a)) more closely. From the first condition,

<laf,

«
=
Z

5 11
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Fig.9 Asa — oo along a - ~< ~
. - ~
ray, the sector o, () is , s AN (:I)
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observe that as &« — oo the radius of this sector becomes infinite, indeed the above
inequality becomes simply |z| > 0. Furthermore, as v — oo along a ray, the base
point of the sector o, () is translated along that ray, tending to infinity. We illustrate
this phenomenon in Fig. 9.

In the two limit directions we are concerned with, for arg(a) = :I:g, we have,

Z s m
arg(a) e(nm—m,m—1n & arg(z)e(n—w:l:i,wii—n),

for the sector o (a), whose base point is already fixed at infinity, we have,

z T m
arg(—a>e(77—7r,7r—77) & arg(z)e(n:l:i,ij:z—@,

recall from (4.8) that the condition on arg(l — §) in 0o () does not play a role after
taking the limit. With these considerations in mind, we write,

lim  ou(0) =7, Jim o0 (@) = H,
arg(a)=—73 arg(a)=—73
A, oa(@) =S, g, Teo(0) =i
arg()=% arg(a)=3

We now apply Glutsyuk’s Theorem 4.1 with the (2 x 2) hypergeometric equation
(2.3) in place of the perturbed equation and the confluent hypergeometric equation
(3.2) in place of the non-perturbed equation. Glutsyuk’s theorem asserts the existence
of invertible diagonal matrices K ; (o) and K li (c) such that:

Jim, Y0 0] KT (@ = Y700, (4.19)
arg(a)=—1
Jim, YO 07|y o) Kol) = V000, (4.20)

arg()=—7%
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uniformly for z € .¥_; and z € .% respectively, and:

lim, ¥ o)
arg(a)=%
(}an}o y(e (Zail)’zeom(ﬂ)

arg(a)=7%

K (a) = Y®0(z), 4.21)

z€0,(a)

K& (a) = Y™V (), (4.22)

uniformly for z € 5% andz € 571 respectively. We note that since we are considering
two limits, namely one with arg(a) = 7 and another with arg(a) = —7, we have dis-
tinguished the diagonal matrices in each case with a superscript + or — respectively.
Due to the asymptotics of the fundamental solutions of Kummer equation as given
in Theorem 3.2, each of these four limits is asymptotic to the formal fundamental
solution ?;OO) (z) as z — oo with z belonging to the corresponding sector.
Equivalently, from the viewpoint of studying the classical scalar hypergeometric
equations (1.1) and (1.2), Glutsyuk’s Theorem 4.1 asserts the existence of scalars

ki oo (), k3 o (@), ki () and k3 () such that, for j € {1, 2}:

. 1 -1 - ~(00,—1)
lim y(. (za™") kT (@) =y, (2, 4.23)
a—o0  “J zeou(@) ! J
arg(a)=—7%
: (00) -1 - _ (00,0
lim  y; 7 (za) ki oo(0) =y;77(2), (4.24)
arx . 7€000(a)
arg(a)=—1

uniformly for z € 57,1 and 5% respectively, and:

Jim ycaH| k@ =57, (4.25)

arg(o)= z€04(a)

fim, 5G| K@ =570, (4.26)
g €0 (

arg(a)=7%

uniformly z € 5% and 571 respectively.
Having applied Glutsyuk’s theorem to our confluence of the hypergeometric equa-
tion, we now focus on understanding what we can deduce about these scalars kjifoo ()

and kfl (o), j =1, 2. We are ready to state our first main theorem.

Theorem 4.5 Ifk; () and ki, () are scalars satisfying (4.23)~(4.26), then these
numbers satisfy the following limits,

lim k(@) (—a) ™7 =1, (4.27)
a—> 00 ?
arg(@)=%%
. 3
Jim —k5 (@) (—a)’ =1, (4.28)

arg(u):i%
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dim k(@) @ =1, (4.29)
arg()==%%
lim_ —ky () o = 1. (4.30)
arg(a):i%

Proof In either case arg(a) = 5 or —7, let * be a closed, proper subsector of 2
or .7 respectively. Combining the statements (4.24) and (4.26), together with the
asymptotic behaviour (3.5), we have,

Jim -y @™ k(@) ~ 5177, asz— o0, €S (431)
=X . 2€000 (@) ’
a.rg(a)::l:i

We now re-write yfoo) (za™ 1) using Kummer transformation as in (4.7),

= 910y~ (1 - 5)7*%/3 i (1= Bn(y = Hua”

(00) -1
M (Za ) z€000(@) @ = (a+1—B)n'z"

z€0x ()

We therefore deduce,

lim 277 (—a)""? (1 _ E)”/*Q*"@ i (1 =By = Pa”
o Q=00 o o — (a+1-— 6)nn|zn
arg(a)=+3 n=0

ki oo ()

€0 ()

_ lim Zg_n/(_a)y_gez Z (1 - 5)/1('7 - 5),'0/1

= — —
argc(yt?)gjt% n=0 (a+1—PBanlz

k().

ZE€ET ()

~(0c0)

Combining this with (4.31) and writing Vi f (z) asin (3.9), we have,

lim 3 (I = Bn(y = Baa”

G0
(@t 1= B)anle" (o Pk~ D !

a— 00 nlz"

arg()=%75 n=0 n=0

ZE0 ()

as z — oo for z € .¥*.

We now define w = z~! sothatw — 0 < z — oo and we can apply the following
classical result (Wasow 1965):

Lemma 4.6 Letr f(w) be holomorphic in an open sector o at w = 0 and let o* be
a closed, proper sub-sector of o. If,

o0
f(w)NZanw", asw— 0, w € o,

n=0

then:
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|
a, = — lim f(”)(z),
n! w—0
weo

where ™ (w) denotes the n™ derivative of f(w),

to find,
(7_6)11(1 _ﬁ)n _
n! a
1 n e 1— _ [0
~ lim ——  lim Xf ‘%? mfw (—a)"PkE ().
" wEJIZJO”* w arg()=%+3 =0 (a+1- B! wl€ou (@)

We proceed to treat the limits on the right hand side with special care. We first note
that, due to the uniformity of the limits (4.24) and (4.26), we may interchange the
limit in « with the derivative and the limit in w as follows,

(’7 - /B)n(l - /B)n

n! -

1

— lim lim

n! asoo w—0 dw"
wles*

(—a) Pk ().

wleoy (@)

d" i (1 =By = Bra'w!
— (a+ 1Pl

The next step is to notice that the series inside the limits on the right hand side
represents an analytic function (or at least its analytic extension to the sector o (€)
does). We may therefore interchange the derivative and series as follows,

('7_ ﬁ)n(l - ﬂ)n _

n! -
[ e d" (1= By = Bualw!
—  lim lim

| a—o0 0 n — |
n! arglarot T wlulzy* = dw (a+1—=7p)l!

(—(1)”’7“3kfoo(a) =

wleos (@)

1 > (1 — _ I4n,, 1
L fim o gim Z( 41-"1) ( ﬁ)ztn(ﬂ' ﬁ)l#l»na ‘w (—a) P kE ().
W G g L (a+1—=Bignl +n)!

wleon(a)

Furthermore, due to the analyticity of the series on the right hand side, its limit as
w — 0 certainly exists and is simply equal to the first term of the series. We finally
deduce,

=P =B _ 1 (A =By = Blne”
—_— = — m n

! 1« ’ — !
n! n.argf(’a—)ﬁft% (a+1-73),n!

(—a) ki o ().
(4.32)

Therefore
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(1 - 5)/1(7 B ﬁ)nan

lim (—a) Pk (@)
agirkz (@t 1= F)un! L
A =By =0 . .
= ———" lim ()" k().
" arg(a)=%75

Comparing with the left hand side of (4.32) we deduce the desired result (4.27). The
limit (4.28) can be proved by using yéoc) (za™1) as given by (2.6). The limits (4.29)
and (4.30) can be proved using yl(l)(za_l) and yél)(za_l) as given by (4.11) and
(4.12) and using Lemma 4.4 in place of Lemma 4.3. (I

Remark 7 Returning to the point of view of studying the hypergeometric equations
as the (2 x 2) equations (2.3) and (3.2), our Main Theorem 4.5 may be equivalently
stated as follows. If K li(oz) and K oio (ov) are diagonal matrices satisfying (4.19)—
(4.22), then they satisfy the following:

. + (—)™7 0 _

lim WKoo(a)( 0 —(-a)’ =1, (4.33)
arg(a)==x73

. + Oé’yi‘g 0

tm &E@ (7 %)= @34

arg(@)==+73

These limits can be proved in an analogous way to the limits in our Main Theorem
4.5 by using Remarks 5 and 6 in place of Lemmas 4.3 and 4.4 respectively.

4.2.2 Obtaining ¥© (z) from Y © (z)

Since the substitution x = * and limit « — oo do not interfere with the nature of
the Fuchsian singularity x = 0, corresponding to z = 0, this limit is much easier.
We will only consider the limit along arg(a) = —7, the other case is completely
analogous even though it requires to change the branch cut in Q.

Lemma 4.7 We have the following limit,

lim 5 F, (O" B 5) —\F (ﬂ;z).
a—00 Yy (% Y

Proof By taking the term by term limit in the series for , F; we obtain a uniformly
convergent series that coincides with | ;. We conclude by uniqueness of Taylor
series expansion for analytic functions. ]

Theorem 4.8 Ler y\” (x) and 5 (2), k = 1,2, be defined as in (2.4) and (3.3)

respectively. For arg(a) = —7, we have the following limits,
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-1 1—y __ =(0)
lim 1 (za™) o' =5 (),
ZEuL/()(D()

lim y” (za™') = 0(2),

a—>00
zewp (@)

Z € 50. (435)

where

3 ™
wo(a) = {z Dz] < ], —§7r <arg(z) < 5}

Proof Notice that for arg(a) = %, x € Qo < z € wy(a). Since the radius of this
neighbourhood clearly becomes 1nﬁn1te as a — 00, if z € wy(«) for all |a| suffi-
ciently large, then the domain wy tends to the domain ?20 (i.e. the domain in our
definition of the fundamental solutions of Kummer equation around z = 0 as given
in Sect.3.1).

Using Lemma 4.7, we compute the limits as follows,

lim y(o)( )al_"/ lim z' 7, F <a+ L=y B+1-7, Z)

a— 00 a—00 2 Y [0}
. +1-— - ~
! /1F1<62_,Y’7;z>=y§0)(z), z € Q,

and hm y(o) (za™') = lim »F <a’7ﬂ; £>

a—>00 o

1F1<§;Z) =5§0)(Z), z € Q.

as required. (]

Remark 8 The factor o'~ in the first limit of Theorem 4.8 is necessary because of
the term,

xlf'y = Zlfvof,’fl7
in the solution yfo) (x), as given in (2.4).

Remark 9 We have stated Theorem 4.8 in terms of the solutions of the scalar
hypergeometric equations (1.1) and (1.2). The limits (4.35) can be equivalently stated
in terms of the solutions of the (2 x 2) equations (2.3) and (3.2): for arg(a) =

lim ¥ (5) a® = 7O (7), ze Q. (4.36)
a— o

ZEWO(Q)

To see how this is equivalent to (4.35), we observe that for the diagonalising matrices

we have
1 1 1 1 ~
lim Ry = lim | ay1—y 1 )J=| _1 1 |=Ro,
a—00 a=o \ aF—) F-1 A=y B-1
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and for the series, using Lemma 4.7,

at+l—7v -7,
1 2 F 1=~ -
(}LH;O Go (ZO( ) - alggo z(a+1-9)(1=P) 2 F a+2—r, ﬁ +1- . Z
a(l=y2—y) 3— ’a ’

S

=0 Fl(a+1 B,

-1 2 1’ )
2F1( )
B=n. 20=0)
Bl ) So-n 1 F +1,Z
= 7 7 = Hy(2).
ml 1 3_,}/ VAN BN 147 I,Z

4.3 Limits of Monodromy Data

QIN

Summarising the results so far, in Sect. 4.2 we showed how term-by-term limits of the
solutions of Gauss equation around x = oo and x = 1 produce the formal solutions
of Kummer equation around z = co. We then explained how Glutsyuk’s Theorem
4.1 asserts the existence of certain scalars which multiply Gauss solutions so that
their true limits exist and are equal to the solutions of Kummer equation analytic in
sectors at z = 0o. We have also proved our Main Theorem 4.5, which establishes
some important limits which these factors must satisfy. We now bring these results
together to prove our second main theorem, concerned with explicitly producing the
set of monodromy data M from the set M.

Theorem 4.9 Define the monodromy data of Gauss equation as given in (2.11)—
(2.16) and of Kummer equation as in (3.12)—(3.16). We have the following limits,

i a0 too [ (—a)B™7 0 o
ar(é%r?i% ( 0 _O‘ﬂ> ¢ ( 0 —(—a) )~ So, (4.37)
i a’? 0 1o [ (—)P7 0 o
argo(élc%?glo—l ( 0 _OZB) C < 0 _(_O{)73 - S—ls (438)
7=l N8y B
arg(a)=—7%

Furthermore, as immediate consequences of the above limits of connection matrices,
we have the following limits of monodromy matrices,
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. (=) P 0 (—a)B— 0 =
i, ( 0 —(—a)ﬂ> MO( 0 —(—a)_ﬁ) =M, (440

arg(@)=—7%

: (_a)w;g 0 (_a)ﬁfﬂ/ 0 =
i, < 0 _(_Q)B>MooM1< 0 _(_a)ﬂ>—Moo. (4.41)

arg(a)=— %

Proof As part of the proof of this theorem, we will use the following elementary
lemma.

Lemma 4.10 Ler f(«) and g(«) be matrices such that lim,,_, , f(a)g(c) exists.
(@) If lim,_. o det(f (o)) exists and is non-zero and det( f(a)) # 0 for all o suf-
ficiently large and if the limit lim,_, f(«) exists and is invertible, then the limit
lim,_, o0 g(v) exists.

(ii) If lim,_, o det(g(a)) exists and is non-zero and det(g(«)) # 0 for all o suffi-
ciently large and if the limit lim,_, o g() exists, then the limit lim,_, » f(«) exists.

Let 0,() and o () be the sectors defined in (4.17) and (4.18) respectively.
As mentioned previously, if z € 0, () then x € Q; and if 7 € () then x € Q,
so that the connection matrix C'*® remains valid for the solutions YV (za~") and
Y ) (za~") restricted to the sectors o, (ar) and oo () respectively. Since the radii
of these sectors do not diminish as @ — 00, for |«/| sufficiently large we must have,

Ta(@) Now(@) # O,
recall Fig. 8. Therefore, for |c| sufficiently large, we have,
Y (za ) =YD (za ) C'™,  z€0a(a) Now(a). (4.42)
Let <Y7k be the sectors defined in (4.16). To prove the first limit (4.37), we first give a

proof of Glutsyuk’s Corollary 4.2 in our case. We multiply by the matrices K f ()
and K 1+(04) and take the limit « — oo, with arg(a) = 7, so that (4.42) becomes,

~ (©9) (0! +
aango Y (za )|z€doo(a') Koo(a)
arg(a)=73
. _ —1
= lim YO za™h Zean(a)KfL(a)(K,’L(a)) C'"KX(a), (4.43)
arg()=%

for z € 5% N 521 We apply Lemma 4.10 (i) with,

F@)=yPea™| K@ and g@) = (K{ (@) C'K(a).

z€0,(a)

Observe that the hypotheses of Lemma 4.10 hold: the limit,

Am - f(a)g(@),

arg()=3%
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exists and equals YD (z), by (4.22), and the limit,

alggok S,
arg(@)=1

exists and equals Y0 (2), by (4.21), which is clearly invertible because it is a funda-
mental solution. For all «, f(«) is also clearly invertible because it is a fundamental
solution. The limit,

: _ 1 + =1 ~loo -+
lim g@)= lim (K (@) C'*Ki(a),

T

arg(@)=3% arg()=%

therefore exists and, from (4.43),

Vel =700 lim (K (@) C'"Ki(), zeFnA.

arg(a)=1

Recall thatif z € 571( thenz € f)k and recall Definition 3.2 of Stokes matrices, namely
we have, _ _ _ ~ ~
YOV =Y™0)S, zeZonZ.

We conclude that, . -
Jim (K (@) KL () = S,

arg(a)=73

which is precisely Glutsyuk’s Corollary 4.2 in our case. Combining this with (4.33)
and (4.34), we compute,

~ . -1 ~lco

s

arg(@)=1

. =80 = 0 -1
- dm (@7 ) (%))
loo (_04)7_[3 0 (—CY)H_’7 0
C K;(a) ( 0 —(—Oz)ﬂ) ( 0 _(_a)—3> >

L a’? 0 loo (=)’ 0
= Jim, < 0 —aﬂ)c ( 0 —(-w7*)

arg()=7%

where we have implicitly used Lemma 4.10 again, this proves the first limit (4.37) of
the theorem. To prove the second limit (4.38), we multiply by the matrices K (c)
and K| («) and take the limit o — oo, with arg(a) = —%, so that (4.42) becomes,
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Jm Y(w)(za_l)}zenwm) Keo(@)

arg(@)=—7%

= lim Y @a™h| K*(a)(K*(a))*lcle—(a) (4.44)
a— 00 z€0,(a) 1 1 oc ’ :
arg()=—1

forz € 5;,1 N 5%. By following a similar procedure as above, using Lemma 4.10
and the relations (4.19) and (4.20), we deduce,

Jim (K7 (@) €K (@) = 5.

arg(a)=—73

Combining this with (4.33) and (4.34), we compute,

. _ -1 ~loo pr—
Jim (Ky (@) C'"K (o),
arg(@)=—73%

) B =80 = 0 -1
Wi (w7 (" o) (%0 )
1o gr— (=) 0 (—)’7 0
¢ Kw(a)( 0 —(—a>ﬂ>< 0 —(—arﬁ)’

L a0 1oo [ (=)™ 0
= Jim ( 0 —a3>c ( 0 —(—a™)

arg(@)=—73

7
I

where we have implicitly used Lemma 4.10, this proves the second limit (4.38) of
the theorem.

To prove the third limit (4.39) we first note that the curve 7., which defines
the connection matrix C%® survives the confluence limit. In other words, after the
substitution x = i the curve does not diminish or become broken under the limit
a — oo. This fact is expressed as follows,

Jim o PR @)] () = 7m0 [F<0] 0

arg(a)=—7

or equivalently, using the domains w;, (cv) and S~25 defined in Sects. 4.2 and 3.1 respec-
tively,
. _ -1, _ ~ ~ ~_
alglgo y® (ZOZ l)}zewo_(a) co (CIOO) Koo(a) = Y(O)(Z)COOO’ z¢€ Q() .
arg(a)=—73
Combining this with the limits (4.36) and (4.33), we deduce the required result (4.39)
as follows,
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1—v v—1
lim v© (za_l) _ @ 0 @ 0 ol
x zew) (@) 0 1 0 1
arg(a)=—75

- (—a)=% 0 (-7 0
Koo (@) ( 0 _(_Q){g) ( 0 —(—u)_3>

~ -1 —a)f=r ~
ZY(O)(Z) ﬂli)moo (o‘/ O>C000<( @) 0 >’ 1e 8y,

(—a) B
arg(a)=—75% o1 0 (=)
= YO (5)c0, zey.
. a7 0\ oo [ ()Y 0 ~0o00
RO S A 0 —(af) T
arg()=—7%

where we have implicitly used Lemma 4.10.
Having deduced the limit (4.39) of the connection matrix, the limit (4.40) follows

directly since My = (COO")_1 e¥®0 0% and @y = Op. For (4.40), we have,

. (—a)™% 0 (—a)B~ 0
all)moo T < 0 _(_a)‘ﬂ> Mo ( 0 —(—O{)i‘ﬁ)
-7

arg(a)=—
_ : (_Oé)wiﬂ 0 000\~ 27i® 000 (_a)ﬁiv 0
= all?&ﬂ( 0 _(_a)ﬁ (C ) e C 0 _(_a)_g )
arg()=—75%

_ (—a)™% 0 0ooy—1 (@710 iy
= ( 0 —(—ay)€7) 0 1)¢
(a‘” 0) 000 ((—coﬂ—”/ 0 ﬂ)
0 1 0 —(—a) P )’
_ (5000)—1 210000 _ fr

as required. (]

4.3.1 Explicit Computations of Limits of Monodromy Data

Here we apply Theorem 4.9 to calculate explicitly the Stokes’ matrices. We will use
the following classical facts:

lim aC*”F(a—J’b) =1, asa — oo, larg(a)| < 7 (4.45)
a—00 I'l(a +¢) o - 1818 ’ ’
I(a) = T (4.46)

sin(ra)T'(1 — a)’
lim €™ csc(ma) = 2i for Im(a) < 0. (4.47)
a—» 00
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The proof of (4.47) is elementary, the proofs of (4.45) and (4.46) can be found in
Whittaker and Watson (1979) and Bateman and Erdélyi (2020).
Let C'*® be given by (2.12). Using (—a) = ae'™, we calculate,

<a7*@ 0 >C1<,o<(—a)5*7 0 )
0 —a P 0 —(—a)f

a’ P 0
_< 0 —a”)

I'(a+1-B)T'(a+F—7) —a) T (B+1— a)F(oz+8 ) _
=0 (@) (a+1—) =) INCNGED = (—a)f=7 0
0 —(—wf

em—ar((y+l I (y—a—p3) m—ﬂr(ﬁ+l )l (y—a— /)
T(1-AT(y=p) Frd-o)l'(y—o)

< I(at+1- ﬁ)F(aer 2)) _emi(—a=p) g1~ 23F(d+1 a)l'(a+f— w))

() (a+1—-7) T(Br(B+1—)
eTi(atB—7) (20— F(a+1 B (y—a—p) FB+l-a)r(y—a—p)
ra-pHro—m TrI—aT(7—a)

Using (4.45), we find for the (1,1) and (2,2) elements:

MNa+1-T'(a+06—7)

lim _1
arga)—at 1 F(a)(a+1—7)
. T@B+1-a)T(y—a-0)
and lim _1
a—>00 F(l _a)r('y_a)

arg(a)==+73

respectively, as required. We rewrite the (1,2) and (2,1) elements using (4.46) as
follows:

_emity—a—p) y-26TB+ 1~ )l(a+ B —1)
r@AreE+1-
_ _eim(y—a=03) of’izﬂ reé+1-—a) ™
sin(m(a + 8 —7)) F(y+1-a-BT@Er@E+1-v"

and,

_jimatf—y 28— Llet1- Oy —a—f)
ra-pmre—pn
B —_eim(a+p=) o287 Fa+1-75) m
sin(m(y — a — f3)) Fa+B+1-nTA-Bry-p5’

respectively. As o — oo, the dominant terms in these expressions are e ™™ respec-
tively; observe that, if arg(a) = j:% then e ™ — Qas o — 00, as required. Finally,
for the most important computations, we have:
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i | _eimatp—) o257 FNa+1-70) T ’
arglayz Sin(m(y — a — ) MNa+B+1—7v) I'd—=BT'(—H)
—>2i by (4.47) —1 by (4.45)
2mi 5.1
= = 0-1)21>
F(1=Br(y -0 2l
and,
) _eim(y—a=p) 5 FrB+1-a) T
lim — =28 ,
e sin@@+f-7) " TO+l-—a-B TEIE+1-)
—2i by (4.47) —eim(r=28) by (4.45)
27Tiei7r(7—2s’3)
= (S0)1,2»

S TAr@B+1-7)
as required by formulae (3.12).
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Appendix A: Gauss Monodromy Data and Mellin-Barnes
Integral

Here, following Bateman and Erdélyi (2020), Whittaker and Watson (1979) and
Andrews et al. (1999), we re-derive the classical formulae (2.11)—(2.13). This is a
worthwhile exercise as it gives a greater understanding of how to analytically continue
solutions and compute their monodromy data.

We will work with the following Mellin-Barnes integral,

+ioco _
L. I(s,x)ds where I(s,x)= [la+ 90+ )1 S)(—x)‘v,
27 J oo C(c+s)

(A.48)

with |arg(—x)| < 7 and whose path of integration is along the imaginary axis with
indentations as necessary so that the poles of I' (o 4 s)I[' (G + s) lie on its left and the
poles of I'(—s) lie on its right, as shown in Fig. 10. It is always possible to construct
such a path as long as « and 3 ¢ Z=°, which is a general assumption since the case
in which o or 3 € Z=° corresponds to some of the solutions in (2.4)—(2.6) being
polynomials.

We will prove the following proposition, which is sufficient to derive the connec-
tion formulae (2.11)—(2.13).
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Fig. 10 Path of integration
with indentations as in
(A.48)

Proposition A.11 The integral as given by (A.48) satisfies the following properties:
1. forlarg(—x)| < m,
1 +ioo

— I(s,x)ds,
s (s,x)ds

defines an analytic function of x;
2. for|arg(—x)| < mand |x| < 1,

Hieo _T@r@
e . I(s,x)ds = T’Y) vy (x),

where yéo) (x) is the solution of Gauss equation as given by (2.4).
3. for|arg(—x)| < wand |x| > 1,

1 +ioo r r _ . - ~
Py I(S,x)ds:My{w)(x)_l_%

(00)
27i i F(y—a) Y2 (),

where yfoo) (x) and yéoo) (x) are the solutions of Gauss equation as given by (2.6).

