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Preface

The aim of this book is to communicate some results on solving linear differential
equations that have been achieved in the last two decades. The key concept is the
factorization of a differential equation or the corresponding differential operator,
and the resulting decomposition into unique objects of lower order. Although more
than 100 years old, these results had been forgotten for almost a century before they
were reawakened.

Several new developments have entailed novel interest in this subject. On the
one hand, methods of differential algebra lead to a better understanding of the basic
problems involved. Instead of dealing with individual equations, the corresponding
differential operators are considered as elements of a suitable ring where they
generate an ideal. This proceeding is absolutely necessary if partial differential
equations and operators are investigated. In particular the concept of a Janet basis for
the generators of an ideal and the Loewy decomposition of the ideal corresponding
to the given equations are of fundamental importance. In order to apply these results
for solving concrete problems, the availability of computer algebra software is
indispensable due the enormous size of the calculations usually involved.

Proceeding along these lines, for large classes of linear differential equations —
ordinary as well as partial — a fairly complete theory for obtaining its solutions
in closed form has been achieved. Whenever feasible, constructive methods for
algorithm design are given, and the possible limits of decidability are indicated.
This proceeding may serve as a model for dealing with other problems in the area
of differential equations.

I am grateful to Dima Grigoriev, Ziming Li, Michael Singer and Sergey Tsarev
for numerous discussions and suggestions. Thanks are due to Hans-Heinrich
Aumiiller for carefully reading the final version of the manuscript, and to Winfried
Neun at the Zuse Institut in Berlin for keeping the ALLTYPES website running.
The ideal working environment at the Fraunhofer Institut SCAI is gratefully
acknowledged.

Sankt Augustin, Germany Fritz Schwarz
July 2012

vii






Contents

1 Loewy’s Results for Ordinary Differential Equations ................... 1
1.1  Basic Facts for Linear ODE’s ..., 1
1.2 Factorization and Loewy Decomposition ............................. 3
1.3 Solving Linear Homogeneous Ode’s .................oooeiiiiiinn... 11
1.4 Solving Second-Order Inhomogeneous Ode’s ........................ 16
L5 EXEICISES ..ttt ettt e e 20
2 Rings of Partial Differential Operators.............................oooouL 21
2.1 Basic Differential Algebra ... 21
2.2 Janet Bases of Ideals and Modules ..., 23
2.3 General Properties of Ideals and Modules ............................ 25
2.4 Differential Type Zero Ideals in Q(x, y)[0x, 0y]...cooeiiiiiiinit. 30
2.5 Differential Type Zero Modules over Q(x, y)[0, )] ........oooett. 32
2.6 Laplace Divisors Lom (L) and Lon (L) ..ooooioiiiiiiin 34
277 Theldeals Jyyy and Jyxy oovvionniiiii 45
2.8 Lattice Structure of Ideals in Q(x, y)[0x, 0)] ..ooveeviiiiiiiiit. 47
2.9 EXETCISES ..ttt ettt et 59
3 Equations with Finite-Dimensional Solution Space ...................... 61
3.1 Equations of Differential Type Zero ..., 61
3.2 Loewy Decomposition of Modules M2 ............................ 63
3.3 Loewy Decomposition of Ideals J*? and J©3 ...................... 66
3.4 Solving Homogeneous Equations .....................ooooiii... 73
3.5 Solving Inhomogeneous Equations....................oooiiii... 75
3.0 EXETCISES ..ttt et 78
4 Decomposition of Second-Order Operators........................ceenun. 81
4.1 Operators with Leading Derivative 0y .......cooevvueeineinieannean.. 81
4.2 Operators with Leading Derivative 0,y ..............oooeiiiint. 86
4.3 EXEICISES ettt ettt e e e 90

ix



X Contents
5 Solving Second-Order Equations .......................................... 91
5.1  Solving Homogeneous Equations .................ooocoeiiiiii... 91
5.2 Solving Inhomogeneous Second Order Equations.................... 99
5.3  Solving Equations Corresponding to the Ideals J,y and Jyyy ....... 107
5.4 Transformation Theory of Second Order Linear PDE’s .............. 112
5.5 EXEICISES ..ttt ettt et e 117
6 Decomposition of Third-Order Operators ..........................ooo... 119
6.1  Operators with Leading Derivative Oyyx ««vveeveeeinniiennnneennnn.. 119
6.2 Operators with Leading Derivative 0,y .........coooooiiiiiii, 130
6.3 Operators with Leading Derivative 0y, ...............coooiin. 139
0.4 EXEICISES ..ttt et ettt et e 147
7 Solving Homogeneous Third-Order Equations........................... 149
7.1  Equations with Leading Derivative Zyyx.....cceevvrreieeeennnnnnee... 149
7.2 Equations with Leading Derivative Zyyy .....c.oovvveiiiiiiiiiin., 156
7.3 Equations with Leading Derivative Zyyy ........oooviiiiiiiiin., 165
7.4  Transformation Theory of Third-Order Linear PDE’s................ 172
7.5 EXEICISES -ttt et ettt e 175
8 Summary and Conclusions ..................ccooiiiiiiiiii 177
A Solutions to the EXercises ..................ccoiiiiiiiiiiiiiiii i, 181
B Solving Riccati Equations ... 205
B.1 Ordinary Riccati Equations ... 205
B.2 Partial Riccati Equations ... 206
B.3 Partial Riccati-Like Systems ... 208
B.4 First Integrals of Differential Equations............................... 209
B.5  EXEICISES .ttt 212
C The Method of Laplace...............ciiiiiiiiiiiiiiiiiiiiiiiiees 213
LT B = (5 o3 1 215
D Equations with Lie Symmetries ............................................ 217
Dol EXEICISES .vttttettei et e e e 219
E ALLTYPESinthe Web........ .. i 221
List of Notation ................ s 223
References. ... ... ....ooiiiiiii 225



Introduction

Factoring algebraic polynomials into irreducible components of lowest degree has
been of basic importance for a long time. By default, a polynomial is called
irreducible if it does not factor into components of lower order without enlarging
its coefficient domain which is usually the rational number field Q. For univariate
polynomials, the relevance of this proceeding for determining the solutions of the
corresponding algebraic equation is obvious. In the multivariate case, it is the basis
for understanding the structure of the algebraic manifold associated with any such
polynomial. Good introductions into the subject may be found, e.g., in the books by
Cox et al. [13], Adams and Loustaunau [2] or Greuel and Pfister [20].

It turns out that factoring differential operators and the corresponding differential
equations is of fundamental importance as well. Originally the problem of factoring
linear ordinary differential equations (lode’s) has been considered by Beke [3],
Schlesinger [58] and Loewy [46]. Thereafter it has been forgotten for almost a cen-
tury until it was reassumed by Grigoriev [21] and Schwarz [59], where essentially
computational and complexity issues were considered; see also Bronstein [6] and
van Hoeij [72]. A good survey of these results is given in the book by van der Put
and Singer [71].

Due to the non-commutativity of differential operators, some new phenomena
appear compared to algebraic polynomials. In the first place, left and right factors
have to be distinguished. Correspondingly there are left and right least common
multiples and left and right greatest common divisors. For the topics discussed in
this monograph, the least common left multiple Lc/m and the greatest common
right divisor Gerd are of paramount importance. The term factor without further
specification means always right factor. An operator that does not have any right
factor of a certain kind is called irreducible, otherwise it is called reducible. A more
detailed specification of these terms may be found on page 26.

Furthermore, Loewy [46] realized that a new concept is needed beyond reducibil-
ity which he baptized complete reducibility of a given operator. For ordinary dif-
ferential operators it may simply be expressed by saying that an operator, or the
corresponding differential equation, is completely reducible if it may be repre-
sented as the least common left multiple of its irreducible right factors, the greatest

xi



xii Introduction

common right divisor of which is trivial. This amounts to saying that the solution
space of the originally given equation is the direct sum of the solution spaces
of its right factors. Applying this concept repeatedly, Loewy obtained a unique
decomposition of any ordinary differential operator into completely reducible
components of highest possible order.

Starting from Loewy’s results, it appears self-evident trying a similar approach
for partial differential operators; the goal is to develop more systematic methods for
solving linear partial differential equations than those available in the literature [14,
17,18,28,31,33]. It turns out that for a special class of problems, i.e. those systems
of pde’s that have a finite-dimensional solution space, Loewy’s original theory for
decomposing ordinary equations may be generalized almost straightforwardly as
has been shown by Li et al. [43].

Factorization problems for general pde’s were considered first in the dissertation
of Blumberg [5]. He described a factorization of a third-order operator in two
variables which appeared to preclude a generalization of Loewy’s result beyond the
ordinary case. Twenty years after that Miller [49] discussed several factorizations
of partial operators in his dissertation. After a long period of inactivity, a lot of
interest in this field has arisen in the last two decades, starting with some articles
by Grigoriev and Schwarz [22-25]; see also [67]. At this point another analogy
with the theory of algebraic polynomials comes into play. Beyond a certain point,
further progress is only possible if the underlying scope is broadened and more
abstract algebraic concepts are applied. In commutative algebra this means that
polynomials are considered as elements of a ring generating certain ideals. Then
the results known from ring theory may be applied to the problems involving
these polynomials. Only in this way progress in this field has been possible, e.g.
generating primary decompositions of ideals and above all the theory of Grobner
bases by Buchberger [7] and its ubiquitous applications.

In the differential case a similar development takes place. Although the solutions
of differential equations are the ultimate objects of interest, it is advantageous to
consider their left-hand sides as the result of applying a differential operator to a
differential indeterminate. Solving an equation means to assign those elements from
a suitable function space to the indeterminate such that the full expression vanishes.
The differential operators are considered as elements of a non-commutative ring, or
as modules over such a ring, so-called Z-modules. The extensive theory for these
non-commutative rings or modules may then be applied to study their properties.
It turns out that only in this way satisfactory results may be obtained. Good
introductions into the underlying differential algebra are the books by Kolchin [37],
Kaplanski [35] and Coutinho [12], and the article by Buium and Cassidy [8]. Those
aspects that are relevant for this monograph may also be found in the book by van
der Put and Singer [71].

It turns out that Loewy’s original theory for factoring, and more generally
decomposing, an ordinary differential operator uniquely into lower-order compo-
nents may be extended to partial differential operators if this algebraic language is
applied. The following observations are of particular relevance. In the first place,
the left intersection of two partial differential operators is not necessarily principal;



Introduction xiii

in general it is an ideal in the ring determined by the originally given operators that
may be generated by any number of elements. Secondly, right divisors of an operator
need not be principal either; they are overideals of the ideal generated by the given
operators that may be generated by any number of elements as well. Taking these
observations into account, the objections concerning the generalization of Loewy’s
results do not apply.

This extended concept of factoring partial differential operators comprises
Laplace’s method for solving equations of the form zy, + azx + bz, +cz =0 as
a special case. It consists of an iterative procedure which is described in detail in
Chap. 5 of the second volume of Goursat’s books on second order differential equa-
tions [18], or in Chap. 2 of the second volume of Darboux’s series on surfaces [14];
see also [69] and Appendix C of this monograph. By proper substitutions, new
equations are generated from the given one until eventually an equation is obtained
that may be solved, from the solution of which a partial solution of the originally
given equation may be constructed. An equivalent procedure which is also described
in the books by Goursat and Darboux consists of generating an additional equation
that is in involution with the given one. The operators corresponding to the two equa-
tions may be considered as generators of an ideal that contains the principal ideal
generated by the operator corresponding to the originally given equation. In this way
the apparent ad hoc nature of the method of Goursat and Darboux disappears.

These remarks may be summarized as follows. To any given system of linear
differential equations, there corresponds the ideal or module generated by the
differential operators at their left-hand sides. Factorization means finding a divisor
of this ideal. In general there may be more than a single divisor. The complete
answer consists of the sublattice in the lattice of left ideals or modules which has
the given one as the lowest element. By analogy with Cohn’s [11] lattice of factors,
it is called the divisor lattice. The simplicity of this theory for ordinary differential
operators, or for modules of partial differential operators corresponding to systems
of pde’s with finite dimensional solution space, originates from the fact that they
form a sublattice in the respective ring or module.

This monograph deals with linear ordinary differential equations and linear
partial differential equations in two independent variables of order not higher than
three. Their decompositions are described along the lines described above.

It turns out that many calculations that occur when concrete problems are consid-
ered cannot be performed by pencil and paper due to their size, i.e. the complexity of
the respective procedure is too large. Therefore computer algebra software has been
developed for this purpose. It is available gratis on the website www.alltypes.de
after registration. There is a special demo showing the functionality of this software
for the applications relevant for this monograph. To start this demo, go to the
ALLTYPES website and click on the button StartALLTYPES, the interactive
alltypes window opens, then submit

Demo LoewyDecompopsitions;

The demo starts. If an example has been completed and the result has been displayed
in a separate window, the system asks cont?; in order to continue with the next
problem submit y.



Xiv Introduction

However, it should be emphasized that it is by no means assured that any
factorization problem may be solved algorithmically. On the contrary, there are
severe indications that this may not be the case. If it could be proved that these
problems are in general undecidable, it would be interesting to identify special
classes of problems for which this is not true as it is the case, e.g. for diophantine
equations.

The contents of the individual chapters may be summarized as follows:

Chapter 1. Loewy’s Results for Ordinary Differential Equations. The original
results of Loewy for decomposing ordinary differential operators are presented.
Its application to operators of order 2 and 3 is worked out in detail. It is shown
how a nontrivial decomposition may be applied for solving the corresponding
equation.

Chapter 2.  Rings of Partial Differential Operators. Basic properties of the ring
Q(x, )[0x, 0,] and its left ideals are described, with particular emphasis on the
sum and intersection of ideals and how they determine a lattice structure in this
ring. This is the foundation for the decompositions described later on.

Chapter 3.  Equations with Finite-Dimensional Solution Space. Loewy’s theory
for linear ode’s may be extended in a rather straightforward manner to systems of
linear pde’s with the property that their general solution involves only constants,
i.e. if it is a finite-dimensional vector space. Systems of such equations of order
2 and 3 in two independent variables are discussed.

Chapter 4. Decomposing Second-Order Operators. Principal ideals correspond
to individual linear pde’s. There is an extensive literature on such equations
in the nineteenth and early twentieth century. These results may be obtained
systematically, avoiding any ad hoc procedure, by applying the algebraic theory
described in Chap. 2.

Chapter 5. Solving Second-Order Equations. The results of the preceding chapter
are applied for solving second-order homogeneous equations; at the end inho-
mogeneous equations are discussed because they are needed later on for solving
certain third-order homogeneous equations.

Chapter 6.  Decomposing Third-Order Operators. Similar results as in Chap. 4 are
obtained for third-order operators.

Chapter 7. Solving Third-Order Equations. The results of the preceding chapter
are applied for solving third-order homogeneous equations.

Chapter 8.  Conclusions and Summary. The results of this monograph are summa-
rized and several possible extensions are outlined.

Appendix A.  Solutions to the exercises are given.

Appendix B.  Many algorithms in the main part of the book rely on the solution
of Riccati equations and certain generalizations, e.g. Riccati equations of higher
order and partial Riccati equations in two independent variables. Their solutions
are described in detail. Furthermore, first integrals of first-order ode’s are
discussed.

Appendix C. Laplace’s solution procedure for certain second-order linear pde’s
in two variables is described.
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Appendix D.  Lie developed a solution theory for certain second-order linear pde’s
in two variables based on its symmetries. These results are reviewed; its relation
to decomposition properties is briefly discussed,

Appendix E.  On the website www.alltypes.de [62] userfunctions are provided
that may be applied interactively for performing the voluminous calculations
required for many problems in differential algebra. This appendix gives a short
introduction to this website.



Chapter 1
Loewy’s Results for Ordinary Differential
Equations

Abstract The idea of factoring an ordinary differential operator, or the correspond-
ing linear ordinary differential equation (ode), into components of lower order
originated from the analogous problem for algebraic polynomials. In the latter case,
it is the first step when the solutions of the corresponding algebraic equation are to
be determined. It turns out that a similar strategy is the key for understanding the
structure of the solution space of a linear ode. Good introductions into the subject
are the books by Ince [29] or Kamke [32, 34], and the book by van der Put and
Singer [71].

1.1 Basic Facts for Linear ODE’s

Let D = % denote the derivative w.r.t. the variable x. A differential operator of
order n is a polynomial of the form

L=D"4+a;D" '+ ...+ a,_1D + a, (1.1)

where the coefficients a;, i = 1,...,n are from some function field, the base field
of L. Usually it is the rational function field of the variable x, i.e. a; € Q(x). If y

is a differential indeterminate with % # 0, Ly becomes a differential polynomial,
and Ly = 0 is the differential equation corresponding to L. Sometimes the notation
y = Z% is applied.

The equation Ly = 0 allows the trivial solution y = 0. The general solution
contains n constants C, ..., C,. Due to its linearity, these constants appear in the
formy = Ciy; + ... + C,y,. The y; are linearly independent over the field of
constants; they form a so-called fundamental system and generate a n-dimensional
vector space.

The coefficients a; of (1.1) may be rationally expressed in terms of a fundamental
system and its derivatives. To this end the Wronskian

F. Schwarz, Loewy Decomposition of Linear Differential Equations, Texts & Monographs 1
in Symbolic Computation, DOI 10.1007/978-3-7091-1286-1_1,
© Springer-Verlag/Wien 2012



2 1 Loewy’s Results for Ordinary Differential Equations

N1 V2 < Vn
! ! !
WO,y = 21 2 (1.2)
-1 -1 -1
yin )ygn )'”y’(ln )

is defined. It is different from zero if the y;(x) are independent over the constants.
More generally, the determinants

Yy oyt Y2 ...V

) I U S (T R
Wk (y1,...,yn)=m S '“n (1.3)
YOy
are defined for k = 0,1,...,n. There are the obvious relations WO(") =
(n)
(=1)"'W® and dz;n = (=1)""'w,". The determinant at the right hand side
of (1.3) vanishes for y = yi. Therefore, given a fundamental system {yy, ..., y,},

(1.3) is another way of writing the left hand side of Ly = 0. This yields the
representation

AT
W (1, vn)
for the coefficients ax, k = 1,...,n in terms of a fundamental system; these

expressions show that Ly = 0 is uniquely determined by its solution space. For
k =1 there follows

ar = (=1)F (1.4)

W £ aw® = w4 g w® =, (1.5)

ie. W = exp(— [ aidx). Equation (1.5) is known as Liouville’s equation. The
cases n = 2 and n = 3 are discussed in more detail in Exercise 1.1.
Liouville’s equation may be generalized for determinants that are generated by

subsets {yi, ..., ym} with m < n. Consider the matrix
Vi Y2 oo Vm
R I L R /1 ; (L6)
e

n .
for any fixed value of m there are ( ) square m X m matrices that may be
m

formed out of its rows. Their determinants may be considered as new functions.
This set of functions is closed under differentiations if the original differential
equation Ly = 0 is used to substitute derivatives of order higher than n — 1.
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By suitable differentiations and elimination, for each of these functions an ( )th
m

order linear differential equation may be obtained. These equations are called
associated equations for the original equation Ly = 0. Forn = 3 and m = 2
they are shown next.

Example 1.1. Consider the third order linear ode

"

Y’ +ary” +ay’ +azy =0; (1.7)

let y; and y;, be two members of a fundamental system and define

le‘ylyz E‘)’lh ZXE‘)’i)’é_
i vy R

They obey 2} = 25,7, = 23 — 122 — a»z1 and 2y = a3z — a1z3. This system of
linear homogeneous ode’s may be transformed into a Janet basis in /ex term order
with z3 > zp > z; with the result

2+ 2aiZ + (a] + af + a2)z + (a5 + a1ax — az)z = 0,

/ 1 / (1.8)

2—2 =0, z3—2z{ —aiz} —az; = 0.
The first member is the desired associated equation for z;. The respective equations
for z and z3 may be obtained by suitable changes of the term order. This is
considered in Exercise 1.2. O

1.2 Factorization and Loewy Decomposition

An operator L of order n is called reducible if it may be represented as the
product of two operators L; and L,, both of order lower than n; then one writes
L = L L,,i.e. juxtaposition means the operator product. The product is defined by
the rule Da; = a; D + a}. It is non-commutative, i.e. in general L1 L, # L,L;.
Thus, left and right factors have to be distinguished. If L = L L,, the left factor L
is called the exact quotient of L by L,, and L, is said to divide L from the right; it
is a right divisor or simply divisor of L.

By default, the coefficient domain of the factors is assumed to be the base field
of L, possibly extended by some algebraic numbers. An operator or an equation is
called irreducible if such a decomposition is not possible without enlarging the base
field. If the coefficients of the factors may be from an extension of the base field it
has to be specified explicitly. Very much like in commutative algebra, any operator
L may be represented as product of first-order factors if coefficients from a universal
field are admitted.



4 1 Loewy’s Results for Ordinary Differential Equations

For any two operators L; and L, the least common left multiple LcIm(Ly, L)
is the operator of lowest order such that both L; and L, divide it from the right.
The greatest common right divisor Gerd(Ly, Ly) is the operator of highest order
that divides both L; and L, from the right. Two operators L; and L, are called
relatively prime if there is no operator of positive order dividing both on the right.

Two operators L and L, are called of the same type (von derselben Art) if there
exist operators P and Q with coefficients from the base field such that PL; = L, Q.
An operator that may be represented as Lclm of irreducible right factors is called
completely reducible. By definition, an irreducible operator is completely reducible.

Due to the non-commutativity of the product of differential operators another
new phenomenon occurs in comparison to algebraic polynomials, i.e. the factoriza-
tion of differential operators into irreducible factors is not unique as the following
example due to Landau [39] shows.