Proof This proof is organised into three parts to prove each statement consecutively.
We start by proving the analyticity of the integral. We use Euler’s reflection
formula I'(—s)I"(s 4+ 1) = —m csc(7ws) to re-write the integrand,

_F(oz+s)F(ﬂ+s) T

I(S, )C) = F(C +S)F(S + 1) sin(7TS) a

x)*. (A.49)

Using the following asymptotic expansion of the Gamma function (Whittaker and
Watson 1979) Sect. 13.6,
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T(s+a) = s 2eV2r(1 +o(1)), with |s], (A.50)

which is valid for |arg(s + a)| < m, we deduce,

Fla+9)TB+s)
Fc+9)T(s+1)

O (Is|*t771),  as|s| — oo. (A.51)

Writing sin(7s) = 5 (€'™ — ¢~'™) we also deduce,
sin(ms) = O (e"I"), as |s| > oo, (A.52)

along the contour of integration (the imaginary axis). Combining (A.51) and (A.52),
the integrand has the following asymptotic behavior,

I(s,x) = O (Is|*"7 e lIm(—x)*),  as|s| — oo,

along the contour of integration, we therefore need only consider the analyticity of
the following integral,

+ioo
/ e IIm(—x)* ds

ioo

[e ] o0
=i / e—aﬂeia(log |x|+iarg(—x)) do —i / e—mre—ia(log |x|+iarg(—x)) do. (A53)
0 0

We recall the following lemma, see for instance Whittaker and Watson (1979)
Sect.5.32.

Lemma A.12 If f : R — R is a continuous function such that | f ()| < Ke"' for
constants K and r, then the integral f0°° f(t)e ™ dt defines an analytic function of
A forr < Re(\).

Applying this lemma to the first integral in (A.53), with r = —7m, K =1 and
A = arg(—x), we find an analytic function for —m < arg(—x). Applying this lemma
to the second integral in (A.53), withr = —m, K = 1 and A = —arg(—x), we find an
analytic function for arg(—x) < . This concludes the proof that the integral (A.48)
defines an analytic function for —7 < arg(—x) < 7.

We now represent yéo) (x) using a Mellin-Barnes integral. We write I (s, x) as in
(A.49) and consider the following integral,

1
>— | I(s,x)ds,
2mi Cy

for N € N=9, where Cy is the following semicircle,

ch{SZ(M;)ew;ee[_g,g]}.
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Let s € Cy, using formula (A.50) from above, we deduce the following asymptotic
behavior,

I+ $T(B+s) _ O(N“*ﬁ’"’”l),
Fy+9'(s+1)

as N — oo,

(A.54)
and, using sin(rs) = 5 (™ — ¢7'™),

S(i;(’::) -0 (e(NvL%)(Cos(B)log \xlfsin(ﬁ)arg(fx)fﬂ'lsin(&)\)) as N — oo, (A.55)

Since |arg(—x)| < 7, we write |arg(—x)| < m — § for some § > 0, so that,

+arg(—x)+7m1>6 & sin(f)arg(—x) + | sin(f)|m > | sin(0)|d,
o efsin(e)arg(fx)fﬂlsin(G)\ < e*lsin(9)l5. (A56)

Combining (A.54)—(A.56), the integrand has the following asymptotic behaviour for
seC N>

I(5.x) =0 (NaJrBf“/fle(NJr%)(cos(ﬁ) log |x\7\sin(9)|5)> as N — oo,

Since cos(#) and | sin(#)| are even functions, we need only consider 6 € [O, g] For
0 e [0, %], cos(f) > \/Li and for 6 € [%, z

2], sin(6) > \/Li Henceforth, we impose
the condition that |x| < 1, or equivalently log |x| < 0. For s € Cy we deduce:

Bery—1 ,(N+31) 2= log x|
O N(H_‘ Y e( Z)ﬁ ,

),

ISE

I(s.x) = { O (NotA-1-1,(N+2) 5 00glxl=0)

o,

ISH

0 e
)o-
0 NW*H[(N*?%‘;) 0 e

—~~
k!

as N — oo. This shows that the integral of I (s, x) along the semicircle Cy tends to
zero as N tends to infinity, for |x| < 1 and |arg(—x)| < 7. Due to Cauchy’s theorem,
we have,

1 +ioo +ico —(N+3})i
% </;ioo - /(~N+;)i - /;N _/;

N
) I(s,x)ds = —ZRes I(s, x).
ico =0 s=n

SIE}

(A.57)
We note that there is a minus sign since the path of integration is a contour oriented
clockwise, see Fig. 11.

Using /\Res ro = % for n > 0, we compute the residues to find,
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Fig. 11 Paths of integration
along the imaginary axis and
the semicircle Cy as in
(A.57)

+ioco N r r
- I(s,x)ds = lim Z (@+n) ('8+n)x"
27 J_iso N—oo £~ Fry+mlr(n+1)

)

Clatn)

for |x| < 1 and |arg(—x)| < 7 and the desired result is proved after noting — o)

().

Finally, we carry out the analytic continuation of yéo) (x) for |x| > 1.Thetechnique
to derive the connection formulae is similar to that already used in the second part
of this proof, the main difference being that we will now consider taking an integral
on the left hand side of the imaginary axis. For N € N consider the integral,

1

— I(s,x)ds,
271 Je, (s,x)ds

where C 1/v is the semicircle,

. 3
Cy = {s:Ne‘H:GE |:——7T,—z:|}.
2 2

We summarise the results, following a similar procedure as before. Using (A.50) we

deduce,

Fa+)I'(B+s)I(—s) -0 (Naﬂa,,y,le,/vﬂ sin(6)|) ’
C(y+s)
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fors € C}; as N — o0, and hence,

I(S, x) -0 (NaJrSf",/fleN(cos(H) log |x|—sin(#)arg(—x)—| sin(0)|)) ,

-0 (Na'+;3—7—leN(cos(0) log |x]—| sin(0)|6)) ,

where § is a small positive number such that |arg(—x)| < m — §. Clearly cos(6)
and —|sin(#)| are both non-positive for 6 € [—37”, —g] and they are never both
simultaneously zero. Furthermore, for |x| > 1 wehavelog |x| > 0, so that the integral
of I(s, x) along the semicircle C), tends to zero as N tends to infinity, for |x| > 1

and |arg(—x)| < 7. Due to Cauchy’s theorem, we have,

1 +ioco +ioo —Ni
o / — —/ —/ I(s,x)ds
21 \J-io Ni c, J-ico

M, (N) M>(N)
= R 1(s, R I(s, x), A58
; Res I(s,x) + Z(:) Res 15,0 (A.58)

where M (N) and M, (N) are the number of poles —a, —a — 1,...and -3, —3 — 1,
... which lie to the right of the semicircle respectively. Clearly M| (N) and M,(N)
become infinite as N tends to infinity, see Fig. 12.

We compute the residues to find,

| [ I3 — MDD (@nla+1=7),
s Fooxyds = DOTB=) o iy, 3 @l 1)
270 J_ioo 'y —a) N—oo £~ (a+1—=73),n!x"
M>(N)
r r - n 1 - n
n (B (a—p) (=)~ Tim Z B)(B+1—=7) ’
INGENC)) N—oo “— (B4+1—a),nx"
for |x| > 1 and |arg(—x)| < 7 and the desired result is proved. (Il

We conclude these computations by explaining how Proposition A.11 leads to
the formulae (2.11)—(2.13). Let vy, x be a curve as described at the beginning of this
subsection. The second statement in proposition A.11 shows how to represent Gauss
» F series using a Mellin-Barnes integral. Due to the analyticity of this integral, as
shown in the first statement, the third statement provides the formula for the analytic
continuation of Gauss hypergeometric series beyond its radius of convergence. That
is to say,

(0)] (x) = Ca—=BTrMm (o FB-—a)l() (o

70,00 [)’2 T -G i (x)+F(5_7)F(a) Yy (x).

By manipulating the parameters as follows: o > a+1—7, 8+ S+ 1 — 7,7 —
2 — ~ and multiplying through by x'~7 we also deduce,
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-a-4 -a-3 -a-2 -a-1 -«
-9 0 o o o

Fig. 12 Paths of integration along the imaginary axis and the semicircle C}, as in (A.58)

©) iy F(ﬁ_ O[)F(Z_FY)
mee 7] 0 =~ M —a)l(G+1-7)
imy D@ =BT @—7)
' —Bra+1-7)

y ()

¥ (x),

recall that we have selected a branch of log(x) in the definition of our solutions
(2.4) around zero so x!~7 is well-defined. These factors constitute the entries of the
connection matrix,

(70,00 [yfo)] (), 0,00 [yéo)] (x)) = (yi"o)(x), yé"")(x)) >,

where,

_e—imy L@=AI@=y) " IE-al®)
TA-A(a+1-7) T(F-(@)

—e—imy L)@~y TI'(a=pl()
C>0 — Fd—a'(B+1-y) L(a—7)L(3)

which is indeed the inverse of the connection matrix C%> as given by (2.11). To find
the analytic continuation of the solutions around x = 1 we manipulate the variable x
as well as the parameters. From the transformations a — o, 3 +— B,y +— a+ 0+
1 —~and x — 1 — x, we have,
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Yoo [ ] 0 =

e PB—a)T(a+B+1=9 a, ’y .., >
‘ NEICEN TR ”ZE( —gt T
D@ =PT@+B+1=7 5 (B y-a .
B _ I5 1 _
)T atl—7) (I'—=x) 2F1(5+1_a,(1 x) >,

+e

and from the transformations a+— v —a, >~y —03, v+~ v+1—a— (0 and
x = 1—x,

71,00 [yl ](X)

G TB—FG+1—a=p) (o“, B
e M =m0 2R (a0

iﬂ'(u—')f)r(o‘_ﬂ)r(’y'i_l_a_ﬁ) _ B <ﬂ Y- _ >
e ra—pro—p 9 2o 0

both for |arg(x — 1)| < mand |x — 1| > 1. After applying Kummer transformation,

—a ac—=b . 4\ _ . a,a+1—c
G—x)zﬂ<a+1_bJ1 %) )—(X)zﬂ< PP )

which is valid for |arg(x — 1)| < 7, |arg(—x)| < 7, |x — 1| > 1 and |x| > 1, we
deduce the connection matrix,

Y000 [ 31| 0 000 | 137 | @) = (1) 37 0) €,
(oe [ 1] 0. 30 [ 187 ] ) = (5 @01, @) €

where,

r'(1 T (B (B+1—7)
pim(a—) o= OEOAZ0L8)  inp @B otsl =)

) ;) T (@ti—)

1 (3= L= (4 1-a— 6) P IR
Cc* =

which is indeed the inverse of the connection matrix C!> as given by (2.12). The
connection matrix C%' as in (2.13) can be deduced from the relation,

CO] — COOICOOO.

Appendix B: Mellin-Barnes Integral for Kummer Equation

In Appendix B, we follow the classical approach to show that these solutions can
be expressed in closed form by certain Mellin-Barnes integrals and thus derive the
connection matrices. This analysis allows us to explicitly compute the monodromy
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data, including Stokes matrices, of Kummer equation in the following section and
thus obtain a richer understanding of Stokes phenomenon.

The remainder of this subsection is dedicated to deriving the classical formulae
(3.12)—(3.13). This is a valuable exercise in its own right as it gives us a richer
understanding of Stokes phenomenon using a concrete example. Our approach is
to use Mellin-Barnes integrals to represent the fundamental solutions Y % (z), as
defined in Theorem 3.2, for which we are able to compute their analytic continuations.
Our analysis of Mellin-Barnes integrals is based on Whittaker and Watson’s (1979)
Sect. 16, who study a different form of the confluent hypergeometric differential
equation but is equivalent to ours using analytic transformations.

Define the following functions,

W @) =TI (v By €)
57 (2) = —p(B. 73 2),

W@ =™ (v = B,y €7 )
572) = —(B,7; 2),

where ¢ is the Mellin-Barnes integral,

=7 ds, (B.61)

% .)_j_f“wrwrw—nFW+1_7_ﬂ
PO o L FOTGB+1—7)

whose path of integration is along the imaginary axis with indentations as necessary
so that the poles of I'(s) lie on its left and the poles of ['(6 — s)['(8 + 1 — v — s) lie
on its right, as shown in Fig. 13. When dealing with ¢(3, «y; z) it is to be understood
that arg(z) belongs to an interval of length at most 27, as in (B.59) and (B.60), so
that we have a well-defined function.

Proposition B.13 Let y©oh (2) be the fundamental solutions defined in Theorem
3.2. Also let ifoo’k) (2) andjéoo’k) (z), k = —1,0, be the functions defined in (B.59)
and (B.60) and denote by Y (y1, ¥2; z) the matrix function given by (3.1). We have,

7 (500,500 1) = TR @), ce S B

fork =—1,0.

Proof We prove this proposition in three steps: we first show that the functions
~(00,k) ~(00,k) . . . . . .

¥, (z) and y, ’(z) are analytic on their respective sectors; using this fact, we
secondly show that these functions satisfy Kummer equation (1.2); finally, we show
that these functions have the correct asymptotic behaviour (3.5). By the uniqueness
statement of Theorem 3.2, these conditions are sufficient to conclude (B.62).

First step: analyticity of 7\ (z) and 7" (2).
We require formula (A.50) and Lemma A.12, as used in the derivation of Gauss
monodromy data formulae. Using (A.50), we have the following behaviour in the
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Fig. 13 Path of integration
in the Mellin-Barnes integral
w(f,7; z), the dots represent
the poles of the integrand

Re

B P+l B+2 B+3
e 6 o o o o -

integrand of p(a, c; z),
TEL(B—s)TB+1—y—s)=0O <67%|5||s|2‘3777%>  as|s| > oo (B.63)

along the contour of integration. We therefore need only consider the analyticity of
the following integral,

+ioco .
/ oI5l g
—i00

00 00
. _ 3 — [ [ . _ 3 — —7 z [ z
=i / e 2 \J\Z Jem(loglzItharg(z)) do — i / e 2 I(rlZ “36 io(log |z|+iarg(z)) do.
0 0

Applying Lemma A.12 to the first integral, with r = —2X, K = 1 and A = arg(z),
we find an analytic function for — —” < arg(z). Applying Lemma A.12 to the second
integral, with r= 3" ,K=1 and A = —arg(z), we find an analytlc function for
arg(z) < =*. We conclude that (43, fy, z) defines analytic functions y y2 71)(z) and

(°° ” (z) on their respective sectors N 1 and Eo It therefore follows that y1°° 1)(z)
and y1 0 (z) are also analytic functions, since ¢ (7 B—1,v;e ) must be ana-

Iyticon z € ¥_,and %) (7 G—1,ve _”TZ) must be analytic on z € So.

Second step: Showing yf"”‘) (z) and iéoo’ )(2) satisfy the Kummer equation (1.2).
We will now substitute (3, v; z) for y(z) into the left hand side of Kummer
equation (1.2) and show that the result is zero. Having established the analyticity
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of (8, v; z) on the sectors f)_] and io, we can compute the derivatives of this
integral by taking the derivatives inside the integral. After multiplying through by
27l (B)T (B + 1 — ) to cancel all multiplicative constant terms, we find,

(z¢"B.v)+ (=2 ¢ (B.7:2) — Be(B.7:2) 2mT (BB +1—7)

+ioo
= / FEOTB+2 - 9T @ 41—y —5)2 1 ds

ioo

+ioco
_/ yr‘(s)l‘(ﬁjtl_s)r(5+1_7_s)zsa‘@71ds

ioo

+00
#f TOMGH - or@ =gz ds

o0

+00

o0

—1+ioco
=/ T(s+ DB —v—9)"(T(B+1—s)—T(B—5) ds

1—ioco

+ioo
- / CEOTE+1— 792 (BTG —s)~T(B+1—9)) ds

100

—1+ioco +ioo
= (f —/ )F(s—i—l)l"(ﬁ—s)f‘(ﬁ-i—l — v — )P ds. (B.64)

1—ioco ioco

Due to the choice of the path of integration, the final integrand has no poles between
the contours of integration, see Fig. 14. Therefore, due to Cauchy’s theorem, the
expression equals zero and we have shown that ¢ (3, ~; z) satisfies Kummer confluent
hypergeometric equation (1.2) on z € $_,and f]o.

Observe the following differential identity,

2

d d
25 (/D) + (=2 - (¢ (=) = B f(=2)

(& d
e <Z Ef@ —(y—=(=2) Ef(Z) -(y=0) f(z)).

Given that (3, v; z) satisfies Kummer equation (1.2), it follows that the right hand
side of this identity equals zero for f(—z) = @(y — (3, v; —z). Looking at the left
hand side of the identity, we deduce that e*(y — 3, v; —z) also satisfies Eq. (1.2).

Third step: Asymptotic behaviour of il(oo’k) (z) and &éw’k) (z) for large |z].
Recalling the formal solutions given in Remark 3, we will deduce the following
asymptotics, for j € {0, —1}:
WoP@) ~ e R (y= B, 1-;27"), asz—>o0, z€%;,  (B6S)
WP @)~ = hF (8, B+1—y—2"), asz—> o0, €%, (B.66)



Stokes Phenomenon Arising in the Confluence of the Gauss ... 149

Fig. 14 Paths of integration Sm
in (B.64), the dots represent
poles of the integrand. Note
the crucial detail that s = 0

is not a pole of the integrand, Bely B3y
so there are no singularities e ©6 © © o o

between the two paths B+2-y L+a4-y

)

B B+l B+2 B+3
e 6 o o o o -

Denote the integrand of (3, v; z) by,

_TOLE=9L@B+1-7-5)

1D =T Gra+1-9 67

and let 7 be a large, positive real number. For N > 0, consider the path of integration
along the rectangle R with vertices at £i7 and —N — % =+ i7, with indentations so
that the poles of the integrand are separated as usual and with a positive orientation
as shown in Fig. 15.

By Cauchy’s theorem, we have,

1 1 —iT +iT —N—%+i7’ —N—%—iT
— | I(s,2)ds = — / +/ +/ +/ I(s,2)ds.
27i JR 2mi \J-N-L—ir  J-ir +iT -N-1+tir
N
=) ResI(s,2),
S=—n
n=0

We examine these integrals in the limit 7 — oo™ one-by-one, using the asymptotics
(A.50) of the Gamma function:

1. By writing s = x — i7 in the first integral we obtain,

0
er(arg(z)f%”)/ O(|Z|xTRe(2ﬂ7'y)fx7%) dx,
—N—%
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B+ly  B+3-y
® o o o o o
B2y By

~

-3

-N-1 2 -1 0

Re

B B+l B+2 [+3
e 6 o o o o..

-IT
Fig. 15 Path of integration around the rectangle R, the dots represent the poles of the integrand of

0(B,7; 2)

which tends to zero as 7 — oo™, thanks to arg(z) < 377

2. In the limit 7 — oo™, the second integral becomes (3, v; z), by definition.

3. Similarly to the firstintegral, by writing s = x + i7 in the third integral, we obtain,

_N-1L
e*‘r(arg(z)+37’"‘)/ 2 o <|Z|XTR€:(2,37’7)7X*%) dx.
0

which also tends to zero as 7 — oo™, thanks to arg(z) > —37”.

4. We write s = —N — % + iy in the fourth integral to obtain,

—-N-}-ir —r 0 1
/ I(s,z)ds:i(/ +f>l<—N——+iy,z> dy
—N—%-‘rir 0 T 2
_ iZ—N—%—g (/T O (|y|N+Re(2;3—'y)—le—y(%_’"‘—arg(z))) dy
0

o (et ) 4y ). me
0

Using the fact that lim,_, oo+ fOT e ky dy for k > 0 exists, the limit as 7 — oo™ of

the fourth integral exists and is of order O <|z|’N ’%’ﬂ) as T — oo™, thanks to

3r
larg(z)] < 5.
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Summarising the above analysis, we have shown that for large 7,

N
(B, 7:2) = Z}ig%l(s, )+ 0 <|Z|_N_%_ﬂ> ) (B.69)
n=0

(=z)"n!

N
=7 Z @n(B+1 =), Lo (|Z|—N—%—[f) ’
n=0

where we have used the formula ARes ro) = % for n > 0, to calculate the
=—n :

residues. This proves (B.66). Moreover, for N > 0, we can immediately deduce,

N
. o . . B — 1— Nl
o Fim(B— ’)EZVJ (W —B,v; e:l:nrz) — o0 Z (v = Bn( Bn ) (ezlz\ N—5+8 'y>’

Z"n!
n=0

which proves (B.65). O

Remark 10 The expression (B.69) is valid for all finite . In order to take the limit
as N — oo it is important to understand that (B.69) becomes an asymptotic result.
This is because the integrals in (B.68) depend on N and, in particular, they diverge
as N — oo™, hence the interchange between limits limy_, oo+ and lim,_, o+ is not
justified here.

Having established how to represent the fundamental solutions ¥ > (z) using
Mellin-Barnes integrals, we now show how to analytically continue them to z = 0.
We will prove the following proposition, which is sufficient to deduce the monodromy
data formulae (3.12)—(3.13).

Proposition B.14 Let yfo) (2) and f;o) (z) be the solutions as given in (3.3). For
—m+ 5 < arg(z) < m =+ 3, the integral as given by (B.61) satisfies,

LT =D
0B, v 2) = TG @+

ra—-)

~(0)
FG+i-m2 @

Proof Let I (s, z) be the integrand of ¢ (83, y; z) as given by (B.67). For large 7 > 0
and an integer N > 0, we now consider the integral around the rectangle R’ with
vertices i7 and N + % =+ i7, with indentations along the imaginary axis as usual
and with a negative orientation as shown in Fig. 16. Our analysis of this integral is
analogous to that of the integral around the rectangle R, which lies to the left of the
imaginary axis.

By Cauchy’s theorem, we have,
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N | N+1
Re

B B+1 B+2 B+3
e 6 o o o

-iT

Fig. 16 Path of integration around the rectangle R’, the dots represent the poles of the integrand
of (8, 7: 2)

1 1 (
— I(s,2)ds = —

—ir ir N+J+it N+1-ir
/ +/ +/ —i—/ I(s,z)ds
N+1-ir —it ir N+1+ir

27” R 27Tl
M (N) My(N)
= Z Res I(s,z) — Z Res (s, 7)
— s=0+1—v+n —0 s=0+n

where M| (N) and M,(N) are the number of poles 6+ 1—~, 34+2—1, ... and
0B, 8+ 1, ... which lie inside the rectangle respectively. We examine these integrals
under the limit 7 — oo™ one-by-one, using the asymptotics (A.50) of the Gamma
function:

1. By writing s = x — i7 in the first integral we obtain,

0
er(arg(z)f%') O <|Z|XTRe(2;37~,/)7x7%> dx,
N+3

which tends to zero as 7 — oo™, thanks to arg(z) < %”

2. In the limit 7 — oo™, the second integral becomes (3, v; z), by definition.

3. Similarly to the firstintegral, by writing s = x + i7 in the third integral, we obtain,

N+j+iT
e—T(arg(z)+37")/ O(|Z|xTRe(2ﬂ—w)—x—%) dx,
iT
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which also tends to zero as 7 — oo™, thanks to arg(z) > —37”.

4. We write s = N + % + iy in the fourth integral, to obtain,

N+5—it
f I(s,z)ds =i (/ /) (N+ + iy, z) dy
N+ +iT
— i NtiB </ O(Iyl N+Re(28—7)—2 —)(7—arg(&))> d
0

_/«TO (ly|7N+Re(2ﬁ7'y)72efy(arg(z)+%)) dy) . (B.70)
0

Using the fact that lim,_, oo+ fOT ek dy for k > 0 exists, the limit as 7 — oo™
of fourth integral exists, thanks to |arg(z)| < 37” Moreover, for |z| sufficiently
small, this limit exists uniformly with respect to large N, due to the minus sign

in the exponent of |y|. In particular, for |z| sufficiently small,

N+i—ir
lim I(s,z)ds =0.

N—oot Jyql_ir

Summarising the above analysis, we have shown the following,

M (N) My (N) N+%+i7’
0B, 2) =— Z Res I(s,z) — Z Res I(v z)+ lim I1(s,z)ds,
= s=PFl-—n = =P oot N+ —ir

where the convergence of the limit of this integral is uniform with respect to N —
oo™, As such, we may interchange the limits lim,_, 5o+ and limy_, oo+ as follows,

M, (N) M>(N)
,v:2)=— i R I(s,z)— i Res I (s,
w(ﬁ v Z) N—ljglo+ Z x:ﬁ-&-le—sf*,-i—n (S Z) N—1>n<>’loJr Z s:;’?ﬁn (S Z)
n=0 n=0
N+3+ir
+ lim lim I(s,z2)ds,

+ + .
N—oot 7—o00 N+%71‘r

[o¢] o0
= — Res I(s,2)— Z Res I(s, 2)
s=F+1—y+n s=pB+n
n=0 n=0

N+1+ir

+ lim lim I1(s,z)ds,
700t N—oot N+d—ir
o0 o0
= — Res I(s,z) — Z Res I(s,z) + lim O.
0 s=F+1—y+n o s=0+n T—o00t
= n=
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We compute the residues to find,

o TO=D B T =) — (B)nz"
P72 = F(ﬂ) Z @ =) +F(B+1—7);(V)nn!’

forz € i_l and f)o and the desired result is proved. O

Remark 11 Continuing with the issue raised in Remark 10, the fact is that integrat-
ing along the rectangle R to the left of the imaginary axis is only able to produce an
asymptotic result because we do not have uniform convergence with respect to N in
the integrals (B.68). This is to be expected, since we know ¢(/3, v; z) is analytic on
sectors ©_; and %, it certainly cannot be equal to a divergent , F series. However,
when integrating along the rectangle R’ to the right of the imaginary axis we produce
an equality with a linear combination of convergent series, namely this is the analytic
continuation of the solutions at z = oo to z = 0. This is shown in (B.70), because
the integrals here converge as 7 — oco™ uniformly with respect to large N.

We conclude these computations by using Proposition B.14 to prove the formulae
(3.12)—(3.13) of Lemma 3.3.

Proof of Lemma 3.3 Recall from the definitions (B.59) and (B.60) of solutions,

3@ = —pB.v:2) and 50 = ’”("‘Q‘V)eﬂo(’yfﬁw:f"”Z), ze 5.

Let 7.0 be a curve as described at the beginning of this subsection. Proposition B.13
shows how to represent the solutions of Kummer equation (1.2) around z = 0o using
a Mellin-Barnes integral. Due to the analyticity of this integral, as shown in the first
part of the proof of Proposition B.13, Proposition B.14 provides the formula for the
analytic continuation of these solutions to z = 0. That is to say,

~(00,0) (’Y D (0) _ ra--y ~(0)
oo [0 [@ = =5 @ — m @

By manipulating the parameters and variable as follows: 3+ v — 8, v — 7, 7
¢'™z, we also deduce,

o0, r D . 1 —
Yoo,0 [yf 0)] () = elw(@ W)Me im(l1— 7) =742 v ( ﬂ; —Z>

F(y=05) 2-9
. ra- —
+em(/377)1—‘51 _gielel ('Y By ﬁ; _Z) )

After applying Kummer transformation,
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a c—a
e*1F <C;—Z> ElF1< c ;Z),

we deduce the connection matrix as given in (3.13), namely,

(s [5£59] @ 0 [555°] @) = (500, 59 0) &

where,

\D

" 171'(/3 nHreo=bH _Tr'y=D
oo _ T(—7) ()
=\ ir— r(l rd—y _ raty |-

Ta=3 ~ TE+-7)

We now turn our attention to proving the formulae (3.12) for Stokes matrices. By
Definition 3.2 of the Stokes matrices Sy and by the asymptotic behaviour (3.5) of the
fundamental solutions Y °>% (z), we have,

B=Yez 0 N\~ (77 Pe2 0 m 3w
Z e Z e
( 0 zl—ﬁ>sk< 0 Zﬁ—l)”L as z — 00, arg(z) — kwe(2 2)

From this relation we easily deduce that §_1 is lower triangular and §0 is upper trian-
gular, both with unit diagonals. Denote by 5_; and 5 the (2, 1) and (1, 2) elements of
the matrices S_; and §0 respectively. With the knowledge of the connection matrix
C 0o we use the cyclic relation (3.15) as follows,

5000627”'(505000 — (§71)71 372’”@“’ (§0)71 ,

eZm(ﬁ ) —2mie '™
o LA B+1—y)
—2mie?m B 1— eZm’(ﬂf’y) + eZ‘/ri(lf“/)

L=/ (—p)
@ {

(1 0\ (MY 0 1 =5

“\-540 0 e2mi(1=p) o1 )’
27i

which are indeed the Stokes multipliers found in the formulae (3.12) for the Stokes

matrices.

-1

D:l U

NN
a-0rG )mw " (B.71)

= TOreri—,¢

Remark 12 If we had chosen to normalise the monodromy data of Kummer equation
with respect to the fundamental solution y(eo.=D (z) then the signs of the exponents in
Co would be 1nverted . Furthermore, the monodromy matrix around infinity would
change as Moy S ' Moo So.
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B.1 Gevrey Asymptotics and a Result of Ramis and Martinet

We close this subsection about Kummer confluent hypergeometric differential equa-
tion by examining Gevrey asymptotics and stating a result of Ramis and Martinet
(1989). This also gives us the opportunity to show a contemporary approach to the
theory of Stokes phenomenon, which we have learned from Balser (1994), Put et al.
(2003). The contents of this additional subsection will not be necessary for our main
theorems in Sect. 4, we include it for the curiosity of the reader.

We recall some definitions and facts regarding asymptotic theory. In the following,
keep in mind that the role of the letter £ will mirror the concept of a linear differential
equation having a pole of Poincaré rank k, so that for Kummer equation we are
specifically concerned with k = 1. Denote by C[[z~'1] the field of formal series in
7L

Definition 4.1 Let f be a function analytic in a sector T. We say that f has the
series f o oz € (C[[z‘l]] as its Gevrey asymptotic expansion of order k™~ !
asz — 00,z € X, denoted f =~ 1 f if for every closed subsector o of ¥, there exists
a constant K > 0 such that, for all N € Nand Z €0,

N—1
N (f(z) - fnz‘”)
n=0

<K r <1 + %) . (B.72)

We denote by .A% (2) the set of analytic functions on 3 which have a Gevrey asymp-
totic expansion of order k.

Gevrey asymptotics is a stronger definition than the usual one of Poincaré because it
specifies how the right hand side of the inequality (B.72) depends on N. In Poincaré’s
definition of an asymptotic series the precise dependence on N is not relevant. If we

denote by A(Z) the set of analytic functions on a sector $ which admit an asymptotic
expansion then we have,

A D A () D A%(i) ») A%(i) S, (B.73)

since the asymptotic expansion (A.50) of the Gamma function implies:

r(1+25)

——— = 0as N .
F(1+%)_) as N — oo

We note that, if f € A%(i), with f > Z?;O fnz™", then these coefficients sat-

isfy | f,] < K"T (l + %) for some positive constant K and n > 1. To see this, we
add the following inequalities:
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N
<lz|VK"T (1 + ;) ,

N+1
< |z| N1k NHTD (1 + T+>

N-1
‘f(z) =Y faz"

n=0

N
‘f(z) =Y faz ™"

n=0

to obtain the following inequality for fy,

N N +1
Ifvl < KNT (1 + ?) + |z|'KNTIT (1 + T+) ,

from which we immediately find the claimed property by taking the limit z — oo.
This motivates the following definition.

Definition 4.2 We call a series f: ZEO:O f2z7" € C[[z]] a Gevrey series of order
k= if there exists a positive constant K such that, | f,| < K"TI" (1 + %) foralln > 1.
We denote by (C[[z]]% the set of all Gevrey series of order k.

Consider the map J : A% (f)) — (C[[z]]kl which maps an analytic function f on the

sector ¥ to its Gevrey asymptotic expansion of order k~!. We recall the following
result, see for instance Balser (1994), Put et al. (2003).

Theorem B.15 Assume k > % The set A 1 (2)isa differential algebra and the map

J is a homomorphism. Moreover, if the sector S has an opening less than 7, then J

is surjective, otherwise, if S has an opening greater than % then J is injective.

This remarkable theorem draws the connection between Gevrey asymptotics and
Stokes phenomenon. Given a formal Gevrey series of order k!, this theorem shows
that there is a unique analytic function on a sector of opening greater than 7 which
has that series as its Gevrey asymptotic expansion of order k~!. Observe that this is
exactly parallel to the theory of Stokes phenomenon: given a differential equation
with a pole of Poincaré rank k and a formal fundamental series solution at that point,
there are unique analytic fundamental solutions on a sectors of openings greater than
7 with the prescribed formal series as their asymptotic expansions.

Let (8, v; z) be defined as in (B.61). Ramis and Martinet prove the following
result.

Theorem B.16 The functionz®¢(a, c; z) has,» Fy (a,a + 1 — ¢; —z7") asits Gevrey

asymptotic expansion of order one as 7 — oo with |arg(z)| < 37” Similarly, (—z)¢™¢

p(c—a,c;—z) has 2 Fy (c —a, 1l —a; z’l) as its Gevrey asymptotic expansion of
3r

order one with |arg(—z)| < 7.

We have seen in the first part of the proof of Proposition B.13 that (a, c; z)
and ¢(c — a, c; —z) are analytic in the sectors ¥_; and X;. In particular, since
these sectors have openings greater than 7, Theorem B.15 states that the map J :
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A (§+) — C[[z]]; is injective. In other words, there are unique analytic functions
on these sectors which have the formal series solutions,

77N F, (a, a+1—c; —z_l) and (—z)“ “e“ Fy (c —a, 1l —a; z_l) , (B.74)

as their Gevrey asymptotic expansions of order 1. Since we have seen that Gevrey
asymptotics imply asymptotics in the usual sense, recall (B.73), this implies that
such analytic functions on these sectors are in fact solutions to Kummer equation
(1.2), by the uniqueness statement in Theorem 3.2. Since the formal series solutions
(B.74) are clearly linearly independent, Ramis and Martinet’s Theorem shows that
the functions,

pla,c;z) and €e‘p(c —a,c; —2z),

constitute a fundamental set of solutions of Kummer equation. Compared with our
proof of this fact, stated as Proposition B.13, it is satisfying to deduce this from a
different perspective.
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Periodic Trajectories of Ellipsoidal )
Billiards in the 3-Dimensional Minkowski | @&
Space

Vladimir Dragovi¢ and Milena Radnovi¢

Abstract Inthis paper, we give detailed analysis and description of periodic trajecto-
ries of the billiard system within an ellipsoid in the 3-dimensional Minkowski space,
taking into account all possibilities for the caustics. The conditions for periodicity
are derived in algebro-geometric, analytic, and polynomial form.

Keywords Ellipsoidal billiards * Periodic trajectories + Poncelet theorem -
Pseudo-Euclidean spaces *+ Hyper-elliptic curves - Pell’s equation

1 Introduction

Discrete integrable systems occupy an important part of the scientific activity and
legacy of Professor Nalini Joshi. There are several recent monographs related to
discrete integrability as intensively developed field of pure and applied mathematics
(see Duistermaat (2010), Bobenko and Suris (2008), Hietarinta et al. (2016), Joshi
(2019)). Integrable billiards (see Kozlov and Treshchév (1991), Dragovi¢ and Rad-
novi¢ (2011)) form an important class of discrete integrable systems. This paper is
devoted to integrable billiards in the 3-dimensional Minkowski space, merging two
lines of our previous studies.

We will derive here the periodicity conditions for such billiards in different forms:
in algebro-geometric terms and in terms of polynomial functional equations. More
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about extremal polynomials and related Pell’s equations one can find in Akhiezer
(1990), Bogatyrev (2012) and references therein. Following Birkhoff and Mor-
ris (1962), Khesin and Tabachnikov (2009), we introduced notions of relativistic
quadrics and applied them to billiards in the pseudo-Euclidean spaces in Dragovi¢
and Radnovi¢ (2012). In a more recent paper Dragovi¢ and Radnovi¢ (2019b), we
established a fundamental relationship between periodic integrable billiards in the
Euclidean spaces of arbitrary dimension and extremal polynomials and Pell’s equa-
tions. We applied these ideas in more detail in the basic, planar cases in Dragovié¢
and Radnovi¢ (2019a) for the Euclidean metrics and in Adabrah et al. (2019) for
the Minkowski metric. In this work, we deal with the three-dimensional Minkowski
space, as a gateway to the study of billiards in higher-dimensional pseudo-Euclidean
spaces. The results of this paper may provide an approach to the solution to a known
open problem, Problem 5.2 from Genin et al. (2007), which is also Problem 7 from
Tabachnikov (2015). See Remark 4 for more details.

The organization of the paper is as follows. Section 2 introduces basic notation.
Section 3 is devoted to algebro-geometric formulation of periodicity conditions,
while Sect.4 derives the conditions of periodicity in terms of Pell’s equations and
related polynomial functional equations.

2 Confocal Families of Quadrics and Billiards

In this section, we recall necessary notions and properties related to confocal fam-
ilies of quadrics and billiards within ellipsoids in the Minkowski space. A more
detailed account can be found in Genin et al. (2007), Khesin and Tabachnikov (2009),
Dragovi¢ and Radnovi¢ (2012).

The Minkowski space E*! is R® with the Minkowski scalar product: (X,Y) =
XY+ XY, — X3Y5.
The Minkowski distance between points X, Y is

dist(X,Y) = /(X — Y, X — Y).

Since the scalar product can be negative, notice that the Minkowski distance can
have imaginary values as well.

Let £ be a line in the Minkowski space, and v its vector. The line ¢ is called space-
like if (v, v) > 0; time-like if (v, v) < 0; and light-like if (v, v) = 0. Two vectors x,
y are orthogonal in the Minkowski space if (x, y) = 0. Note that a light-like vector
is orthogonal to itself.

Confocal families. Denote by

nERSE (1)
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Fig.1 Confocal quadrics in
the three-dimensional
Minkowski space

witha; > ay, az > 0, an ellipsoid. Let us remark that equation of any ellipsoid in the
Minkowski space can be brought into the canonical form (1) using transformations
that preserve the scalar product.
The family of quadrics confocal with & is:
SR - B
a; — A a— A a3+ A

Q, : 1, XeR. )

The family (2) contains four geometrical types of quadrics:

1-sheeted hyperboloids oriented along x3-axis, for A € (—o00, —a3);

ellipsoids, corresponding to A € (—as, az);

1-sheeted hyperboloids oriented along x;-axis, for A € (az, a;);

2-sheeted hyperboloids, for A € (a, +00) — these hyperboloids are oriented along
X3-axis.

In Fig. 1, one non-degenerate quadric of each geometric type is shown. In addition,
there are four degenerated quadrics: Q,,, Qu,, Q—4, Do, that is planes x; = 0,
xp = 0, x3 = 0, and the plane at the infinity respectively.

The following theorem consists of a generalisation of the Chasles theorem to the
Minkowski space and the additional conditions on the parameters of the quadrics
touching a given line. The corresponding generalisation of the Chasles theorem was
first obtained in Khesin and Tabachnikov (2009), while the classification of the types
of confocal quadrics touching a given line for the 3-dimensional Minkowski space
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was considered in Genin et al. (2007), regarding the geodesics on an ellipsoid, and
in Dragovi¢ and Radnovi¢ (2012) regarding billiards within ellipsoids in the pseudo-
Euclidean space of arbitrary dimension.

Theorem 1 In the Minkowski space E*' consider a line intersecting ellipsoid & (1).
Then this line is touching two quadrics from (2). If we denote their parameters by
Y1, Y2 and take:

{bi, ..., by, c1, ..., cg} = a1, a2, —az, V1, 12}
cg<--=<c1<0<b =---=<b,, p+q=5,

we will additionally have:

— if the line is space-like, then p =3, g =2, a; = b3, 71 € {b1, by} for 1 <i <
k—1, and Y2 € {C], Cz},'

— if the line is time-like, then p = 4, g = 1, c; = —as, 71 € {b1, b2}, 72 € {b3, by},

— if the line is light-like, then p =4, g = 1, by = 00 = V3, by = a;, 11 € {b1, b2},
and ¢ = —as.

Morveover, for each point on £ inside E, there are exactly 3 distinct quadrics from
(2) containing it. More precisely, there is exactly one parameter of these quadrics in
each of the intervals:

[c1,0), (0,b1], [b2, b3].

Remark 1 Since[cy, 1] C [—as, ax]and [by, b3] C [as, a1], any given point within
£ lies at the intersection of two ellipsoids and one 1-sheeted hyperboloid oriented
along x;-axis.

For each quadric, its tropic curves are the sets of points where the induced metric
on the tangent plane is degenerate. An ellipsoid is divided by its tropic curves into
three connected components: two of them are “polar caps” mutually symmetric with
respect to the xjx;-plane, while the third one is the “equatorial” annulus placed
between them, see Fig. 2. Notice that the induced metric within each “polar cap” is
Reimannian, while it is Lorentzian in the annulus between the tropic curves Genin
et al. (2007).

Remark 2 From Theorem | and Remark 1, we have that a given point M within £

lies at the intersection of three quadrics Qy,, Qx,, D, A1 < A2 < A3. Itis proved in

Dragovié¢ and Radnovié (2012) that M will belong to a “polar cap” of ellipsoid Q,,,

and to the “equatorial belt” annulus of ellipsoid Q),, with —c < A\; <0 < A\, < b.
The triple (A1, A2, A3) represents generalised elliptic coordinates of M.

Billiards in the Minkowski space. Let v be a vector and v a hyper-plane in the
Minkowski space. Decompose vector v into the sum v = a + n, of a vector n,,
orthogonal toy and a belonging toy. Then vector v’ = a — n., is the billiard reflection
of v on ~. It is easy to see that then v is also the billiard reflection of v" with respect
to 7.
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Fig. 2 Tropic curves on ellipsoid

Note that v = v’ if v is contained in v and v’ = —v if it is orthogonal to ~. If n,,
is light-like, which means that it belongs to -y, then the reflection is not defined.

Line ¢’ is a billiard reflection of £ off a smooth surface S if their intersection point
£ N ¢ belongs to S and the vectors of ¢, ¢’ are reflections of each other with respect
to the tangent plane of S at this point.

Remark 3 Itcanbe seen directly from the definition of reflection that the type of line
is preserved by the billiard reflection. Thus, the lines containing segments of a given
billiard trajectory within S are all of the same type: they are all either space-like,
time-like, or light-like.

If S is an ellipsoid, then it is possible to extend the reflection mapping to those
points where the tangent planes contain the orthogonal vectors. At such points, a
vector reflects into the opposite one, i.e. v/ = —v and ¢’ = £. For the explanation,
see Khesin and Tabachnikov (2009). As follows from the explanation given there, it
is natural to consider each such reflection as two reflections: one reflection off the
“polar cap” and one off the “equatorial belt”.

The following version of the Chasles’ theorem holds for billiards within ellipsoids
in the Minkowski space:

Theorem 2 (Khesin and Tabachnikov (2009)) In the Minkowski space E*', con-
sider a billiard trajectory within ellipsoid £. Then each segment of that trajectory is
touching the same pair of quadrics confocal with E.

The two quadrics from Theorem 2 are called the caustics of the trajectory.

3 Periodic Trajectories

We will prove now the generalisation of the Poncelet theorem for the 3-dimensional
Minkowski space. This proof is in the spirit of classical works of Jacobi and Darboux
(see, for example Jacobi (1884), Darboux (1870)), and also resembles the proof of a
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Poncelet theorem for light-like geodesics on a quadric in the Minkowski space from
Genin et al. (2007).

Theorem 3 In the Minkowski space E>', consider an n-periodic billiard trajectory
within ellipsoid £. Denote n = my + n1, where m is the total number of reflections
off the “polar caps”, and n| the number of reflections off the “equatorial belt” of
& along the trajectory. Then each billiard trajectory within £ sharing the same pair
of caustics is also n-periodic, with m and n; reflections off the “polar caps” and
“equatorial belt” respectively.

Proof The differential equations in the elliptic coordinates of the lines touching two
given quadrics Q-, and Q., from (2) are:

o nNdN
Z y(x)_o’ Z y(A)_O’

i=l i i=1 i

with
P(x) =elar —x)(ar —x) (a3 + x)(y1 —x)(2 —x), e=sign(y172). ()

Introduce constants by, ..., b,, ci, ..., ¢, as in Theorem 1.

Along billiard trajectory, each of the elliptic coordinates |, Ay, A3 takes values
in segments [cy, 0], [0, b1], [b2, b3] respectively, with local extrema being only the
end-points of the segments.

The value A; = 0 corresponds to the reflection off a “polar cap” of £, and A\, = 0
to the reflection off the “equatorial belt”. If A\; = A, = 0, then that corresponds to
hitting the tropic curve, which will be counted as two reflections — one off the “polar
cap” and one off the “equatorial belt”. Whenever one of the elliptic coordinates takes
value ay, ay, —as, the particle is crossing the coordinate plane x; = 0,x, = 0,x3 =0
respectively. Values v, v, correspond to touching points with the caustics.

Similarly as in Darboux (1914), see also Dragovi¢ and Radnovié¢ (2004), integrat-
ing along the periodic trajectory gives:

o Md\ N b M, b Mg
m ———+n ————n —
o vEoo M VZOw T, VPOw)

where 7, is the number of times A3 traced the segment [b,, b3] along the trajectory.
Since these relations do not depend on the initial point, each trajectory with the same
caustics will become closed after A\, \,, A3 traced the corresponding segments 1,
ny, ny times respectively.

=0, ke{0,1}, 4

We will denote the underlying hyper-elliptic curve as:

€ ¥ = P(x), (5)
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with & (x) given by (3). The Weierstrass point on % corresponding to the value x = &,
& € {71, 7, a1, az, —asz, oo} will be denoted by P¢. One of the points corresponding
to x = 0 will be denoted by Py.

We note that relation (4) implies the following equivalence on the Jacobian of the
hyper-elliptic curve

mi(Py— P.) +n1(Py— Py,) +nz2(Pyp, — Pp,) ~ 0. (6)

In the following theorem, we present a detailed algebro-geometric characterisation
of periodic trajectories whenever the curve % is non-singular.

Theorem 4 (Algebro-geometric conditions for periodicity) Consider a billiard tra-
jectory within ellipsoid & in the Minkowski space E*', with non-degenerate distinct
caustics by Q,, and Q.,. Then the trajectory is n-periodic if and only if one of the
following is satisfied:

— The trajectory is space-like, and
(S1) both caustics are ellipsoids and either:

*n is even, and the divisor n Py equivalent to one of nPy, (n — 2) Py +
P,, + P, on the Jacobian of the curve €; or

*n is odd, and the divisor n Py equivalent to one of (n — 1) P + P,,, (n —
)Py + Ps,.

(52) Q,, is ellipsoid, Q., 1-sheeted hyperboloid along x3-axis, and either:

*n is even and nPy ~ nPy; or
*nisoddandnPy ~ (n — 1) P + P,,.

(S3) one caustic is a 1-sheeted hyperboloid oriented along x3-axis, the other a
1-sheeted hyperboloid oriented along x,-axis, n is even, and n Py ~ n P.

(54) Q,, is ellipsoid, Q., 1-sheeted hyperboloid oriented along x,-axis, and
either:

*niseven and nPy ~ nPy; or
*nisodd andnPy ~ (n — 1) Py + P,,.

— The trajectory is time-like, and

(T1) Q.,, is ellipsoid, Q., 1-sheeted hyperboloid oriented along x,-axis, and
either:

*n is even and nPy ~ nPy; or
*nis odd andnPy ~ (n — 1) Py + P,,.

(T2) Q., is ellipsoid, Q., 2-sheeted hyperboloid along xz-axis, and either:

*n is even and nPy ~ nPy; or
*nisodd andnPy ~ (n — 1) Py + P,,.
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(T3) both caustics are 1-sheeted hyperboloids oriented along x,-axis, n is even,
and the divisor n Py is equivalent to either n Po, or (n —2) Py, + P, + P,,.
(T4) one caustic is 1-sheeted hyperboloid oriented along x,-axis, the other 2-
sheeted hyperboloid oriented along x3-axis, n is even, and n Py ~ n Px,.

Proof For a space-like trajectory, according to Theorem 1, we have v, < 0 < v <
ai, 12 € {c1, 2}, 71 € {b1, by}. Thus, there are four possibilities of the types of the
caustics.

Case S1 (v, = c1, 71 = b1): Both caustics are ellipsoids, —a3 < 75, < 0 < v <
a < aj.

The algebro-geometric condition (6) in this case is:

mi(Py — Py) +ni(Py— P,,) +ny(Py, — Py) ~ 0.

ny is even, since it is the number of times the particle crossed the plane x, = 0 along
the closed trajectory, so the condition is equivalent to:

l’lPo — mlPA/,] — n1P,y2 ~ 0.

From there:
nPs, if m; and n; are even;
P (n—2)Py + Py, + P,,, ifm; and n, are odd;
nPy ~
0 (n— 1Py + P, if m is odd and n; even;
(n—1)Pyx + P, if m; is even and n; odd.

Case S2 (7o = ¢3, 71 = by): One caustic is an ellipsoid, and the other 1-sheeted
hyperboloid along x3-axis, v, < —a3 < 0 < v < ay < a;.
The algebro geometric condition (6) for n-periodicity is:

mi(Py — P_g,)) +n1(Po — P,,) +ny(Py, — P,)) ~ 0.
In this case, m and n, must be even, so n and »n; are of the same parity. Thus

nPy, if n is even;
nPky ~ e
(n—1)Pyx + P, ifnisodd.

Case S3 (v, = ¢, 71 = by): One caustic is a 1-sheeted hyperboloid oriented along
x3-axis, and the other a 1-sheeted hyperboloid oriented along x,-axis: v, < —az <
O<ay <y <a.

The algebro geometric condition for n-periodicity is:

mi(Py — P_g,) +n((Po— Py,) +ny(Py, — P,) ~0,
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where m, ny, n, are all even, which implies n Py ~ n Py.

Case S4 (2 = c1, 71 = by): The caustics are a 1-sheeted hyperboloid oriented
along x;-axis and an ellipsoid: —a3 < v, <0 < ap <7 < a;.

The algebro geometric condition for n-periodicity is:

mi(Py — P,,) +ni(Py — Pg,) +na(Py — Py) ~0,
with even ny, ny, so n and m; are of the same parity. From there we get:

nPy, if n is even;
}’lP() ~ . .
(n—1)Pyx + P, ifnisodd.