Example 1.2. Consider D> — %D + % Two possible factorizations are

(p-1)(p-1) = (p-1) and (D—m)(D—%).

More generally, the factorization

D 1 D 14+ 2ax
( B x(1 +ax)) ( a x(1 +ax))

is valid with a constant parameter a. O

However, the various factorizations are not uncorrelated as Loewy [46] has
shown where also the proof may be found.

Proposition 1.1. Ifan operator L allows two factorizations into irreducible factors
L=1L,...L, =L...L; then m = m, and there exists a permutation 7w such
that L; and Ly are of the same type.

A systematic scheme for obtaining a unique decomposition of a differential
operator of any order into lower order components has been given by Loewy
[46]; see also Ore [52]. At first the irreducible right factors beginning with lowest
order are determined, e.g. by applying Lemma 1.1 below. The Lclm of these
factors is the completely reducible right factor of highest order; by construction
it is uniquely determined by the given operator. If its order equals n, the order
of the given differential operator, this operator is completely reducible and the
procedure terminates. If this is not the case, the Lc/m is divided out and the same
procedure is repeated with the exact quotient. Due to the lowering of order in each
step, this proceeding terminates after a finite number of iterations and the desired
decomposition is obtained. Based on these considerations, Loewy [46] obtained the
following fundamental result.

Theorem 1.1 ([46]). Let D = j—x be a derivative and a; € Q(x). A differential
operator
L=D"+a,D" '+ ... 4a,_1D + a,
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of order n may be written uniquely as the product of completely reducible factors
L]((d") of maximal order dy over Q(x) in the form

d) 7 @n—) 7 (d)
L=Ldmpem L

withd, + ...+ d,, = n. The factors L]((d") are unique.

The decomposition described in this theorem is called the Loewy decomposition
of L. The factors L](Cd") are called the Loewy factors of L, the rightmost of them is
simply called the Loewy factor.

Loewy’s decomposition may be refined if the completely reducible components
are split into irreducible factors as shown next.

Corollary 1.1. Any factor L](Cdk), k =1,...,m in Theorem 1.1 may be written as

(dr) __ (e1) j(e2) (ex)
Ly —Lclm(lj1 ,lj2 ’”"ij )

withe, +ery+...+e, = dy; lj(»iei)fori = 1,...,k denotes an irreducible operator
of order e; over Q(x).

Loewy’s fundamental result described in Theorem 1.1 and the preceding corol-
lary enable a detailed description of the function spaces containing the solution
of a reducible linear differential equation as will be shown later in this chapter.
More general field extensions associated to irreducible equations are studied by
differential Galois theory. Good introductions to the latter are the above quoted
articles by Kolchin, Singer and the lecture by Magid [47].

Next the question comes up how to obtain a factorization for any given equation
or operator; for order 2 and 3 the answer is as follows.

Lemma 1.1. Determining the right irreducible factors of an ordinary operator up
to order 3 with rational function coefficients amounts to finding rational solutions

of Riccati equations; as usual D = j—x =/

(i) A second order operator D>+ AD + B, A, B € Q(x) has a right factor D +a
with a € Q(x) if a is a rational solution of

a —a*+ Aa— B =0.

(ii) A third order operator D3+ AD?+ BD + C, A,B,C € Q(x) has a right
factor D + a with a € Q(x) if a is a rational solution of

a"—3ad +a*+ A(d —a*) + Ba—C =0.

It has a right factor D* + bD + ¢, b, c € Q(x), if b is a rational solution of
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b" —3bb" + b3+ 2A(b" —b?) + (A’ + A> + B)b — B’ — AB + C = 0;
then ¢ = —(b'—b*+ Ab — B).

Proof. Dividing the given second-order operator by D + a and requiring that this
division be exact yields immediately the given constraint. The same is true if the
given third order operator is divided by D + a. Dividing the given third-order
operator by D + bD + ¢ yields a system comprising two equations that may easily
be simplified to the above conditions. O

This lemma reduces the problem of determining right factors in the base field for
second- and third-order operators to finding rational solutions of Riccati equations.
This latter problem is the subject of Appendix B. Because these Riccati equations
have always solutions if the admitted function field is properly enlarged, any such
equation factors into first-order factors in a universal field.

For equations of any order there is a more general scheme based on the associated
equations [3, 59] introduced above. The basic principle behind it may be described
as follows. Let the nth order equation

Ly=y™ +ay™ Y+ . +a,.1y +a,y=0 (1.9)

be given with a fundamental system S, = {yi,..., y,}. The following question is
asked: Does there exist an mth order right factor of L with m < n such that the
corresponding equation

y 4 by 4 by by =0 (1.10)

has a fundamental system S,, = {yi,...,¥m} C S,? On the one hand, the
coefficients b; may be expressed through certain determinants formed from the
elements of S,, according to (1.4). On the other hand, these determinants obey
the associated equations of (1.9). This provides the connection between the given
coefficients a; of (1.9) and the coefficients b; of the possible factor (1.10). The
following example of factoring a third-order operator illustrates these steps.

Example 1.3. Consider the equation

" 1 " 2 ! 2
X X X

Because by Lemma 1.1, case (i), a first-order right factor does not exist, ask for
a second-order right factor y” + by’ + b,y = 0. According to Example 1.1 the
associated equation for z; is

" 2 7 4 2 / 2 2
Z1+ 2—— Zl+ X+1——+—2 Z1+ -x__+_2 ZIZO-
X X X X X
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It has a single solution z; = e with rational logarithmic derivative. From system

/
(1.8) there follows zo = —e ™™ and z3 = (1 — %) e ™. Thus, by = % and
1 /
b, = —% —ai % — ay; they yield the following factorization
1 2 1
D——)|D°+D+x——)y=0
X X
of the given Eq. (1.11). O

In Exercise 1.8 the Loewy decomposition of Eq. (1.11) is determined by applying
Lemma I.1.

In Exercise 1.3 second-order factors of fourth-order equations are considered. It
turns out that the complexity for factoring equations of order higher than four grows
tremendously. Furthermore, when it comes to solving an equation, first- and second-
order factors are most interesting; they correspond to Liouvillian or possibly special
function solutions.

For operators of fixed order the possible decompositions, differing by the number
and the order of factors, may be listed explicitly; some of the factors may contain
parameters. Each alternative is called a type of Loewy decomposition. The complete
answers for the most important cases n = 2 and n = 3 are detailed in the following
corollaries to the above theorem.

Corollary 1.2. Let L be a second-order operator. Its possible Loewy decomposi-

tions may be described as follows; 1) and I;i) are irreducible operators of order i;
C is a constant;

22 L=1"1" 22 L =Lelm@P. 1) £2: L = Lelm(V(C)).

An irreducible second-order operator is defined to have decomposition type .,%2.
The decompositions £, .,2”22 and ff are completely reducible; for decomposition
type ,,%12 the unique first-order factors are the Loewy factors.

Proof. According to Lemma 1.1, case (i), the possible factors are determined by
the solutions of a Riccati equation; they are described in Appendix B. The general
solution may be rational; there may be two non-equivalent or a single rational
solution; or there may be no rational solution at all; these alternatives correspond
to decomposition types .27, 3, £} or £} respectively. O

By definition, a Loewy factor comprises all irreducible right factors, either
corresponding to special rational solutions or those involving a constant. As a
consequence, the decomposition type .7 implies that a decomposition of type %7
or .} does not exist, i.e. there is only a single first-order right factor that may not be
obtained by specialization of C in a type .#} decomposition. By similar arguments,
decomposition type %3 excludes type .Z7.
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A factor containing a parameter corresponds to a factorization that is not unique;
any special value for C generates a special irreducible factor. Because the originally
given operator is of second order, two different special values may be chosen
in order to represent it in the form L = Lclm (I'(Cy),1V(Cy)), € # Co.
The following corollary shows that not more than two such operators may be
chosen.

Corollary 1.3. The left-intersection of two operators [V(Cy) and 1V (C,) is a
second-order operator; intersecting it with another operator 1'V(C3) does not
change it.

The proof is considered in Exercise 1.5.
The next examples show that all possible decomposition types of a second-order
equation actually do exist.

Example 1.4. The examples given below for the various types of Loewy decompo-
sitions of second order equations are taken from Kamke’s collection [34], Chap. 2. In
Kamke’s enumeration they correspond to Egs. (2.162), (2.136), (2.201) and (2.146)
respectively.

2 " 1/ v2 2 1 Vz
Ly +=y+ll-=5]y=|(D"+-D+1-—]y=0,
X X X X
1
Ly oy = (i) y= (i) (0 -y =0.

1 4
LY+ QR+ o)y -5y =
X X

X x*—2x+3 X ox+43
2y S pem(p- 2 O
— —y=Lclm - —ly=
3 xzy )C5+C y

For operators of order 3 twelve different types of Loewy decompositions are
distinguished.

Corollary 1.4. Let L be a third-order operator. Its possible Loewy decompositions
may be described as follows; l](-') is an irreducible operator of order i; Ly) isa
Loewy factor of order i as defined above; C, C| and C, are constants;
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L3 L=1910; 23 L=1"1"1{Y 2} L=Lelm".1;"1";
L} L=Lelm(I{"( )" 22 L=1M1);
L2 L=1{"Lelmy" ., 1{");
23 L=1{"Lelm(5"(C)): £+ L=Lelm(1". 1", 15");
3 L=Lelm(1?,10);
L3 L=Lelm("(C), 18"); £3 - L=Lelm(IM(Cy, Cy)).

An irreducible third-order operator is defined to have decomposition type ,2”03.
The decompositions £3, and £ through £7 are completely reducible; the

decomposition types L7, &5 and £} have the structure L = L(ZZ) L(ll) s the
decomposition types 3, 3 and 3 have the structure L = L(Zl) ng).

Proof. According to Lemma 1.1, case (i), the possible factors are determined by
the solutions of a second-order Riccati equation. They are completely classified in
Appendix B. The general solution may be rational involving two constants; there
may be a rational solution involving a single constant and in addition a special
rational solution; there may be only a rational solution involving a single constant; or
there may be three, two or a single special rational solution, or nor rational solution
at all. These alternatives may easily be correlated with the various decomposition
types given above. O

Similar remarks apply as those following Corollary 1.2, i.e. the Loewy factors
comprise all irreducible right factors. As a consequence, for example decomposition
type 7 excludes decomposition types %5 and #}}; or decomposition type .#7
excludes types £, 43, 43, £ and ;. Whenever a parameter C appears in
a factor, two different special values may be chosen such that the corresponding
Lclm generates a second-order operator. Similarly, for the two parameters C; and
C; in the last decomposition type '2131 , three different pairs of special values may be
chosen such that the Lc/m generates a third-order operator.

Example 1.5. Most of the examples of the various types of Loewy decompositions
of third order equations are again taken from Kamke’s collection, Chap. 3. The first
three of them correspond to Egs. (3.6), (3.76) and (3.73) respectively.

%3 : y///+2xy/+y — 0,

£ = 2= (0 (34 2)+ 2)(0-3) -0

323:))///_()6_2'_1_’_%
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10
There is no type .233 decomposition in Kamke’s collection. An example is
3., 1 1 2 " 1 1 /
2"+ (- e+ 3y (1 vy

= Lelm (D +x.D + 1) Dy =0.

The next four examples are Egs. (3.58), (3.45), (3.37) and (3.74) respectively from
Kamke’s collection.
1 7 1
Ly iy + (Z+%—ﬁ)y”+
Lclm (D — m + X

ff:y’”—l—%y”—l—@—k%)y’—l—%

373 : y///_ fy 4 ?
The decompositions of type .43 in Kamke’s collection are fairly complicated.

A simple example is

p3 1— 2x  _ _2x+41 ” o 2x —1 ’
8- —l—(x—i— =2 x?4+x+1 ey x4+ x+1 Y
)y:Lclm(D+1,D+x,D—%)y=0-

_ 2_ 2x _ 2
2 _ 2
X 2 x4+ x+1

The next example is Kamke’s equation (3.29).
3..om 3 2 2 1 1
L y'"+—=y'"+y=Lelm|D"—(1——|)D+1—-——D+1+—-)y=0.
x x x x

There is no type .2130 decomposition in Kamke’s collection. An example is

3 1_1 2x +1 n_ _x+3 ’
¢ ( x+x2+x—1 M R
2x ,D—l)y=0.

_(3__3x+4 —Leim(p+ 1
(i) sin (oo

Yo 4x—1
Finally, there is Eq. (3.71) from Kamke’s collection with a decomposition involving

two constants.



1.3 Solving Linear Homogeneous Ode’s 11

4 4 2 2
3. 1 2 3 2 2 3
lel'ym_(x—_”'i_f)y”_'_(%-’_y x+3)y +(——7—ﬁ)y
3x2 4+ 2Cx + C
:Ll D— 1 2 :OD
Cm( x3+C1x2+Cz(x+1))y

Again, these examples show that each possible decomposition type actually does
exist.

1.3 Solving Linear Homogeneous Ode’s

There remains to be discussed how the solution procedure for a linear ode with a
nontrivial Loewy decomposition is simplified. The general procedure that applies to
reducible equations of any order is described first.

Proposition 1.2. Let a linear differential operator P of order n factor into
P = QR with R of order m and Q of order n — m. Further let yi, ..., y, be

a fundamental system for Ry = 0, and yi,...,V,—m a fundamental system for
Qy = 0. Then a fundamental system for Py = 0 is given by the union of y1, ..., ym
and special solutions of Ry = y; fori =1,...,n —m.

Proof. From Ry; = O there follows Py; = QRy, = 0, i.e. y; belongs to a
fundamental system of Py = O if this is true for Ry = O0; this proves the first
part. Furthermore, from Ry; = y; and Qy; = 0 there follows Py; = QRy; = 0;
this proves the second part. O

This proceeding will be applied for solving reducible second- and third order
equations. The following two corollaries are obtained by straightforward application
of the above Proposition 1.2. In some cases a solution of an inhomogeneous second-
order linear ode is required; this problem is considered at the end of this section.

Corollary 1.5. Let L be a second-order differential operator, D = dd—x, Yy a

differential indeterminate, and a,a; € Q(x). Define &;(x) = exp(— [a;dx)
fori = 1,2 and ¢(x,C) = exp(— [a(C)dx), C is a parameter; the barred
quantities C and C are numbers, C # C. For the three nontrivial decompositions
of Corollary 1.2 the following elements y, and y, of a fundamental system are
obtained.

L Ly=D+a)(D+a)y=0; yi=ei(x), »n= Sl(x)/ ?Exi

L2: Ly = Lelm(D +ax, D+ay))y =0; y; =& (x); aisnot equivalent

L2 Ly = Lelm(D + a(C))y = 0; y; = e(x, C), y» = e(x, C:‘).
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Here two rational functions p,q € Q(x) are called equivalent if there exists
/

another rational function 7 € Q(x) such that p — g = rT holds [41]. The proof of
the above corollary is considered in Exercise 1.6.

There is an important difference between the last two cases. A fundamental
system corresponding to a type .222 decomposition is linearly independent over the
base field, whereas this is not true for the last decomposition type 92”32.

Example 1.6. The decompositions of Example 1.4 are considered again. The first
equation is the well-known Bessel equation with a fundamental system J,(x)
and I, (x) in terms of series expansions. For the type 92”12 decomposition with

a; = —— and a; = 3 1, a fundamental system is y; = exp(%x), Y2 =
exp (ix) f exp (—x)%c—x. For the type .43 decomposition, a, = % — %,
a; = 2+ % - % The two independent integrations yield the fundamental
2
system y; = % - % + Lz and y, = 2 + ie_z" Finally in the last case
x?

a(C) = 5+ C + %, integration yields y = (x° + C) from which the
fundamental system y; = x> and y, = % corresponding to C =0and C -
by
follows. O

For differential equations of order 3 there are four decomposition types into first-
order factors with no constants involved. Fundamental systems for them may be
obtained as follows.

Corollary 1.6. Let L be a third-order differential operator, D = j_x y a

differential indeterminate, and a; € Q(x). Define &;(x) = exp (— [a;dx) fori =
1,2, 3. For the four nontrivial decompositions of Corollary 1.4 involving only first-
order factors without parameters the following elements y;, i = 1,2,3, of a
fundamental system are obtained.

£} Ly =(D +a3)(D +a)(D +a))y =0;  y =e(x),

= Sl(x)/ ZEX

B &3(x) &), [eal) [ak)
vz = ¢€1(x) (/ 200 dx/ 5 dx / am ] 520 dxdx) .
L Ly =Lelm(D + a3, D + ax)(D +ay)y = 0;
v =¢1(x), y»= sl(x)/ :g;dx, V3 = sl(x)/ :g;dx
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.263 : Ly =(D +a3)Lelm(D +az, D +a)y =0; vy =¢(x)fori =1,2;
e [ 20D B0 s

e1(x) az — ay e2(x) ar —ay’

.,2”83 : Ly =Lclm(D 4+ a3, D +ax,D +a))y =0, y =¢(x), =123

The proof is a straightforward application of Proposition 1.2. In the following
examples the above corollary is applied.

Example 1.7. The type .ZZ?’ decomposition considered in Example 1.5 has coeffi-

cients a; = —%, a, = —% and a3 = % — x_—2+—1; they yield &1 = x2, &, = x and
&3 = )1—C(x + 1)%. If they are substituted in the above expressions the fundamental
system

yi=x2 yy=x’logx and y;=x4 x>+ x’log (x)?
is obtained. O

Example 1.8. The type .263 decomposition considered in Example 1.5 has coeffi-

cients a; = —%, a, = —landas = % + ﬁ If they are substituted in the above
expressions, the fundamental system

2 2
x(x*=2) «x x=2 dx
yi=x% y,=e% and y_»,:¥+—10g—+e""/eﬂ‘—2
X — X (x—2)

is obtained. O

In addition to the decompositions dealt with in the above corollary there are four
decompositions into first-order factors involving one or two parameters. They are
considered next.

Corollary 1.7. Let L be a third-order differential operator, D = %, y a differ-
ential indeterminate, and a,a; € Q(x). Define ¢;(x) = exp (— [a;dx) fori =
1,2,3, e(x,C) = exp(— [a(C)dx) and e(x,Cy, C;) = exp (— [a(Cy, Cr)dx);
C, Cy and C, are parameters; the barred quantities C, éi etc are numbers; for
each case they are pairwise different from each other. For the four decompositions
of Corollary 1.4 involving first-order factors with parameters the following elements
vi, i = 1,2, 3, of a fundamental system are obtained.

L} Ly =Lelm (D +a(C)) (D +ay)y = 0;

e(x,C)
e1(x)
Z3: Ly = (D +as)Lelm (D +a(C))y = 0:y; = e(x,C), y» = e(x, C),

3

yi=e1(x), y2 = &1(x) E(Tég)d

&

dx, y3 = el(x)/
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= e3(x) dx
s —s(C,x)/ ex.C)  a(C)—a(C)
—s(x,C:‘)/ 53(x:) _ dx ]
e(x,C) a(C)—a(C)

L3 Ly = Lelm(D +a(C), D +ay)y = 0;

yi=¢1(x), y»= e(x,C_'), V3 = e(x,Cz').
L3 Ly = Lelm (D +a(Cy,Cy))y =0,

y1:8(x761362)7 YZZE(xaél,éz), J’2:5(xaél,cz)-

Again the proof follows immediately from Proposition 1.2 and is omitted. The
four alternatives are illustrated by the following examples.

Example 1.9. The equation with the type .#; decomposition

2
-3 2 1 1 5
y/’/+x—y’/+4y’+—y:Lclm(D+———)(D+x——)y:0
X X x x+C X

has the fundamental system
2 1.2 3 5 1.2 1 04X
y1=x"exp(—3x7), y2=x"+2x —x’exp(—3x°) [ exp(5x )7,
dx
y3 = x> exp (—%xz)/eXp(%xz)x—;
the elements of this fundamental system are linearly independent over the base field.

O

Example 1.10. The equation with the type .273 decomposition

3 2 2 1 2 3x?
n " I
— 4+ — ——V'+—=vyv=|D+—=)Lclm| D+ —— =0
Y xy xzy x3y ( x) ( X x3+C)y

leads to &(C,x) = x3 + % and e3(x) = %— It yields the fundamental system
x X

YV =X,y = % and y3; = x logx; y; and y, are linearly dependent over the base
X

field, they obey y; — x*y, = 0. O
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Example 1.11. An equation with type .2130 decomposition is

L, X0 =3x+3 x+3 x+3
T2 ) y+—= y
x(x*+x—-1 x"4+x-1 xX(x*+x-1)

1 2x
=Lclm|{D+ -————=,D—-1)y=0
x x*+C

with fundamental system y; =e*, y, =x and y3 = )lc There follows y, —x2y; = 0
whereas y is linearly independent of y, and y; over the base field. O

Example 1.12. An equation with type .%;, decomposition is

"o 3(-x + 2) y// 6(-x + 1) y/ _ 6 y
x(x +3) x2(x +3) x>(x +3)

3x2 4 2Cox + Cy
= Lelm (D — =0.
cm( O+ Cx+ 6 )7

Its fundamental system y; = x3, y, = x? and y3 = x + 1 is linearly dependent
over the base field; there holds y; + y, — x3 y3 = 0. O

Finally there are two decomposition types involving second-order irreducible
factors.

Corollary 1.8. Let L be a third-order differential operator, D = j_x’ y a

differential indeterminate, and a; € Q(x). Define &;(x) = exp(— [a;dx) for
i = 1, 3. For the two decompositions of Theorem 1.4 involving second-order factors
and parameters the elements y;, i = 1,2,3, of a fundamental system may be
described as follows.