For a time-like trajectory, Theorem 1 gives 0 < v < v, v € {b1, b2}, 12 €
{b3, b4}. Again, there are four possibilities for the types of the caustics.

Case T1 (1 = by, 2 = b3): One caustic is ellipsoid, the other is 1-sheeted hyper-
boloid oriented along x;-axis, —az <0 <y <ay <72 < ay.

The algebro geometric condition for n-periodicity is:

m(Py— P_g,)) +n1(Py — P,) +ny(Py, — Py,) ~0,

where m| and n, must be even, so n and n; are of the same parity. Thus this is
equivalenttonPy — n P, —no P, ~ 0, 1i.e.

n Py, if n is even;
nPy ~ .
(n — 1)Py + P,,, ifnisodd.

Case T2 () = by, 2 = bs): The caustics are an ellipsoid and a 2-sheeted hyper-
boloid along x3-axis, —az < 0 < v} < ay < a; < ¥,. This case is done identically
as Case T1.

Case T3: Both caustics are 1-sheeted hyperboloids along y-axis: y; = b2, v2 = bs.
Here —a3 <0 <a, <y <y <ay.

The algebro geometric condition for n-periodicity is:

mi(Po — P_g,) +n((Py — Py,) +ny(Py, — Py,) ~0,
where n1, m; are both even, so n is also even. We get:

P nPs, if n, is even;
n ~
"l —2)Ps + P, + P, ifn,isodd.
Case T4 (1 = by, 72 = by): The caustics are a 1-sheeted hyperboloid along x,-
axis and a 2-sheeted hyperboloid along x3-axis, —az <0 < ax <y, <a; < 7.
The algebro geometric condition for n-periodicity is:
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mi(Py — P_g,)) +n1(Po — Py,) +na(Py,, — P,) ~0,

where m |, ny, ny are all even, which than gives n Py ~ n Py,.

The analytic Cayley-type conditions for periodic trajectories can be derived from
Theorem 4 using the next Lemma.

Lemma 1 Consider a non-singular curve € (5). Then:
— nPy ~ nPy forn even if and only if n > 6 and

As As o Awa

A5 A6 v Am+2

rank <m-—2, n=2m,

Anmy2 Apys - Aot

with /P (x) = Ao+ A1x + Axx> + ... ;
- nPy~ n—2)Py + P, + P, for n even ifand only if n > 4 and

B, By ...By

By Bs ...Bui

rank <m-—1, n=2m,

Bint1 Buta -+ - Ban—i

VP (x)

With ———————— = By + Bix + Byx? +.
(x =) (x —72)
—nPy~ (n—1)Py + P, for n odd if and only lfn > 5and
C3 C4 Cm+]
Cy Cs  ...Cup2

rank <m-—1, n=2m+1,

Cm+2 Cm+3 e C2m
Nz
with&—Co—l-C]x—i—ngz—i—...;
- nPy~ (n—l)Poo—i— ", for n odd if and only if n > 5 and

Dy Dy ...Dyi

Di Ds ...Dpis

rank <m-—1, n=2m+1,

Dyy2 Dy - .- Doy

VP (x)

X=m"

with =D0+D1x+D2x2+....

Proof When n = 2m is even, the basis for .Z(n Py) is:
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2 m—3

{1, x, x5, ..., x", y,xy,...,x" 7y},

while £ ((n — 2) P, + P,, + P,) has basis

m—2

1 2 m—1 y Xy X y
X, XS, X R N e, .
=D& =) =7 —=7) x =D& —72)

When n = 2m + 1, the basis for .Z ((n — 1) P + P%) is:

X xm—2
{l,x,xz,...,x”’ Y Y y}.

e mz—m i

In each case, the condition for the divisors equivalence is that there is a linear
combination of the basis with a zero of order n at x = 0, which gives n linear
equations for the coefficients. In order to get a non-trivial solutions, the rank of
the system cannot be maximal, which gives the stated conditions, as it was done in
Griffiths and Harris (1978), Dragovi¢ and Radnovié¢ (2011).

Next, we will consider the case when the two caustics coincide: v; = ~,. Then,
the segments of a billiard trajectory within £ are generatrices of the double caustic,
which must be a 1-sheeted hyperboloid oriented along x;-axis. Such a situation can
be considered as a limit of the case T3 from Theorem 4, when v, — ;. The Cayley-
type condition for periodicity is thus obtained by taking the limit of the corresponding
analytic condition from Lemma 1.

Proposition 1 A billiard trajectory within € with segments on 1-sheeted hyperboloid
Q.,, which is oriented along x»-axis, is n periodic if and only if n is even and either

As As . Apa

As A ... Ami>

rank <m—2, n=2m=>06,

Am+2 Am+3 BRI AZm—l

with (71 — x)a/(a1 — x)(az — x)(az3 + x) = Ao+ A1x + Axx> +...; or
B, Bs; ...B,
By Ba ... Bup <m—1, n=2m>4,

Bm+l Bm+2 .. BZm—l

with Y@ = 0@ - 0@+ Bo+ Bix + Box® + . ...

=X
Finally, we will consider light-like trajectories. Such trajectories can be considered
as a limit of Cases S2 and S3 from Theorem 4, when v, — —o0, or a limit of Cases
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T2 and T4, with 4, — +o00. The analytic conditions are obtained as the limit of the
corresponding conditions from Lemma 1.

Proposition 2 A light-like billiard trajectory within £, with non-degenerate caustic
Q.,, is n-periodic if and only if

— niseven, n > 06, and

As As . Apa

As  Ag ... Api>

rank <m-—2, n=2m,

Apt2 Az - Adi

with /(a1 — x)(az — x)(az + x)(71 —X) = Ao+ Ajx + Arx> +...; or
- Q,, is an ellipsoid, n is odd, n > 5, and

By By ...Bus

By Bs ...Bni»

rank <m-—1, n=2m+1,

Bm+2 Bm+3 oo B2m

=Bo+B]x+BQX2+....

with \/(al —x)(az — x)(a3 + x)
Y —X

4 Polynomial Equations
In this section, we express the periodicity conditions as polynomial functional equa-
tions.

Lemma 2 Consider a non-singular curve € (5). Then:

— nPy ~ nPy forn = 2m ifand only if n > 6 and there are real polynomials p,,(s)
and q,,—3(s) of degrees m and m — 3 respectively such that

D) —=sls——ls——Jls+—|ls——|s——)g,50)=1;
a; a as Y1 Y2

—nPy~ (n—2)Pyx + P, + P, forn =2m evenifand only ifn > 4 and there are
real polynomials p,,—(s) and q,—>(s) of degrees m — 1 and m — 2 respectively
such that

(s — l) (s - l) Pi—l(S) -5 (s - i) <S - i) (S + l) 51;421—2(5) =g,
ol 72 a a2 a3

with € = sign (172);
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- nPy~m—1)Pyx + P, forn =2m + 1oddand~y, > Oifand only ifn > 5 and
there are real polynomials p,,(s) and q,,—»(s) of degrees m and m — 2 respectively
such that

(=a)mo= (=) (-a) (4 a) (-5)e
s=)me=s(s= )=o) ) (-5 ) s =-n
71 aq an as Y2

- nPy~m—1)Pyx+ P, forn =2m+ 1 oddand v, < QOifand only ifn > 5 and
there are real polynomials p,, (s) and q,,_»(s) of degrees m and m — 2 respectively
such that

(=)o (=) (=) () (=54
s——)p,)—=s|s——)|[s——)s+—)|s——)q,_06)=1
72 aj a as M

Proof 1t is clear from the proof of Lemma 1 that the relation 2m Py ~ 2m Py, is
satisfied if and only if there are real polynomials p} (x) and g _;(x) such that
P (x) 4+ g _4(x)/Z(x) has a zero of multiplicity 2m at x = 0. Multiplying that
expression by pr (x) —q;._5(x)+/Z?(x), we get that the polynomial (p}, x)? —
P(x)(q,_5 (x))?, which is of degree 2m, has a zero of order 2m at x = 0. Assuming
that p is monic, we have:

(P (x)? — P2 x) (g _5(x))* = x>,

Dividing by x*" and introducing s = 1/x, we get the needed relation.
The relation 2m Py ~ (2m — 2) Py, + P,, + P,, is satisfied if and only if there are

A
real polynomials p _,(x) and g, _,(x) of degrees m — 1 and m — 2 such that

VP (x)

P_1(X) + qm_z(x)m

has a zero of order 2m at x = 0. Multiplying by:

\/W)

ey =) (2 — x) (pm—l(x) ~ a2 0, T

we get that the polynomial:

ety — ) (2 — ) (Pl (X)) — (@1 — x) (a2 — x) (a3 + X) (g} _»(x))%,

which is of degree 2m, has a zero of order 2m at x = 0. Thus, it equals ex>". Dividing
by x?” and introducing s = 1/x, we get the stated polynomial relation.

The relation (2m + 1) Py ~ 2m Py, + P,, is satisfied if and only if there are real
polynomials p;; (x) and g, _,(x) of degrees m and m — 2 respectively such that

P(x)
=X

pjn (x) + ‘I;;_z(x)
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has a zero of order 2m + 1 at x = 0. Multiplying by:

=X

(N —x) (p,i} () = gy, (x)
we get that the polynomial:

(y1 — xX)(ph (x)? — e(a; — x)(az — x)(az + x) (72 — x) (g} _,(x))?,

whichis of degree 2m + 1, has a zero of order 2m + 1 atx = 0. Assuming that p} (x)
is monic, we get that the last expression equals —x>”*!. Note that ¢ = sign (y;72) =
sign (7). Dividing by x>"*!, introducing s = 1/x, we get the stated relation.

The relation (2m + 1) Py ~ 2m Py, + P,, is satisfied if and only if there are real
polynomials p} (x) and g, _,(x) of degrees m and m — 2 respectively such that

P(x)

Y2 X

P () + g, _5(x)

has a zero of order 2m + 1 at x = 0. Multiplying by:

Y2 — X

(2 — x) (p,’;(x) — (%)
we get that the polynomial:

(Y2 — X)(ph (x)? — ela; — x)(az — x)(az + x) (71 — x)(q}_,(x))?,

whichis of degree 2m 4 1, has a zero of order 2m + 1 atx = 0. Assuming that p; (x)
is monic, we get that the last expression equals —x>"*+!. Note that ¢ = sign (7,7;) =
—sign (7). Dividing by —x?"+!, introducing s = 1/x, we get the stated relation.

By taking the appropriate limits, we get the polynomial conditions for the case of
a double caustic and the case of light-like trajectories:

Proposition 3 (a) A billiard trajectory within £ with segments on 1-sheeted hyper-
boloid Q.,, which is oriented along x,-axis, is n periodic if and only if n = 2m is
even and either:

— n > 6 and there are real polynomials p,,(s) and q,,—3(s) of degrees m and m — 3
respectively such that

o-e(-g) (-2 ) (-5
pas)—sls——)s——)s+—=)[(s——) o 36 =1,
a a as Y1

— n > 4 and there are real polynomials p,,_1(s) and q,,_>(s) of degrees m — 1 and
m — 2 respectively such that
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(=5) o) (=) (=)
§—=— pm—](s)_s § = = s+ — qm—Z(S)=1~
" ai a as

(b) A light-like billiard trajectory within €, with non-degenerate caustic Q.,, is
n-periodic if and only if

— n=2mis even, n > 6, Q. is an ellipsoid or a 1-sheeted hyperboloid oriented
along x,-axis, and there are real polynomials p,,(s) and q,,—3(s) of degrees m and
m — 3 respectively such that

Pa(s) —s° <S - i) <s - i) (s + i) (s - i) gz () =1;
a a as M

—n=2m+1isodd n=>25, Q71 is an ellipsoid, and there are real polynomials
DPm (8) and q,u—2(s) of degrees m and m — 2 respectively such that

(s - l) p,zn(s) —5? <s — i) <s - l) (s + l) g% _,(s) = —1.
T ai a as

Corollary 1 If the billiard trajectories within € with caustics Q., and Q., are
n-periodic, then there exist real polynomials p, and G,_3 of degrees n and n — 3
respectively, which satisfy the Pell equation:

to (=) (=) () (-5) (-5
D) —=sls——)|s——)|s+—)|s——)|s——)qg,50() =1
a; a as 71 Y2

Proof If n = 2m, we know that one of the first two cases of Lemma 2 is satisfied. In
the first case, take p, = 2 p,zn — 1 and §,—3 = 2pugm—3. In the second case, we set:

. 1 1 .
pn(s) =2 <S - _> (S - _> pyZn_l(s) —& (qn-3= 2pm—lqm—2'
M 72

If n = 2m + 1, one of the last two cases of Lemma 2 holds. In the third case, we set:

. 1 .
pn(s) =2 (S - 7) Pyzn(s) +1, qn-3 = 2mem—2,
1

and in the fourth one:

. 1 .
Dn(s) =2 (s - 7) PEG) =1, Gus = 2PmGm-2-
2

Remark 4 By considering light-like trajectories with an ellipsoid as caustic, and
taking the limit when parameter of the caustic approaches zero, we get the light-like
geodesics on the ellipsoid £. Applying the appropriate limit to the analytic conditions
for periodicity obtained in this work, may indicate the approach to the conditions
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for periodicity for the Poncelet-style closure theorem for light-like geodesics in the
equatorial belt from Genin et al. (2007) can be obtained, thus solving the Problem
5.2 from that paper, see also Problem 7 from Tabachnikov (2015).
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Analogues of Kahan’s Method for Higher = m)
Order Equations of Higher Degree Sheshee

A.N. W. Hone and G. R. W. Quispel

Abstract Kahan introduced an explicit method of discretization for systems of first
order differential equations with nonlinearities of degree at most two (quadratic
vector fields). Kahan’s method has attracted much interest due to the fact that it
preserves many of the geometrical properties of the original continuous system. In
particular, a large number of Hamiltonian systems of quadratic vector fields are
known for which their Kahan discretization is a discrete integrable system. In this
note, we introduce a special class of explicit order-preserving discretization schemes
that are appropriate for certain systems of ordinary differential equations of higher
order and higher degree.

Keywords Discretization + Kahan’s method + Symplectic integrator

1 Introduction

Kahan’s method is a special discretization scheme that provides an explicit method for
integrating quadratic vector fields, given by systems of first order ordinary differential
equations (ODEs) of the form

dxi .
E=ﬁ(X1,~-.,xN), i=1,...,N, (1)
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where each function f; is a polynomial of total degree two in the independent vari-
ables xi, ..., xy (see Kahan (1993) or Kahan and Li (1997)). In order to specify
Kahan’s method, one should replace each derivative on the left-hand side of (1) by
the forward difference, so that

dx; Xi — X;
1 1 1
— = Ax; =

dt h

while terms of degrees two, one and zero appearing in each f; on the right-hand side
are replaced according to the rules

1 1
XjXp —> E()_ijk +Xjfk), Xj — E(xj +f.j), c— c, 2)

where £ is the time step and X; denotes the approximation to x; (¢ + k).
It was noticed some time ago that Kahan’s method provides an effective integration
scheme for the classic two-species Lotka-Volterra model

dx dy

i 1—y), — = —1 3
o — 1=y g = Ye-D 3)
(with o > 0 being an arbitrary parameter), retaining the qualitative features of the
orbits of the continuous system, namely the stability of orbits around the elliptic
fixed point at (x, y) = (1, 1). This was subsequently explained by the fact that the
Kahan discretization of (3), given by

F®—0)/h=5(x0 =9 +F1 - ),
G-/h=1(E-D+5-1).

preserves the same symplectic form

dx A dy
w=—
Xy

as the original Hamiltonian system (Sanz-Serna 1994). In the context of Lotka-
Volterra models, a variant of Kahan’s method with similar properties was discovered
by Mickens (2003), who had previously considered various examples of nonstandard
discretization methods (Mickens 1994), but a more rapid growth of interest in Kahan’s
method began when Hirota and Kimura independently proposed the rules (2) for the
discretization of the Euler equations for rigid body motion, finding that the resulting
discrete system is also completely integrable (Hirota and Kimura 2000), and this
has led to the search for other discrete integrable systems arising in this way (Hone
and Petrera 2009), with a survey of several results given in Petrera et al. (2011), and
some more recent examples in Petrera and Zander (2017) and Petrera et al. (2019),
for instance.
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Many of the geometrical properties of Kahan’s method for quadratic vector fields
are based on the polarization identity for quadratic forms (Celledoni et al. 2013), and
recently this has led to a generalization of Kahan’s method that can cope with vector
fields of degree three or more, by using higher degree analogues of polarization
(Celledoni et al. 2015). One disadvantage of the latter method for higher degree
vector fields is that, in common with multistep methods in numerical analysis, one
must use extra grid points for the discretization, so the original ODE system does not
provide enough initial values to start the iteration of the discrete version. However,
if one is looking for a discretization scheme that preserves integrability or other
geometric properties of ODEs, then it is desirable for the initial value space of the
discrete system to have the same dimension as that of the continuous one. Here we
would like to suggest a discretization scheme with the latter property, which is a
natural generalization of Kahan’s method to higher order and higher degree.

The idea is to consider a system of ODEs of order n > 1, with the right-hand sides

being functions of the coordinates x, ..., xy only, of the form
d"xi .
a = fi(x1,...,xn), i=1,...,N, (4)

where each function f; is a polynomial of maximal degree n + 1. For n = 1 this is
a quadratic vector field, which one can discretize using Kahan’s method. In the next
section, we present an explicit discretization scheme for systems of the form (4),
valid for any n > 1, which reduces to Kahan’s method when n = 1. The first new
case is n = 2, corresponding to systems of Newton equations, which are relevant
in many applications. We illustrate this in Sect.3 by considering the discretization
of the motion of a single particle moving in a quartic potential. The latter is one of
the simplest examples of an integrable Hamiltonian system, and it turns out that the
discrete version produced by the method is also integrable, with a conserved quantity
and an invariant symplectic form. In Sect. 4, we consider a different example of fourth
order, namely a nonlinear beam equation, and briefly compare the discretization
obtained by the new method with another discretization obtained by applying an
approach similar to Kahan’s directly to the Lagrangian of the continuous system.

2 A Higher Order Version of Kahan’s Method

For n = 2, (4) becomes a system of Newton equations, assumed to have polynomial
forces of degree at most three, which can be conveniently written as

dle'

o ) Ciijijps XjiXjpXjs i =1,..., N, S

0<ji<jh<j3=N
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where c¢;ji¢ are arbitrary coefficients, and we have included an additional dummy
variable xo = 1 to allow terms of degree less than three to be included within the
same summation. Then to discretize (5) we propose the following:

2xl +x; _
- 7 E : 2 Ci ji.j2J3 Ej,,(l)xjomxja(s)’ (6)

fori =1,..., N; the first summation is over permutations ¢ in S3, the symmetric
group on three symbols, and X¥; = xV, x, = x=1 are the approximations to x; (t £
h), with time step 4. For terms of degree three, with each variable x; appearing at the
three adjacent lattice points x; = x( D x; ;= x(o)

is described explicitly by

Xj= x;”, the replacement rule

1 _ _ _ _ _ _
XjXpXe —> E(J_ijk)cg + X Xixe + XX, X + XXX, + XX, + inkxz), (7

while for terms of degree two the rule is obtained by setting £ = 0, so that x, —
xo = 1 in the above, and for the linear terms one can set k = £ = 0, so that the rule
for terms of degree less than three is

1 — — — —
XjXp — E(gjxk +)_cjxk + XX, + XjXE 4 XX —l—xjgk), ®)
x_,~—>%(£j+xi,~+)_cj), c—c.

Following the approach of Celledoni et al. (2015), a second order system of
equations can be written in vector form as

d*x
o7 =, )
where each component of the vector of functions f = (fi, f», ..., fx)T isapolyno-

mial of degree at most three, and then the replacement rules (7) and (8) are equivalent
to the formula

bR-zes) =3(58) L (1() () 1e(9)

+4(F® + (0 +£).

Proposition 1 The discretization (10) commutes with affine transformations
y x= Ay +b, (11)

where A € GL(N, R) is a constant matrix and b € RY is a vector of constants.
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Proof Under the transformation (11), f(-) in (9) is replaced by A~'f(A - +b). Upon
substituting (11) and its shifted versions into (10), it is not hard to check that the
same occurs for each appearance of f on the right-hand side. g

The symmetric replacement rules above generalize to any order n > 1, so that
for a system of nth order ODEs (4) with right-hand sides all of degree n + 1 the
discretization becomes

1
n. _ o ) ) (ORI C) B ()]
A = (n+ 1! Z Z Cijtvendnrt Yo joy* o) X jysn? (12)
T 0E€Surt kit
fori =1, ..., N,with xi(l) =X, xl.(z) =X ..., x;") corresponding to shifts by steps
of h,2h, ..., nh, and the interior summation being for 0 < j; <--- < j,41 < N.

On the left-hand side of (12) we have replaced the nth derivative by the nth power of
the forward difference operator, and for convenience we have written everything on
the right-hand side in terms of forward shifts of the variables x;. The discretization
(12) reduces to Kahan’s method when n = 1, and to (6) when n = 2, modulo shifting
the lattice points —1, 0, 1 in the latter up to O, 1, 2.

Clearly there are other choices of discrete nth derivative that one could take, and
other affine combinations of terms with the same homogeneous degree could be cho-
sen while preserving the continuum limit. We have taken the most symmetrical choice
in (12), because it is manifestly linear in each of the highest shifts xf"), xé”) o xj(\;') ,
so it can be explicitly solved for each of these quantities to yield rational functions
of all the lower shifts. It is also linear in each of the lowest shifts x; = xi(o) for
i =1,..., N,soitcan be explicitly solved for these as well. Thus (12) is an implicit
way of writing an explicit birational map in dimension n N, corresponding to X — X,
where

X = (xfo), .. .,x,(\(,)),xfl), .. .,x,(\,l), .. .,xf"_l), ...,x,(\',l_l)),
X = (xl(]), . ..,xl(\,l),xl(z), ...,xl(\?), ...,xl(") ...,x,(\';)).

3 Discretization of a Quartic Oscillator

To see why it might be worth investigating these higher Kahan-like schemes, we start
by presenting the following example: n = 2 with a cubic force on a particle in one
dimension, generated by a natural Hamiltonian with a quartic potential, that is

H=2p+ tax* + 1hxd + 2ex’ +d
—2[) 4ax 3x 20x X,

which yields the Newton equation

¥=—ax’—bx?—cx —d. (13)
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This is an integrable system par excellence, and the generic level sets H = const are
quartic curves of genus one in the (x, p) plane. The discretization (6) applied to (13)
produces a difference equation of second order, given by

B—=—y)x—56—Bx+y)x

X = , (14)
Bx +y + (ax + p)x
where
2 bh? ch? )
a:ah, ,BZT, ]/=1+T, s =dh”.

The map (14) is an example of a QRT map (Quispel et al. 1988), but let us suppose
that we do not know the geometric properties of this map. To find these properties,
such as the existence of a preserved measure, and first and second integrals of the
map (14), we will look for preserved Darboux polynomials, as detailed in our recent
work Celledoni et al. (2019) and Celledoni et al. (2020). To this end, we write the
second order equation (14) as two first order ones, namely

T=y y2(3—3/)y—<3—(/3y+7/)x (15)
’ By +y+(ay+pBx

and look for polynomials P satisfying

Px,y) =J(x, y)P(x,y), (16)

where J is the Jacobian determinant of the map (15), i.e.

By + 1)+ @y + B (G =)y —5)

T y) = @y + BG + ) £ 97

A7)

Substituting (17) into (16), and looking for polynomials up to total degree four in x
and y, we find two linearly independent solutions, given by

Py =oaxy+ B(x+y) +y,

Py = (ay — BHx*y? +exy(x +9) +¢(x? +32) — B — ) ay + B — »)8(x +y) — 82,

with
e=ad+BB~-y), ¢(=B5+y@B—y).

It follows that the map (14) is measure-preserving, with the invariant symplectic

form
dx Ady dx Ady

Pi axy+Bx+y)+y’

(18)
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and the first integral

I =
P

19)

given by

(ay — BHx2y? +exy(x + )+ (2 +32) = G =) 2xy + B — y)s(x +y) — 82
axy+Bx+y) +y '

Hence the integrability is preserved by the discretization in this case, and we recover
the standard property of a QRT map, that it preserves a pencil of biquadratic curves,
here given by

AP(x,y) + P2(x,y) =0.

Moreover, in the continuum limit 2 — 0, the standard area form dx A dy and the
Hamiltonian H are recovered from (18) and (19) respectively, since from y = x +
hp + O (h?) we find

Pi=14+ 0%, P,=4Hh*+ OH>).