L2 (D> +a3D +ax)(D +ay)y = 0. Let y, and y3 be a fundamental system
of the left factor. Then

2 V3
yi=e1(x), y2=y / —dx, y3;=y / —dx.
N1 Vi

L3 (D+a3)(D*+ayD +ay)y = 0. Let yy and y, be a fundamental system
of the right factor, W = y|y> — y5y1 its Wronskian. Then

V3= y1/83(x)%dx—y2/g3(x)%dx.

The decompositions described in the preceding corollary are interesting because
they may lead to certain special function solutions as shown in the following
examples.
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Example 1.13. Consider the following equation with the type .Zf’ decomposition.

y,,,+x2 + 1y,,+4x2 —4

2 2
x“=3 1 x“—4
—'+ y=<D2+—D+ 5
X X X

X X

) (D+x)y =0.

The left factor corresponds to the Bessel equation for n = 2 with the fundamental
system J>(x) and Y>(x). Applying the above formulas, the fundamental system

y1 =exp(—3x?), y2 =y / Jr(x)exp (3x%)dx, y3 =y / Ya(x) exp (3x7)dx

in terms of integrals over Bessel functions and exponentials is obtained. O

Example 1.14. The following equation with the type %2 decomposition

2 2 2 2
x“+1 4x°—4 x“=3 1 x—4
"4 ! — '+ y=(8x+x)(D2+—D+ R )yzo
X X X X X

differs from the preceding example by the order of its factors. A fundamental system
2

now is y; = J»(x), y» = Y2(x) with Wronskian W = == and

V3 = xJz(x)/exp (—3x?)Ya(x)dx —sz(x)/exp (—3x?)J2(x)dx. O

The website alltypes . de provides functions for decomposing linear ode’s of
order 2 or 3, and to generate a fundamental system from it. Furthermore, a data file
contains the equations listed in Kamke’s collection; they may be used for testing the
software and for studying the behaviour of equations under variations of the input,
e.g. by assigning different values for parameters that may be contained in any given
equation.

1.4 Solving Second-Order Inhomogeneous Ode’s

The rest of this section deals with the solution of inhomogeneous linear ode’s of the
form

Ly=(D"+qD" '+ ¢D" >+ ... +¢1D+q,)y =R (1.12)
where D = i. As usual, the coefficients ¢, ..., g, determine the base field. The
right hand side R is not necessarily contained in it. The smallest field extension
containing both the coefficients g; and R is called the extended base field of
(1.12). The general solution of (1.12) is the sum Cyy; + ... + C,y, + Yo
where {y,..., y,} is a basis for the solution space of the homogeneous equation.
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The special solution Yy, satisfies Ly, = R, i.e. L applied to y, generates the
inhomogeneity R. However, yy is by no means unique. Any linear combination
of the y; with numerical coefficients may be added to it.

The classical method for solving an inhomogeneous linear ode is the method of
variation of constants, see Ince [29], Sect.5.23, page 122; originally it is due to
Lagrange. According to this method, solving a linear inhomogeneous ode (1.12)
may be traced back to the corresponding homogeneous problem with R = 0 and
integrations. To this end, the C; in the general solution y = Cyy; + ... + C,y,
of the homogeneous equation are considered as functions of x. Substituting this
expression into (1.12) and imposing the n — 1 constraints

iy + ey + .+ =0 (1.13)
fork = 0,...,n — 2 yields the additional condition
ciy" ™V iyl 4+ clyh = R. (1.14)

The linear algebraic system (1.13) and (1.14) comprising n equations for the
C/ has always a solution due to the non-vanishing determinant of its coefficient
matrix which is the Wronskian W, Consequently, solving the inhomogeneous
Eq. (1.12) requires only integrations if a fundamental system for the corresponding
homogeneous problem is known; details may be found in the book by Ince quoted
above.

For second-order equations y” + ¢1y" + g2y = R with fundamental system
{y1., y2} a special solution yy may be written explicitly as

R R
Yo = )2 %dx =) %dx; (1.15)

W = y1y5—y|y2 is its Wronskian. As mentioned above, any linear combination of
a fundamental system with numerical coefficients may be added to yo. Therefore the
difference of any two expressions for yy is a solution of the homogeneous equation.

Example 1.15. Let the equation

Y 4x 'y 4 e
Y T o1 T 1Y T o

be given. A fundamental system for the homogeneous equation is y; = x, y, = e**.

-2
Furthermore R = Zi——xl and W = (2x—1)e?". Substituting these expressions into
(1.15) leads to

2x -
fr— D
Yo=¢ (2x Gx o™ / ™

Although the variation of constants is perfectly suited for solving inhomogeneous
linear ode’s, it does not seem to be possible to generalize it for linear pde’s.
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Therefore for second order linear ode’s with a nontrivial Loewy decomposition, a
different procedure is described next. To this end the following result will be needed.

Lemma 1.2. Let L = D> + A;D + Ay with D = j—x and Ay, Ay € Q(x) be
a reducible second-order differential operator. Its coefficients Ay and A, may be
represented as follows.

(i) If L = (D + ax)(D + a,) then

Al =ay+a, and A, =a]+ aa,. (1.16)

(ii) If L = Lclm(D + az, D + a)) then
| —a

Ay =a+ax— ., Ay =ayay —
ap —dap ay —da

aja, — asa (L17)

Proof. In case (i), multiplication yields (1.16). In case (ii), reduction of L w.r.t.
D +a;and D + a, leads to Ay — a1 A} = @} —a? and Ay — ar, Ay = a} — a3.
Solving for A; and A, yields the expressions (1.17). O

The implications of commutativity of D + a; and D + a, for the representation
(1.17) are investigated in Exercise 1.10.

If a second-order operator L is reducible, a special solution of an inhomogeneous
equation Ly = R may be determined from its factors, avoiding the method of
variation of constants. This proceeding has the advantage that it may be generalized
for partial differential equations as will be seen in later chapters.

Proposition 1.3. Let Ly = R be a reducible linear second-order ode. A funda-
mental system of the corresponding homogeneous equation has been determined in
Corollary 1.5. A special solution yy may be obtained as follows. Define €;(x) =
exp (— [ aidx) fori =1,2.

(i) If L = (D + ay)(D + ay), a; # ay, then

R
Yo = &1(x )/ 20 RO )i (1.18)
1(x) J ea(x)
(it) If L = Lclm(D + az, D 4+ ay), ay # ay, then
R(x) dx R(x) dx
Yo =€1(x)/ —&(x )/ - (1.19)
s1(x) ap — &2(x) az —ay
Proof. In case (i), let y' + a1y = r be the equation corresponding to the right
factor; r(x) is an undetermined function of x. Substitution into Ly = R yields
R
r’ 4+ a;r = R with special solution r = &;,(x) (x) dx. Solving the above

&2(x)

first-order equation with this right hand side yields the special solution (1.18).



1.4 Solving Second-Order Inhomogeneous Ode’s 19

In case (ii), let y| + ayy1 = r; and y) + a>y» = r» be the equations
corresponding to the two arguments of the Lclm; its right hand sides r; and r,
are undetermined functions of x. Substituting y = y; + y, into Ly = R, reducing
the result w.r.t. these first-order equations and applying Lemma 1.2 yields

’ ’ a/l — aé a/l — aé _
ry+r,+a— r+la — r = R. (1.20)
ap—ap ay —a
Choosing r; = r and r, = —r leadstor = %. Substituting this value into
the above first-order equations and taking the sum of its solution yields the special
solution (1.19). O

The correctness of expressions (1.18) and (1.19) may be proved by substitution into
Ly, taking into account Lemma 1.2.

The two representations for the special solution yy in the above proposition
show clearly the simplification due to the existence of two first-order right factors
in case (ii) where the operator is completely reducible. Whereas in case (i),
Eq.(1.18), two successive integrations are necessary, Eq.(1.19) requires only a
single integration. As a consequence, for case (i) the function field containing the
special solution in general will be larger. In any case, yo is Liouvillian over the
extended base field.

Example 1.16. Let the equation

3 4 1 2
y//__y/+_2y:(D__)(D__)y:x+1
X X X X

be given. A fundamental system is y; = x? and y, = x2 log x. With the notation of
Proposition 1.3, it follows that a; = —%, a2 = —%, R=x+1,¢e/(x) = x> and
&2(x) = x. According to (1.18) there follows yy = %x2 log x? + x3. O

Example 1.17. Consider the equation

3 5 1 5 1
y'==y' =Sy =Lelm (y’ + =y, - —y) = —logx

X X X X X
with fundamental system y; = % and y, = x°. There follows a; = —%, a, = %,
R = %logx, e1(x) = x° and & (x) = % Substitution into Eq. (1.19) yields
Yo = —%xlogx + %x. O
Example 1.18. The equation

5 8 2 2x
Ly=y'—>y + —vy=Lcl D——— = 1
yEY oLy Ay m( x x2+C)y T
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allows a Loewy decomposition of type 92”32. Choosing two special values for C,
case (i7) of Proposition 1.3 applies. With C = =1 there follows

2 2x 2 2x R 1
ay=——————, ay=——— , =X ,
! x x2-1 : x  x24+1
ei(x) =x(x>—=1) and &(x) =x(x2+1).
Substitution into (1.19) yields yo = —$x?logx — x> — 1x2. O

1.5 Exercises

Exercise 1.1. Express the coefficients of y” 4+ a1y’ + a,y = 0 explicitly in terms
of the fundamental system {yy, y»}. The same for y"”" + a1y” + a»y’ + a3y = 0
and the fundamental system {y, y2, y3}.

Exercise 1.2. Generate the associated equations for z, and z3 as defined in (1.8).

Exercise 1.3. Determine the associated equations necessary for finding a second-
order factor for a fourth-order equation.

Exercise 1.4. Any second-order linear ode of the form y” + py’ + gy = 0 may be
transformed into an equation 7/ 4+ rz = 0. Determine a transformation of the form
y = ¢(x)z with this property and the corresponding value of r.

Exercise 1.5. Prove Corollary 1.3.
Exercise 1.6. Prove Corollary 1.5.

Exercise 1.7. Discuss the possible factorizations and the corresponding solutions
for a second-order equation Ly = (D*+ AD + B)y = 0if A and B are constant.

Exercise 1.8. Determine the Loewy decomposition of the operator

1 2 2
LED3+(1——)D2+()C——)D+—2
X X X

by applying Lemma 1.1.

Exercise 1.9. Generalize the expression (1.15) for the solutions of an inhomoge-
neous third-order equation y"” 4+ q1y” + ¢2y’ + ¢3¥ = R; consider also the special
caseq; = ¢» = ¢q3 = 0.

Exercise 1.10. Determine the condition for two operators /; = D + a; and

I, = D + a, to commute. What does this mean for the representation (1.17) in
Lemma 1.2?



Chapter 2
Rings of Partial Differential Operators

Abstract In the ring of ordinary differential operators all ideals are principal.
Consequently, the relation between an individual operator and the ideal that is
generated by it is straightforward. The situation is different in rings of partial
differential operators where in general ideals may have any number of generators,
and only a Janet basis provides a unique representation. Therefore a more algebraic
language is appropriate for dealing with partial differential operators and the ideals
or modules they generate. It is introduced in the first section of this chapter.
Subsequently it is applied for discussing certain properties of ideals in those rings
of partial differential operators that are applied in later parts of this monograph.
General references for this chapter are the books by Kolchin [37] or van der Put and
Singer [71], or the article by Buium and Cassidy [8].

2.1 Basic Differential Algebra

This section summarizes some basic terminology from differential algebra that is
used throughout this monograph. In order to study partial differential equations,
rings of partial differential operators and modules over such rings are the proper
concepts which are defined first.

A field .7 is called a differential field if it is equipped with a derivation operator.
An operator § on a field .% is called a derivation operator if §(a + b) = 6(a) + §(b)
and §(ab) = &(a)b + ad(b) for all elements a,b € %. A field with a single
derivation operator is called an ordinary differential field; if there is a finite set
A containing several commuting derivation operators the field is called a partial
differential field.

In this monograph rings of differential operators with derivative operators

0, = % and 0 y = % with coefficients from some differential field are considered.

Its elements have the form Zl jTi (x, )0 8§:; almost all coefficients r; ; are zero.
The coefficient field is called the base field. If constructive and algorithmic methods

F. Schwarz, Loewy Decomposition of Linear Differential Equations, Texts & Monographs 21
in Symbolic Computation, DOI 10.1007/978-3-7091-1286-1_2,
© Springer-Verlag/Wien 2012
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are the main issue it is Q(x, y). However, in some places this is too restrictive and
a suitable extension .# of it may be allowed. The respective ring of differential
operators is denoted by 7 = Q(x, y)[0x,dy] or Z = F [0, d,]; if not mentioned
explicitly, the exact meaning will be clear from the context.

The ring Z is non-commutative, in general d,a = ad, + g—i and similarly for

the other variables; a is from the base field.

The following lemma is a simple consequence of this definition; it will be useful
for understanding several details of the lattice structure in Q(x, y)[d., d,]. Its proof
is considered in Exercise 2.1.

Lemma 2.1. Two cases are distinguished for the commutativity of two first-order
operators in the plane with coordinates x and y.

(i) Two operatorsly = 0 + a0y + by and l, = 0, + a»0, + by commute if
(a1 —az)y +aryas —azya; =0, (by —ba)x + by yaz — by ya; = 0.
(ii) Two operators! = 0, + ad, + b and k = 3, + ¢ commute if
(@+b), —cy—ac, =0.

For an operator L = Zi+j5n ri j(x, )09} of order n the symbol of L is
the homogeneous algebraic polynomial symb(L) = Y, i, rij(x, )XY/, X
and Y algebraic indeterminates.

Let / be a left ideal which is generated by elements /; € 2,i = 1,...,p.
Then one writes [ = (Iy,...,1 p>. Because right ideals are not considered in this
monograph, sometimes / is simply called an ideal.

A m-dimensional left vector module 2" over 2 has elements (Iy,...,[,),
l; € 2 for all i. The sum of two elements of 2™ is defined by componentwise
addition; multiplication with a ring element [ by I(/y,...,1,) = (I11,....[1y).

The relation between left ideals in & or submodules of 2™ on the one hand, and
systems of linear pde’s on the other is established as follows. Let (zj, . .. ,zm)T be
an m-dimensional column vector of differential indeterminates such that d,z; # 0
and d,z; # 0. Then the product

T )@t z) T =hzi + bz + oo+ Lz, .1

defines a linear differential polynomial in the z; that may be considered as the

left hand side of a partial differential equation; z1, ..., z,, are called the dependent
variables or functions, depending on the independent variables x and y.
AN xmmatrix {¢; ;},i =1,...,N,j=1,...,m,c;; € 7, defines a system

of N linear homogeneous pde’s

ciizi+ ...+ cimzm =0, i=1,...,N. 2.2)
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The i — th equation of (2.2) corresponds to the vector
(cin,CinyernsCim) € P for i =1,...,N. (2.3)

This correspondence between the elements of 27, the differential polynomials
(2.1), and its corresponding pde’s (2.2) allows to turn from one representation to
the other whenever it is appropriate.

For m = 1 this relation becomes more direct. The elements /; € 2 are simply
applied to a single differential indeterminate z. In this way the ideal I = (I, /5,...)
corresponds to the system of pde’s [;z = 0, [,z = 0, ... for the single function z.
Sometimes the abbreviated notation /z = 0 is applied for the latter.

2.2 Janet Bases of Ideals and Modules

The generators of an ideal are highly non-unique; its members may be transformed
in infinitely many ways by taking linear combinations of them or its derivatives over
the base field without changing the ideal. This ambiguity makes it difficult to decide
membership in an ideal or to recognize whether two sets of generators represent
the same ideal. Furthermore, it is not clear what the solutions of the corresponding
system of pde’s are, if there are any. The same remarks apply to the vector-modules
introduced above.

This was the starting point for Maurice Janet [30] early in the twentieth century
to introduce a normal form for systems of linear pde’s that has been baptized Janet
basis in [60]. They are the differential analog to Grobner bases of commutative
algebra, originally introduced by Bruno Buchberger [7]; therefore they are also
called differential Grobner bases. Good introductions to the subject may be found
in the articles by Oaku [50], Castro-Jiménez and Moreno-Frias [9], Plesken and
Robertz [54] or Chap. 2 of Schwarz [61].

In order to generate a Janet basis, a ranking of derivatives must be defined. It is a
total ordering such that for any derivatives §, §; and d,, and any derivation operator
0 there holds § < 64, and §; < §, — 88; < 88,. In this monograph lexicographic
term orderings /ex and graded lexicographic term orderings gr/ex are applied. For
partial derivatives of a single function their definition is analogous to the monomial
orderings in commutative algebra. If x > y is defined, derivatives up to order 3 in
lex order are arranged like

Oyxx > Oxxy > Oxx > Oxyy > Oxy > Oy > 0y > 0y > 0y > 1, 2.4)
and in grl/ex ordering
Oxxx > Oxxy > Oxyy > Qyyy > Oxx > Oxy > 0y > 0y > 0y > 1. (2.5)

For modules these orderings have to be generalized appropriately, e.g. the orderings
TOP or POT of Adams and Loustaunau [2] may be applied.
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The following convention will always be obeyed. In an individual operator or
differential polynomial the terms are arranged decreasingly from left to right, i.e.
the first term contains the highest derivative. A collection of such objects like the
generators of an ideal or a module is arranged such that the leading terms do not
increase. In particular, if the leading terms are pairwise different they will decrease
from left to right, and from top to bottom. If the term order is not explicitly given it
is assumed to be grlex with x > y.

The most distinctive feature of a Janet basis is the fact that it contains all algebraic
consequences for the derivatives in the ideal generated by its members explicitly.
This is achieved by two basic operations, reductions and adding integrability
conditions; the latter correspond to the S-pairs in commutative algebra.

An operator /; may be reduced w.r.t. another operator /; if the leading derivative
of [, or a derivative thereof occurs in /;. If this is true, its occurrence in /; may be
removed by replacing it by the negative reductum of /, or its appropriate derivative.
This process may be repeated until no further reduction is possible. This process
will always terminate because in each step the derivatives in /; are lowered. The
following example shows a single-step reduction of two operators.

Example 2.1. Let two operators /; and /; be given.

2
— 1
2o hL=ac+ -0, +x.
y y y

ll Eaxy—

The derivatives d, and 0, may be removed from /; with the result

1 1 x* (1 x—y
Reduce(l1, 1) = —5;0yy + =50y — X0, + =0y + x) —
1,52 yory Tty ¥ yz(y ¥ ) y?
=_1 lLy3 2 S v
=-y (ayy + yj(xy X y)ay y (X X + y))

There are no further reductions possible. O

If a system of operators or differential polynomials is given, various reductions may
be possible between pairs of its members. If all of them have been performed such
that no further reduction is possible, the system is called autoreduced.

For an autoreduced system the integrability conditions have to be investigated.
They arise if the same leading derivative occurs in two different members of
the system or its derivatives. Upon subtraction, possibly after multiplication with
suitable factors from the base field, the difference does not contain it any more. If
it does not vanish after reduction w.r.t. the remaining members of the system, it is
called an integrability condition that has to be added to the system. The following
example shows this process.

Example 2.2. Consider the ideal

y

1
I =l =0,——0,——————0,,
<1 X x(x+y)

1 1
12 = axy—i-may, l3 = ayy—f-may>
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in grlex term order with x > y. Its generators are autoreduced. If the integrability

condition
y

2x +y

is reduced w.r.t. to /, the new generator d, is obtained. Adding it to the generators

ll,y - l2,x = axy + ayy

and performing all reductions, the given ideal is represented as I = (9, — % Oy, 0y).
Its generators are autoreduced and the single integrability condition is satisfied. O

It may be shown that for any given system of operators or differential polynomi-
als and a fixed ranking autoreduction and adding integrability conditions always
terminates with a unique result; the proof may be found in the above quoted
literature. Due to its fundamental importance a special term is introduced for it.

Definition 2.1 (Janet basis). For a given ranking an autoreduced system of differ-
ential operators is called a Janet basis if all integrability conditions reduce to zero.

If a system of operators or differential polynomials forms a Janet basis, it is a
unique representation for the ideal or module it generates.

Due to its importance the following notation will be applied from now on. If the
generators of an ideal or module are assured to be a Janet basis they are enclosed by a
pair of << . >> In general, if the Janet basis property is not known, the usual notation
(...) will be applied. According to this convention, in the preceding example the
result may be written as [ = <<3xx — %ax, 3y>>. By definition, a single element [ is
a Janet basis, i.e. there holds always (/) = (/}). A system of operators or pde’s with
the property that all integrability conditions are satisfied is called coherent.

2.3 General Properties of Ideals and Modules

Just like in commutative algebra, the generators of an ideal in a ring of differential
operators obey certain relations which are known as syzygies. Let a set of generators
be /' = {fi...., fp} where f; € & for all i. Syzygies of f are relations of the
form

diyfi+ ...+ dipfr=0
wheredy; € 9,i =1,...p,k =1,2,....The (d 1, ...,dk ) may be considered
as elements of the module Z7. The totality of syzygies generates a submodule.

Example 2.3. Consider the ideal ( fi = 0, + a, f» = 9, + b) with the constraint
a, = by. The coherence condition for 0y, —a — f; = 0and 9, + b — f = O yields
ady +ay,— fiy—bdy—by+ for = 0.Reduction w.r.t. to the given generators and
some simplification yields the single syzygy (3, + b) fi — (0x + a) f» = 0. O

Example 2.4. Consider the ideal

4 2 1 1 X 2
=0, + —0, + —, =0, —d,, =d,, +—0,— —0, — — ).
<<fl +x +x2 f y+x v J3 y}+y YT y2>>
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The integrability condition for 0, + 3 + —fi=0and dyy + ¢ 3 —fL=0
yields upon reduction and snnphﬁcatlon Sy + fz,x -5 fz = 0. Similarly from

32 2
the last two elements f; — —fzy — —f2 f3,x + y—2f3 = 0 is obtained.