The Eq. (13) includes Duffing’s equation, which is the case b = d = 0, and also
the second order ODE for the Weierstrass g function, which arises whena = ¢ = 0.
In Potts (1982), another replacement rule is used for the cubic and linear terms in
Duffing’s equation, somewhat less symmetrical than the one defined by (7), and it
is shown that if the coefficients and denominator in the second difference operator
are replaced by suitable functions of the parameters and the time step 4 then this
alternative rule results in a discretization that is exact, in the sense that the iterates
of the difference equation interpolate the solution of the original ODE. Similarly,
in Potts (1987) an exact discretization is obtained for the case corresponding to the
Weierstrass g function, with only quadratic and constant terms on the right-hand
side. However, in the latter case, the exact discretization (derived from the addition
formula for the g function) requires not only a different replacement rule for the
quadratic terms compared with (8), but also extra cubic and linear terms that must
be included, with a coefficient which is O (h?). When a = ¢ = 0, the Eq. (13) can be
rewritten as a quadratic vector field, namely

dx dp 5
— =p, — = —bx" —d,
dr P dr *

so that Kahan’s method can be applied, as in Petrera et al. (2011), resulting in a first

order discrete system which is equivalent to a second order difference equation for

x, namely
Taxe 4x — 28 20)
AT 30
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(where we set 8 = bh?/3,8 = dh” as before). The Eq. (20) is a QRT map in additive
form, clearly of a different type to (14), which becomes
2x =85 —(Bx + )x
Blx +x)+1

X =

when o = 0, y = 1. To see that they are really different QRT maps, in the sense that
they are not related to one another via so-called curve-dependent McMillan maps
(Tatrou and Roberts 2001), observe that the pencil of invariant biquadratic curves
corresponding to (20) is

200, 4 4 5 2 2 4
A—Bx7y +§ﬂxy(x+y)+§(x +y)—§(4+,38)xy+§8(x+y):0,

whereas when o = 0, y = 1 the pencil AP, (x, y) + P>(x, y) = 0 for (14) reduces
to one of a different type, namely

,\(1 B+ y>) — 2202 4 2Bxy(x 4+ v) + (B8 + 2)(x2 + v2) — dxy +28(x + ) — 8% = 0.

4 Two Discretizations of a Nonlinear Beam Equation

Vibrating beams were considered by Leonardo da Vinci (1493), but the traditional
theory of vibrations of a beam is usually attributed to Euler and Bernoulli (Han et al.
1999), being described by a partial differential equation (PDE) of fourth order, which
in dimensionless form is given by

3%w n *w —0
arz  ax4+
For the case of a static beam, the equation has the form

d*w
dx4

=0, 2n

where w = w(x) is the vertical deflection of the beam, which lies horizontally along
the x-axis. The standard beam model is linear, with the distributed load Q on the
right-hand size being a constant (or more generally, a function of x, the independent
variable). However, here we consider a more general nonlinear version of the model,
derived from a second order Lagrangian of the form
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Lo L (Ew 2 1% 2
—§<@> - V(w), (22)

which gives a nonlinear load function

_av
Qw) = -

In the linear case, the model was considered recently from the viewpoint of a
Hamilton-Jacobi approach to higher order implicit systems (Esen et al. 2020), while
a coupled PDE system of beam equations with cubic nonlinearity was analysed in
Shi and Xu (2020). From the second order Lagrangian (21), we can introduce the
Ostrogradsky variables (see Btaszak (1998), for instance), given by

, L d (oL L ,
= w’ = w , = _ — _— = —Ww . = = w y
0 0 P Jw’ dx \dw” p qw”

where the primes denote derivatives with respect to the independent variable x. Then
(g1, p1), (g2, p2) provide two pairs of canonically conjugate positions and momenta,
and the Euler-Lagrange equation

d> (oL d (8L 3L _, 23)
dx2 \ dw” dx \ dw’ ow
which for the Lagrangian (22) is given by (21) with Q = dV /dw, is equivalent to
Hamilton’s equations for the Hamiltonian function

1
H=5@M+mm+va

For the sake of concreteness, we consider the case of an odd potential

a s b 4
V(w):gw +§w‘+cw,

so that the nonlinear beam equation is given by
w” = aw* + bw? +c. (24)

To begin with, we consider the result of applying the discretization rule (12) to
the nonlinear beam equation (24), which produces a difference equation of fourth
order, of the form

Atw = F(w(o), w(l)’ w(Z)’ w(3)’ w(4)) (25)

for a function F' that is a sum of terms of total degree four, two and zero. This can
be written more symmetrically by shifting down by two steps, to yield
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w — 4w 4+ 6w @ — 4w ® + w®@
e

=N+ Fn+c (26)

where the quartic terms are specified by

5F, = wEDwED Oy 4 DD y©) @) (=2 (=D, @

‘ LD w00 @ D0 1 y,@) @7
and the quadratic terms are given by
10y = 1Dy 4y DO 4y 4 (2@ 4 gDy ® o)

+wED D 4 D@ 4 @M 4y O @) 4 (1D, @)

It turns out that the birational map defined by (26) is measure-preserving. This is a
consequence of the fact that the formula for the right-hand side of (25) is both linear
and symmetric in its arguments, so that the derivatives with respect to the highest
and lowest shifts, namely

oF
5 = G, w®, w®, w®),
w

oF

3 — [_](w(o)7 w(l)’ w(2)’ w(3))’ (29)
w

are very closely related to one another.

Proposition 2 The discretization (26) preserves the volume form

1
2= 1 — h2H W, wD, wO®, (D)

dw ™ A dwP A dw® A dw(l),

where H is defined by (29).
Proof Upon taking the differential of both sides of (26), we obtain the equation
(1 — 26wV, w®, O, w<2))>dw<—2>
+(1 — R Hw™?, wD, 5O, w(')))dw(z) +...=0,
where the ellipsis denotes terms that are linear in dw P, dw® and dw". The result

then follows from taking the wedge product of the equation above with dw™"! A
dw©@ A dw™, and noting the identity

G, w®, w®, w?) = Hw ", w®, O, @),

which follows from the symmetry of F. (I

When a, b are not both zero, so that the nonlinear terms are present, the above
discretization of (24) cannot be obtained from a second order discrete Lagrangian of
the form
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L= L(w(”) w@th w(n+2))

since the discrete Euler-Lagrange equations

2

0 —i n+1—i n+2—i
Z 5 (n)ﬁ(w(” )’ w( +1 )’ w( +2 )) — O (30)
i=0 w

do not generate terms containing products w’w* with |j — k| > 2. In order to
obtain a discretization with a Lagrangian structure, we fix n = 0 and take a discrete
Lagrangian of the form

L w? w®) =T -y,

where the discrete fourth derivative is generated by the term

= 2 (200 — 0 — @O w2 4 2w~ w)2),

and the other terms are specified by

V=Vs+V;+ g(w(O) +w® + w(2))

with
55 = apw @ (w®)}w® + lal((w<°>)2(w<‘>)3 i (w<1>)2(w<2>)3)
+5 dz((w(l)) @) + ()2 (w®))
3(w<0)(w<1>)4 + w® (@) 31)
4<w<1>(w<0>)4 + w® W)
+1 as((w“’))S + @) + w®)?),
and

%Vs = Bow@w @ 4 %,31<w(0)(w(1))2 + w(l)(w(z))2>
+18 (D w®)? + w(2)(w<1))2> (32)
18O + @) + @),

where, in (31) and (32) we have taken affine combinations, so that the coefficients
are required to satisfy

5 3
2 a=1=2_8
j=0 j=0
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in order to ensure the correct continuum limit, and we have included all possible terms
of degrees 5 and 3, respectively, except those whose discrete variational derivative
produces expressions of degree greater than one in w=» or w® (we have also
grouped together terms having the same variational derivative). Hence we arrive at
a discretization of (24) which is explicit and birational, being given by

wE? — 4w 4 6w O — 4D 4 @
h4

=F+ P +ec (33)
where the quartic and quadratic terms are given by

§ﬁ4 — a0<w(’2)(w(’1))3 + Sw(’l)(w(o))2w(1) + (w(l))3w(2)>
toy (3(w<—1>)2(w<0>)2 + 2w(0>(w(1>)3>
ot (2w w® + 3O ")) (34)

oz (4w D (w®)3 + (w(l))4> + a4<(w(’l))4 + 4(w(0))3w(1))
+5as5(w@)*,

3f = ﬂo(w“”w(*” L wEDy® 4 wmwm)
1B <2w<—1>w<0) + (wm)z) (35)
+62 (WD) + 200w D) + 385w )2,

respectively. A general approach to Lagrangian fourth-order difference equations
and their continuum limits appears in the recent paper Gubbiotti (2020).

An advantage of using the Lagrangian discretization (33) is that it is symplectic; so
itis a birational symplectic integrator. This can be seen from the discrete analogue of
the Ostrogradsky transformation, introduced in Bruschi et al. (1991), which provides
canonical variables ¢, p1, q2, p» via the formulae

a=w®, pr =L@, w®, why £ Lrw 2, w®, w®),

g =w®V, py= LoD, w®, wh)y, (36)

where
oL

L — (U] @™ 5,02 .
j_aw(j)(w ,wh, w), j=0,1,2.

In terms of these variables, the four-dimensional map defined by (33) preserves the
canonical symplectic form

w =dp; Adg1 +dps Adg,

and this immediately implies that it preserves the volume form w A w, soitis measure-
preserving.
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Qualitatively it appears that the approximate solutions of (24) provided by these
two discretizations are somewhat similar. To see this, one can consider solutions in
the neighbourhood of a fixed point. If ab # 0 then, by scaling w and x, the parameters
can be taken as

a=1, b= —2e, c=1-35,

with €2 = 1 and § arbitrary. Then (24) has fixed points at w = £+/€ & /3, so that
8 > 0 is a necessary condition for reality, and then generically there are either four,
two or zero real fixed points depending on the choice of € = £1 and the value of §.
In particular, let us take the case

€e=1, 0<d<1

when there are four real fixed points, one of which is at w = w*, where

w* =1/1+ /5.

The eigenvalues of the linearization of (24) around this point consist of a real pair
4+ and an imaginary pair iy, for y = (4w*+/8)!/4, corresponding to one stable
direction, one unstable direction, and a two-dimensional centre manifold. The dis-
cretizations (26) and (33) both have the same fixed points as the original differential
equation, and using the fact that (26) is reversible, and that (33) is symplectic (and also
reversible), together with standard facts about linear stability of reversible/symplectic
maps (see Howard and Mackay (1987) or Lahiri et al. (1995)), in each case the char-
acteristic polynomial of the linearization around a fixed point is palindromic (equiv-
alently, A is a root if and only if A~! is). If we consider the linearization around w*,
then in both cases we find two real eigenvalues that are reciprocals of one another,
corresponding to the stable and unstable directions, together with a complex conju-
gate pair of eigenvalues of modulus one, giving a two-dimensional centre manifold,
just as for the differential equation; and similar considerations apply to the other
fixed points. Thus, to a first approximation, the qualitative behaviour of the two
discretizations is the same.

5 Conclusions

We have found that the higher order analogue of Kahan’s method proposed here
preserves integrability in the second order example of the quartic oscillator (13) that
we have considered, while in the case of a nonlinear beam equation of fourth order
the resulting discretization (26) is measure-preserving, and its qualitative behaviour
looks similar to that of the Lagrangian discretization (33). In future work we would
like to apply this discretization method to other ODE systems of higher order, as well
as looking for first integrals of the particular fourth order maps (26) and (33) using
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the method of discrete Darboux polynomials as described in Celledoni et al. (2019)
and Celledoni et al. (2020).
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On Some Explicit Representations of the )
Elliptic Painlevé Equation ki

Masatoshi Noumi

Abstract We explain some details of the derivation of explicit representations for
the elliptic Painlevé equation in the P! x P! picture. We also discuss possibility of
expressing the elliptic Painlevé equation in the factorized form. This paper is intended
to be a supplement to the topical review Geometric aspects of Painlevé equations
(Kajiwara et al. 2017).

Keywords Elliptic Painlevé equation - 7 Function - Affine Weyl group

1 Introduction

This paper is intended to be a supplement to Sect. 5 of the topical review Geometric
aspects of Painlevé equations (Kajiwara et al. 2017) by K. Kajiwara, Y. Yamada and
the author. As explained in Kajiwara et al. (2017), the discrete Painlevé equations
with affine Weyl group symmetries can be formulated in terms of point configurations
in the product P' x P! of two copies of the projective line. In this introduction, we
briefly recall some basic facts concerning the elliptic Painlevé equation with affine
Weyl group symmetry of type Eél) in the P! x P! picture. We explain in the next
section some details of the derivation of explicit representations as proposed in Kaji-
wara et al. (2017), for the elliptic Painlevé equation with respect to the translation by
oy = H, — H,. We also discuss possibility of expressing the elliptic Painlevé equa-
tion in the factorized form. For various approaches to the elliptic Painlevé equations,
we refer the reader to Ohta-Ramani-Grammaticos (2001), Sakai (2001), Kajiwara
et al. (2006), Noumi-Tsujimoto-Yamada (2013) and Noumi (2018).
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1.1 Affine Weyl Group W(Eél)) and Kac Translations

‘We consider the free Z-module of rank 10
L=7H, ®ZH,®ZE, & ---®ZLEs (D)

endowed with the scalar product (non-degenerate symmetric bilinear form) ( | ) :
L x L — 7 such that

(Hx| Hy) = (Hy | Hy) =0, (H:|Hy) = (Hy| H:) = =1,
(Ei|Ej) =6, (z j=1...8), ()
(H:|Ej) = ( H,) =0, (H},|Ej)=(Ej|Hy)=O (j=1,....8).

In geometric terms, L is the Picard lattice associated with the blowup of P! x P!
at generic eight points p, pa, ..., ps, and ( | ) denotes the intersection number of
divisor classes multiplied by —1. In the inhomogeneous coordinates (x, y) of P! x
P!, H, and H, represent the classes of lines x = const. and y = const. respectively,
and each E; corresponds to the exceptional divisor attached to p; for j =1, ..., 8.
In this paper we use the notation H,, H, instead of H, H, in Kajiwara et al. (2017).
We denote h = L ®z C the complexification of L, and naturally extend the scalar
product ( | ) on L to a symmetric C-bilinear form on . We realize the simple roots
ap, A1, .. ., ag of type Eél) in the Picard lattice L as

ag=FEy — Ey, ay=H,—Hy, ao =Hy— E| — E, 3)

—E —E; (j=34.....9).
They satisfy
(dila)) =2 (0<i<¥),
(aglaz) =—1, (aola;) =0 (1<) =<8 j#3), @

(ailajir)=—1 (A1 =<i <D,
(ila;)=0 (1<i,j<8 |j—il=2).

In terms of the Dynkin diagram

0

®)

1 2 3 4 5 6 7 8
(ai | aj) = 2foreachindex i, and (a,- Iaj) = —1orOfordistinctindicesi, j,accord-
ing as the corresponding nodes are connected by an edge or not. We denote by
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1
0= Q(E") =Zag®Zeoy &+ & Zag C L (©6)
the root lattice of type E él). This Q contains a special element

§ =2H, +2H, —E; —--- — Eg

7
= 3ap + 21 + 4an + 63 + Say + 4as + 3o + 207 + ag, M

called the null root. It satisfies (6| ;) =0 (j =0, 1, ..., 8), and hence (§ | §) = 0.
We remark that o, o, ..., ay are the simple roots of the Eg root system. Note also
that

Q(E{") = Q(Es) ®Z5, Q(Eg) = Lag & Loy & - @ Lo )

We denote by W = W(Eél)) = (S0, S1, - - - , 53) the affine Weyl group of type Eél).
By definition this group is generated by the simple reflections s; (j =0,1,...,8)
subject to the fundamental relations

s?=1 (0<i<8¥),

508350 = 835083, Sos; =Sj80 (1 < j <8; j#3),
siSi+18i = Siv18isiy1 (1 <@ <7),

sis; =858 (1=<i,j=<8 [j—il=2).

€))

Namely, sl.2 = 1 for each index i; for distinct indices i, j, s; and s; satisfy the braid
relation s;s;5; = s;5;s; if the two nodes are connected by an edge, and they commute
otherwise. For each o € ) with (| ) # 0, we define the reflectionr, : H — h with
respect to a by

ro(h) =h — (h | ozv) a (heb), (10)

where ¥ = 2a/ (a| ). Note that r, is a C-linear isometry: (ra(h) |ra(h/)) =
(h | h/) for any h, h’ € b. In this setting, the reflections s; =r,, : b — b (j =
0,1,...,8) by the simple roots satisfy the fundamental relations (9). In fact it is
known that the Weyl group W = (so, 51, ..., sg) is isomorphic to the subgroup of
GL(h) generatedby s; = r,, (j =0, 1,..., 8). We remark that each w € W defines

an isometry w : [)—N>[); in other words, the scalar product (| ) : h x h — Cis W-
invariant. This action of W on § stabilizes the Picard lattice L, as well as the root
lattice Q = Q(E{"). Since (6la;)=0(j =0,1,...,8),the null oot 4 is invariant
under the action of W. The simple reflections s; ( =0, 1, ..., 8) acton H,, H, and
E;(j=1,...,8)as follows:
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so(Hy) = Hy, so(H)) = Hy, so(E;) =Eqy;, (j=12,...,8),
s1(Hy) = H,, si(Hy)=H,, Sl(Ej) =E; (G=12,...,98),

so(Hy) = Hy + Hy, — E; — E5, s,(Hy) =H,,

s(E)) =Hy, — E>, s2(Ex) =Hy,—E;, s2(Ej)=E; (j =3,4,...,8),

(11
and fori = 3,4,...,8,

si(Hy) = Hy, si(Hy)=H,, s;{(E;)=Ei_1p;, (j=12,...,8), (12)

where (7, j) denotes the transposition of i and j. For example,

5756 5483 5053

ag = E7 — Eg 22 oy = Eg — E7 a3 = Er— E3 28 0g = E| — Ey, (13)

ay=Er—E3 253 ay=H, - E, — E2 2% o) = H, — H,.

We denote by A™ = W.ag = W. {«ag, ay, ..., ag} C Q the set of real roots of type
Eél), which is the W-orbit of simple roots in Q. Since (o; | ;) =2 for all § =
0,1,...,8, all the real roots & € A™ satisfy (| &) = 2 in this root system. We list
here some typical real roots:

H —H, E—-E; (1<i<j<8,
Hx_Ei—Ej, Hy—El'—Ej (1§l<]§8), (14)
H +H,—E;, —E;, —E;; —Ej, (I1<ji<j2<j3<]js=8).

For instance, for2 < j <8

Hy —E1 —Ej = U)(Hy —E1 —Ez), Hx —E1 —Ej =s1w(Hy—E1 —Ez)
(15)
withw = s;s;_;---s3,and for2 <i < j < 8 we have

Hy—Ei —Ej = w(Hy —E1 —Ez), Hx —E,‘ —Ej =s1w(Hy —E1 —Ez)
(16)

with w = s;8;_1 -+ - 535088j—1 - - 53. If v, B € A™ and w(a) = B for some w € W,
then wr,w=! = rz. This implies that the reflections r,, for all real roots are con-
tained in W = (sg, 51, 52, ...,53). We remark that the affine Weyl group W =
W(Eél)) = (s9, 1, - . ., §3) contains the symmetric group Sg = (s¢, 53, 54, - - - , 58)
of degree 8 which permutes E; (j =1,...,8). It also contains the finite Weyl
group W(Eg) = (so, 51, 52, ..., s7) of type Eg. The set of Eg roots is denoted by
A(Eg) = W(Eg).a; = W(Eg) {ag, a1, ..., a7} C Q(Eg). The element

¢ =0 —ag =3ay+ 2a; +4ay + 6a3 + Say + das + 3ag + 2a7 € A(Eg)
a7
is called the highest root of type Eg.
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Setting ho = {h € h | (§ | h) = 0}, for each o € h with (0 | ) = 0, we define the
Kac translation T,, : h — bh by

To(h)=h+ @) a—(L@la)@1h) + @|h)d§ (heb). (18)

These linear transformations 7, € GL(h) (« € by) satisfy

(1) (Ta() | To()) = (R|F) (a €bo; h,h €h),

) T\ T =T3T, =Tayp (,B€bhy); Tis=1 (k€
3) wlhw'=Tya (@€byweW),

@) aebhy(ala)#2#0 = T,=rs_avTav.

19)

Applying (4) to o = ¢ and  — o = ag, we have T, = rs_4ry € W. This implies
T, € Wforalla« € A™, and hence forall « € Q. Noting that ;5 = 1 (k € Z), we see
that W = W(Eé]))contains the commutative subgroup T (Q(Es)) = {T,, | o« € Q(Es)}
of Kac translations. Furthermore, it decomposes into the semi-direct product
W(Eél)) =T(Q(Es)) x W(Eg); this means that any w € W(Eél)) is uniquely
expressed in the form w = T, v, where o € Q(Es) and v € W(E3).

The C-vector space ) = L ®z C can regarded as the Cartan subalgebra of the
affine Lie algebra of type E él). We also consider the dual space

h* = Homc(h, C) = Ch, @ Ch, & Ce; & - - - ® Ceg (20)

of b with the basis defined by the linear functions h, = (H, |-), hy = (H,|-) and
ej = (Ej | ) (j=1,...,8). We remark that the C-isomorphism

v b= b ) = (h|K) (h,H €b) (21)

induced by the scalar product is in fact a W-isomorphism; namely, W acts on the
linear functions Ay, hy,e; (j =1, ..., 8) in the same way as it does on H,, Hy, E;
(j=1,...,8). As to the null root, we use the same symbol § = 2k, +2h, —e; —
.-+ — eg, regarding it as a constant. This § plays the role of the unit length of difference
equations.

In the following, we regard (h,, hy, ey, ..., eg) as a coordinate system of the
10-dimensional C-vector space ). We denote by M(h) the field of meromorphic
functions on f. Then the affine Weyl group W = (sq, 51, . .., sg) acts naturally on
M(h); for each p € M(B), w(p)(h) = p(w.h) for generic h € b.

1.2 Reference Curve of Bidegree (2,2) in P! x P!

We fix an additive subgroup 2 = Zw; & Zw, C C of rank 2, generated by nonzero
complex numbers wy, w; € C such that Im(w;/w;) > 0. In the following, we denote
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by
o) =oc|2)=u l_[ (1 - Z) Uy e ) (22)

w
we2; w#0

the Weierstrass sigma function associated with the period lattice £2. It is an odd
entire function and has a simple zero at each point w € £2; o(u) is normalized by
the condition o(1) = u + O (u®) as u — 0. With the notation e(u) = ™~ g (u)
satisfies quasi-periodicity of the form

cu+w) =eceA+%)ow) (weR), (23)

where ¢, = +1 or —1 according as w € 252 or ¢ 262, and A, € C are complex con-
stants depending additively on w € §2. Note also that A\, w, — A,,w; = 1 (Legendre
relation).

Forn € Z>¢ and p € C, we denote by O(C; n, u) the C-vector space of all holo-
morphic functions f(u) satisfying the quasi-periodicity of type (n, 1) in the sense
that

fu+w) = (e)"e(A\ru+%) — ) fu) (we ). (24)

A typical quasi-periodic function of type (n, 1) is given by
f) =const.o(u —ay)o(u—az)---ou—a,), ai+---+a,=p (25

We remark that dim¢c O(C; n, ) = n for n > 0. In fact, if we take an ntuple of

generic points by, ..., b, € C, then any f(u) € O(C; n, u) is expressed as
(u—=bi +v—p) yy olu—>bj
fw)y= ) fbi ) ; (26)
Z o(v — ) ga(bi_bj)
where v = by + - - - + b,. This Lagrange interpolation formula at u = by, ..., b, is

equivalent to the partial fraction decomposition

W o(u—>b; +v—p) f )
> Z 27)

H/ Lo(u— J(u—b)a(u—u)]_[]#la(b b))’

Note also thatdim¢ O(C; 0, ) = 1 or0, accordingas i € 2 or ¢ £2;if p = myw; +
mow, € 2, then O(C; 0, 1) = Ce(—au) where oo = m A, + maA,,.

In the following, we denote by (£, 7) homogeneous coordinates of P! x P!, where
&= (& 1 &) and = (1 : m2). Among the coordinates hy, hy, e, e, ..., eg of b,
we use four parameters hy, iy, e, e> to define a curve Cy C P! x P! of bidegree
(2, 2), which we call the reference curve. By the parameters h,, h, € C, we define
two functions
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pt,u) =oc( —u)ohy —t —u), P@t,u)=oc—u)ohy, —t—u) (28)
in (¢, u) € C x C. Regarded as functions in u, (¢, ) and 1 (¢, u) are quasi-periodic
functions of type (2, ) and of type (2, h,), respectively. Also, note that p(u, t) =

—p(t,u),p(t,t) =0and ¥ (u, t) = —Y(t, u), P (¢, t) = 0. A characteristic property
of (¢, u), as well as Y (t, u), is the three-term relation (of Hirota type)

pla, u)p(b, ) + (b, u)p(c, a) + p(c, u)p(a, b) =0, (29)

or equivalently,

(b, uyp(a, c) — (b, O)p(a, u)) . (30)

1
olc; u) = @b

Since dim¢ O(C; 2, h,) = 2, three functions ¢(a, u), (b, u), ¢(c, u) in this vector
space should satisfy a nontrivial linear relation. Formula (30) is a special case of (26)
where f(u) = ¢(c, u) and by = a, b, = b. When we specialize ¢ to e;, we write

ei(u) = @lej,u), i) =ple,u) (=1,...,8) €1V

for short. With the parameters e, e, € C, we consider the holomorphic mapping
p : C — P! x P! specified as

p) = (p), vw)), @) = (p1) : 2u)), Pu) = W1@) : P2(u)), (32)

by the substitution & = ¢; (1), 7; = ¥;(u) (i = 1,2),andsetCy = p(C) C P' x P'.
In terms of the inhomogeneous coordinates (x, y) of P! x P! such that x = & /&,
y =1/, we are considering the reference curve Cy C P! x P! defined by the
parametrization

_ pa(u)  oler —u)o(hy —er —u)

- 20 _ ol —atu— )
TER SR (40 S v A (33)

YT 0w oler —wolhy —ei —u)

Note that this curve passes through p; = p(e;) = (00, 00) and p; = p(ez) = (0, 0).
For generic hy, hy, e1, e2 € C, one can verify that the mapping p : C — P! x P!
induces the isomorphism Eg, = C/£2 — C, of elliptic curves.