Autoreduction of these two equations yields the following two syzygies as the final
answer

2
(ayy+%a xa —y—)fz—(aw+ x0y + F0x + y)f—o,

fi— (—3+ o+ (ya+ )f3—0 O

Given any ideal / it may occur that it is properly contained in some larger ideal J
with coefficients in the base field of /; then J is called a divisor of I . If the divisor J
has the same differential type as I the latter is called reducible; if such a divisor does
not exist it is called irreducible. If a divisor ideal of the same differential type does
not exist even if a universal differential field is allowed for its coefficients, [ is called
absolutely irreducible. According to this definition an ideal may be irreducible, yet
it may have divisors of lower differential type as the following example shows.

Example 2.5. Consider the operator L defined by L = 9, + %8x + 128y - Lz
x x

of differential dimension (1, 2) (see Definition 2.2 below), i.e. its differential type
is 1. The principal ideal (L) has the two divisors /| = (3 + & 1 , 0y >> and [, =

<<3x, dy >> both of differential type 0; /;z = 0 has the solution z = =, Zzz =0
has the solutlon z = y. Both are also solutions of Lz = 0. In Chap.4 it will be
shown that L is irreducible according to the above definition, and even absolutely
irreducible. O

The greatest common right divisor or sum of two ideals I and J is denoted by
Gerd(I1,J) = I + J; it is the smallest ideal with the property that both / and J
are contained in it. If they have the representation

I=(fi,....f,) and J = {(g1,...,8,),

fi. g € Zforalli and j, the sum is generated by the union of the generators of /
and J (Cox et al. [13], page 191). The solution space of the equations corresponding
to Gerd(1, J) is the intersection of the solution spaces of its arguments.

The least common left multiple or left intersection of two ideals I and J denoted
by Lelm(I,J) = I N J;itis the largest ideal with the property that it is contained
both in / and J. The solution space of Lclm(I,J)z = 0 is the smallest space
containing the solution spaces of its arguments. In the last two subsections of this
chapter the properties of sum and intersection ideals will be discussed in some
detail !

ISome authors define it as the lowest element w.r.t. the term order in the ideal defined above [26].
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Example 2.6. Consider the ideals I = <<3yyy + yayy, 0y + x3y>> and

1
<<8xx+ —9, — 2,anyr Lo+ a + y,ayy+ya —y2>>.
Applying the above specification, the Gcrd and the Lclm are
Gerd(1,7) = (B, + 30, — % d, + 2,),
Lelm(I,7) = (8, + 30, an—y By + 10, — L0,
yyy Ty Oyys Oxx = 70y T X 2%

ey + Ly + %ax +24,.

It follows that Ic(H;) = lc(Hy) = 3,lc(H;+5) = 2 and Ic(Hjny) = 4 in
accordance with Sit’s relation (2.8). In terms of solution spaces this result may be
understood as follows. For /z = 0 a basis of the solution space is {1, X X}, and

for Jz = 0 a basis is { xly ik %} A basis for their two-dimensional intersection
space is {; %} it is the solution space of Gerd(1, J)z = 0. O

Example 2.7. Consider the two ideals

1= (o + 9, +i>> and J=<ax+$,8y+xiy>>.

Their one-dimensional solution spaces are generated by { Xy }and {——
tively. Then Gerd (1, J) = (1) and

T + 0 } respec-

2x+2 2 2 -
X+20, -~ Yo, + 152,

Lelm(I,J) = + ,
(L, 7) <<” yx+y x4y x?

A Dbasis for the solution space of Lclm(I,J)z = 0 is {xy T + y} it will be
determined algorithmically in Example 3.5. O

For ordinary differential operators the exact quotient has been defined on page 3.
Because all ideals of ordinary differential operators are principal, it is obtained by
the usual division scheme. This is different in rings of partial differential operators
and a proper generalization of the exact quotientis required. Let I = (fi,..., f,) €
DandJ = (g1,...,84) € P besuchthat I C J,ie. Jisadivisor of I. The exact
quotient is generated by

{(ein,....eiq) € DUeirg1+ ...+ eiq8g = fi.i =1,....p}
The exact quotient module E xquo(I, J) is generated by

th=(hi.....h)) € D higi + ...+ hyg, €1}
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It generalizes the syzygy module of J; the latter is obtained for the special choice
I = 0. If the elements of the exact quotient module are arranged as rows of a matrix
with ¢ columns, and the generators of J as elements of a ¢g—dimensional vector, /

may be represented as
I = Exquo(1,J)J. (2.6)

This defines the juxtaposition of Exquo(l,J) and J in terms of matrix multipli-
cation; it generalizes the product representation L = L;L, of an operator L. In
general, the result at the right hand side of (2.6) has to be transformed into a Janet
basis in order to obtain the original generators fi,..., fj.

Example 2.8. Consider again the ideals

2x 42y 2 y? xX—y
1=<a e 9 Co -2 —>
<yy+yx+y y+y(x+y) * x2y+ x? >

and J = (0 + %,ay + %>> of the preceding example; obviously I C J.

2
Division yields {(0 0,+ y)z;_—_:);})) (1, —%) } There is a single syzygy (By + %

—0y — %) The Janet basis representation for the exact quotient module is

2

Exquo(l,J) = <<(0, 3 + %) (0.9, + y)z;r—fi)) (1—§)>> c P

Continued in Example 3.5. O

Example 2.9. Consider the ideal I = (0 + 30, 9y, 9y + 30, in griex,
x > y term order. The divisor J = (d,,d,) yields the exact quotient module
Exquo(l,J) = <<(3x + % O), (dy,0), (0, 0y), (O, d, + %)>> It may be represented
as the intersection of two maximal modules of order 1, i.e.

Exquo(l,J) = chm(<<(1,0), 0,90(0,9, + 1)),

((£:1). (0 + £.0).3,,0))). .

In the next chapter it will be shown how to obtain their decomposition algorithmi-
cally, and how the exact quotient module may be applied for solving systems of
linear pde’s that are not completely reducible.

Consider I C 2, and denote by I, the intersection of / with the .% -linear space
of all derivatives of order not higher than n. Then according to Kolchin [37], see also
Buium and Cassidy [8], and Pankratiev et al. [38], the Hilbert-Kolchin polynomial

of I is defined by
k
Hi(n) = (” Jkr ) —dim1,: 2.7)

k is the number of variables. The first term equals the number of all derivatives of
order not higher than n. Hence, for sufficiently large n the value of H;(n) counts the
number of derivatives of order not higher than n which is not in the ideal generated
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by the leading derivatives of the generators of /. The degree deg(H ) of H; is called
the differential type of I ([37], page 130; [8], page 602). Its leading coefficient
lc(Hy) is called the typical differential dimension of I, ibid. If I, J € 2 are two
ideals, Sit [65], Theorem 4.1, has shown the important equality

le(Hpyy) +1c(Hing) = lc(Hyp) + lc(Hy) (2.8)

for its typical differential dimensions.

According to Kolchin [36], deg(H;) and lc(H;)) are differential birational
invariants; their importance justifies the introduction of a special term for these
quantities.

Definition 2.2. The pair (deg(H;),/c(H)) for an ideal [ is called the differential
dimension of 7, denoted by d; [23].

For the solutions of the differential equations attached to any ideal or module of
differential operators, these quantities have an important meaning [8, 36].

Theorem 2.1. The differential type denotes the largest number of arguments occur-
ring in any undetermined function of the general solution. The typical differential
dimension means the number of functions depending on this maximal number of
arguments.

Apparently the differential dimension describes somehow the “size” of the
solution space. In this terminology the differential dimension (0, m) corresponds
to a system of pde’s with a finite-dimensional solution space of dimension m over
the field of constants. This discussion shows that the differential dimension is the
proper generalization of the dimension of a solution space to general systems of
linear pde’s.

Example 2.10. For the ideal I = {0, — %ax, d,) of the preceding example, only
the two derivatives 1 and d, are not contained in the ideal generated by the leading
derivatives. Thus H; = 2 and d; = (0, 2). O

Example 2.11. Let the principal ideal I = (3, + ad, + b) be given. There are
%(n2 + n) derivatives of order not higher than n containing at least a single
derivative d,. Therefore H; = n + 1 and d; = (1, 1). O

Example 2.12. Consider the ideal I = (0yyx, Oxxy)). The number of derivatives
which are multiples of either leading term is %(n —2)(n+1). Therefore H; = 2n+2
andd; = (1,2). O

By analogy with the well known Landau symbol of asymptotic analysis, the
following notation will frequently be applied. Whenever in an expression terms of
order lower than some fixed term 7 are not relevant, they are collectively denoted
by o(t). This will frequently occur in /ex term orderings where t denotes the
highest term involving a particular variable.

Another short hand notation concerns the generators of ideals or modules of
differential operators. If only the number of generators and its leading derivatives
are of interest, the abbreviated notation (...), 7 will be used. For example, if an
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ideal of differential operators is generated by two elements with leading derivatives
dyx and 0y, it is denoted by (dyy, dyy)z7. A principal ideal that is generated by a
single generator with highest derivative d,, is abbreviated by (9 xx) LT

2.4 Differential Type Zero Ideals in Q(x, y)[d,, 0,]

Understanding the ideal structure in the ring Q(x, y)[d.,d,] will be of utmost
importance when dealing with linear pde’s and their decompositions. In the first
place this means to characterize the ideals that are relevant in a certain context as
detailed as possible. Ultimately this comes down to a partial classification of such
ideals. Secondly, the relationships between individual ideals must be understood
in order to utilize them for the solution procedure. For any two ideals this means
deciding pairwise inclusion, determining their sum and their intersection.

To begin with, the range of ideals to be covered has to be delimited by
suitable constraints. In particular they are selected with regard to solving differential
equations that are of interest for some application. This requirement confines the
derivatives to order not higher than three. In addition the differential dimension of
an ideal turns out to be an important distinctive feature that may be applied for
classification. Furthermore, some kind of completeness in the mathematical sense
will be desirable.

Taking these considerations into account the subsequent three propositions
describe certain “large” ideals close to the top of the complete lattice. The griex
term order with x > y is always applied. The first result concerns ideals of differen-
tial type zero; they correspond to systems of linear pde’s with a finite-dimensional
solution space. They will be denoted by J**) where (0, k) means their differential
dimension. This proceeding is only meaningful if the coherence conditions for the
coefficients are explicitly known and it is assured that they are satisfied.

Proposition 2.1. There are six types JOX) of ideals with differential dimension
(0,k) and k < 3. The integrability conditions (IC's for short) are given for each
case in terms of a Janet basis for the coefficients.

Job . (0x + a, 0y + b), integrability condition a,, = by.
02) ,
Jl . <3yy +6l18y +a2,8x+b18y +b2>,
integrability conditions
b2,yy - 2bl,ya2 + b2,yal —dazx — a2,yb1 = Oa

biyy —biyay + 2byy —ayx —ai by = 0.

I9% (O + ardy + as, 0y +b),

integrability conditions
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1 1 1
by —za1y =0, ayy—3a1xy —3a1ya1 =0.

IOV (B 4 a1y + a2dy + as. 0 + b1dy + by),
integrability conditions
bz’yy + %al,xy + %al,yybl + blyy(%al,y + %a% —ap) + %bz,yal

2 2 ! 1
+3a1xa1 + 5a1ybiar — 3a2 x — 3a2,b1 =0,

1 ! !
biyy — 3b1yar + bay — 3a1x — 3a1,b1 =0,

Aalxyy + al,yyybl + 2a1,xya1 + al,yy(3b1,y + 2b1a1) — 3612’)0, — 3a2’yyb1
+b1.y(6ar,ya; — 9asy + 3ai — 6ajas + 18a3)
+ary(ary + 3a} —2a2) + 2a} by + a1y (3h1a} — 2biay)
—2as cay — 2as ybiay + 6as  + 6asz by = 0.

IOV (B 4 @18 + a2dy + as. y + b1, + brdy + b,

dyy + €10y + 20, + c3),

integrability conditions
b3y — ¢35 + aszcr — bibs — bacs + bscy = 0,
bry —cax +axer —biby + b3 =0,
biy—cix +aici — bl +bica —byey — 3 = 0,
az,y — by x —aibs —axcy + azby + byby = 0,
ary — by —a1by + azby — azer + a3 + b3 =0,

aiy — bl,x —axcy + b1by — b3 = 0.

J§0’3) : <axxx + a0y + a0y + as, ay + b>7
integrability conditions
by — %al,y =0, aixy + %al,yal —dazy = 0,
2 2.2 1 -
arxy — a1y (3014 + 507 — az) + 3a2,,a1 — 3as, = 0.
Proof. Any ideal of differential dimension (0, %) must contain generators with

leading terms d,; and 8y j with i, j > 1. From the listing (2.5) and the constraints
i, j < 3 the following choices of leading derivatives are possible.

(axa ay)a (ayya ax)a (ax,h ay)a (ayy_)H ax)a (ax,h axy7 ayy)a (axxym ay)‘
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They yield the six ideals given above. The integrability condition for J©D is
obvious. For J 50’2) , differentiating d, + b10, 4+ b, w.r.t. y and reducing the result
w.rt. 0y, 4+ a0, + a yields

8xy + (bl,y + b, —albl)ay + bzqy —ab.

Deriving a second time w.r.t. y and performing all possible reductions leads to

axyy + (bl,yy + sz,y — al,ybl — 2a1b1,y —ai1b, —arby + a%bl)ay

+b2,yy — az,ybl — 2a2b1,y —axhy + ajarb,.

Differentiating now the first generator d,, + @19, + a» w.r.t. x and applying the
above expression with leading term 9., for reduction yields

dxyy + (a1x —arbry — arby — asby + aib1)dy + arx — arbsy — ashy + arasby.

Equating the coefficients of the two operators with leading term d,,, leads to
the given IC’s after some simplifications. The calculations for the other ideals are
similar and are therefore omitted. O

It should be noticed that the 7C’s given in the above proposition are coherent.
This is obvious due to the term order that has been chosen; they are linear in the
leading derivatives with constant leading coefficient, and the leading derivatives
contain pairwise different functions. The importance of the /C’s given in the above
proposition will become clear later on, e.g. in proving the existence of certain
divisors in Exercise 3.2.

2.5 Differential Type Zero Modules over Q(x, y)[dy, d,]

In this subsection vector modules of differential dimension (0, 1) and (0, 2) in
9? are considered; they correspond to systems of linear pde’s in two dependend
variables.

Proposition 2.2. There are seven types MX) of modules of differential dimension
(0.k) with k = 1 or k = 2 in 2. The integrability conditions are given for each
case in terms of a Janet basis for its coefficients.

M(lo’l) :{(1,a),(0,0x + b),(0,9y + ¢)), integrability condition b, — ¢, = 0.
M(zo’l) :((0,1), (0x +a,0),(dy + b,0), integrability condition ay, — b, = 0.

M 2 ((1,0), (0,8, 4 @19y + a2), (0,9 + b3, + by))
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with the same integrability conditions as for ideal type J (10’2).

M(20’2) : <(1, 0). (0, 9xx + a19x + a2), (0, ay + b)>

with the same integrability conditions as for ideal type J (20’2).

ME™? (0 + a1.a2), By + b1, b2). (€1, 0 + €2), (d1, 9y + )
with integrability conditions

aiy — bl,x —axdy + bycy =0,
aZ.,y - bz,x - albz + azbl - azdz + szz = O’

Cly — dl,x +aid; — bic1 + c1dy — cad; = 0,
Cry — de + a»dy — byep = 0.

M2 0 ((1,¢), 0,8y, + ardy + b2), (0,0, + 513y + by))

with the same integrability conditions as for ideal type J 4(10’2).

M(SO’Z) : <(1, C)a (O’ dex +a10y + aZ)’ (0’ ay + b)>

with the same integrability conditions as for ideal type J 20’2) .

Proof. For any component the generators must contain leading derivatives d,: and
d,; with i, j > 0. For type M®D this allows the combination of leading terms
{(1,0),(0,9,),(0,9,)} and {(0,1),(dy,0),d,,0)}. For type M®? the possible
leading terms are
{(1,0). (0. 9xx), (0.9y)},  {(1,0),(0,9yy). (0,83}
{(9x.0). (95, 0). (0, 0y). (0.9,)}
{(0.1), (0xx.0), (9, 0)}. {(0. 1), (9y,.0). (9. 0)}.

The integrability conditions are obtained as in the preceding proposition. O

There is one more module of differential dimension (0, 1) in 2° needed for the
decompositions discussed in the next chapter; its type is defined to be Mgo’l) and is
the subject of Exercise 2.8.

Example 2.13. The module

= (- 2 ) 0.0

2 2
(o (- A+ o))
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is of type Mgo,z); the coherence conditions may easily be tested by applying the
explicit form as given in the above proposition without running a costly Janet basis
algorithm. Continued in Example 3.4. O

2.6 Laplace Divisors L~ (L) and L. (L)

The origin of these ideals goes back to Laplace who introduced an iterative solution
scheme for equations with leading derivative zy,; it is described in Appendix C.
Later on it was realized that this procedure is essentially equivalent to determining
a so called involutive system. In more modern language this comes down to con-
structing a Janet basis for an ideal that is generated by the operator corresponding
to the originally given equation, and an ordinary operator of fixed order involving
exclusively derivatives w.r.t. x or y. Thus this important concept may be generalized
to large classes of operators with a mixed leading derivative. Due to its origin the
following definition is suggested.

Definition 2.3. Let L be a partial differential operator in the plane; define

bn = 0um + @p—10m—1 + ...+ a0y + ag (2.9)
and

t, = 8yn + b,,_layn—l + ...+ blay + by (2.10)
be ordinary differential operators w.r.t. x or y; a;,b; € Q(x, y) for all i; m and n
are natural numbers not less than 2. Assume the coefficients a;, i = 0,...,m — 1

are such that L and [,, form a Janet basis. If m is the smallest integer with this
property then L (L) = (L, [,) is called a Laplace divisor of L. Similarly, if b;,
j = 0,...,n —1 are such that L and ¢, form a Janet basis and » is minimal, then
Ly (L) = (L,#%,) is called a Laplace divisor of L. Both Laplace divisors have
differential dimension (1, 1).

The possible existence of a Laplace divisor for operators of order 2 or 3 is
investigated next.

Proposition 2.3. Let the second-order partial differential operator
LEax}7+Alax+Azay+A3 (2.11)

be given with A; € Q(x, y) foralli; m and n are natural numbers not less than 2.

(i) If A1, Az and Aj satisfy the differential polynomial constructed in the proof
below, there exists a Laplace divisor Lym(L) = (L, ).

(ii) If A1, A2 and Aj satisfy the differential polynomial constructed in the proof
below there exists a Laplace divisor Ly» (L) = (L, £,).

(iii) If there are two Laplace divisors Lyn (L) and Ly (L), the operator L is
completely reducible, (L) = Lclm(ILyn (L), Lyn (L)).
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Proof. The proof will be given for case (ii). If the operator (2.11) is derived
repeatedly w.r.t. y, and the reductum is reduced in each step w.r.t. (2.11), n — 2
expressions of the form

Oxyi + pi0y + pii0yi + pii—10yi—1 + ...+ pio (2.12)

for2 <i < n—1 are obtained. All coefficients p; and p; ; of (2.12) are differential
polynomials in the ring Q{A;, A», A3} with derivatives d, and d,. There is no
reduction w.r.t. (2.10) possible. Deriving the last expression (2.12) corresponding
toi = n — 1 once more w.r.t. y and reducing the reductum w.r.t. both (2.11) and
(2.10) yields

Oxyn + Pudx + (Pnn—1 = Pnnbu—1)0yn—1
+(Pnn—2 = Pnnbn—2)0yn—2 + ... (2.13)
+(Pn.1 = Punb1)dy + Pno — Punbo.
In the first derivative of (2.10) w.r.t. x
Oxyr + bu—1x0yn—1 + bp2 0y + ...+ b1idy + box
+by—10yyn—1 + by—20yn—2 + ... + b10yy + bodyx

the terms containing derivatives of the form 9.« for I <k <n — 1 may be reduced
w.r.t. (2.11) or (2.12) with the result

axy" + (bn—l,x - pn—l,n—lbn—l)ay”*1
+(bn—2,x - pn—l,n—2bn—1 - pn—Z,n—an—Z)ay”*Z

: : (2.14)
+(b1x — Pn—11ba—1 — Pn—2.1bu—2 ... — p2.1b2 — A3b1)0,
+box — Pn—1,0bn—1 = Pu—2.0bn—2 — ... = p2ob2 — A3b;
+(bo — prbu—1 — pp—2by—2 — ... — paby — A1b1)0,.

If this expression is subtracted from (2.13), the coefficients of the derivatives must
vanish in order that (2.11) and (2.10) combined form a Janet basis. The resulting
system of equations is

bn—l,x + (pn,n - pn—l,n—l)bn—l — Pnn—1 = Oa
bn—2,x - pn—l,n—an—l + (pnn - pn—Z,n—Z)bn—2 — Pnn—2 = Oa

: : (2.15)
bix = Pn—11bp—1— ... + (Ppn — A2)b1 — pp1 =0,
box — pn—10bp—1 — ... — Asbi + punbo — pno =0,

bo — pn—1bu—1 — pp—2by—2 — ... — p2by — A1by = 0.
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The last equation may be solved for by. Substituting it into the equation with leading
term by ., and eliminating the first derivatives b;  for j = 1,...,n — 1 by means
of the preceding equations, it may be solved for ;. Proceeding in this way, due to
the triangular structure, finally b, is obtained from the equation with leading term
b, . Backsubstituting these results, all by are explicitly known. By construction
they are all rational in the A; and its derivatives, i.e. they are contained in the base
field of L. Substituting them into the first equation a constraint for the coefficients
A; is obtained; it is the condition for the existence of the Laplace divisor.