This reference curve Cy C P! x P! is expressed as the zero locus of ahomogenous
polynomial P (&, n) in £ and 7 of bidegree (2, 2). Under the substitution £ = p(u),
7 = 1 (u), as functions in u, the monomials

eI n = o1 ) oa () b ) (u) (G, j=0,1,2)  (34)
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of bidegree (2,2) are quasi-periodic of type (8,2h, +2h,). Since dimc
O(C; 8, 2hy 4 2hy) = 8, the nine functions in (34) are subject to a nontrivial linear
relation of the form

2
PEm =) ;& én 'nj=0. (35)

i,j=0

For generic hy, hy, ey, es, the coefficients (c;, j)l% j=o are determined as follows
uniquely up to a multiplicative constant:

o e oi=2e) ol —hyte e
00=0, co1 = —a(hx—el—eg)’ 02 = (s — ) )
hy —2 hy, —2
o= 220 oty —2e) (36)
o(hy —e; — e) o(hy — e —e)
o(hy —hy —e +e) o(h, — 2ey)
6‘2,0 = — , 1= ——"—7, (2= 0
o(hy — hy) o(hy —e1 —e2)
and ¢ | is expressed as
ci=— Y i @ i ) (37)

@ N#FAD

for a generic ¢ € C; the right-hand side of (37) does not depend on the choice of z.
From the condition that Cy passes through p; = (00, c0) and p, = (0, 0), it follows
thatcy o = Oand cpo = 0. In terms of the inhomogeneous coordinates (x, y), Eq. (35)
is then written as

F(x,y) = coix " +coox 'y +croy™ 41 +cioy +coxy™ +ca1x =0.
(33)
If we set G(x,y) = F(x,y) —c1.1, G(x, y) should be constant after the substitu-
tion x = @(u) = pa(u)/ 1), y = Y (u) = 1 (u) /11 (u). By the condition for the
residues of G (o (u), ¥ (u)) at the six points u = e;, hy —e;, hy —e¢; (i = 1,2)to be
zero, the constants ¢; ; except ¢y, are determined as (36). Then G(x, y) is given
explicitly by

G(x,y)
o(hy —2e3) _ olhy—hy+e—e) _, o(hy —2ey)
=— by Xy ———y
o(hy —e; —e3) o(hy — hy) U(hy —e1 —e)
o(hy —2ep) y_l B othy —hy—e;+e) _ o(h, —2ey)
J(hy_el —e) o(hy _hy) o(hy —e1 —e3) '

(39)

and the defining equation of the reference curve Cj is expressed as G (x, y) = const.
We remark that, setting
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y= Pa(e3)
Pi(e3)

pa(e3)
y =

~ pi(es) S,

g (40)
one can pass to the original inhomogeneous coordinates (f, g) of Kajiwara et al.
(2017) in which p; = (00, 00), p2 = (0, 0) and p3 = p(e3) = (1, 1).

1.3 Homogeneous Coordinates and T-Functions

In the following we use the parameters (hy, &y, ey, ..., eg) as the coordinate system
of the C-vector space ). Keeping the notations

o(t,u) =0t —u)o(hy —t —u) € O(C; 2, hy),

(41)
Y(t,u) =0 —u)o(hy —t —u) € O(C; 2, hy),
we set
pi(u) =plei,u), i) =ve,u) (=12,...,8). (42)
Also, we define the reference curve p : Eq = C/2 — P! x P! by
Co: &=piw), m=viuw) weCi=12). (43)

We simply express this parametrization as £ = ¢ (u), n = ¥ (u). Also, for a homo-
geneous polynomial P = P (&, n) in £ and 7, we denote this substitution by

Pley = PEMD o = P, $@) @ eO). (44)

We define eight points py, ..., ps € Coby p; = p(e;) = (p(ej), ¥(e;)) (j=1,...,8).
We denote by
K = C(o(a); o € A™) C M(b) 45)

the field of meromorphic functions generated by o(a)) = o((ac | -)) (o € A™). Note
that the affine Weyl group W = (sg, 51, ..., sg) acts naturally on K as a group of
C-automorphism such that w(o(«)) = o(w.q).

Let K = K(&, &, n1, m2; 71, - - ., Tg) be the field of rational functions in the homo-
geneous coordinates &, 7; (i =1, 2) and 7 variables 7; (j = 1,2, ..., 8) with coef-
ficients in K. We extend the actionof 5; i =0, 1,...,8)on K to L = K(&, n; 7) as
follows:
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s0(61) =&, s0(§2) = &1, so(n) =m2, So(m2) =1, So(T)) = T(1,2);
si€) =m, s1&) =m, sim) =&, sip) =&, si(t) =75,

$2(&1) = 5—11_777-;’ 52(&) = %, so(m) =m, s20m) =m, (46)
) =" nim =" s =1 (j=3.4....8).
2 1

s3(61) = &1, s3(82) =&, s3(n) =1, s3() =M, 83(7)) = T23);,

and fori =4,5,...,8,

si(€) =&, si(&) =&, sim) =m, si(p) =m, si(7) = Ti-1.))-

“47)
In the definition of s3, we have used the notation of linear functions
wler, )& — plez, €)1 Yer, e)m — Y(ez, e)m
&= s M= (48)
(e, er) P(er, e2)
fori =1,2,...,8. Note that, when restricted to the reference curve Cy, & and 7;
give
pler, e)pler, u) — (e, e;)pler, u)
&l = = (e, u) = pi(u),
0 @(el ,€2) (49)
ml. = Y(er, e)pler, u) — Py, e)pler, u) V(e 1) = i)
e P(ei, e2) " e
In particular, the linear functions &; and 7; vanish at p;.
Theorem 1 The automorphismss; : K — K (i =0, 1, ..., 8) defined as above sat-

isfy the fundamental relations (9) for the simple reflections of the affine Weyl group
W = W(Eél)). Furthermore, this W action on K = K(§, n; ) is compatible with
the restriction to the reference curve Cq defined by

G=pi@), m=vi@w (=12 75=0(j—u) (j=1,....8. (50

By the “compatibility with the restriction to Cy”, we mean: For any rational function
R, n,7) € K(&, m; 7), and for any w € W, we have

WRE D ™Dy st rmoteny = W-RP@), B@); oe —w),  (51)

where o(e — u) = (o(e; — u), ..., o(es — u)). Here we understand that the param-
eter u is invariant under the action of W.

Besides the linear functions &;, 7;, it is convenient to introduce linear functions
&(1), n(t) depending on a parameter ¢ € C as follows:

wler, & — pler, & 0 = Pler, ) — Ylez, HM (52)

0= (e, e2) P(ey, e2)
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sothat £(e;) = &, n(e;) =1; (i = 1,2, ..., 8). On the reference curve Cy, they are
expressed as

EDlc, = o, u), nM)lc, = ¥, u), (33)

and hence, &(¢) and n(¢) vanish at p(t) = (©(¢), ¥(¢)). These functions also satisfy
the three-term relations

@)D, c) + £b)p(c, a) + E(c)pla, b) =0,

(54)
n(a)p(b, ¢) + nb)e(c, a) + n(c)pla, b) = 0.
In particular we have
Siplej, ex) +&j plex, ei) + & pleis ej) =0, (55)
niP(ej, er) +mjpler, e) +neiplei,e;) =0
for i, j,k =1,...,8. Note that the three-term relations in (54) reduce to those of
o(t, u) and (¢, u) when restricted to the reference curve Cj.
For each element
A=dH,+dHy—mE —---—mgEg € L (dy,dy € Z,mj € Z) (56)

of the Picard lattice, we denote by L(A) the K-vector space of all polynomials
P&, n) € K[, n], homogenous in £ and 7 of bidegree (dy, d,), satisfying the van-
ishing condition ord,, P(§,n) > m; at p; = (p(e;), ¥(e;)) (j =1,2,...,8). For
a homogeneous polyhomial P (&, n) of bidegree (dy, d,), and a point p = (a, b) €
P! x P!, a = (a1 : @), b = (b; : by), the condition ord, P (&, n) > m means that,
after the substitution & =a; +u;, 7, =b; +v; (i=1,2,), Pla4+u,b+v) is
expressed as a sum of homogeneous polynomials in (u, v) = (uy, uz, vy, v;) of total
degree > m. We also set

L(A) =LA, =7 g™ (57)

Here we understand the superscript notation 74 by 7% = 7> = 1 and 75 = 7.
Note that

L(H,) =K @ KE, L(Hy) =K @ K,
LE)=Kr;, (j=1,2,...,8). (58)
L(H, —E)) =K', LH,—Ej)=Kni;' (j=1,2,....8).

Theorem 2 Eachelementw € W = W(Eél)) induces C-isomorphisms w. L(A) —
L(w.A) forall A € L. Furthermore, dimg L(A) = dimg L(w.A) forall A € L.

This theorem is the key for computing the action of the affine Weyl group W on
KK = K(, n; 7); itcan be proved by the argument of Kajiwara et al. (2017, Sect.5.1).
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We denote by
M=WI{E,,...,Esg} =WEg C L 59)
the W-orbit of E, ..., Eg in L. This set can also be characterized as
M={AeL|(|A)=-1, (A|A) =1}. (60)

Since Eg € L is W (Eg)-invariant, the correspondence o« — T,.Eg gives a bijection
O(Eg) = M.Foreach A € M, take an element w € W such that w.Eg = A.Noting
that L(Eg) = K g,andw : L(Eg) — L(w.Eg) = L(A),wesetT(A) = w.7g. From
the fact that the stabilizer of Eg in W coincides with W (Eg), and that g is W (Eg)-
invariant, it follows that this definition of 7(A) € £(A) does not depend on the
choice of w € W such that w.Eg = A. In this way, we obtain a family of 7-functions
{T(A) | A € M} such that

TEp=1 (j=1,...,8), wrA)=1w.A) (weW,AeM). (61)

For each A =d.H,+dyHy —mE; —---—mgEg € M, 7(A) € L(A), it is
expressed as

T(A) = ga&mm " g™ da€m) € L(A), (62)

where ¢4 (&, 1) is a homogeneous polynomial in £ and 7 of bidegree (d,, d,) sat-
isfying the condition ord,,fqﬁA (&, m) =mjforj=1,...,8. Since dimg L(A) =1,
such a polynomial is determined up to a constant multiple. However, this ambiguity
can be fixed by the compatibility of the W action and the restriction to the reference
curve Cy. In fact

T(A)|C0 = w(13|Co) = w(o(es —u)) = o(A — u), (63)
where A = w(eg) = dihy +dyh, —me; — --- — mgeg. On the other hand,

PaE T g™ = Dalp), p))o(er —u) M - o(es —u) "™ (64)

Hence we have

dalp@), Yw)) = oA —u)o(ey —u)™ ---o(eg —u)". (65)

If this formula is valid, ¢4 (&, n7) manifestly satisfies the vanishing condition. To
summarize,

Theorem 3 For each A € M = W.Eg as in (56), the T function T7(A) is expressed
as

T(A) = A& g™ (66)



On Some Explicit Representations of the Elliptic Painlevé Equation 203
where ¢ (€, n) is characterized as the unique homogeneous polynomial in £ and n
of bidegree (d., d,) satisfying the restriction formula (65) on the reference curve Cy.

In terms of the 7 functions 7(A) (A € M), the homogenous coordinates &;, 1; and
T variables 7; are expressed as

& =T7(E)T(Hy — Ei), mi =71(E)T(Hy — E;), 7 =T(E;) (67)
fori =1, ..., 8. From the three-term relation of (55), we obtain

o(ej, e)T(ENT(H, — E;) + (e, e)T(Ej)T(H, — Ej)
+ plei, e))T(E)T(H, — Ep) =0,

Ylej, e)T(ENT(Hy — Ei) + ¢ (ex, e)T(Ej)T(Hy — Ej)
+ (e, e))T(EQ)T(Hy — Ef) = 0.

(68)

These are the fundamental bilinear equations for the 7 functions of the elliptic
Painlevé equation.
Applying w € W to (67), we obtain

w(§) = wr(EHw.T(Hy — E) = 7(w.E)T(w.(H, — E}))

; _E, (69)
= G e DT 11— (€, )T D,
Hence we have
w(&) = bu.£, (€M) buar—£) € m) 7 (70)
W) = Gu., (& 1) Gw. i, —£) (& ) T
fori =1, ..., 8. In particular, w € W acts on the inhomogeneous coordinates x =

&/€1, y = m/n1 by the formulas

_ Gwp (X, Y) Gu.(H,—E) (X, Y)

T Gur, (X, ) Gu g (X, Y)
s (X, ) Gttty (1)) (71)

B Guw.E (X, Y) u. (i —E (X, ¥)

w(x)

w(y)

Here we used the notation ¢ 4 (x, y) to refer to the polynomial in the inhomogeneous
coordinates (x, y) obtained from ¢ 4 (£, ) by the substitution ¢ = (1:x),n = (1:y).
Note that, since w.£;, w.& € L(w.H,), the two polynomials ¢, g, (€, ) Pw.(H,—E)
(&, n) and ¢y, g, (§, M) Puw.(H,—E,) (€, 1) have the same bidegree. In particular, for each
a € Q(Eg), we have

¢1,.8,(X, ¥) O, (H,—E) (X, ¥)

612 (5 Y) Ot 0 (1 )
N I P e (72)
Tn/(y) -

01,5 (6, Y) O —E) (X, Y)

T.(x) =
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This is the elliptic Painlevé equation with respect to the translation by o € Q(Ejg) in
the inhomogeneous coordinates.

2 Explicit Representations of the Elliptic Painlevé Equation

One can apply previous discussions for determining explicit expression for the Kac
translations T, (o € Q(Es)). We consider exclusively the case of the translation
by the simple root ooy = H, — H,, which can be regarded as the non-autonomous
version of the QRT mapping.

2.1 Action of the Kac Translation T,

Our goal is to find an explicit representation for the action of the translation T,,
with respect to the simple root oy = H, — H,. This translation is decomposed into
the product 7,,, = w”w”* of two involutions w* and w”, called the horizontal and
vertical flips, where

wh = WHWyWieW, Wi =TE-ETH-E-E (@ # ), 73
yo_ Yoy oYy y _ C (73)
WY = wipwiWseWss, Wi = FE—E;TH,~E~£ (@ # J).
These w*, w” act on the Picard lattice by
w".Hx = Hx, wx.Hy = 4Hx + Hy — El — e — Eg,
wx.EjZHx—Ej (J:],,S), , (74)
wY.H, = H, +4H, — E| —--- — Eg, w’.Hy = H,,
w E;=H,—E; (j=1,...,8).
Since
& =71(ENT(H, — Ep), n =71(E)T(H, — E)), (75)
we have
w &) =&, wm)=n @=1....8). (76)
This implies
To (&) =w' (&), T,'() =w'() (=1,...,8). (7

We first investigate w” (&;). By (70),
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W(&) = Guv £, (&M by (1 —Ey (€ ) T (78)

Note that w¥.E; = Hy — E; and 7(H, — E;) = n;7, ', and hence, ¢,, £, (£, ) = 1.
On the other hand,

w'.(H,) = H, +4H, — Y, _, 4E; = 0 — H, +2H,,

(79
w(H, — E) = H +3H, =Y _; ¢ ., Ej =0 — H+ Hy + E;.

Hence ¢y (m,— £, (€, n) is characterized as the unique homogeneous polynomial of
bidegree (1, 3) such that

Gwy . (H—E» (&, 77)}CU =00 —he+hy+e —u 1_[ olej —u). (80)
1<j<8; j#i
Similarly, we have ¢, g (&, ) =&, and ¢wx.(Hy_ £, (&, m) 1s characterized as the

unique homogeneous polynomial of bidegree (3, 1) such that

Sur )&M), =@+ he—hy+e—u) ] ole;—w. @81
1<j<8; j#i

Putting P; (€, ) = Qwy.(u,—£,) (&, n) and Q; (€, n) = Pur.(,-E;)(§, n), we obtain the
following description of the Kac translation by «.

Lemmal For each i =1,...,8, there exist unique polynomial P;(&(,n) and
0Q:(&, n), homogeneous in £ and n of bidegree (1, 3) and of bidegree (3, 1), respec-
tively, such that

Pi(p), @) =00 —hy +hy + & =[] 1< j20(e; —u),

82
Qi(p(u), pw)) =0 +hy —hy+ e —w)[]i<j5 j20(; —u). ®2

The Kac translation with respect to the simple root oy = Hy — H, is given by

To, (1) = P& mi(ry 1), T () = Qi€ mm(ry o)™ (83)

and
To, &) =i P& m9) ' T ) =6 Qi)' (84)

In terms of the inhomogeneous coordinates (x, y) of P! x P! such that x = & /&,
and 'y =1/,

Py(x,y)
Pl(x? y)

Qa(x, y)
Ql(-xr y)

To,(x) =y , T =x (85)

fori=1,...,8.
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We remark that this type of representation of the elliptic Painlevé equation was first
proposed by Murata (2004).! A geometric interpretation to this expression is also
given by Carstea-Dzhamay-Takenawa (2017).

In order to write down P; (€, ) and Q; (&, 1), itis convenient to divide the indexing
set {1, ..., 8} into two parts {1, 2, 3,4} and {5, 6, 7, 8}. Then, fori = 1, 2, 3, 4, we
have

8

Pem=Y o(hy — e — e — ) [l1<j<a; jui o(hy —ex — 61)5 I

k Mjs
— o(hy — hy) [Is<j<s: jux olex —€)) s j
8
othy—e —e,— 0 [Ticizs ;o(hy —er —ej)
oie =3 7" £ =9 Lisjst o [T &
s o(hy — hy) 1_[551‘58;]'7&]( o(ex — e;) S<j<8; jik
(86)

We explain below how to derive these explicit formulas, taking P (£, 1) as an exam-
ple. In this case, P;(§, n) is of bidegree (1, 3) and the curve P;(&, ) = 0 passes
through p,, p3, ..., ps. Note that K-vector space of homogeneous polynomials in
7 of degree 3 has dimension 4. Choosing three out of the four homogeneous linear
functions 7s, 16, 17, N3, We can take

NeMNg, N5, NsNeN8,  N5M6TN7 (87

for a basis of this vector space. The polynomial P;(&, ) of bidegree (1, 3) is then
expressed as

Pi(&,n) = as(E)nemns + as(§)nsmns + a7(nsnens + as(Ensnemr,  (88)
where a;(§) (j =5,6,7,8) are homogeneous of degree 1. By the condition

Py (€, m) = 0 passes through ps, pg, p7, ps, we see that a;(§) = ¢;¢;, ¢; € K for
j =5,6,7,8. Hence we have

Pi(&,m) = cs&smemms + ceSenstne + c78msMeMs + cs€eMsneTh

89
= c5—5+cs—6+07—7+cs—8 N5M6177)8 - (89)
Us U m 8
We fix the constants cs, cg, ¢7, cg SO that the restriction formula
8
Py(p(), () = 0(0 — hye + hy + ey —u) [ [ ole; — u) (90)

j=2

holds. Note that (89) implies

I'The author is grateful to the referee for directing his attention to this work.
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P (€, 77) gk
. 91
N5M617718 kXS: Mk ©b

By the restriction to Cp we obtain

o0 —hy+hy+e —u) l_[?:z olej —u) XS:C o () ©2)
= k ,
[T &) = ()

and hence

o(d—hy+h,+e —u) 4 ole; —u) 8
- y 1 H,_z J Z —u) (93)
[[j=so(hy —e; —u) e U(h —ek—u)
This is an identity of quasi-periodic meromorphic functions of type (0, i, — h,) with
simple poles atu = h, —e; (j =5, 6,7, 8). Comparing the residues at these poles,
we have
4
(6 —hy+e +e) nj=2 U(hy — €k — e.f)

Ccp=— (94)
o(hy —hy) [Ts<j<s: joe o lex —€))
fori =5, 6,7, 8. Finally we obtain
8 4
ohy —ey —ex —0) [y 0(hy —ex —e))
Pi(&m) = nsnstmng Y P =7 ) &
k=5 o(hy —hy) [Ts<j<s: jsx o(ex =€) m
28: olh: —e1 —ep — ) [T 0(hy —ex —¢))
= k ;.
p o(hy — hy) [Is<j<s jux o(ex —€)) o ime ik j
95)

2.2 Coordinates Depending on a Parameter

Fixing a generic (W-invariant) constant t € C, we consider the action of T,, on

pler, ) — (e, l)ﬁl’ () = Pler, m — Plea, 1)771. (96)
wler, er)

0= Y(er, e2)

Since wrp(e;, t) = @(e;, t) and w p(e;, ej) = p(e;, e;), we have w () = £(1),
and T,,&(t) = wYé(t). Since w” induces a C-isomorphism

w”: L(H,) — L(H, +4H, — E, — E; — ... — Ey), (97)

w? (£(1)) is expressed as
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w (@) =D& n; ) (- T8) ", (98)

with a homogeneous polynomial @ (&, n; t) € K[, n] of bidegree (1,4). By the
restriction to Cyp, from

EMc, =, u) =0 —u)o(hy —t —u) (99)

we obtain

wY (&), = ot —u)o(hy +4hy —e— - —eg—1—1u)

=0(0 — hy +2hy — 1 — u). (100)

Hence we have
8
ot —u)o (8 — hy +2hy —t —u) = D (p(u), p(w); 1) [ [ole; —w)™",  (101)
j=1
in other words,

8
D (p(u), Yu)i 1) = 0(6 — hy +2hy —t —w)a(t —u) [[ole; —u).  (102)

J=1

This means that the curve @ (£, 7) = 0 of bidegree (1, 4) passes through the 9 points
pj =ple;) (j =1,...,8) together with p(z); from now on, we set

eg =1, py=p(t), & =E&), n=n(). (103)

Noting that the vector space of homogeneous polynomials in 1 of degree 4 has 5
dimension, we take the 5 homogeneous linear functions

N5 Ti-me (k=5,6,7,8,9). (104)

Then, we can express @ (&, n; t) in the form

9 9
OE 1) =Y a©ns---Th-my =Y cxlts T+ -19 (105)
k=5 k=5

since @ (&, m; t) = 0 passes through ps, pe, ..., py. As before, rewriting this in the

form .

(o) it

(&, Lm0 ) Z (106)

I—[_] =5"1j =5

by the restriction to Cp we obtain
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o(8 = hy+2hy —eg —u) [[j_, o(e; — u)

9
— ch M_ (107)

]—[3:5 o(hy —e; —u) — o(hy — ex — u)
Taking the residuesatu = h, —e; (k = 5,6, ...,9), we can determine the constants
Ci as A
(6 —hy +hy —e9+ ) ]_[j=1 o(hy —ex —ej)
Ck = (108)
(e = hy) [s< <o, jui 0 (ex = €))
Hence we have
9
(6 — hy + hy —€9+€k)l_[ (o(hy —e —e;) .
P& 1) = /= &ns T -+ - 1o
X:: =) [s<jco jun o(ex =€)
(109)

Replacing ey by ¢, we obtain the following expression for the Kac translation of £(¢)
and 7)(t) with respect to oy = H, — H,.