The proof for case (i) is similar and is therefore omitted. In case (iii), the
intersection ideal must divide both Laplace divisors. Due to the Janet basis property
of the latter, its generators are linear combinations of L and [,, as well as L and &,.
Transformation into a Janet basis yields the result given above. O

For low values of n and m the conditions for A;, A, and A3 for the existence of
a Laplace divisor of the operator (2.11) may be given explicitly as shown next.

Corollary 2.1. Let the second-order operator L = 0y, + A10, + A20, + A3 be
given and define the quantities
Hy= A1 + A1Ay — A3, Ko = Az + A147 — 43,
Hy = Ho.yHo — HoHo, — Hi (2Ho — Ky).
Ky = Ko Ko — Ko Koy — K} (2Ko — Hp),
H,=H,, Hi—H H, — H12(3H0 —2K)),
Ky = K1,y K1 — K1, K1y, — K} (3K — 2Hy).

Operators l,, and €, for m,n = 2,3 may be constructed as follows.
A divisor (L, 0yx + @10y + ao) exists if Ky # 0, K| = 0; then

KO,x
Ko

KO,x
Koy’

a; =24, — N a0=A2,x+A§—A2

A divisor (L, 0y, + b10y + bo) exists if Hy # 0, Hy = 0; then

H,
by =24, ——2, by=A A2 — A —L.
1 1 Ho 0 1y + Aj 1H0

A divisor {L,0xxx + @20y + @10, + ao)) exists if Ko # 0, K; # 0, K, = 0; then

a4 = 345 — Kl,x ar = 3(A +A2)—2A Kl,x . KO,xx + KO,x Kl,x
2 2 Kl ) 1 2,x 2 2 Kl KO KO Kl ’

le KOxx KOx le
= Ay oy + 34240 + A3 — Ay + AH—=— 4 LR LT
ao 20x + 34245 + A5 — (Ao« + A43) X 2( X, Ko K, )
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Adivisor (L, dyyy + b20yy, + b10y + bo) exists if Hy # 0, Hy # 0, H, = 0; then

— H, H,, H, Ho., H,
by =341~ 5. by =3(Aiy + AD - 24, - = v By
2 1 1 1 (At D 1 7 . + : 1

H, H, Hy, H,
_ 3 2y My vy Moy Hy
bo = A1, + 34141, + A7 — (41, + A}) ) Al( ; ; ) )

This corollary and Proposition 2.3 show that the existence of a Laplace divisor
may be decided for any fixed value of m or n. If the answer is affirmative, it may
be constructed explicitly. However, in general there is no upper bound for m and n
known. Only in special cases as in Example 2.14 below a general answer may be
obtained.

The relation of this problem to the number of Laplace’s iterations, and the
relation between the quantities /; and K; to the Laplace invariants /; and k; is
discussed in Appendix C.

The operators [,, and €, given in the preceding corollary are reducible, they allow
a first order right factor as shown next.

Corollary 2.2. The operator |, defined by (2.9) allows the right factor
0y + Ay; the operator €, defined by (2.10) allows the right factor 9, 4 A;.

Proof. The proof will be given for the second case. Differentiating the operator
d, + Ay (i — 1)-times and reducing the reductum of the result w.r.t. to it yields

ayi + pi (Al,yifl, e, Alyy, Al);
pi is a differential polynomial of 4. One more differentiation leads to
dp;
3yi+1 + (d_yl — Alpi) = Byi+1 + p,'+1(A17yi . Al,y, Ay).
From this there follows the recursion
dpi
Pisi = di —Aipi fori=1, pi=A. (2.16)
y

The same recursion with the same initial condition is obtained for the coefficients
pi of Proposition 2.3 if (2.12) is differentiated once more w.r.t. y, i.e. the p; are the
same in either case.

If €, has the factor 0, + A it may be reduced to zero w.r.t. it, i.e. it vanishes upon
substitution of the above expressions 3"y + pi. This yields the condition

bo— pn—ibu—1 — pp2byo—...—p1by =0

for the existence of the factor 9, + A; = 0 of £,. Due to the above mentioned
property of the p; it is identical to the last equation of (2.15) which is obeyed due to
the Janet basis property. O
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Example 2.14. The operator L = 0., + xyd, — 2y has been considered by
Imschenetzky [28]. The invariants are

Hy =3y, H = —36y°, H, =—6,480y and K, = 2y, K| = —4y>, K, = 0.

According to Corollary 2.1 a divisor L« (L) for k < 3 does not exist. There follows
ap = a; = a, = 0, hence there is the divisor L 3(L) = {(0xxx, 0xy + Xydx — 2y).

In Exercise C.2 it will be shown that a divisor L« (L) does not exist for any k by
applying Laplace’s iteration to the given operator. O

The syzygies for the generators L and [, or €, respectively of the Laplace
divisors described in Proposition 2.3 are given next; they will be applied in later
chapters for solving equations Lz = 0 allowing a Laplace divisor.

Corollary 2.3. Let L = 0, + A10, + A20, + A3 be such that a Laplace divisor
Lym(L) = (L, ) exists. For m < 4 there are the following syzygies.
m=2:L,— (A, —a))L = [Z,y + A1,
m=3:L, — (A2 — az)Lx — (2A2’x — A% + Arap — al)L = [37), + AL,
m=4: Ly — (AZ - a3)Lxx - (3A2,x - A% + Asas — GZ)LX

—(3Aaxy — 5A2 Ao +2A5 cas+ A5 — ASas+ Arar —ar)L = Iy y+ Ajly.
For any value of m the right hand side has the form 1, , + Aily.

For Laplace divisors Ly (L) = (L,¥,) and n < 4 the syzygies are as follows.

n=2: Ly — (A1 =b)L = & + Ay,
n=3: Lyy — (A — bz)Ly — (2A1,y - A% + A1b, —b))L = & + At
n=4:Ly, — (A —b3)Ly, — (341, — A3+ A1bs — by)L,

—(3A1,yy - 5A1,yA1 +2A1,yb3+A? - A%bg,-l—Albz —b)L = £y + Aty

For any value of n the right hand side has the form €, , + A;l,.

Proof. The proof is given for the divisor Lym (L). As usual the term order grlex,
x >y is applied; the symbol o(7), t any derivative, is defined on page 29. Deriving
L w.r.t. x up to order m — 1, using the definition of L for substituting the non-leading
mixed derivatives in each step, and the definition of [,, for substituting the derivative
d.m, the expression

m—1

Oy + Atly + 0(0—1) = Y piLy
i=0
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is obtained; the p; are differential polynomials in A,. Deriving l,, once w.r.t. y and
substituting all non-leading mixed derivatives by derivatives of L, an expression of

the form
m—1

Oy = by + O@yn1) = Y giLy
i=0
follows; the ¢; are differential polynomials in Ay, A2, A3 and the a;. Subtracting
these expressions from each other leads to

m—1

by + Atly = > 1Ly

i=1

This is the desired syzygy; r; is a differential polynomial in the coeffcients of L and
ln; due to the Janet basis property of the Laplace divisor all terms subsumed under
the Landau symbol vanish. The proof for L. (L) is similar. For low values of m and
n the above syzygies are obtained explicitly. O

The ideals constructed in Proposition 2.3 may be generalized for higher order
operators. The following proposition deals with Laplace Divisors for operators with
leading derivative 0.

Proposition 2.4. Let an operator
L= 8xxy + Alaxyy + Ay0,y + A38Xy + A48yy + Asd, + A68y + A4; (.17

be given; l,, and , are defined by (2.9) and (2.10 respectively). The following
divisors may be constructed.

(i) If m > 3 is a natural number and the coefficients Ay, ..., A¢ satisfy two
differential polynomials constructed below in the proof, there exists a Laplace
divisor Lym (L) = (L, [,).

(ii) If n > 2 is a natural number, Ay = Ay = 0 and the coefficients Ay, ..., A7
satisfy in addition the differential polynomials constructed below in the proof,
there exists a Laplace divisor Ly (L) = (L, ,).

(iii) If there are two Laplace divisors Lyn(L) and Ly (L), the operator L is
completely reducible; then (L) = Lclm(Lxm (L), Ly (L)).

Proof. 1t is given for case (i). If the operator L is derived k times w.r.t. x for

0 < k < m — 2, and in each step the reductum is reduced w.r.t. (2.17), the operator

k+2

Oz, + O Pikdys + Qkdry + Ridy (2.18)
j=0

is obtained; P;r, O and R; are differential polynomials in the coefficients
Ay, ..., A7. There is no reduction w.r.t. (2.9) possible. For k < 0 < m — 3, there is
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no reduction w.r.t. (2.9) possible either. However, if k = m —2 the highest derivative
w.r.t. x in the reductum may be eliminated with the help of (2.9); the result is

ax’"y + Z?:o Pj,m—Zax./ + Qm—28xy + Rm—zay
= ax’"y + Pm,m—Zax’” + Z;n;(l) Pj,m—Zax/ + Qm—Zaxy + Rm—Zay

= ax’"y + Z?;(%(Pj,m—Z - Pm,m—ZGm—j)ax/ + Qm—Zaxy+Rm—28y-

(2.19)
Deriving I, as defined in (2.9) once w.r.t. y and assuming ay = 1 yields
m m m—1
(Z A axf) = Z Am—j0yiy + Z Am—j,y 0y
=0 Y=o j=0
m—1 m—1
= Opny + ) amj0uiy + Am1Oy + Ay + Y Amjy0yi-
j=2 j=0
The terms in the first sum may be reduced w.r.t. (2.18) with the result
m—1 j
Bony = Y g (D2 Pryjad + Qady + Ry, )
=2 i=0
m—1
+ am—laxy + amay + Z am—j,yax/- (2.20)
j=0

Equating the coefficients of this expression and the expression in the last line of
(2.19) leads to the following system of equations.

m—1

Am—iy — Z Am—j Pi,j—2 + am—i Pm,m—Z - Pi,m—Z =0, (2.21)
j=max(i2)

m—1
amt = Y am—jQj2— Oma =0,
i=

m—1
aym — E am_jRj_z — Rm_2 =0.
=2

The last two equations may be used to express a, and a,,—; in terms of the
variables with lower indices. Substituting these values into the system (2.21), and
autoreducing it leads to a linear algebraic system comprising m equations for
ai,a,...,a,—; they are rational in the coefficients of L. In order for a nontrivial
solution to exist, two differential polynomials in the coefficients must be satisfied.
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The calculations for case (ii) are similar and are therefore omitted. Case (iii)
follows by the same reasoning as in Proposition 2.3. O

For later applications the syzygies for the above Laplace divisors are given next;
the proof is similar as for Corollary 2.3 and is therefore omitted.

Corollary 2.4. Let L be defined by
L= axxy + Alaxyy + A2axx + A3axy + A43yy + Asax + A(Jay + A7

and allow a Laplace divisor Lym (L) = (L, ). For m < 4 there are the following
syzygies.

m=3:L,+ (A3 —a))L =13, + Asl3,
m=4:Ly— ALy + (4142 — A3 + a3) L, + ALy,
—(2A1y — ALy Al + 24245 — 24\ A3 + Aras + As) L,
F QA Ay — Ay Aj Ay + Ay Ay — 245, A2 — 245 + A3, A,
+2A43A4% — 3414243 + A1 Araz + A1 As + Ay Ay

+A% — Asaz — Ag+ar)L = [4,y + Asly.
For Laplace divisors Ly (L) = (L,¥%,) and n < 3 the syzygies are as follows.

n=2:L,—(Ay—b))L =¥ + A1ty
+(A1y — AiAr + A3) 4+ Astyy + (Asy — A2 As + Ag)ts,
n=3:Ly —(Ay—b)L, — 24z, — A} + Asby — b))L = b5, + Atsy,
QAL — A A+ As)ea s+ Agtsy + (A4, — byxAr — AyAs+ Ag)ts.

Finally, Laplace divisors for an operator with leading derivative d,, are
considered.

Proposition 2.5. Let an operator
L= 8xyy + Alaxx + Azaxy + A38yy + A48X + A58y + A6 (222)

be given. The following divisors may be constructed.

(i) Ifn > 3 is a natural number and the coefficients Ay, ..., A¢ satisfy the
differential polynomials constructed below in the proof, there exists a Laplace

divisor Lyn (L) = (L, t,).
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(ii) If m > 2 is a natural number and the coefficients Ay, ... A¢ satisfy the
differential polynomials constructed below in the proof, there exists a Laplace
divisor Lym (L) = (L, l,,).

(iii) If there are two Laplace divisors Lyn (L) and Ly (L), the operator L is
completely reducible; there holds (L) = Lclm(Lygn (L), Ly (L)).

Proof. At first case (i) is considered. If (2.22) is derived repeatedly w.r.t. y, and the
reductum is reduced in each step w.r.t. (2.22), n — 3 expressions of the form

3ka + Rk,lf)xy + Rp o0, + Pk,kf)yk + Pk,k_layk—l + ...+ Pro (2.23)

for 3 < k < n — 1 are obtained. All coefficients Rx; and P; ; are differential
polynomials in the ring Q{ Ay, ..., A¢}. There is no reduction w.r.t. (2.10) possible.
Deriving the last expression once more w.r.t. y and reducing the reductum w.r.t. both
(2.22) and (2.10) yields

axy” + Rn,laxy + Rn,Oax + (Pn,n—l - P}1—l,n—lbl)3y”—1
+(P,,J,_2 — Pn_lyn_lbz)ayn—z + ... (2.24)
+(Pn1 - Pn—l,n—lbn—l)ay + Pn,O - Pn—l,n—lbn-

In the first derivative of (2.10) w.r.t. x

axyn + beaynfl + bz,xayn72 +...+ bn_l,XBy + bn,x

b1yt + badyyi + ..+ by, + by

the terms containing derivatives of the form d,,+ may be reduced w.r.t. (2.23) or
(2.22) with the result
axy” + (bl,x - n—l,n—lbl)ay”_l
+(bax — Py—1n—2b1 — Pu—2n—2b2)0 n—

+(bp—1x — Poci1br — Pz 1by ... — A4by_2)0y
+bpx — Pp—10b1 — Py—z0ba ... — Asby—

+(bp—1 — Ry—1,1b1 — Ry 21y — ... — A1by2)0yy
+(bn — Ry—10b1 — Ru—20b2 — ... — A3by—2)0x

where Ok, Q;; € Q{Ai...., As}. If this expression is subtracted from (2.24), the
coefficients of the derivatives must vanish in order that (2.22) and (2.10) form a
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Janet basis. The resulting system of equations is

bl,x + (Pn—l,n—Z - Pn—l,n—l)bl - Pn,n—l = 07
brx — Prip2bi + (Pyu—in1 — Piopn2)bs— Py =0,

bn—l,x - n—l,lbl e A4bn—2 + Pn—l,n—lbn—l - Pn,l = Oa

byx— Puo10b1 — Pyaoby— ... — Asb, >+ Py—14-1by — P, o =0,
by —Ry11by = Ry21by— ... — A1by—>— R, 1 =0,
by — Ry—10b1 — Ry—20b2 — ... — A3b,—> — Ry, .

The last two equations may be solved for b, and b,—;. Substituting these values into
the equations with leading terms b,,  and b, , and eliminating the first derivatives
bj,for j =1,...,n—2by means of the preceding equations, they may be solved
for b,—» and b, 3. Proceeding in this way, due to the triangular structure, all b;
are obtained in terms of b; with i < j. Backsubstituting these results, all by are
explicitly known; due to their linear occurrence they are rational in the coefficients
of L. Substituting them into the remaining equation, a constraint for the coefficients
Ay, ..., A¢ expressing the condition for the existence of a Janet basis comprising
(2.22) and (2.10), is obtained.

For case (i i) expression (2.22) is derived repeatedly w.r.t. x, and the reductum is
reduced in each step w.r.t. (2.22). In this way m — 2 expressions of the form

axkyy + Pk,kaxky + Pk,k_laxqu +...+ quzaxzy
4+ Qkk0k + Qrkk—104—1 + ...+ Qr20,2 (2.25)
+Rk,13xy + Rk,zf)yy + Ri30x + Rk,43y + Ris

for 2 < k < m — 1 may be obtained. All coefficients P; ;, Q;; and R;; are
differential polynomials in the ring Q{Ay,..., A¢}. There is no reduction w.r.t.
(2.9) possible. Deriving the last expression once more w.r.t. x, and reducing the
reductum w.r.t. (2.22), (2.9) and its first derivative w.r.t. y yields a completely
reduced expression with leading term 0,n,,. Similarly, deriving (2.9) twice w.r.t.
v, and performing all possible reductions w.r.t. (2.25) leads to another completely
reduced expression with leading term d,m . Equating the coefficients of the lower
order terms of these two expressions yields the following equations for the desired
coefficients ai, 1 <k <m.
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26ll,y + (Pm,m - Pm—l,m—l)al - Pm,m—l =0,

2“2,y + (Pm,m - Pm—l,m—Z)al - Pm—2,m—2“2 - Pm,m—Z =0,

2am—,y = Pp—1pa1 — Pp—pas — ...+ (Pum — P22)am— — Pu2 =0, (2.26)

2am-1,y + (Ppum — A1)am—1 — ... — Rp—1a2 — Ryp—11a1 — Ryy = 0,
2am,y + Pm,mam - A4am—1 ... Rm—2,4a2 - Rm—l,4a1 - Rm,4 = 07
am — Asam—1 — ... — Rpy—22a2 — Rpp—12a1 — Ry = 0.

In addition there are m equations of the general structure

Ak.yy + paiy + qrai + gr—1ai—1 + ... + qaa> + qra; =0 (2.27)

for 1 < k < m. The system (2.26) has the same form as in case (i), therefore
the coefficients a; may be determined in a similar way, beginning with the highest
coefficient a,,, then a,,—; and so on until a; is reached; due to the linearity of these
equations the aj are rational in the coefficients of L. Substituting them into the

remaining equations (2.27) a set of constraints for 4,,..., A¢ is obtained. If they
are satisfied, (2.22) and (2.9) form a Janet basis. Case (iii) follows by the same
reasoning as in Proposition 2.3. O

The syzygies for the above Laplace divisors are given next; the proof is again
omitted because it is similar as for Corollary 2.3.

Corollary 2.5. Let L be defined by (2.22) and allow a Laplace divisor
Lym(L) = (L, ). For m < 3 there are the following syzygies.

m=2:L,+ (a1 — A3)L = [2,yy =+ A1[2,x =+ Az[z,y =+ (Al,x — A1A45 + A4)[2,
m=3:Ly.+ (a—A3)L, + (a; —arA; — 245 + A%)L
=lyy + A1y + A2lzy + QA1 — A1 43 + A4 .

For Laplace divisors Ly (L) = (L,¥%,) and n < 4 the syzygies are as follows.

n=23: Ly — (4, —bz)L = t;, + Asts,
n==4: Lyy — Ale + (b3 — Az)Ly
—(2A2,y + b3Ay — by — A1 Az — A% + Ay)L =ty + Asty.
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2.7 Theldeals J,,, and J,,,

Among the ideals involving only derivatives of order not higher than three those
ideals that occur as generic intersection ideals of first-order operators are of
particular importance; they are denoted by

Jxxx = <3XXX3 axxy>LT and u]]xxy = <axxy7 axyy>LT‘

The subscripts of J denote the highest derivative occurring in the respective
ideal. Both are generated by two third-order operators forming a Janet basis; their
differential dimension is (1, 2). For later use some of their properties are investigated
next.

Lemma 2.2. The ideal

Jixx = (L1 = 0xxx + P10xyy + P20,y + p30sx + padyy + psoyy + peds
+p70y + ps,
Ly = 0xxy + q10xyy + q20yyy + q305x + q40xy + 50y, + ge0x
+479y + gs)

is coherent if the coefficients of its generators obey the conditions

Pi—q+4q; =0. pr+qaq1 =0,
G2y —qix —q1yq1 + Pa— P3qi — 45 + 2qaq1 + 4392 — 24397 = 0,
92.x + 41,92 — Ps + P3q2 — 4591 — 4aq> + 293¢2q1 = 0,
D3y — @3x + @341 — g6 + qaq3 — q3q1 = 0,

Pay —qax +qayq1 + Po + Paq3 — p3qs — q7 + qeq1 + CL% —qaq3q1 = 0,
Psy —qsx + qs5yq1 + p7+ psqs — p3qgs + 47191 + 4594 — 45q3q1 = 0,
Péy —qox + qoyq1 + Peds — P3qde — qs + qeqs — qeq3q1 = 0,

Py — Q1x + 471591 + ps + p1q3 — p3q7 + 4sq1 + 4794 — 4793q1 = 0,
P8y — qsx +qsyq1 + psqs — p3qs + qsqs — qsq3q1 = 0.

A grlex term order with p; > q; foralli and j, q; > q; and p; > p; fori < j is
applied. There is a single syzygy between the generators.

Liy+qsLi—Lox +q1Lay — (p3+q19g3 —q4) Lo = 0. (2.28)

The proof of this lemma is considered in Exercise 2.9. An example of an ideal J,
is given next.
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Example 2.15. The ideal

(L1 = 0xxx — Oxyy + 2x0xy — 3(3x% + 1)d, + 4(2x% + 1)d, — 8x* — 24x,
Ly = Oxyy + yyy + x0yy — (x> + 1)0x —4(2x2 + 1)3, — 8x%)

is generated by a Janet basis. By the results of Chap. 6 it may be shown that both
operators L; and L, do not have any first-order right factor. The single syzygy
Ly, + xLi = Ly, + xL, is particularly simple in this case. O

Lemma 2.3. The ideal

Jxxy = <K1 = axxy + playyy + P20y + pSaxy + p4ayy + psoy + péay + p7,
K> =0y +q10yyy + q20xx + q30xy + 40, +g50x + 60, + q7)

is coherent if the coefficients of its generators obey the conditions

=0, pi+qi=0.
P1y — Q1x + 471991 — P2p7 — P397 — P19192 + 193 — 419397 + 4497 = 0,
Doy —d4ex t deyqd1 — P2P6 — P3q6 — P6q192
+p6q3 + P71 — 919396 + 4197 + q4q6 = 0,
Dsy —45x +q5yq1 — p2ps — P3qds5 — Psq1q2
+p593 — 419395 + qaq5s — g7 = 0,
P4y —d4x + qayq1 — P2P4 — P3qda — Paq1q2
+paqs + pe — 19394 + 196 + g7 = 0,
P3y —4q3x T q3y41 — p2p3 — P3q192 + ps — q1q§ + q195 + 4394 — g6 = 0,
P2y = Qrx + Q2341 — D3 — P20192
+p293 — P3g2 — 19293 + 4294 — g5 = 0,
Py —4qi1x +q1.y41 — p1P2 — P14192
+p1q3 — p3q1 + Ps—4iq3 + 2q194 = 0.

A grlex term order with p; > q; foralli and j, q; > q; and p; > p; fori < j is
applied. There is a single syzygy between the generators.

Kiy—(p2+9192—q3) K1 — Ko x + 1 K2y — (p3 + 9193 — q4) K> = 0. (2.29)

The proof is also considered in Exercise 2.9.
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2.8 Lattice Structure of Ideals in Q(x, y)[d,, d,]

In any ring, commutative or not, its ideals form a lattice if the join operation is
defined as the sum of ideals, and the meet operation as its intersection. In order to
understand the structure of this lattice, these two operations have to be studied in
detail. The basics of lattice theory required for this purpose may be found in the
books by Gritzer [19] or Davey and Priestley [15].

The first result deals with a special case that guarantees the existence of a
principal intersection ideal of first order operators.

Proposition 2.6. Let L be a partial differential operator in x and y with leading
term Oy, and let l; = 0, + a;0, +b;, i = 1,...,n, a; # a; fori # j, ben
right divisors of L. Then the intersection ideal generated by the l; is principal and
is generated by L.

Proof. LetI; = (l;)for1 <i <mand I = I; N...N I, be the intersection ideal.
Forany P € I,symb(P) isdividedby [],_; ., (0« +a;d,), considered as algebraic
polynomial in d, and d,; therefore ordX(P_) "> 5. On the other hand, according to
Sit’s relation (2.8) on page 29, for the typical differential dimension there follows
dim(I) < n. Hence if I = (L) is principal then ordy(L) = dim(I) = n.
Conversely let P € [ and divide P by L with remainder, i.e. P = QL + R.
Then ord,(R) < n, therefore R = 0. Thus I = (L). u|

The intersection ideals generated by two or three first-order operators in the plane
are described in detail now.

Theorem 2.2. Let the ideals I; = (0« + a;d, + b;) fori = 1,2 with I, # I, be
given. Both ideals have differential dimension (1, 1). There are three different cases
for their intersection I N I, all are of differential dimension (1, 2).

(i) Ifa; # a» and( b — b, )x:( arby — azb, )y then

ap —daz ap —az

LNl = Ow)rrand I + I, = <3x + “‘é’f :Z;blsay + Z} :Z§>'

. by —b arb, — axb
i) Ifa, # ar and [ 2L =22 122 — €271 ) then
( ) f l7é 2 (al_az )x?é( a, —ap )y
Lhnlh =Jand 1 + 1, = <1>
(iii) If ay = a; = a and by # b; then

LNl = <axx>LT and I, + I, = <1>

Case (ii) is the generic case for the intersection of two ideals I, and I,.
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Proof. The proof follows closely Grigoriev and Schwarz [22]. In accordance with
Cox, Little and O’Shea [13], Theorem 11 on page 186, an auxiliary parameter u is
introduced and the operators u(d, + a;0d, + b1) and (1 — u)(0x + a»d, + b,) are
considered. In order to compute generators for the intersection ideal, a Janet basis
with u as the highest variable has to be generated. To this end, computationally it is
more convenient to find the Janet basis with respect to the differential indeterminate
z and a new indeterminate w = uz with w > z in a lexicographic term ordering. The
intersection ideal is obtained from the expressions not involving w; the sum ideal is
obtained by substituting z = 0. This yields the differential polynomials

wy +awy +biw and wy + aswy + baw — 2, — aszy — baz. (2.30)

If a; # a, autoreduction leads to

by, — axb
wy + ala? - Z; bw — ala—laz (@ + a2y + ba2), (2.31)
wy + Zi :2§w+ ap laz(zx a2y + baz).

Defining U = z, + axz, + baz, the integrability condition between these two
elements has the form

[(algﬁ :Z;bl)y — (3} :Z;)X]w— a; laz U, — ala—laz U,
-[(ata) + (al‘ﬂaz)y + arlg U =o.

If the coefficient of w vanishes, the remaining expression has the leading term z,,
and is the lowest element of a Janet basis. The sum ideal is obtained from (2.31).
This is case (7).

If the coefficient of w does not vanish, this expression may be applied to eliminate
w in (2.31). It yields two expressions with leading derivatives Uy, and Uy,,
respectively; they correspond to an intersection ideal Jyy,. The sum ideal is trivial.
This is case (i7).

Finally, if a; = a, = a, autoreduction of (2.30) yields two expressions of the
type w + 0(zx) and o(zxx) respectively; they correspond to an intersection ideal
(Jxy) 7 and a trivial sum ideal. This is case (iii).

Case (i7) is the generic case because it does not involve any constraints for the
coefficients of the generators of /; and /5. O

The highest coefficients of the generators of the intersection ideal in case (i7) of
the above theorem may be expressed explicitly in terms of the coefficients of the
two first-order operators of the argument of the Lclm as shown in Exercise 2.10;
the expressions for the lower coefficients are too voluminous to be given explicitly.
However, if an ideal is a priori known to be principal its single generator may be
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given explicitly in terms of the coefficients of its factors or the arguments of the
intersection as shown next.

Corollary 2.6. Let the second-order operator
L= axx =+ A13xy =+ Azayy =+ A38x =+ A48y + As

be given.

(i) Let L have the representation L = (0, + a»0y + b2)(3x + a10, + by). Then

L = 0y + (a1 + a2)axy + al“Zayy + (b1 + b2)0x

+(aix + aiyaz + aiby + axby)dy + by x + by yaz + bib;.
(2.32)

(i7) Let L have the representation L = Lclm(0x + a20, + by, 0x + a10, + by).
If ay # as, then

L =0y + (a1 + a2)axy + al“Zayy
+(b1 + b — Flaz(al,x —ar +aiyar — aZ,yal))ax
+(a1b2 + arby — ﬁ(al,xaz —axya) + ayya;s — az,yaf))ay

+bi1by + by + arbyy, — albfzaz(al,x —azy 4 a1,ya: — @ yai).
(2.33)

Ifay = a; = a and by # b, then

_ by —b
L = 0,y 4 2adyy +a*dy,+ <b1+b2_ (l;)ll—bzz)x _a(bll—bzz)y ) %

by — by), (b1 — by)
+(a(b1+b2)+ax+aay_a(lall—1922) —a bll—bzzy)ay

+biby = - (brabs = bacbi — albiybs — byby)).

(2.34)

Proof. In case (i), the representation of L is obtained by multiplication of the two
first-order operators. In case (ii), reduction of L w.r.t. both first-order operators
yields expressions in d,,, d, and a term without derivative. Its coefficients form
a system of six linear algebraic equations for the coefficients of L. They may be
solved for Ay, ..., As with the given result if a constraint for a;, b, a, and b, is
satisfied. It is identical to the condition of case (i) in Theorem 2.2 assuring the
existence of the principal intersection. O

This proof is simpler than that of the preceding theorem because the principality
of the intersection ideal is part of the assumption.
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There is a relation between the commutativity and the structure of the intersection
ideal of two operators as shown next.

Lemma 2.4. Two commuting operatorsly = 0x+a,0,+by andl, = 0,+a»0,+b,
with ay # a, have a principal intersection ideal.

Proof. The assertion is obvious from the representation
by — by
2
(a1 —a2)

+((b1 = bo) + bryar — by yar) g

(bl—bz) _<a1b2—azb1

ay —a a, —a )y: (a1 = ax)x + arya2 — azya1)

The left hand side is the condition of case (i) of Theorem 2.2. The coefficients of
the fractions at the right hand side are just the conditions for commutativity given in
Lemma 2.1. O

Example 2.16. Consider the two ideals
I = (0, +1) and I, = (0x + (¥ + 1)9,),

both of differential dimension (1, 1). The condition for case (i) of Theorem 2.2 is
satisfied. Hence

Lelm(Iy, ) = (Oxx 4+ (y + Ddyy + 9 + (v + 1)),

Gerd(I, 1) = (9, + 1,9, — #};

their differential dimension is (1,2) and (0, 1) respectively. O

Example 2.17. The two ideals I} = (9, + 1) and I, = (9, + x0,), both of
differential dimension (1, 1), do not satisfy the condition of case (i) of Theorem 2.2;
furthermore a; # a,. Therefore by case (i7) the intersection ideal is

Lelm(1y, 1) = <<8XXX —xzaxyy + 30, + (2x+3)0y, —xzayy +20, + (2x +3)0,,
1 1 1
axxy + xaxyy - faxy + xayy - )_CBV - (1 + f)3y>>

of differential dimension (1,2); Gerd(Iy, I;) = (1). O

The above Theorem 2.2 does not cover the case that the two operators generating
I, and I, have different leading derivatives; it is considered next.

Theorem 2.3. Let the ideals I, = (0, + a0, + b1) and I, = (0, + ba) be given,
1, # I,. There are two different cases for their intersection Iy N 1.

(i) If (by —aiby)y, = by x then

LN = <8xy>LT and I + I, = <3V + by —albz,By +b2>.
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(ii) If the preceding case does not apply then

LNl :Jxxy and I + I, = <1>

Proof. By a similar reasoning as in the preceding theorem, the differential poly-
nomials wy + ajw, + biw and w, + byw — z, — b,z are obtained. Autoreduction
yields

wy + (b1 —aiby)w + a1z, + arbrz, wy 4+ bow —z, — byz. (2.35)

In order to make this into a Janet basis in a [ex term order with w > z and x > y,
the single integrability condition has to be satisfied. Upon reduction w.r.t. (2.35) it
assumes the form [(b1 —a1b2), — by x]w+0(zyy). If the coefficient of w vanishes, an
expression with leading term z,, remains; it corresponds to a principal intersection
ideal. This is case (i).

If the coefficient of w does not vanish, this expression has to be applied to
eliminate w from (2.35). The resulting polynomials with leading terms z.,, and
Zxyy correspond to the ideal in case (i 7). O

The explicit expression for the generator of the principal intersection ideal of
case (i) of Theorem 2.3 is determined in Exercise 2.11. In Exercise 2.12 the highest
coefficients of the generators of the intersection ideal in case (i i) are determined.

All intersection ideals obtained in the above theorems are either principal, or
they are generated by two operators in accordance with Stafford’s theorem [67].
Furthermore, by construction the two generators form a Janet basis.

The above Theorem 2.2 and 2.3 are the key for understanding the decompositions
of operators in the plane; in particular this is true for Blumberg’s example that is
considered later in Example 6.9 on page 128.

Intersecting three principal ideals generated by first order operators is much more
involved as the next result shows.

Theorem 2.4. Let the ideals I; = (3 + a;0y + b;), i = 1,2,3 be given with
1; # I; fori # j.There are four different cases for their intersection I1 N1, N 1.

(i)  Separable case ay # ay # as. If the constraints (2.41), (2.46) and (2.47)
given below are satisfied the intersection is Iy N I, N I3 = (0yxx)LT-

. . bi—by _ by—bs . .. .
(a) Ifin addition 4 —a, = & —ay there is a nontrivial sum ideal

by —asb,
dy —daj

bz—b3>'

az —das

L+L+1L=0+% , 0y +

(b) If the condition of the preceding case does not apply the sum ideal is
trivial, i.e. Iy + I, + Iy = (1).
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(ii) Double root ay = ay = a # as, by # by. If the two constraints (2.41) and
(2.50) given below are satisfied, it follows that Iy N\ I, N I3 = {0y )7 and
I+ 1, = (1)

(iii) Triple root ay = a, = az = a, by # b; fori # j. If condition (2.52)
is satisfied, the intersection ideal is (3. ) 7. If the latter condition is not
satisfied, the intersection ideal is (0yx.) . In either case I + [, + I; = (1).

(iv) If the preceding three cases do not apply, the intersection ideal is gener-
ated by two operators. It may be (Oxxxx, Oxxxy)LT, (Oxxxxys Oxxxyy)LT OF

<axxxxyy s axxxyyy >LT-
All intersection ideals have differential dimension (1, 3) except the first alternative

in case (iii) with differential dimension (1,2).

Proof. By a similar reasoning as in the preceding theorem the following differential
polynomials are obtained.

wox +azwy,y + bswy + wix + aswyy + bywy — 7 — aszy — b3z, (2.36)
wax +awa, +bowy,  wiy +aywi, + biw. .

At first a; # a, # as is assumed. Autoreduction yields the system

abs — aszb ay—a —-b
W2 x = s 2Wz— 2 ! 3W —ap ! 3w1 + 0(zy), (2.37)
a) —das a) —das —das
—-b a,—a -b
way + S Ly + L o+ 0(zy), (2.38)
az —asj ap —as ar — aj
Wix +aiwry + biwy. (2.39)

It has to be transformed into a Janet basis in /ex term ordering with w, > w; > zand
x > y. There is a single integrability condition (2.37), — (2.38),. Upon reduction
w.r.t. to (2.37), (2.38) and (2.39) the following expression is obtained.

Wiyy

[( by — bs ) _ ( axbs — aszb, ) ] Wy — (a1 — az)(a; —a3)
X y

daz —das az —das daz —das

ay—as _ 3 a;—as
+[(az—a3)x (@ = aZ)Yaz—a +a2<az—a3)y

—(al—az)az— (br — bz)az_a3 ]Wl,y
bi—b bi—b by —by)(b) — b3)
Fl(@=a), + (war=a ), -Pata

_bl,y Z; — Zg :I wi + O(Zxx)-
(2.40)
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At first it is assumed that the coefficient of w, vanishes, i.e.

( b2~ bs ) —( dabs — ash )y: 0. (2.41)

daz —das az —das

As a consequence the terms of (2.37) and (2.38) involving w, do not change any
more. Defining

P = by — by +b1—b3 + (al_GZ)y

ap —a ap —az ap—aj

1 ( (a1 —a3), +a2(al —a3)y _ (ay—a3)y | (42— a3), )

Ta—as a; — as a; —az a) — as 27a, —as
(2.42)
and
__ 1 bi—=by((a2—a3)« (a2 —a3)
0=lpi=t (=0 +a 2= v hi—b-ar, ) s
1 (by = b3)x (b —bs3) ’
Tai = ( ar—a; Ta97q —a3y _blsy)

and dividing (2.40) by the coefficient of wy ), the result may be written as

Wiyy + PWl,y + le + O(Zxx)- (244)

Combined with (2.39) it must form a Janet basis for w; and z. To this end, the single
integrability condition between (2.39) and (2.44) has to be satisfied. If all reductions
are performed it assumes the form

[Pe+ (a1 P —ai,—2b1)yIwiy +[Ox+ai1, O —bi1, P +(a1Q—b1 ), Iwi +0(Zexx).
(2.45)

The first alternative in order to make this expression into a Janet basis combined
with (2.39) and (2.44) is to require that the coefficients of w; , and w; vanish, i.e.

Px+(a1P—a1,y—2b1)y =0 (2.46)

and
Qx + al,yQ - bl,yP + (alQ - bl,y)y =0. (2.47)

The resulting expression has the leading term z .. It is the lowest element of a Janet
basis of the full system and does not contain w; or w,. Hence, the intersection ideal
corresponding to this alternative is principal and has the form (9yy) 7.

If (2.46) or (2.47) is not satisfied, (2.39), (2.44) and (2.45) combined must be
transformed into a Janet basis. In either case, autoreduction yields in several steps
a basis the two lowest members of which have leading terms not higher than zy
Or Zyyxyy respectively. If (2.41) is not satisfied, w, may be eliminated from (2.37)



54 2 Rings of Partial Differential Operators

and (2.38). The resulting system has leading terms wy y,y, Wiy, and wy . Again
autoreduction yields after several steps two members with leading terms not higher
than Zyyxxyy and Zyxyy,,. This completes case (7).

If a; = a, = a # a3 and by # b, the coefficient of wy ,, in (2.40) vanishes. If
condition (2.41) holds, the relation

wiy + Rwi 4+ 0(2xx) (2.48)

follows with

R=—

1 [( by — bs )x n ( b1 b3 )y _(bl —b2) (b1 — b3) ] . (2.49)

by — by a—a;s a—a;s a—a;s

The single integrability condition between (2.39) and (2.48) yields after two
reductions an expression of the form [R, — (b1 —aR),]wi +0(2xx,). If the coefficient
of wy vanishes, i.e. if

R, —(bi —aR), =0, (2.50)

an expression with leading term proportional to z,, remains. It leads to a principal
ideal with leading derivative d,,y,. If it does not vanish, it may be used for
eliminating wy , from (2.39) and w ,, from (2.48). The resulting expressions contain
the leading derivatives zyyyy and zyx,y, respectively corresponding to the ideal
<axxxm ax)rxy>LT-

If condition (2.41) is not valid, w, may be eliminated from (2.37) and (2.38) using
(2.40). If the result is reduced w.r.t. (2.39) and then autoreduced, two expressions
with leading derivatives zyyy, and zy,xyy are obtained. They correspond to an ideal
(Oxxxxy, Oxxxyy)r7. This completes case (i1).

Assume now a; = a, = a3 = a and b; # b; fori # j in (2.36). A single
autoreduction step yields

—b
Lwi + 0(2y).

Wax +awyy + bywy +0(zx), wix +awi, +biwy, way + b3 b
3 — 02

The last element may be applied to eliminate w, from the first one with the result

(b1 — b)) (b1 —b3) [ by—b
[1 J—é 3_<£—é)

<b3—b1

by — by )y] wi+0(zw). (251

If the coefficient of w; vanishes the condition

(bx b ) <b3—b1 ) _ (b =Dy (b1 — b3)
by — by

b3 — bz bz - b3
follows; the expression (2.51) has a leading term proportional to z,, corresponding
to a principal ideal (dy, ). 7. If it does not vanish it may be used to eliminate wy from

(2.52)
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the second relation. The result is an expression with leading term z, ., corresponding
to a principal ideal ()7 without further constraint. This completes case (iii).

If a; # aj fori # j,i,j = 1,2,3, autoreduction of the system /; = d, +
a0, + b;, i =1,2,3,leads to the system

bi—by by—bs

— , (2.53)
ay —dap ar —dajs
a)b; —aszb b, —b
I+ =2 5 4 25 (2.54)
a) — ajz d; —daj

In order that {/,,/,,/3} form a nontrivial Janet basis, the expression (2.53) must
vanish. In addition the integrability condition for the system (2.54) must be satisfied
which is identical to (2.41). This yields the Gcrd in case (i). In cases (i) and (iii)
at least for one pair of coefficients there holds a; = a;, b; # b; which leads to a
trivial Gerd. O

These result will be illustrated now by a few examples. The reader is encouraged
to reproduce them by using the software provided on the website alltypes.de;
as a useful exercise the effect of small variations of the input operators may be
studied.

Example 2.18. Let three operators be given by

x2+1

x3

xy +1
x2y —x

1
h=0 420, +— b=0+29,— C =0+ 29, -
X X X X

_x.

Because a; = a; = as case (iii) of Theorem 2.4 applies. Because the coefficients
by, by and bj satisfy (2.52), the intersection ideal is generated by

2y y? 1 y 1
3xx+?axy+ﬁayy+;ax+;3y_ﬁ. O

Example 2.19. Consider the three operators
Lh=0,+2, Lh=0,+0,+1, [3=0,+20,

with a; # a; fori # j and 21:2; # 25:%’

Theorem 2.4 applies. Their intersection is

i.e. subcase (a) of case (i) of

Lelm(ly, b, I3) = (Oxxx + 30xxy + 20xyy + 30xx + 80xy + 40y, + 20, + 49,)

and their sum ideal Gerd(ly, 1>, 13) = (9 + 2,0, — 1). O

Example 2.20. Consider the three operators

=042 L=0,+0,+2 [5=0+20,
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with a; # a> # as and 3} — Z; =0+# 3; — 2-;’ = —2,i.e. subcase () of case (i)

of Theorem 2.4 applies. Their intersection is

Lelm(lh, 1, 13) = (Oxxx + 30xxy + 20xyy + 40xx + 100y, + 49, + 49, + 80,)

and their sum ideal Gerd(ly, [, 13) = (1). O

The proof given above shows an additional feature of the intersection of three
ideals. According to Theorem 2.2, condition (2.41) means that the ideals 7, and
I3 have a principal intersection. If it is not satisfied, the subsequent Janet basis
calculation leads into a branch which does not allow a principal intersection any
more. Because this is true for all possible term orderings, the principality of the
intersection of three ideals requires that the pairwise intersections of each pair
be principal. However, the reverse is not true as may be seen from the following
example.