Lemma 2 As to the Kac translation T,, = w>w* of

wler, )é — (e, 1)51’ () = Per, ) — Plez, Ny (110)
(e, e2) ey, e2)

§@) =
by oy = Hy — Hy, we have

T, €M) = w*€0) = @&, 0)(m -~ 79) 7,

T () = w*(n(0) = ¥ (E,m )7y - 7)”! (1

where

P& 1)
0@ —hy +hy) i o(hy —e; —1)

B o(he —hy) H?:s o(e;j —1) s

+28:0(5—hx+hy+ek—t)]_[j:1 o(hy —ex —ej)
— o(hy — hy)o(ex — 1) Hsgjgg;jﬂ( olex —ej)

§ns -+ T - men (1)),

k=5
(& it )
06— hy+h) T othe —ej — 1)
oy —h)[Tsoe; — 1) &5E68783m (1)

8 4
U(5—h +hx+ek—t)||~ o(hy —ex —e;)
j: y j=1 J

2 oty = hoyrter — D Tlse) s, oe 7(ex — ) Es & L&D Mk

(112)

From this lemma, we have
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- (ﬂm)zgmamm> Tl(ma»::wgmng
“Newy) o, mn)’ o \n(t) (& ;i t)

(113)

for generic W-invariant parameters 71, 1, € C. In the following we use the notation
T,,(f) = fand Ta’]1 (f) = f for simplicity, so that

() _ @Emn) 1) WE nn)
) PEmn) ) WEmnn)

(114)

where

- BiOE — B0, Y, 0n, — ¥, (0n,
ﬁ(t) B 30(617 6‘2) ’ Q(t) - Q/J(elv 62) ’
;i (t) =o(e; — t)a(ﬁx —e—t)=o(e,—hy+hy,+d—1t)o(hy, —e —1),
yi(t) = O—(gi - Z)U(&v _gi - t) = 0'(6[ + hx - hy + o — t)O'(hx — e — [).
' (115)

Note that n(¢) = (VY1 (#)n2 — ¥2(t)n1) /1 (e1, ez) vanishes when we specialize the
7 coordinate by n = ¥(¢), namely n; = ¢;(t) (i = 1, 2). Hence, by the substitution
n = (), (&, n; t) simplifies to a single term:

0@ —he +h) [T othy —ej—1) 8
B, P(0); 1) = O [0
& o(hy — hy) H§:5 olej —1) ¢ 11‘:15% (116)
6 —hy+hy) [T} o(hy —e; —1)
_7 Dm0ty =e; =0 )

o(hy — hy)

We use a new parameter v € C for this specialization of 7 assuming that w” (v) = v.
Since 1; (v) = i (h, — v), we have

o —hy +h) [T} o(hy —e; — )

D& p(v);v) = - §(),
(6 — hy + hy) ]—[j:1 o(ej —v)
D& W) hy —v) = o — ) E(hy —v),
x y
and hence ¢
D& YW hy —v) E(hy —v) olej —v)
= . 118
D&, P(v);v) §(v) 11:[1 a(hy —e;j —v) (1%
This implies
5my—w_£my—wf1 a(e; —v) (119

vy £

Jj=1



On Some Explicit Representations of the Elliptic Painlevé Equation 211

with the parameter v such that = 1 (v). Similarly, we use a parameter u € C for
the specialization £ = () assuming that w* (u) = u. Then we have

ﬂ(hx —u) _ n(hy — u) 1—[ olej —u) (120)
1) W ol—e;—u)
with the parameter u such that £ = ¢(u). This system of equations (119), (120)
is the explicit representation of the elliptic Painlevé equation proposed in Noumi-
Tsujimoto-Yamada (2013) and Kajiwara-Noumi-Yamada (2017, Sect.5.5, (5.82),

(5.83)).
Finally, we comment on specializing £ = ¢(u) and 7 = ¥ (v) with two parameters
u, v, simultaneously. In geometric terms, this is equivalent to considering the covering

7 Egx Eg— P xP': 7(u,v) = (o), () ((u,v) € Eg x Eg).
(121)
In the inhomogeneous coordinates (x, y) € P! x P!, this covering is defined by

‘= o(es —u)o(hy — e — u)’ y= o(e —v)o(hy — ey — v)‘ (122)
o(ey —u)o(h, — ey —u) o(e; —v)o(hy —e; —v)

Under this parametrization, £(v) and () are expressed as

w1()& — P2(V)&; @1(U)<P2(u) - @2(1))%01(”)

() = 1) = —p(u,v),
_ @ = am _ W) i () (123)
n(u) = = (u, v).
P1(e2) P1(e2)
Hence, Eqgs. (119) and (120) lifted to E; x Eg should be written as
P,y —v) _ pluhy —v) ﬁ oej — v)
o(u, v) p(u, v) Jol o(hy —e; — v)’
» (124)
ﬂ(hx —u,v) . P(hy —u, v) 1—[ olej —u)
Y,v) P, v) o(hy —ej —u)

j=1

in an implicit factorized form. This system of equations is still somewhat ambiguous
in the point how one should understand the evolutions i and 9. A possible idea
would be to set

P, v) =5@{@ —v)a(h, —u —v), ;_zx =06 — hy + 2hy, (125)

g(uv 2) = g(bt _E)g(hy —u _2)» y =0 + th - h)'a
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using sigma functions o (u) = o)), o(u) = o(u|2) associated with appropri-
ately evolved period lattices §2, £2. It would be an intriguing problem to pursuit the
idea of modulation of the elliptic nome in the elliptic Painlevé equation. We expect
that such an approach could also provide a method for constructing generic solutions
to this equation in the geometric terms of plane curves.

Acknowledgements This work was supported by JSPS Kakenhi Grant (B)15H03626.
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Abstract The paper presents an approach to derive finite genus solutions to the
lattice potential Kadomtsev-Petviashvili (IpKP) equation introduced by F.W. Nijhoff,
et al. This equation is rederived from compatible conditions of three replicas of
the discrete ZS-AKNS spectral problem, which is a Darboux transformation of the
continuous ZS-AKNS spectral problem. With the help of these links and by means of
the so called nonlinearization technique and Liouville platform, finite genus solutions
of the IpKP equation are derived. Semi-discrete potential KP equations with one and
two discrete arguments, respectively, are also discussed.

Keywords Lattice potential KP equation - Finite genus solutions *
Nonlinearization + ZS-AKNS spectral problem - Liouville platform

1 Introduction

Discrete integrable systems and the problem of integrable discretization of given
soliton equations have attracted more and more attention in recent years (Grammati-
cos et al. 2004; Hietarinta et al. 2016; Suris 2003). The main purpose of this paper
is to investigate the lattice potential Kadomtsev-Petviashvili (IpKP) equation

C. Cao - X. Xu

School of Mathematics and Statistics, Zhengzhou University,
Zhengzhou Henan 450001, People’s Republic of China
e-mail: cwcao@zzu.edu.cn

X. Xu
e-mail: xiaoxuexu@zzu.edu.cn

D. Zhang (X)
Department of Mathematics, Shanghai University, Shanghai 200444, People’s Republic of China
e-mail: djzhang @staff.shu.edu.cn

© Springer Nature Switzerland AG 2020 213
F. Nijhoff et al. (eds.), Asymptotic, Algebraic and Geometric Aspects

of Integrable Systems, Springer Proceedings in Mathematics & Statistics 338,
https://doi.org/10.1007/978-3-030-57000-2_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-57000-2_11&domain=pdf
mailto:cwcao@zzu.edu.cn
mailto:xiaoxuexu@zzu.edu.cn
mailto:djzhang@staff.shu.edu.cn
https://doi.org/10.1007/978-3-030-57000-2_11

214 C. Caoetal.

B = Bi= W) By = B+ W = W)+ (B = W)(Bs — By + W — W)
+(Bs — W)(B1 — B2+ W— W) =0, (1)

and present an approach to construct finite genus solutions to 3D integrable lattice
equations. This equation is first discovered by Nijhoff, Capel, Wiersma and Quispel
by using the Biacklund transformation approach, and later derived through an analysis
of the Cauchy matrix (Nijhoff et al. 1984; Hietarinta et al. 2016).

To build the integrability of the IpKP equation (1) and calculate its finite genus
solutions, we will introduce Lax triads from the ZS-AKNS spectral problem. Com-
patibility of these triads, respectively, give rise to the lattice potential KP equations
with 3, 2 and 1 discrete arguments, as (see Sect. 2 for the derivation)

~(0,3) _ 1 TN

5OV = S = W)W + (W WYW + (W — W)W
(W =W — WA W)+ 7a(W — W — W+ W)
Fu(W—W =W+ W) = 2)

g0 =(W—-W), — B(W W)+ — }(V?—W—W+W>=0, 3)

gD =W -w), - [(W + W)+ 20 (W = W) + %(W - W)Z] =0. (4

X

Note that (2) is equivalent to the IpKP equation (1) with 5y = =2, k =1, 2,3, as
(IPI;PI Cop2yy) = 2503 Tt also turns out that all these equations have the same

5
potential KP (5KP) equation,

3
5060 — (Wxxx +3W) — SW,, =0, )

as their continuum limits (see Proposition 4).

The method of finite-gap integration originated in solving the periodic initial prob-
lem of the Korteweg-de Vries (KdV) equation (cf. Matveev (2008) and the references
therein). Recently, an approach to deriving finite genus solutions for 2D discrete inte-
grable systems, the lattice potential KdV equation (Cao and Xu 2012) and the lattice
nonlinear Schrodinger (INLS) model (Cao and Zhang 2012) were developed. In this
paper, just as in the 2D case, explicit analytic solutions of the lattice pKP equa-
tions (2, 3, 4), together with the pKP equation (5), will be calculated by means of the
finite-dimensional integrable flows of continuous and discrete types, i.e. Hamiltonian
phase flows and integrable symplectic maps. These flows are constructed through
nonlinearization of the continuous and discrete spectral problems (see Sects. 3, 4).
It is surprising that they share same Liouville integrals, same Lax matrix L(\; p, q)
and same algebraic curve R. Thus the calculations can be done on the same Liouville
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platform. The Abel-Jacobi variable <}5 in the Jacobian variety J(R) straightens out
both the H;- and the S, -flow with the velocities Q ; and 5_.2%’ respectively. As a
result, we have a clear evolution picture for the lattice pKP equations as well as for
the pKP equation, as the following,

z03 . 0 +miQ, +ma2, + myQ,,, (mod7),

0+ 1€ +m1§27, + mzéw (mod.7),
FGD. gzbzggo—i—xﬁl—i—yﬁz—i—mlﬁm, (mod.7),
60, (;5 = (,z;() +x§21 + nyz + t§23, (mod.7),

o
¢

= (1,2) .
=) .

which will provide the basic part of the explicit analytic solutions (see Sect.5, 6).

The paper is organized as follows. Section 2 shows that how the lattice pKP equa-
tions (2), (3) and (4) arise from their Lax triads. Continuum limits of these lattice
pKP equations give rise to the same pKP equation. In Sect. 3, a finite-dimensional
integrable Hamiltonian system related to the ZS-AKNS spectral problem is intro-
duced to provide integrals, spectral curve and Abel-Jacobi variables. In Sect.4 we
construct an integrable symplectic map S, in tilde direction, develop an algebro-
difference analogue of the Burchnall-Chaundy’s theory on commuting differential
operators by which we express the potential functions in terms of theta function.
This allows us to derive finite genus solutions for the IpKP equation in Sect.5 and
for other two semi-discrete and one continuous pKP equations in Sect. 6. Finally,
concluding remarks are given in the last Section.

2 The Discretized pKP Equations

2.1 The KP Equation

In order to find the suitable discrete spectral problems for (1), let us first recall the
usual continuous KP equation,

1 3
w; = Z(wxx + 3w2)x + Zax_lwyy. (6)

Itis well-known that the KP equation has a close relation with the ZS-AKNS spectral
problem (U;) (Cao et al. 1999; Konopelchenko et al. 1991),

Ox =Ux = </\£2 _;/Z)X- (7

In fact, there is a hierarchy of isospectral equations (X;) related to (7),
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O, (u,v)y =X, k=2,3,...), (8)

in which the first two nonlinear members, (y = 7, t = 73), the NLS equation and
the modified KdV (mKdV) equation, respectively, are

Oy, v) = Xo = (x — 20, —vex +2uv), (9a)

Or(u, v) = X3 = (Uxxx — OUVUy, Vyyx — OUVVY). (9b)

Corresponding to the hierarchy (8), there exist a series of linear spectral problems
Uy),

O x=Ux, (*k=12,..), (10)

where, apart from Eq. (7)|y=r,, we also have (with y = 7, t = 73)

A2/2 —uv du+u,
8yx=U2x:< W —)\2/2+uv) , (11a)
G = Usy — ANJ2 = duv —uv +uvye Nu 4 Ay + uy, — 2u’v
IX=UIXE N2 — oy + vy, — 2u0? “23/2 4+ v+ uv —uv, ]V
(11b)

The Lax pair for (X;) is composed of (U;) and (Uy). It is found that if (u, v) is a
compatible solution of (X») and (X3), then w = —2uv solves the KP equation (6)
(Cao et al. 1999; Konopelchenko et al. 1991). Thus the compatible conditions of
(Uy), (Up) and (U3) implies the KP equation. In other words, (U}, U,, U3) is the Lax
triad for the KP equation and hence for the pKP equation via w = W;.

2.2 The Discrete pKP Equations

The above facts of the KP equation lead us to consider discretization of the ZS-
AKNS problem (7), by which we hope to find the Lax representation for the IpKP
equation (1). One discretization of (7) is known as the Ablowitz-Ladik spectral
problem (Ablowitz and Ladik 1975, 1976), which leads to a spatially discretized
NLS equation. In this paper, we employ the following linear problem, (D), adopted
in Cao and Zhang (2012),

Y=DPx, DY\ a,b)= (A_Vbﬂ’l”l‘), (12)
which provides a second discretization for (7) (Merola et al. 1994) but is different
from Ablowitz-Ladik’s spectral problem (cf. Chen et al. (2017)). Note that (12) is
also known as a Darboux transformation of the ZS-AKNS spectral problems (10)
(Adler and Yamilov 1994). Here, for the above notation, let 7} be shift operator along
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the m; direction, defined for any function f : 73 — Ras
(T fY(my, ma, m3) = f(my, ma,m3) = f(my + 1, my, m3).

Similarly, b f = f,T5 f = f are shifts along the m, and m3 direction, respectively.
Two basic relations,

(a,b) = (u,v), V), =uv — uv, 13)

are derived from the compatibility condition of equations (7) and (12) (see Cao
and Zhang (2012)). The former bridges their potential functions, while the latter
suggests the setting of difference relation W —W = —2ub as W, = w = —2uv.
These facts lead to the consideration of three replicas of Eq.(12) with distinct non-
Zero parameters v = yi, Y2, V3,

Tix=x=D"\u, i)y, (14a)
Ty =x= D"\ u,v)y, (14b)
Tsx=x = D"\ u, 0)y, (14c)

which are denoted by (DY, k=1,2,3, respectively, for short. Besides, auxiliary
equations will be assigned for each special occasion from the following list,

W —W = —2ub, (15a)
W —W = —2ub, (15b)
W —W = —2ubd, (15¢)
oW = —2uv. (154d)

At first glance, these equations seem fairly hard to deal with. Here we remark that on
the platform of Liouville integrability, a pair of functions (u, v) of discrete arguments
mi, my, m3 can be constructed, which are finite genus potential for each of the
discrete spectral problems (14a, 14b, 14c); and W can be solved with the help of
the theta function and meromorphic differentials on the associated Riemann surface.
This will lead to explicit analytic solutions to the IpKP equation (see Sect.5). The
approach can also be extended to the semi-discrete and purely continuous cases (see
Sect. 6).

To derive the discrete pKP equations (2), (3) and (4), we replace (U;) in the Lax
triad (U, Uy, U3) successively by (D%)), and then we come to the following new
Lax triads,

(D(“n)’ D(ﬁ’z)’ D(”/z))’ Uy, D(“n)’ D(W’z))’ Uy, Us, D(“/]))_ (16)
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With the auxiliary relations (14), the compatibility of these triads lead to the dis-
crete pKP equations (2), (3) and (4). We present the procedure of derivation via the
following lemmas and propositions.

Lemma 1 Let (u, v) : Z> — R? be a pair of functions such that (i) Egs. (14a, 14b)
have compatible solution x for one value of the spectral parameter \; (ii) the system
(15a, 15b) has a solution W. Then (u, v) solve the INLS equation (Cao and Zhang
2012; Konopelchenko 1982)

g% = (i — i) ud + 1) + (v —)u =0, (17a)
20 = (5 — D) ub+ 1) — () — 1) =0, (17b)

and W, u, v satisfy the relation
Y72 =2(5 87 01,7+ 87 (1, 7))
1 - - = - - o
=[?W—W0+m—ka—W—WHJW+Hw—um (18)

which is equal to zero due to Egs.(17).

Proof By direct calculations we see that the cross action (7,7, — T,T)x is equal to

502 pon _ Hom pi) 1y 507 ("
(D%DM_DMD%M:<QM>5 )Q@) (19)
where
A i —HE®Y _ G —ns?
T = [(D—0)87 — @ — )&y ]

M ="

* (1 = 1D E? = (it = i) £,
M=

With (14a, 14b) one can rewrite (73T, — T,T;)x in the form

— ~ ~ _ ~(0,2)
1 <(71 —MX? = (12 = MXP [(y1 = Vit — (12 — A)u]x“)> (:‘l >
n=n 0 (n =X ")

(20)

Usually the coefficient determinant is not zero. Since (717, — T>T1)x = 0, we have
50D = 0. Further, in light of Eqs. (15a, 15b), the left-hand side of Eq.(17) can be
written as
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~(0,2) ~ - I T
E5T =@ —u)+ E(W—W)+71—’Yz u,
~(0,2) ~ - I - T =
By " =@w-v) - E(W—W)—I-’Yl—’Yz v,

which imply Eq. (18) by direct calculations.

Proposition 1 Let (1, v) : Z> — R? be a pair of functions such that (i) Egs. (14a,
14b, 14c) have compatible solution x for one value of \; (ii) the system (15a, 15b,
15¢) has a solution W. Then W solves Eq.(2), i.e. 53 = 0.

Proof Consider three replicas of (18) with parameters (71, v2), (72, 73)s (3, 71)>

respectively. Adding them together we have

EOY = Y(yi,m) + Y (02, 13) + Y (93, M), 1)

where the terms containing u, v are canceled. This yields Eq. (2).

Proposition 2 Let (u,v):R x Z> — R?> be a pair of functions such that
(i) Egs.(14a, 14b) have compatible solution x for one value of \; (ii) the system of
Egs.(15a, 15b) and (15d) has a solution W. Then W solves Eq.(3), i.e. 512 =,

Proof Inlight of (15d), the last term in (18) is equal to —(W — W),. Thus the proof
is completed since £1? = —Y (v, 7).

Proposition 3 Let (u, v) : R? x Z — R? be a pair of functions such that (i) Egs. (7),
(11a) and (14a) have compatible solution x for one value of \; (ii) the system of
Egs.(15a, 15d) has a solution W. Then W solves Eq.(4), i.e. 2?1 = 0.

Proof The compatibility condition 0,0, x = 0.9, gives rise to the NLS equations
(9a), rewritten as

EPY =uy —upy +2u*v =0, (22a)

Ez(z,()) = v, + Uy, — 2uv® = 0. (22b)
In fact,
(0y0y — 0x0y))x = (Ur,y — Uz x + [Uy, U2 x
e =20
(- (0 ) -
32(2.0) 0 X(g) 0 X(l) 32(270) :

Further, the compatibility condition 0, T;x = T10, x yields the semi-discrete NLS
equations

MY =, — it — yu + 1t =0, (242)

M =0, 4 v+ b —ui® =0, (24b)
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since the cross action leads to

@:Ty = Tido)x = (DYY = U1D + DUy
(1, - (D
_ ( o & ”> (x“>> _ <x<2> uxj“) (w ) (25)
- ~(1,1 - ~(1, ’
52( ) 0 X(z) 0 X( ) *52(1 1)

where k11 = (ud), — 0 + uv = 551(1,1) +uz{"", and the relation Y® = ox® +
X has been used. By calculation we have

1830 LU = (ud), — (U, — ub,), — 2ub(@d — uv),
(1,1
1

&

— uEz(l’l))x = (UyD — udy)y — (@0 + uv + 2y,ud — 2u9?),.
Adding them together we arrive at

- ~ (2,0 (2,0 ~ (1,1 = (11

g2 = 2680 +ug?”) 25" —us""),, (26)

where the term (u,0 — uv,), is canceled and the variable W is introduced by
Egs. (15a, 15d). Thus 2@V = 0.

Let us back to the Egs. (2), (3) and (4). We have seen that (2) is nothing but the
IpKP equation (1). Besides, Egs. (3) and (4) have close relations with the (N-2) and
(N-3) models that were discovered by Date, Jimbo and Miwa Date et al. (1982),
which are

ENZE(V—V)X—(ev—ev—ev—l—ev)zo, 27
2
2N =AW, + va —2VVy) = (A+2)V, =0, (28)
where Af = f — f for arbitrary function f. In fact, for (3), introducing
V=In[(W = W)/2+ 7 —nl, (29)

and then using (3), one finds

(W —W),/2 1= -
Vi=— = =-(W-W-W+W).
W—-W)/2+y -7 2
It then follows that (‘7 — V), is equal to the second partin Eq. (27). Hence & N2 — .
Thus, for any solution W of the Eq. (3), V defined by (29) provides a special solution
for (27). For the Eq. (4), if W is a solution, then

V=W-=W)/2 (30)
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solves the (N-3) Eq. (28). Actually, it is easy to find (with v = 1/h)

N =

=) _ V,+EV —2VVi )| = (V+ W)
5 ) h X x XX

~

which implies ZN3 = AZ?D /2 = 0. In this sense, Eq. (4) is the potential version of
(N-3). Note that (N-3) model was also derived by Kanaga Vel and Tamizhmani, with
the help of quasi-difference operators (Kanaga Vel and Tamizhmani 1997), known
as the DAKP equation there. Besides, some properties of the DAKP hierarchy,
including symmetries, Hamiltonian structures and continuum limit, were investigated
in Fu et al. (2013).

At the end of this subsection, we consider continuum limits of Eqgs. (2, 3, 4). Let
Yo = —1/ex, er = ke, (k = 1,2, 3), where ¢y, c;, c3 are arbitrary distinct non-zero
constants. For any smooth function W (x, y, t), define

W =W(x+ce, y—ce /2, 1+ /3), (k=1,2,3). 31

Denote TI1W =W, LW =W, TsW = W for short. By straightforward calcula-
tions we have the following.

Proposition 4 Under the Ansatz (31), in the neighborhood of € ~ 0, the following
Taylor expansions hold for any smooth function W (x, y, t),

=21 _ =30 2¢t 2 3
g =g Ts + 0(e?), (32a)
02 _ 5<3v°>“2(63;”)53 T oY, (32b)
1
503 — E(3*0)§[cch(c2 — 1) 4 cac3(cs — ¢3) + caei (e — 3)]e 4+ 0(eh).
(32¢)

Thus, all the continuum limits of the lattice pKP equations (2), (3) and (4) give rise
to the same pKP equation (5). The Ansatz (31) is crucial, which is proposed based
on comparing the velocities of the Abel-Jacobi variable ¢ along the discrete S, -flow
and the continuous H;-flow (see Appendix A).

3 The Integrable Hamiltonian System (Hjy)

In Cao et al. (1999), Cao and Zhang (2012) an integrable Hamiltonian system is
constructed from the ZS-AKNS spectral problem,
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R —OH . X _ .
()= G- (<)) e
q; OH,/0p; <q.9> —aqa;/2 qj
1 1
anw=—§<Anq>+§<np><%q>~ (33b)

where A = diag(ay, ..., ay), <&, n>= Z;\’:l &jn;. It can be regarded as N repli-
cas of Eq.(7) with eigenvalues aj, ..., ay, respectively, under the constraint

w,v) = fu,(p,g9) =(—<p,p><4q,q9>). (34)

The integrability requires enough number of involutive integrals. In deriving them,

we use the Lax equation
OxL(N) = [Ui(N), L(V], (35

which has a solution, the Lax matrix (Cao et al. 1999; Cao and Zhang 2012)
1/24+ 0x(p.q)  —0Ox(p.p) )

L p,g) = , 36

(A p.4) ( 0\@.9)  —1/2—0\(p. @) (36)

where Q) (£, 1) =< (M — A€, n >. By Eq.(35), F(\) = detL()) is indepen-
dent of the argument x. Three sets of integrals are derived from the expansions

1 4L E "
FO) =—- =— F 7, 37
W=-7+2 5o 4+Z;J G7a)

H@):J-F@):%—2§:HM%*, (37b)
k=0

with Fp = — < p,q >, Hy= — < p,q > /2, H exactly the same as in Eq. (33b),
and

(pjak — pkq;j)*
Ex = —prqr + Z = e (38a)
. - Qg — Qi
I<j=<N;: j#k
Fk=—<Akp,q>+ Z (<Aip,p><qu,q>—<Aip,q><Ajp,q>),
i+j=k—1;
i, j=0
(38b)
1
Hi = 5 Fi+2 > H:H;. (38¢)
i+j=k—1;
i,j=0

The functions {E}} are called confocal polynomials, satisfying
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N N
ZO(,ICEICZFJ*, ZEk=F0=—<p,q>. (39)
k=1 k=1

Further, we have the Lax equation along the F(\)-flow,

d 2
an L(p) ={L(w), F(N} = ——[L(\), L(w)], (40)
1) — K

which can be verified directly. It implies {F(u), F(A)} = 0, detL() = 0. Here
{A, B} is the usual Poisson bracket defined as

N
0A OB  0A OB

A, B} = 5 5 |

. 5) ;(&Ikapk 8Pk8‘1k)

As a corollary we have
Lemma 2 The members in the set {E;, Fy, H;} are involutive in pairs.