Example 2.21. Let three principal ideals be given by
I = (0, + 0y +x), I =(0x +x0, +x)and I3 = (0, + yd, + x).
Any of its three pairwise intersections /; N [;,i, j = 1,2, 3 is principal.
Lelm(ly, Ib) = <<a” + (x4 Dy + xd,,
+(2x — xlTl)a" + (2 +x— xlTl)ay +x2 - m>>

Lelm( 13) = (e + (v + Dy + ¥y,

+(2x—ﬁ)8x+(xy +X—ﬁ)8y+x2+l——yll>>,
Lelm(lo, 13) = (o + ( + )0y + 290y,
_ 2 _ 2
(20 + 510+ (7 —xy = =)y + 47+ =y =),

yet the intersection of all three ideals is a rather complicated non-principal ideal, it
shinhnNilz= <axxxm axxxy>LT- o

The important property shown in this example is formulated as the next corollary.

Corollary 2.7. In order that the intersection of the ideals I; = (3 + a;0d, + b;),
i =1,2,3 be principal it is necessary, but not sufficient, that their pairwise inter-
sections are principal.

Finally there remains the case of two operators with leading derivative d, in the
term ordering grlex and x > y. The answer is given next.
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Theorem 2.5. Let the three ideals
I = <8y =+ b1>, I, = <8y + b2>, I; = <8x +a38y + b3>

be given with I; # 1; fori # j and a3 # 0. There are three different cases for
their intersection 11 N I, N I5. All intersection ideals have differential dimension

(1,3).

(i)  Ifbix—(bs—aszb1)y = 0and b, — (b3 —aszb,), = 0 the intersection ideal
is principal of the form (0xyy) 1.

(ii) Ifbl,x—(bg,—ag,bl)y =0 andbz,x—(bg,—ag,bz)y 75 0, Orbl,x—(b3—a3b1)y 75 0
and by « — (bs —azb,), = 0, the intersection ideal is not principal, it has the

Jform <axyyyv aXny>LT~
(iii) Ifbix— (b3 —aszb1)y # 0and b, — (b3 —azb,), # 0 the intersection ideal
is not principal, it has the form <3xyyyy, 3xxyy>LT of differential dimension

(1,3).

Proof. By a similar reasoning as in the above theorems the following differential
polynomials are obtained.

Wiy +aswy, + bswy + wax +azwy, + bswy — 7, — aszy — bsz,
Wiy + biwy, way + byws.

By assumption the relation by # b, is valid. The lex term order with wy > wy > z
and x > y is always applied. Autoreduction yields the system

wix + (bs —azbi)wi + wax + (b — azby)war — zx — aszy — baz, 2.55)
Wiy +biwi, wa, + bows. .

The single integrability condition between the first two members yields after
reduction

[(bs —a3zb1)y — bix]wi — (by — bi)wa
+[(b3 —azbs)y — by x — (b3 — azbs)(by — by)]ws (2.56)
—Zxy — ble —asZyy — (a3,y + a3bl + bS)Zy - (bS,y + ble)Z-

If the leading coefficient vanishes, i.e. if
bix — (b3 —azby), = 0; (2.57)

upon autoreduction the full system is
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wix +(b3 —azb)w; — ﬁ[blx — (b3 —azby),]w>
_ﬁ[ny + bazy + azzyy + (azy + azby + b3)zy
+(b3,y + bab3)z],  wi,y + bywy,
wa x + B —b; b [b2,x — (b3 — azba)y + (b3 — azbs)(by — by)]ws
+b —y [zxy + b1zx + a3zyy + (azy + azby + b3)zy

+(b3,y + b1b3)z], way + bywy.

The two integrability conditions for this system are satisfied if
by x — (b3 —azb,y), = 0. (2.58)

In addition a differential polynomial for z with leading derivative z,,, has to
be satisfied. This is case (i) yielding a principal intersection ideal. If (2.58) is
not satisfied, the integrability condition for the last two equations of (2.8) is an
expression of the form z + 0(zxyy). Reduction w.r.t. it yields a Janet basis the
two lowest polynomials of which have leading derivatives zyyyy, and zyyyy; this is
case (i1). If neither (2.57) or (2.58) are satisfied, the two lowest polynomials of the
resulting Janet basis have leading derivatives zyyy,, and zyyyy; thisis case (iii). O

Subsequently three examples are given covering the three cases of the above
theorem; they show that these alternatives do actually exist. Due to the Janet basis
calculations involved the coefficients of the given operators /;, I, and /3 have to be
fairly simple in order to obtain a manageable problem.

Example 2.22. The three operators d,, + x, 0, + x + % and 9, + %ay + 2y have
the principal intersection

2

Oxyy + (2x + )aw + (¢® + D + ayyy (4y +x+ %ayy)

(5xy+6+3y+ LYo, +2xy +4x+2y + 2

corresponding to case (i) of the above theorem. O

Example 2.23. The non-vanishing coefficients of the operators d, + x, d, +x +y
and 9y + % 29 y+2yareb = x,b, = x+y,b3 = ha Fanda; = l.They satisfy (2.57)
but not (2 58) Therefore case (i7) of the above theorem applies. Their intersection
ideal <3xyyy, axxyy> L7 18 not principal; its two generators are too voluminous to be
given here. O
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Example 2.24. The coefficients of the operators 9, + %, 9, + % and 9, + %3y +2y
satisfy neither (2.57) nor (2.58); thus by case (iii) their intersection ideal is not
principal; it is generated by two huge operators with leading derivatives 0.y, and
Oxxyy- |

2.9 Exercises

Exercise 2.1. Prove Lemma 2.1 on page 22.

Exercise 2.2. What does the relation (2.8) on page 29 mean for ideals of differential
dimension (0, k)?

Exercise 2.3. Determine the third-order terms of the generators of the intersection
ideal in case (i7) of Theorem 2.2 on page 47 explicitly.

Exercise 2.4. The same problem for the generator of the principal ideal in case (i)
of Theorem 2.3.

Exercise 2.5. Solve the equations /;z; = 0 with [;, i = 1,2, 3 from Example 2.19
and explain the solution of Gerd(ly,1,,13)z = 0 in terms of the solutions of these
three equations.

Exercise 2.6. Let three operators /; = d, +a,;0, + b; with constant coefficients be
given, a; # a; fori # j. Determine the general expressions for Lclm(ly, 15, [3)
and Gerd(ly, I, I3) and distinguish subcases (a) and b) of case (i) in Theorem 2.4.

Exercise 2.7. Determine the Hilbert-Kolchin polynomial H; and the differential
dimension d; for the ideal / = (0yyxxxx, Oxxxxyy)LT-

Exercise 2.8. Assume a module of differential dimension (0, 1) in &° is generated
by the four elements (0 + a1, a2, as), (3,, b2, b3), (¢, 1,0) and (d, 0, 1). Determine
the coherence conditions for its coefficients such that they form a Janet basis of a
type Mgo’l) module defined on page 33.

Exercise 2.9. Prove Lemma 2.2 and Lemma 2.3 on page 45 and page 46 respec-
tively.

Exercise 2.10. Determine explicit expressions for the coefficients pi, p», ¢ and ¢,
of the intersection ideal for case (ii) of Theorem 2.2; the notation is the same as in
Lemma 2.2 on page 45.

Exercise 2.11. Determine the generator of the intersection ideal of 9, + a9, + b;
and 9, + b, if case (i) of Theorem 2.3 applies.

Exercise 2.12. Determine explicit expressions for the coefficients pi, p», ¢ and ¢,
of the intersection ideal for case (ii) of Theorem 2.3; the notation is the same as in
Lemma 2.3 on page 45.



Chapter 3
Equations with Finite-Dimensional
Solution Space

Abstract In the preceding chapter on page 30 ideals of differential type zero have
been introduced. The corresponding systems of pde’s are considered now. They
have the distinctive property that their general solution does not involve functions
depending on one or more arguments, but only a finite number of constants. In other
words, its general solution has the structure of a finite-dimensional vector space
over constants like in the ordinary case. At first the Loewy decomposition of such
systems in two independent variables containing derivatives of order not higher than
three are discussed. Subsequently they are applied for finding its solutions.

3.1 Equations of Differential Type Zero

If the operators of a differential dimension (0, k) ideal are applied to a differential
indeterminate z, the differential polynomials obtained generate a system of linear
pde’s with a finite dimensional solution space. In this chapter systems with a
solution space of dimension not higher than three are considered corresponding to
ideals of differential dimension (0, k) with k < 3; they have been introduced in
Proposition 2.1.

At first the relations (1.4) are generalized. It does not seem to be possible to
represent the coefficients of a Janet basis for any type JX) ideal in a single closed
form expression. Rather, the representations for the individual cases have to be
distinguished. The simplest one is the Janet basis type J(!) with the corresponding

system of pde’s zy + az = 0, z, + bz = 0; if z; is a solution, there are the
. . 2,y .
obvious representations a = —ZZI"" and b = —é—’ly. For the two Janet basis types of

differential dimension (0, 2) the answer is given next.

Lemma 3.1. Let the coherent system zyy + a1zy + a2z = 0, 2y + bizy + byz = 0
corresponding to Janet basis type J(10,2) be given, and let {z1,z2} be a basis for its

F. Schwarz, Loewy Decomposition of Linear Differential Equations, Texts & Monographs 61
in Symbolic Computation, DOI 10.1007/978-3-7091-1286-1_3,
© Springer-Verlag/Wien 2012
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. Z Z
solution space; define w = by If w # 0, then
1,y 22,y
1] z 1
1 22 2y 22,
a = —— , dy = — Y Y B

W ZLyy 22.yy W Zlyy 22.yy
1 1 22 1 2lx 22.x
bl = - s b2 = —— " ”
W | Z1x 22,x W21,y 22,y

Proof. Substituting the basis elements z; and z, into the two given equations yields
the system z; ,, + a1z, +a»z; = 0and z; v +b1z;, +b2z; = 0,i = 1,2, comprising
four equations altogether. The two subsystems for the a’s and the b’s respectively
may be algebraically solved with the above result. O

The same result for Janet basis type J (20’2) is given without proof.

Lemma 3.2. Let the coherent system zyx + a2y + a»z = 0 and z, + bz = 0
corresponding to the Janet basis type Jgo,z) be given, and let {z1, 22} be a basis for

, . 21 2
its solution space such that (Z—l) = 0, definew = U221 Then
2
y Al,x 22,x
1z =z llziy z 1 2
a; = —— 1 2 L ay = — lx <2x , h=— Yo ,y.
W | Z1,xx 22,xx W | Zlxx 22,xx <1 22

From the preceding two lemmata it becomes clear why in Proposition 2.1 the two
Janet basis types J (10’2) and J(ZO’Z) have been distinguished. The former corresponds
to the generic case without constraints for a fundamental system; in the latter case
the relation z; = f(x)z, must hold for any two basis elements, with f(x) an
undetermined function of the higher independent variable x. Similar constraints
apply for Janet bases with higher dimensional solution spaces. The following two
examples show this distinguishing feature.

Example 3.1. Letz; = % andz; = % _}_ ¥ be given. Because (%)y = —% #0,
according to Lemma 3.1 the coefficients are
2x 42y 2 y? xX—y
1= - 9 a2: - N bl :__25 b2: 2 .
yx+y yx+y) x x
In grlex, x > y term order they generate the Janet basis
2x 42y 2 y? xX—y
Zyyt+— Z z2=0, zx——=5z+—5-2=0. O
Py x+y T v+ y) D
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2
Example 3.2. Letz3 = xxTy andz, = xxTy be given. Because now (%) =0,
y

Lemma 3.1 does not apply. Rather by Lemma 3.2 the coefficients

are obtained. In grlex, x > y term order they generate the Janet basis

2y 2y 0 1

— Zx+ z=0, z
x0T P +y) Yox+y

z=0. |

For higher order systems these relations become increasingly more complicated.
In Exercise 3.1 the answer for ideals of type J (20’3) is obtained.

3.2 Loewy Decomposition of Modules M)

The decompositions of modules in 22 are needed for the ideal decompositions in
the subsequent section. There are altogether five modules of differential dimension
(0,2); its decompositions into first-order components are discussed in detail.

Proposition 3.1. Let the type M\"> module
M = ((0x + A1, A2), (0, + By, By), (C1, 0 + C2), (D1, 0, + Dy))

be given where A;, B;,C; € Q(x,y) for all i; it is assumed that the integrability
conditions of Proposition 2.2 are satisfied. If it has a first-order divisor, the following
cases are distinguished; r(x,y), ri(x,y), i = 1,2 and r(x,y,C), C a constant,
are rational functions of its arguments.

(i) The following divisors of type Mgo’l) may occur.

(a) There is a single divisor

<((1’ r(x’ y))’ (Os aX + C2 - Clr(xv y))? (07 ay + D2 - Dlr(-xs y))>s

(b) There are two divisors as above with r(x,y) replaced by ri(x,y) and
ra(x, y);
(c) There are divisors as above with r(x, y) replaced by r(x, y, C).
(ii) If C; = Dy = 0, there is the divisor ((0, 1), (0x + A1,0), (9, + By, 0)) of type
MO,
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Proof. Dividing M by ((1,a), (0,3, +b), (0,9, + ¢)) of type M\*", the condition
that this division be exact leads to the following constraints.

a, + C1a2 4+ (A1 —Cy)a— A, =0, ay + D1a2 + (B — D3)a— B, =0,
b=C2—C1a, C=D2—D1(l. (3.1)

The rational solutions of the system for a determine the possible divisors, they have
been described in Theorem B.1 and lead to the above cases in a straightforward way.

Proceeding similarly with a divisor ((0, 1), (3, +a.,0), (9, +b,0)) of type M(zo’l)
yields the conditions C; = D; = 0,a = A; and b = B of case (i1). O

This proof shows that the first-order divisors of a type M(®? module may be
obtained algorithmically. Applying this result its decomposition types are given
next.

Theorem 3.1. The possible Loewy decompositions of a module M of type M©-?)
into first-order components may be described as follows. My, M, and M(C) are

modules of differential type M(lo’l) or M(O 1 , C is a parameter;, M3 has type M(O 1

(i) Fortype Mgo,z) there are three decomposition types.

ley Xy M = M;M;; sz,y,x,y . M = Lclm(M,, My);
3 . _
Lyt M =Lcdm(M(C)).
i 0.2) 0,2) i .
(ii) Fortypes M]"™ and ML, ™ there follows £, = .,2”; yayJori =1,2,3.

02 02
(iii) For types M( ) an dM( ) there follows £} .y Ly fori =123

Proof. The decompositions of a type Mg " module are a straightforward
consequence of the preceding proposition. The decomposition for case (ii) and
case (iii) follow from the decompositions of the corresponding ideals as given in
Theorem 3.2. O

Example 3.3. Consider the type Mgo,Z) module

_ r vy 1 1
w0 b)) () (00 5)
1
(o,ay+ x+y)>>. (3.2)

Applying the notation of Proposition 3.1 the coefficients are

|
4 —C =D =0, Bp=Cy=Dy= —

A = - B =
: x(x+y) X+y

1
—, Ay =-—
x
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By case (i) of this proposition the system for a is

y y 1 1
= a = — 5 a -
Tx(x+y) x(x 4+ y) Y

— —da .
X+Yy X+y

There is a single rational solutiona = 1 + 2_y’ it leads to the type M(lo’l) divisor

MlE<(1,1+27y),(0,ax+$),(0,3y+ﬁ)).

By case (i) of the same proposition the additional type M(ZO’I) divisor

M, = {0.1), (8x + %,0) (9,.0) )

follows. Consequently, M is completely reducible and may be represented as

M = Lclm(M,, M), i.e. its decomposition type is ffyw O

Example 3.4. For the module M of type Mgo,Z) considered in Example 2.13 on
page 33 the system (3.1) reads

dy(x*+y) , x> +5y 1 2x 1
x Y] 5 5 =0, ay—— a—— a=0.
x(x7=y) x(xT—y) Xy xT—y x"—y
Its only rational solution is a = —%; there follows b = 0, ¢ = —%. It

yields the divisor M; = (((1.—5) (0.8, (0.9, — §/) ) and the type 21,
decomposition

2

_3
g =3y x|
(X x(x*—y) 2y

_ X
WL =21 — 5522
3,. 0. i) 2y
( y 2y
M = 5 W2 = 22x ; 3.3)
0.1 & +y)
PR —y) _ oL
W3 =22y — yZz

2x
— , 0,1
( x*—y )

the left factor represents a type Mgo’l) module. Continued in Example 3.15. O
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3.3 Loewy Decomposition of Ideals J*» and J©3

The first step in determining decompositions of any given ideal consists of listing its
possible divisors. For ordinary operators a necessary condition for possible genuine
divisors is that its order be lower than that of the given operator. Obviously this
constraint involves only the leading derivatives. It results in a finite number of
candidates for divisors.

It turns out that for ideals of partial differential operators, not necessarily
principal, a similar reasoning leads to necessary conditions for its possible divisors
as well. To this end, a partial order between left ideals is defined by the requirement
that the leading derivatives ideal of a divisor candidate divides the ideal generated
by the leading derivatives of the given ideal. The following shortened notation is
introduced for describing these order relations.

a<1{b,c,...} means a <b, a<c,....
Lemma 3.3. For left ideals of differential dimension (0, k) with k < 3 the relations
<axm axyv ayy>LT < {<a)wm ay>LT7 <a)rs ay>LT}v
<axm axya ayy>LT < {<a)wm ay>LT7 <ayyv ax>LT7 <a)rs ay>LT}v

<8yyy7 ax>LT < {<ayys ax>LTs <a)m ay>LT}v
<ax,hay>LT< <BXaay>LT7 <ayy73x>LT< <aX7ay>LT

generate a partial order indicating possible inclusion. It may be represented by the
following diagram.

J(OJ)
/J(IO’Z) J(Zo’z) \
J(lo.e,) \ / ng)
J(20,3)

Proof. The generators of any ideal of differential dimension (0, k) with & > 1 may
be reduced w.r.t. the generators of (0, 8y> L7; therefore this latter ideal may be a
divisor of the former under suitable constraints for the coefficients of the lower-
order terms. The same is true for the pairs of ideals (0, dx)z7 and (dy,, 0y )7,
(Oxxs Oxy, 0yy)rr and (9, 0x)r7, (Oxxs Oxy, 0yy)rr and (dxy, dy)rr and finally
<8xxx,3y>LT and <8xx,8y>LT. O
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If any ideal is given, the above diagram indicates possible divisors at its nodes.
In order that such a divisor actually does exist it is necessary that the coefficients of
the operators satisfy various constraints. In the first place, the operators generating
the given ideal and the operators generating a divisor have rational coefficients and
satisfy the coherence conditions of Sect. 2.4. In addition, certain relations between
the coefficients of the operators must be satisfied. They are the subject of this section
and are determined case by case. Ideals of type J(*? are considered first.

Proposition 3.2. The possible divisors of a type J(IO'Z) ideal (0, + A10, + A»,
0y + B1d, + By) are of type JOV; A;, B € Q(x,y) fori = 1,2; it is assumed
that all integrability conditions of Proposition 2.1 are satisfied. The following cases
are distinguished; r(x, y), ri(x,y), ra2(x,y) and r(x, y, C) are rational functions
of its arguments; C is a constant.

(i) There may be a single divisor (0 + By — Bir(x,y), 0y +r(x,y));
(ii) There may be two divisors (0x + By — Biri(x,y). 0, + ri(x,y)), i = 1,2;
(iii) There may be a divisor (0x + By — Bir(x,y,C), 0, +r(x,y,C)).

All divisors may be determined algorithmically.

Proof. The first statement follows from the above Lemma 3.3. Reduction of the
given ideal w.r.t. (0, + a,d, + b) and autoreduction of the resulting constraints
yields the system

by + B1b> + (B1,y, — A1B1)b + AyBy — By, = 0,

(3.4)

by —b>+ A1h— Ay =0, a-+ Bib— B, =0.
The coherence of the system for b is shown in Exercise 3.2. Its solutions are
described in Theorem B.1. The three cases given above are an immediate conse-
quence. O

Proposition 3.3. With the same assumptions as in the preceding proposition the
possible divisors of a type Jgo’z) ideal (Oxx + A10x + A», 0y + B) may be described
as follows.

(i) There may be a single divisor (3 + r(x,y),d, + B);
(ii) There may be two divisors (0, + ri(x,y),0, + B),i = 1,2;
(iii) There may be a divisor (3, + r(x,y,C), 0, + B) where C is a constant.

All divisors may be determined algorithmically.

Proof. The first statement follows from the above Lemma 3.3. Reduction of the
given ideal w.r.t. (0, + a,d, + b) and autoreduction of the resulting constraints
yields the system

ay—a*+Aa—A,=0, ay—B, =0, b—B=0. (3.3)
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The coherence of the system for a is also shown in Exercise 3.2. Its solutions are
described in Theorem B.1. The three cases are an immediate consequence. O

Applying the preceding propositions, the Loewy decompositions of ideals of type
J©2) may be described as follows.

Theorem 3.2. The Loewy decompositions of ideals of differential dimension (0, 2)
may be described as follows.

(i) Let I be atype Jgo,Z) ideal, I}, I, and 1(C) be ideals of type JOV, the latter
depending on a parameter C ; and M be a module of type MV, The following
decompositions may occur.

I G . 2.
Lyt 1 =Ml 2

I = Lcim(14, I); f;yqx o I = Lelm(1(C)).
(ii) The decompositions of a type Jgo,z) ideal are identical to those of an J(IO'Z) ideal,
ie. Z;Vy = fori =1,2,3.

yy.x

The decomposition types Zyoy!x and fo’y are assigned to irreducible ideals.

For decomposition types .,S”ylyqx and .i”xlx’y the Loewy divisors are M and I, the
remaining decompositions are completely reducible.