By Caoetal. (1999), there is an inner relation between the integral Hy and (X} ), the
AKNS equation (8). The involutivity { H;, H;} = 0 implies the commutativity of the
Hamiltonian phase flows g3 , ng. This yields a compatible solution for (H;), (Hy),
and hence a solution to equation (Xy), respectively, as

(p(x, ), q(x, 7)) = 81,85, (Po, 90), (41a)
(u(x, ), v(x, 7)) = fu,(p.q) = (= < p,p>,<4q,q9>). (41b)

Let a()\) = H,’c\’:]()\ — o). By Cao et al. (1999), Cao and Zhang (2012), a
curve R : 52 = R(\), with genus g = N — 1, is constructed by the factorization of
FA) = =AW /[4a(N)], with R(\) = A(M)a(N). For non-branching A, there are
two points p(A), 7p(N) on R, with 7 : R — R the map of changing sheets. Consider
two objects on the curve, the canonical basis ajy, ..., ag, by, ..., b, of homology
group of contours, and the basis of holomorphic differentials, written in the vec-
tor formas &' = (W}, ..., w;)T, W = X8=7d\/(2€). It is normalized into @ = C&Y,
where C = (a jk)gxl o with aj; the integral of w} along a;. Near the infinities, the
local expansions have simple relation as

42
—(Q 4 0z + 22 + - -+ )dz, near co_. (42)

o= { +(Q1 + sz + Q;Z + ---)dz, near oo,
Periodic vectors gk and Ek are defined as integrals of & along a; and by, respectively.
They span a lattice .7, which defines the Jacobian variety J(R) = C8/.7 . The Abel
map &/ (p) is given as the integral of @ from the fixed point po to p. The matrix B,
with By as columns, is used to construct the theta function 8(zZ, B).
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The elliptic variables y;, v; are given by the roots of the off-diagonal entries of
the Lax matrix,

LN =—<p,p> % m\) = M5 A = p)), (43a)
n(A)
L'\ =<q,q> Oy’ n(\) = I9_, (A —vp). (43b)

They define the quasi-Abel-Jacobi and Abel-Jacobi variables, respectively, as

8 p(ﬂk)
> / L =CY = (Z p(m)) (44a)

k=1 k=1

8 p ()
> / Y, p=Cd = d(Zp(uk)) (44b)

k=1 k=1

The evolution of these two variables along the F(\)-flow is obtained by Eq. (40).
Actually, in the component equation for L?!(11), by letting ;1 — 14, we calculate

1 dy —n(\)

e , (45a)
2VR(y) Aty a(N) (A — v’ ()
¢/ U dy PE
, F(\ _ = — 45b
(¢ FO) = ;2 AT TRrYeY (45b)
where Js' = (¢}, ..., ¢,). By the partial fraction expansion (37a), we get
{5, Ex} = —o "/ (ag), (k=1,...,N), (46a)
{¢), E1 +---+ En} = {¢y, Fo} = 0. (46b)
Proposition 5 Each Hamiltonian system (Hy), k = 1,2, ..., is integrable in Liou-
ville sense, sharing the same integrals E1, . . ., Ey, which are involutive in pairs and

functionally independent in R*N — {0}.

Proof According to Lemma 2, it only needs to prove the functional independence
of the confocal polynomials. Suppose 211:’:1 cydE; = 0. Then Z,I(V:] c{dl, Ex} =0.
By Eq. (46b), we have

8
D (k= en)@), B} =0, (1<s5<g).
k=1

The coefficient matrix is non-degenerate since by Eq.(46a) it is of Vandermonde
type. Hence we have ¢, — cy = 0 and cy Z,](V:l dE; = 0. This implies cy = 0 since
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N N
Y dE =—d < p,q >=— (q;dp; + p;jdg;) # 0.

k=1 j=1
Lemma 3 The Abel-Jacobi variables straighten out the H(\)-flow as

{6, HN)AN) = 25 (47)

Proof Since F()\) = —H?()), Eq.(45b) is transformed into the following formula,
which, by multiplied the matrix C, leads to Eq. (47),

NI AN

SHMa0) — JROY

{95, HNdA} =

Proposition 6 The Abel-Jacobivariables straighten out the Hy-flow, as {J), Hy} =0

and
g - -
d—¢ ={¢, Hi) =%, (k=1,2,..), (48a)
Tk
b(1) = $(0) + 7S, (mod T). (48b)

Proof By the Egs. (37b) and (42), we have an expansion of Eq. (47) near oo . Equa-
tion (48a) is then obtained as its coefficient.

For another Abel-Jacobi variable, by the Eq.(3.25) in Cao and Zhang (2012), we
have

Y+l =d+i-, (mod7), (49a)
Po N . R 0o_ R

T = O, Qp=1iy—1-= f w, (49b)

(1) = (1) — Q@p = $(O0) + 1%,  (mod T). (49¢)

4 The Integrable Map S

In Cao and Zhang (2012), an integrable symplectic map S, : R*Y — R*V (p, q) >
(p, q),1s constructed with the help of N replicas of discrete ZS-AKNS equation (12),

(’?f') = (a; —vr”zD“’(a,-;a,b)("-"), (1<j<N), (50)
qj qj

under the discrete constraint (a, b) = f,(p, q),
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1 1 VR()
=—<pp> b=—(—=—0.(p,q) + . 51
¢ =pp= Qy(p,p)( 2 2+(p.9) 2a() ) GD

It can be derived from the continuous constraint (34) through the relationa = u, b =
v in (13). In fact,

i-b=<§.§g>-b=<A-yD"'bp+q),bp+q>—b
— szlz(’y) _ 2bL11('Y) _ LZI(,.Y) = P(W)(b)

Thus P (b) = 0, whose roots lead to Eq.(51). The factor (ar; — v)~1 in Eq.(50)
is introduced so that the coefficient determinant equals to unity, which is necessary
for making the resulting map S, symplectic.

As in the continuous case, the Liouville integrability of the map S, requires enough
number of involutive integrals. Similarly, the discrete Lax equation, given as follows,
plays a central role,

L p, @)D (N a,b) = DV (\;a, b)L(X; p, q). (52)

By Cao and Zhang (2012), under the constraint (51), it has the same Lax matrix,
given by Eq. (36), as its solution. Immediately we have F'(\; p, g) = F(X; p, q) by
taking the determinant of (52). Thus F (), together with H()), E;, Fy, H;, are all
invariant under the action of the map S,.

Proposition 7 Cao and Zhang (2012) The map S., is symplectic and integrable, pos-
sessing F'(N), {F;}, {H,} and the confocal polynomials E, ..., Ey, as its integrals.

Construct a discrete flow

(p(m), g(m)) = ST (po. 90) (53)

by iteration. It generates the finite genus potential functions for Eq. (12),
(amsbm)=(uma Um+l)=(_ <P7[7>,<67,5 >)' (54)

Define L,,(\) = L(\; p(m), g(m)), D,(J)()\) = DD(X; ty,, Vyuy1). Rewrite Eq. (52)
as
Lyt 1i)D N = DN L (). (55)

Consider the discrete ZS-AKNS problem (12) with finite genus potential functions
as
h(m + 1, X) = DO (Vh(m, \). (56)

The solution space &) is invariant under the action of L,, () due to the commutativity
relation (55). The linear operator L,,(\) has eigenvalues +H (), with associated
eigenvectors 4 in &£, satisfying
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Ly (Nhi(m, N) = £H(Nhs(m, N), (57a)
ha(m +1,)) = D (Nhi(m, ). (57b)

Roughly speaking, the situation can be regarded as an algebro-difference analogue
of the Burchnall-Chaundy’s theory on commuting differential operators (Burch-
nall and Chaundy 1923, 1928). Actually, let L(\) = 2a(A)L(A). Then det L(\) =
—R()\) is a polynomial rather than a rational function. The commutativity relation
(55) is rewritten as EmHDm DY L,. The algebraic spectral problem (57a) is
revised as L,,he = Ehy, with € = £4/R()\). The algebraic problem and the differ-
ence problem share common eigenvectors i1, with eigenvalues satisfying the alge-
braic relation, £2 = R()), exactly the same as the affine equation of the algebraic
curve R.

Let M (m, \) be fundamental solution matrix of Eq. (56). Under the normalization
condition hﬁ) (0, \) = 1, the eigenvectors are determined uniquely as

R om, \) ot
11 _rl2
g WOEAY _ —LPO) s5b)
Ly (M) Ly (N F HQ)

Two meromorphic functions, the Baker functions, h("’) (m,p),peR, k=12, are
defined as

H@ (m, p\) = P (m, N), 5@ (m, 7p(N) = h" (m, ). (59)

The commutativity relation (55) implies formulas of Dubrovin-Novikov’s type (Cao
and Zhang 2012). They are applied to calculate the divisors of the Baker functions.
This leads to the straightening out of the flow S7' on the Jacobian variety as Cao et al.
(1999)

d(m) = $0) +mQ, — Qp,  (mod.7), (60a)

d(m) = $0) +mS,,  (mod 7), (60b)

5%=/ o, QD=/ o, (60c)
PO ooy

where the Abel-Jacobi variables are given by (44) as
8 . 8
Z (1j(m)),  dm) =/ () p(w;(m))).

For any two distinct points ¢, v € R, there exists a dipole w[q, t], an Abel differential
of the third kind, with residues 1 and —1 at the poles g, t, respectively, satisfying
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(Toda 1981)

q
/w[q,t]:O, /w[q,t]:/ wj, (J=1...,8). 61)
a; b; 4

J J

With the help of these dipoles, the Baker functions can be reconstructed as Cao and
Zhang (2012)

(1) 9[ 427(}3) + ¢(m) + K] fp mw([p(y),004 H+wloo_ oo+]

b (m, p) = d, (62a)
01—/ (p) + $(0) + K]
b(2)(m’ p) — 512) 6[ JZ{(p) + Qb(m) + K] fp mwlp(y), oo+] (62b)

01— (p) + H(0) + K]

where d,g), d,(nz) and K are constants, independent of p € R.
With these results in hand, we start to derive an explicit formula for the function
uv. To this end we consider the local expression of the dipole near co, (z = A7),

wlp(y), 0041 = [—z7" + p(2)]dz, (63)

with ¢(z) holomorphic near z ~ 0. A simple calculation yields
p
d:log(z eXp/ wlp(), 004 1) = ¢(2). (64)
Po
Recalling Eq. (42), we have
- g 2 - Po -
- (p) =14 — iz + 0, 77+=/ w. (65)

o0+

Then, from (62a) we get

Zﬁ+ . dm+1 0[—521Z + 0(22) + 774,- + '(Z(m + 1)+ Iz] . zefifo wlp(y),004]

== - — _ - (66a)
A dn Oz + O(22) + 11 + Y(m) + K]
7O O—Qz+ 0GD) + iy +U(m+ 1)+ K
Ditog Pt = 1o I HEH OC) £l $ O A DKL ) o
hy Ol—Qiz + O(z?) + 14 +Y(m) + K]
On the other hand, since hy = (hg), hf))T satisfies Eq. (57b), we have
Zfl(]) (2)
=l Wb =itz =1+ W — Nz + 02, ©7)
hy hy

where the following estimation is used,
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uh® LU\ — HO) _ _
hg'+> =——[noy —<¢4>2 1+00\ ™M= 0.

Now, taking derivative of the Eq. (67) with respect to z and comparing it with (66b)
at z = 0, with the help of the relation ¢ + 7, = ¢ + 7j_ in Eq. (49a), we obtain the
following.

Proposition 8 Let (a, b) = (u, v) be finite genus potential functions of Eq.(12),
defined by Eq. (54). Then we have

0[Sz + dm + 1) + 7 + K]
0[Sz + d(m) + i + K]

U = —0,l_log +l O] (68)

5 Finite Genus Solutions to the IpKP

Let v = 71, 72, 3 be distinct and non-zero. We can apply the same theory we
developed in Sect.4 to the three corresponding cases, respectively. The resulting
integrable maps S,,, S,,, S,, commute in pairs since they share the same integrals
Ey, ..., En (see Appendix in Cao and Zhang (2012)). By iteration we have discrete

flows ST, ST2, S7, and hence well-defined functions from any starting point

(p(my, my, m3), q(my, ma, m3)) = SIS 8™ (po, go), (692)

(w(mi, my, m3), vimy, my,m3)) = (— < p, p >, < 4,9 >)lm.mymy)- (69b)

Define a = u, and let b take ¥ = Tyv, v = Thv, 0 = T;v, respectively. By the com-
mutativity of the flows, one can present the functions given by Eq.(69a) in three
ways, respectively as

(pmp). q(m)) = S (pi”, q8”),  (k=1,2.3). (70)

Thus, from Eq.(50) in the three special cases, the j-th component satisfies three
equations simultaneously with A = «;,

Tk(”’) =(aj—vk)I/ZDWk)(a,»;u,Tkv)(”f), (k=1,2,3). (D)
J J
Introducing
m m m p
X = (a =" (e = 7)™ () — 73) -*/2(6]’), (72)
J

we then have
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TkX — D("rk) (Oé], u, Tkv)Xﬂ (k = 1, 2, 3) (73)

In other words, the overdetermined system of equations (14a—14c) has a compatible
solution x for the parameter A = «;. Now, for the IpKP equation (2), recalling
Proposition 1, we arrive at the following.

Proposition 9 The IpKP equation (2), 83 = 0, has a special solution

O[22 + Qz(mh my, m3) +1- + K]
01221 + ¢(0,0,0) +7i_ + K]

W(my, my, m3) :282|z=010g

3
—2) mily + @5 (0)] + W(0,0,0), (74)

s=1
where

3
Gmy.my,m3) =Y " meQ, + ¢(0,0,0), (75)

s=1
and p;(2) is defined by Eq.(63) in the case of v = 7;.

Proof We have (k =1,2,3)

OlzS2 + Tedmi, my, m3) + i + K
(2921 + Tip(my, ma, m3) + 1) q]—2[7k+<,0k(0)]~

W —-W= 28z|z=010g = g hud
0z + ¢p(my, my, m3) +1- + K]

It is equal to —2u(T;v) by Eq.(68). Thus W solves (15a—15c) simultaneously.
According to Proposition 1, W solves Eq. (2).

6 Solutions of Other Equations

~

In solving pKP equation 5 V¥ = ( that contains at least one continuous argument x,
we will derive an explicit analytic expression for uv, which is similar to (68) and also
meets the auxiliary Eq. (15d). This can be done on the Liouville integrable platform
as well, like in the discrete case. We list the main steps as follows.

Consider  (p(x), q(x)) = gy, (Po, qo). Hence (u(x),v(x)) = (= <p,p>,
< ¢, q >) provide the finite genus potential functions. For the ZS-AKNS equa-
tion (7) with these potential functions, the solution space &) is invariant under the
action of L(\) due to the commutativity relation (35). The linear operator L(\) has
eigenvalues £ H (), with associated eigenvectors A in &), satisfying

LM\hi(x, ) =x£HMNhi(x, N), (76a)
Oche(x, \) = Ui\ u(x), v(x)he(x, N). (76b)
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Let M(x, \) be basic solution matrix of Eq.(76b). The eigenvectors are uniquely
determined under the normalized condition hf) (0, ) = 1 and can be expressed as

e (x, \) cr
ha(x,\) = (h(iz)(x, A)) = M(x, A)( f>, (77a)
L0, N £ H())
+ _
oy = 0. (77b)

Two meromorphic functions h® (x, p), k = 1, 2, are defined in R — {oo,, oo_} by
H™ (x, pN) = A, N, 5P, (V) = Y (x, V).

A formula of Dubrovin-Novikov’s type is derived from the commutativity relation
(35).Itis used to calculate the divisor of h® (x, p), which is equal to Zle [p(v;(x)) —
p(v;(0))]. By Eqgs. (44b) and (48b), we have

8
6 = /(D p;(0)) = 261 +6(0),  (mod 7). (78)
j=1

On the two-sheeted Riemann surface R, an Abel differential, w®[co_, 004 ], of the
third kind is constructed, having only poles at co_, oo, with
[—z72 —a®(z)]dz, near o0y,

[+z24+a®(z)]dz, near co_, (79)

w(l)[oo—’ OO+] = {

where aV(z) is holomorphic near z ~ 0. Without loss of generality, it can be arranged
to satisfy the condition

/ W =0, / W = —ami@l, (1<j<g). (80)
aj bj

where 521 = Q... Q$)T. Actually, by adding a linear combination of holomor-
phic differentials wy, ..., w, to w®, we can make the former formula in Eq.(80)

valid. The latter is a corollary of the former, which can be verified by using the
canonical representation of the Riemann surface R (Farkas and Kra 1992; Toda
1981). The form of local expressions (79) is invariant with adjusted a" (7). We
adopt the same symbol, for short. Through a usual analysis we reconstruct (Arnold
and Novikov 1990; Toda 1981)

O[— (p) + gg(x) + K] X /p
@y p) = @ Y — .exp(= Mloo_, 004]), (81
h(x,p)=c (X)G[ © 1 30 ] exp<2 . w +]) (81)
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where ¢ is independent of p € R. Equations (80) are used to cancel the extra factors
caused by the uncertain linear combination of the contours ay, ..., a,, b1, ..., by in

the integration route from the point p to p, both in .7 (p) and in the integral of w.
By Eq. (42), near co_ we have (z = A\~' ~ 0)

- Po
—d(p) =1- + Qiz + 0(2P), ﬁ—=/ @.

Exerting action 0,0,log on Eq. (81), we obtain J.0,logh @ which is equal to

= - . - 1
0.0.10ghQz + 0@ +6() +17j- + K]+ 52 +aV @] (82)
On the other hand, by Eq. (76a) we estimate

R L) —HO
UW = U% = —MU>\_1 + O(A_z), (83)

where the following estimations are employed,

1
L'\ = 3T <pa>zt<Apg> 2+ 0,
LY\ =<gq,q > 724+ 0D,

1
H\) = 3~ 2Hyz — 2H2* + O(2?).

From Eq. (76b) and the estimation (83), we have

1
O,lo h(z)——é—i—vg———z_1 —uvz + 0(z%) (84a)
dogh™ = =5 +vi5 =73 ;
d.0,1ogh® = z72/2 —uv 4+ 0(2). (84b)

Then, equating Eq. (82) with (84b) to cancel the singular term z~2/2, we obtain the
following.

Proposition 10 Let (u, v) be finite genus potential functions for Eq. (7). Then
— 2uv = 201,200, 10g O[22 + $(x) + 71— + K1+ a®(0). (85)

Next, we can recover W for the pKP equations with continuous arguments. In
order to solve &2 = 0, we consider the integrable maps S,, S,, and &p,» which
commute in pairs since they share the same integrals { £ ; } (cf. Cao and Zhang (2012)).
Well-defined functions are constructed as
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(p(x,my,my), q(x, my, my)) = gp ST ST (po, 9o), (86a)
(M(.x, my, m2)7 U(x, mi, ”’12)) = (_ <p,p><dq,9 >)|(x,m1,m2)- (86b)

By the commutativity of the flows, the functions in Eq.(86a) can be presented in
three ways, respectively, as

(P(). q()) = g5, (D6 4. (87a)
(p(mo), q(m)) = ST (ps” . q8). (k= 1,2). (87b)

Thus the j-th component satisfies three equations simultaneously with A = o,

ax(pJ) - Ul(aj;u,v)<pj>, (88a)

q; 4qj

T (;’f) — (a; — 32D (o u, Tov) (;’1) k=12).  (38b)
J J

Introducing x = (a; — v1)™/*(aj — 72)™/*(p; q;)", we have

Ocx = Ui(aj; u, v)x, (89a)
Tix = D (aj;u, o)y, (k=1,2). (89b)

Thus Eqgs. (7) and (14a, 14b) have a compatible solution x for the parameter A = ;.

Proposition 11 The semi-discrete pKP equation (3), i.e. 82 = 0, has a solution

0Lz + d(x, my, my) + 7 + K]
01z + 6(0,0,0) + 71 + K]

W(x, my, my) 228z|z=010g

2
=2 milys + s (0)] +aP 0)x + W(0,0,0), (90)

s=1
where <Z(x, mi,mp) = xle + Zle mSQ% + (ZS(O, 0, 0), vs(2) defined by Eq.(63)
with v =y, and aV (z) given by Eq.(79).
Proof From (90) we have (k = 1, 2)

W = 20.|,200,1020[z21 + d(x, m1, m2) +i— + K1+ a®(0),
01z + Tid(x, my, ma) + 7 + K]
9[2521 + QZ(X,ml, my) +1- + I}]

W — W = 20;|.—log —2[v + @ (0)],

which are equal to —2uv and —2u (T} v) according to Egs. (85) and (68), respectively.
Recalling Proposition 2, W solves Eq. (3).

By similar analysis we have the following.
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Proposition 12 The semi-discrete pKP equation (4), i.e. 8%V = 0, has a solution

[z + &(X, y,my) + - + K1
O[22 + $(0,0,0) + 7 + K]
—2mi[y1 + ¢1(0)] +a (0)x + W (0,0, 0), 1)

W(x,y, my) =20,|,-0log

where §(x, y,my) = x< + ¥ +miQ,, + $(0.0,0).
Proposition 13 The pKP equation (5), i.e. 539 = 0, is solved by
01z + 6(x, y, 1) +ij- + K]

01z + ¢(0,0,0) + 7j_ + K]
+aP(0)x + W(0,0,0), (92)

W(xa yv t) =26Z|Z:010g

where gz;(x, y, 1) = xél + yﬁz + t§23 + (5(0, 0,0).

7 Concluding Remarks

In this paper we have shown that the IpKP equation, semi-discrete pKP equations
and continuous pKP equation can be derived as compatibilities of Lax triads that
originate from the ZS-AKNS spectral problems. The approach to constructing finite
genus solutions for 2D lattice equations (Cao and Xu 2012; Cao and Zhang 2012)
was extended to 3D cases. As a result, we obtained finite genus solutions for the
discrete, semi-discrete and continuous pKP equations. Note that these solutions are
different from the elliptic solitons that are genus-one solutions obtained by Nijhoff,
et al. in Nijhoff and Atkinson (2010), Yoo-Kong and Nijhoff (2013).

In deriving those pKP equations, we employed the auxiliary relations (15). We
note that usually W in (15) can not be exactly solved out for all arbitrarily given
(u, v); therefore it is hard to say when Lax triads provide strict integrability for 3D
equations in some cases (cf. Levi et al. (1994)). However, as for the case of finite
genus solutions, since the finite-dimensional integrable flows gzj and S7* share same
Liouville integrals, same Lax matrix and same algebraic curve, it enables us to treat
(15) on the same Liouville platform and obtain explicit expressions for W from (15)
by algebro-geometric integration.

The IpKP equation is one of the five octahedron-type equations with 4D con-
sistency (Adler et al. 2012). We believe our approach can be extended to other
octahedron-type integrable equations. This will be a part of our future work.
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Appendices

A An Heuristic Deduction of Ansatz (31)

The Abel-Jacobi variable QZ in the Jacobian variety J (R ) provides a favorable window
to observe the evolution of the discrete symplectic flow ST+ as well as the Hamiltonian

flow g;}/. The discrete velocity QW of q/; is given by Eq. (60c), while the continuous
velocity Q j is calculated by Eq. (42) and (48a). They are bridged by the normalized
basis @ of holomorphic differentials. Let the parameter v = -, tend to be infinity in
the way as v = —1/&, with &, = ¢i¢, € — 0. By the local expression of & near
ooy given by Eq. (42), we have

N 004 R N 52 N 3
Q, = / D= — X+ 220+ 0H
(%) 2 3
Substituting this into Eq. (75), we obtain
¢—do= ) m(ec - >+ ) +0(EH.

On the other hand, by Eq. (92), the 3D continuous evolution of 5 reads
¢ — o = (x — x0)Q1 + (¥ — Y0) + (1 — 16)$23.

Thus, up to O (*), we have

3 3 5 3 3

€k €k

x—xozzmké‘k, y—yoz—z mk3, t—tozzmk?,
s=1 s=1

s=1
2

3
€k €k
Tix = x + &, Tk)’:y—g, Tkt:t+?~

By substituting them into T, W = W (T x, Ty, Tit), we obtain Ansatz (31).

B Continuum Limit of the INLS

The INLS equation (17),i.e. &2 = 0, is first obtained by Konopelchenko (1982). It
is solved in Cao and Zhang (2012). At first glance, its relation with the NLS equation
(22), 2@ =0, is not clear. It turns out that there is a transformation of Nijhoff’s
type,

u= ()" ()", v=_(=y)"" (=),
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which reduces the INLS equation into an equation of (u’, v’),

(&Y = (yy) " nii’ — i WY + 71 (@ — ') — (i —u') =0,
END? = (y1m) o — W+ (@ = T) — 1@ — 7)) =0.

Let —y, - er = cke, (k =1,2), where cy, ¢, are distinct non-zero constants. For
any smooth functions u’'(x, y), v'(x, y), define

~/

i =u(x+e,y— 5%/2), W=u(x+e,y— 55/2),

~/

i :l,t/(x-i-&]-1-527}’_5%/2_5%/2)7

and similar expressions for v’, v/, 3'. Then, as € ~ 0, we have the following Taylor
expansion which confirms that the continuum limit of the INLS is NLS up to a
Nijhoff’s type transformation,

u, —u + 2w -
(2102 = ( v (/ )/ 2)61 2t 0@,
v),+vxx—2u v) 2

Similarly, the semi-discrete NLS equation (24), &1 = 0, is transformed as

()0 = <”; +n@ —u')— ’711(%/)25/> _
v+ =)+ Vflu/(ﬁ/)z ’

by the transformation of Nijhoff’s type, u = (—v;)™'u’, v = (=)™ . Let
W=u'(x+e,y— 5%/2), V=v(x+e,y— 5%/2)-

Then, as € ~ 0, we have the following Taylor expansion, which confirms that the
continuum limit of the time-discrete NLS equation (24) is the NLS equation up to a
Nijhoff’s type transformation,

u —ul + 2w\ ¢
(&) = ( y Tt + 200 )—1€+ 0.
v+, = 2u'(v)?) 2
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