Proof. The various factors obtained in Propositions 3.2 and 3.3 lead directly to the

alternatives Zy"y’x and ‘Z;X’y, i=1,2,3. O

The remarks on page 7 apply here as well, i.e. if an ideal has decomposition type
L fori = 0,1 or2 the type £ ™! is excluded.

The module M in decompositions ., = and £, , may have type MY or

M(ZO’I) , depending on the type of the right factor Lclm; details are discussed in
Exercise 3.3.

Example 3.5. The type J (10’2) ideal I of Example 2.7 on page 27 is considered again.
According to Proposition 3.2 the system

2 2
2 X —
b _J’_bz Yy b y ,
=L Ty L e
g2, 2X+2y, 2 _
b, b+yx+yb y(x+y)_0

for b is obtained. According to Theorem B.1 of Appendix B the general solution
of this system is rational, containing a constant C. The result may be written in the
form

1 x )2 1
h=—— " e .
y o\x+y) 5 +C



3.3 Loewy Decomposition of Ideals J©? and J©-3 69

It yields the decomposition

1 2 1 1
I = Lcim <<3X+—+( _)(_ ) Xy C,ay+_
x  \x+y + y

X+y

_(xjry)z xy1+C>>

X+y

of type f;y’x. In order to generate the originally given ideal / from it, the Lclm

of this divisor for two special values of the constant C has to be taken. Choosing
1 1

C:0andC—>oothevaluesa:%,b:—anda:b:

y Ty are obtained.

There follows

1=chm(115<<ax+%,ay+§>>, 125<<ax+xiy,ay+xiy>>).

Continued in Example 3.10. O

Example 3.6 (Li et al. [42, 43]). Consider the ideal in grlex, x > y term order
I = <<8yy - %_lay — %, 0y — %By>>. According to case (i) of the preceding
proposition the system

1
=k = yb+1=0, by—b—(x= )b+ % =0

for b follows. There is a single rational solution » = —x; it yields a = —y and the
single divisor J = (d, — y, d, — x), hence the type fylyx decomposition

0 0y
1 0y —
1:<< 09y + 3 (X y)>>
y 9, —x
I -5
is obtained. Continued in Example 3.12. O

Ideals of type ng) at the center bottom of the above diagram are considered

next. The corresponding equations have been discussed in detail by Liouville [45].
Proposition 3.4. Let the type J(ZO’?’) ideal
I = (0, + Ai10x + A20, + A3,
8xy + Bi0, + Bzay + Bs, Byy + C10y + Czay + Cs)

be given by a Janet basis in grlex term order with x > y; A;, Bi,C; € Q(x,y); it
is assumed that its coefficients satisfy the coherence conditions of Proposition 2.1.
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Ifit has any first-order divisor J = (0, +a, 0, + b), the following alternatives may
occur.

(i) There may be a divisor depending on two parameters.
(ii) There may be a divisor depending on a single parameter.
(iii) There is a single divisor, there are two or there are three divisors.
(iv) There is a divisor depending on a parameter and in addition a single divisor.

All divisors may be determined algorithmically.

Proof. Reduction of the ideal I w.r.t. to J and taking into account the coherence
conditions of the former, the following system of equations for the coefficients of
the divisor J is obtained.

ay —a*+ Aya + Ab— A3 =0, ay —ab + Bia + Bob— B3 =0,

(3.6)
bx—ab+B1a+sz—B3:O, by—b2+C1a+C2b—C3:O.

In Theorem B.2 of Appendix B the solutions of this partial Riccati-like system are
described; the above cases (i )—(iv) are an immediate consequence. O

The preceding proposition is applied now to determine the various decomposi-
; ; 0,3)
tions of an ideal of type J, .

Theorem 3.3. The possible Loewy decompositions of an ideal I of type J(ZO'S) into
first-order components may be described as follows. Let 1, I, 15, I1(C), and
I(Cy, Cy) be ideals of type JOV; the latter ideals depend on parameters C or C;
and C, respectively. Furthermore, let My, My, M and M(C) be modules of type
MOD " the latter depending on a parameter C, and M3 a module of Mgo’l). The
following alternatives are distinguished.

:fl

xx,xy,yy: I = M3M111; gZ . :Lclm(Mg,Ml)Il;

XX, Xy,yy *

33

PN | = Lelm(M(C))I;; £* . I = MLclm(I, I);

XX, XY, Yy

XS

ey 1 = Lelm(Iy, 1, 1) £ . 1 = MLclm(I(C));

XX XY, yy *

$7

XXXYYY

I = Lelm(I1(C), 1,); £8 I =Lelm(I1(Cy, (Cy)).

XX,XPYY

Proof. The single right divisor of decomposition types f)fx’xy’yy fori = 1,2,3

follow from case (iii) of Proposition 3.4; the three decompositions of the exact

quotient have been described in Theorem 3.1. Decomposition types me y.yy and

Xfmy,yy follow also from case (iii) of Proposition 3.4. Case (i), case (ii) and

case (iv) yield the types Zﬁmy,yy, LY yyy and L] respectively. The types
gk

. k = 5,7, 8 are completely reducible. O
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Example 3.7. For the ideal

1 y 1 1
1= (Bt 0=~y Dy + ——0y, Dy + —— 0, )
"’+x’ x(x+y) " ~y_'_x-i-yy yy+x+yy
of type J(ZO’3) system (3.6) has the form

2, 1 Y _ 1 —
dy —d +f(l—mb—0, (ly—(lb—i-mb—o,

by —ab+ 45b =0, by—b>+ 45b =0

with the single rational solution @ = b = 0, i.e. there is the divisor /; = (9, dy).
Dividing it out yields the type Mgo’z) exact quotient module

- L ! L
M:<<(ax+§’ x(x+y))’(ay’X+y)’(O’ax+X+y)’
(0,8y+ ! )>>. (3.7)

X+Yy

In Example 3.3 it has been shown that this module is completely reducible and
may be represented as Lclm of the two first-order modules M; and M, given there.
Hence I has the type £ decomposition I = Lcim(M», My)1,. Continued in

XX.XY.yY
Example 3.11 O

Example 3.8. Consider the ideal

1= <<axx + %ELC + é?)y - % Oxy — iax’ dyy = %ay + %>>

of type J(ZO’3), generated by a Janet basis in grlex, x > y term order. System (3.6) is

2 1 1
ax—a2+)—ca+%b+F:O, ay—ab—yazo,

be—ab—a =0, by—b2—§b—#=o.

.. . . logy +C
The last equation is an ode for b with general solution b = _%log)%%}i—ﬁ'
1

The only rational solution b = -y is obtained for C — oo. Substitution into

the remaining part of the system yields a, = 0 and a, — a* + %a = 0 with
the general solution a = +; C is a new parameter now. The Loewy
Cx~+x
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divisor Lcim (<<8x + Cx++x’ d, — %>>) is obtained, it generates a type £, Xy

decomposition. Choosing C = 0 and C — oo the two divisors
I, = <<3x + %,By — %>> and I, = <<3x,3y - %>>

are obtained with Lclm(1y, 1) = <<8n + = 2 BV, 9, — >> It yields the decomposition

(Os ax)
axx + fax
1=(|w©a 1)
9, — L
(L)) 77
X
The solutions of the system 7z = 0 will be considered later in this section in
Example 3.14. O

There remains to be discussed how the remaining ideals of differential type (0, 3)
decompose into first-order components. The answer is given next.

J(O .3)

Corollary 3.1. Ideals of type and J; ©.3) decompose into first order components

exactly as ideals of type J (20 ) The two alternatives may be described as follows.

(i) Fortype J(IO'S) ideals there follows "%yyy o =Ly fori =1,....8
(ii) For type JgO’S) ideals there follows L. y = = gy fori =1,....8

Proof. In either case, the right divisors are obtained from a second-order Riccati
equation. According to Lemma B.2 the structure of its solutions is the same
as for system (3.6). Hence the discussion of the various cases is analogous to
Theorem 3.3. O

Example 3.9. Consider the ideal I = (9,,, + %8yy, 0y + %8y>>. The equation for
b in case (i) of the above lemma is b, — 3bb,, + b* — % by —b?) = 0 with the two
rational solutions » = 0 and b = —l. They yield the two divisors I} = (0., dy)

and I, = (0, + 1,9, — >mmummjg_<wa+%%>hmmme
decomposition

L= (3 +32.0) (%?;%)>
0, 1)

The solutions of the system /z = 0 will be considered later in Exercise 3.6. O
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3.4 Solving Homogeneous Equations

Similar as for ordinary differential equations there remains to be discussed how
the existence of divisors of an ideal or a module of partial differential operators
simplifies the solution procedure; compare the discussion on page 11. The following
result is due to Grigoriev and Schwarz [23] where also the proof may be found.

Theorem 3.4. Let I = (fi..... fp) and J = (g1.....8,) be two submodules
of D™ such that I < J, with solution space Vi and V; of finite dimension d;
and dj respectively. Let the exact quotient module Exquo(I1,J) = K C 2 be
generated by (hy,... h,), andz = (z1,....2m) andz = (21, ..., Zq) be differential
indeterminates. A basis for the solution space Vi may be constructed as follows.

(i)  Determine a basis of Vj from g1z = 0,...,8,2 = 0, let its elements be
Vi = (vk,l,...,vk,m), k = 1,...,dj.

(ii) Determine a basis of Vg from hi1z = 0,...,h,z = 0, let its elements be
Wi = (qul,...,wk’q),k = 1,...,dK = d] _dj.

(iii) For each inhomogeneous system g12 = Wi 1,...,842 = Wkg k = 1,...,dg
determine a special solution vy = (Vi1 .-, Vkm)-

A basis of the solution space Vi is {vi, ..., Va,, V1, ..., Vi }.

Whenever a system is not completely reducible the exact quotient module is
indispensable for finding a basis of the solution space. However, it may also be
applied if a single divisor is already known in order to simplify the remaining
calculations.

Example 3.10. The system

2x 42y 2 y? xX—y
— Zy + z2=0,zx — =z, + —2=0
yx+y 7 yx+y) 2R

has been considered in Example 2.7. It allows two first-order divisors /; and I, as

Lyy

shown in Example 3.5; they yield the fundamental system {%, ﬁ} O

Example 3.11. Consider the system

1 y

1 1
Zxx + ;Zx Zy == 07 ny + —Zy == 07 Zyy + mZy == 07

B x(x +y) x+y

in Example 3.7 it has been shown that the corresponding ideal of operators allows
the single divisor (d., d,), it yields the solution z = 1. The quotient module (3.7)
has been shown in Example 3.3 to be completely reducible, it is the Lclm of the

modules M, and M. The latter yields the system z, = 0, z; + %zl =0,z1, =0,
with the special solution z; = % Substitution into the right divisor equations

= %, zy = 0 yields z = log x. The module M| leads to the system

2y 1 1
+ 1 + - = 07 + = 0’ 4 + = 07
21 ( P ) &) Zx+ yZz Lyt T yzz
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x+2y

with the solution z; = — ——. With these inhomogeneities the

. . . _ 1 . _ _

right divisor equations z, = T e T C2=0) = 3Ty yield z = log(x + y)
2 log x. Thus a fundamental system for the orlgmal systemis {1, log x,log (x + y)}.
|

The systems occurring in the next two examples are not completely reducible,
i.e. step (i7) and (iii) of Theorem 3.4 are necessary.

Example 3.12. In Example 3.6 the system of pde’s corresponding to the only divisor
Jis zy — yz = 0, z, — xz = 0, it yields the basis {e*”} for V;. The exact quotient

module leads to the system z; — %zl =0,z1x + %zl = 0 and z;, = O; its

one-dimensional solution space is generated by z; = %, 2 = % There is the

inhomogeneous system z, — yz = %, Zy — Xz = % with the special solution v; =

. L . . d .
e™’ Ei(—xy). The exponential integral is defined by Ei(ax) = [ e‘”‘Tx. A basis
for the solution space of the original system is {e¢*”, e*” Ei(—xy)}. O

Example 3.13. In Example 2.9 on page 28, the first-order divisor corresponding to
the system z, = 0, z, = 0, yields the basis {1} for V;. The two arguments of the

Lclm lead to the systems z; = 0,22, = 0, zz,y+}zz = 0, with the solutionz; ; = 0,

Zio=0,and % + $2 = 0,7, + 1z =0,2, = 0, with the solution 75, = 1,
2= —%. Substituting them into the inhomogeneous system yields the two special
solutions log y and log %; a basis for the given system is {1, log x, log y}. O

Example 3.14. In Example 3.8 the system of equations /z = 0 is

2 y 1 1 1 1
Zxx + ;Zx + sz - PZ =0, zyy— ;Zx =0, zy, — ;ZY + FZ =0. (3.8

The two equations /1z = 0 and I,z = 0 yield the basis elements and y. According

to Lelm(1y, 1)z = O there follows 71 = zyy + %Zx =0, 20 =2y~ %z = 0.
The exact quotient leads to z; + Lzzz = 0, 22x = z2,, = 0 with the solution
n=C,z71 = —C . It yields the inhomogeneous system z,, + %zx = —% and
Zy — )l,z = 1 from Wthh the third basis element y log £ follows. O

Example 3.15. The module considered in Example 2.13 on page 33 corresponds to
the system of pde’s

x? —3y 1
— - 0, - 07
A x(x*— y) X yZ2 Ly
4y (x> + ), 2(x +y) 2x 1
+ =0, — + =0
2 x2(x? —y) a x(x*— y) 2y X2 — yZl x> — yZ2
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for the two unknown functions z;(x, y) and zz(x, y). The first-order right divisor
M determined in Example 3.4 leads to the system

X 1
W15Z1—5Z2=0, wy =22, =0, WSEZZ,y_;ZZZO

with the solution z; ; = x, z2,; = 2y. From the left factor module in (3.3) the system

2

x- —3y X _ X _
Wix — mwl + EWZ =0, wyy+ EW,% =0,

2x

2
W2+—4y(x +y)w1=O, w3 — —5 wy =0
xXT =y

x*(x* =)

2 2 2
is obtained. A solution is w; = M, wy = —w, w3 = 2% Taking

it as inhomogeneity in the right-factor equations leads to

X x(x2—y) 4(x2+y) 1 4x?
A —x 2= 2x—=—""—"7_ > 2y 2= —-
2y y x y

The special solution z;, = x log x, 222 = 2y log x + x? — y is the second element
of a fundamental system for the original system (3.9). O

3.5 Solving Inhomogeneous Equations

The coherence conditions for any system of linear homogeneous pde’s have to be
supplemented by certain constraints if there are non-vanishing right hand sides; if

they are not satisfied, the equations are inconsistent. The complete answer for type

J (10’2) ideals is given next in detail. The following auxiliary results are needed.

Lemma 3.4. Let
I = <ayy + Alay + AZs ax + Blay + BZ>
= Lelm({0x + a1,0y + b1), (0« + a2, 0, + b2))

be a completely reducible ideal with a typei”yzy’x decomposition. Then

A=y by = DTl g g, g PP Z Pl
b~ b — b 10,
B =_-4=d p __aib—ab

b —by’ by — b,
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Proof. Reduction of I w.r.t. the two arguments of the Lclm yields a linear algebraic
system for A}, A,, B}, and B, with the above solution. O

Lemma 3.5. An inhomogeneous system corresponding to a type J (10'2) ideal
Zyy + A1zy + A2z =R, zo+ Bizy + Byz=S (3.11)

is consistent if the inhomogeneities satisfy

R.+ BiRy+ (B» +2B1,)R=S,, + 415, + 4,S. (3.12)
Proof. The calculation is the same as for Proposition 2.1 with the inhomogeneities
carried along. O

After the consistency of an inhomogeneous system has been established, its
solutions may be determined as follows.

Proposition 3.5. With the same notation as in Lemma 3.4, the solution of the system
(3.11) may be obtained as the sum 7 = azy + Bz where a and B are constants; 7,
and z are solutions of

Uy Fazi =71, 21y Fbizi =51, and 2, +ax =712, 2,y + bro = 5.

The inhomogeneities r1 and s| are determined by

_Gy mday oo a—ap
s1,X+(a2 b —b, )Sl—Sy+b15+bl_b2R,

i+ (b= 2= Yo = R, (3.13)

a —dap
r - s1=8
1 bl—bzl s

whereas the inhomogeneities r, and s, are determined by

52,y + (b1 - %) 52 =R, (.14)

Proof. Reducing the first equation (3.11) w.r.t. the system for z; and z,, and using
(3.10) yields the two equations with leading terms s , and s, .. Similarly, reducing
the second equation of (3.11) yields the expressions for r; and 7. O
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This result implies that s; and r;, i = 1,2, are Liouvillian over the extended base
field of (3.11) because they are determined by first-order linear ode’s and algebraic
relations.

Example 3.16. Consider the system

2x+2y 2 1 y? xX—y 1
z - Zy + I=—=, Lu— 5% +t—2=—. (3.15)
Py x+y T e+ xy° 2T T T xy
The fundamental system z;(x,y) = % and z(x,y) = % for the cor-
responding homogeneous system may be obtained from the type ‘Zy“y’x Loewy
decomposition considered in Example 3.5. The coefficients of (3.15) are a; = %,
_ 1 _ _ 1 : s _ 1 _ 1
b = v and a, = b, = Ty The inhomogeneities R = x_ys and § = 7
satisfy the constraint (3.12). The system (3.13) is
n 1 X2yt —xy—1 xy+2 3
S, S1 = > 81, T 51 =Xy
x4 y) y? T+ y)

with the solution

xy+1 xy+1
51 = C ) 5 — Y s—log (xy +1)
Xy Xy

1
+F (2x°y* —x?y? = 3x%y + 3xy? — 3x + 6y).
y

According to Proposition 3.5 the system

Zix+Lu= (O +2x4y? + 307y — 3% — X%y —xy? —5)9),

1
Xy +y)?

I 1 (133 1.3 2. 2 13
Zl’y+yzl_x2y4(x+y)2(3xy 307 —x?y —xy? = 3y%)

is obtained; a special solution is

1

4.2 4,33 1.3.2 1.3 1.2.3
—(xy + 3X°YT =Xy 4 e xT —5x%y
3 x4+ ) 3 2 6 2

210 =
+1x2y + 1xy? + 1y?).
The system (3.14) is

o Xy—x—y o 2ddy 1
x+y Syix+y) T v+ y) xy°

82 x +
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with the solution

1
5= Cr— (2x3y? — x2y? 4+ x? + 2xy — 7).

Y4y 27 +y)
It yields

2o + ﬁ@ = Flyﬁ-x +y (FPy + ix2y? = 12 —xy — 1y?),

ZZ,y+x_}_y12=_ (FPy?—1x2yr 4+ Ixr —xy — 1)?).

1
Xy +y)
with the special solution

1
Xy +y)

4.2 1 1 1 1
0 = (x*y? 4+ 323y = 3% y? + txP — x%y?

+3x%y + 3xy2 + £3°).

A simple calculation yieldse = = %; thus the special solution zg = %(Zl,o +20)
of (3.15) is obtained as

= (2x*y? + 23 — 32+ I3 — x2y3 + x2y + xp? + 1y3).
x3y3(x+y)( 3 3 3 )

The second term in the bracket may be removed if %zZ is added; the third and the
fifth term by subtraction of z;; this comes down to changing the basis in the solution
space of the homogeneous system. The simplified expression is

1

:m(2x4y2+%x3+x2y+xy2+%y3). O

20

3.6 Exercises

Exercise 3.1. Let the system

Ixx + a1y + a2Zy + a3z = 07
xy + ble + bZZy + bSZ = Os
Zyy €12 + 22y +¢32=10

be given; assume that the coherence conditions of Proposition 2.1 for Janet basis

type J(20’3) are satisfied. Express the coefficients a;, b; and ¢;,i = 1,2, 3 in terms of
a fundamental system {z1, 22, 23}
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Exercise 3.2. Show that systems (3.4) and (3.5) are coherent.

Exercise 3.3. Discuss the relation between the type of /; and the type of the left

factor M in decomposition types Jylyx and .,Sfxlxq , of Theorem 3.2 on page 8.

Exercise 3.4. Assume an ideal / = (d,, + 4,0, + A,,0, + B9, + B»)
allows a decomposition of type fylyqx according to Theorem 3.2. Determine the
corresponding exact quotient module explicitly.

The same problem for an ideal / = (dy, + A0, + A, 9, + B) with a

decomposition of type £, .

Exercise 3.5. Determine the divisors of the ideal
4 2 1 X 1 2
1= (Bt S0 55, By + By, iy — e+ 8y — 5 )
X 2 y T % Oy yz ¥ ¥ yz

and generate a fundamental system from them.

Exercise 3.6. Determine a fundamental system for /z = 0 where 7 is the same as
in Example 3.9 on page 12.



Chapter 4
Decomposition of Second-Order Operators

Abstract This chapter deals with a genuine extension of Loewy’s theory. The
ideals under consideration have differential type greater than zero. This means
that the corresponding differential equations have a general solution involving
not only constants but undetermined functions of varying numbers of arguments.
Loewy’s results are applied to individual linear pde’s of second order in the plane
with coordinates x and y, and the principal ideals generated by the corresponding
operators. These equations have been considered extensively in the literature of the
nineteenth century [14, 18, 28, 40, 44]. Like in the classical theory, equations with
leading derivatives d. or d., are distinguished.

4.1 Operators with Leading Derivative 0.,

At first the generic second-order operator with leading derivative d, is considered.
It is not assumed that any coefficient of a lower derivative vanishes. The reason
for this assumption and the relation to operators with leading derivatives 0.,
will become clear later in the subsection on transformation theory. As usual,
factorizations in the base field Q(x, y) are considered.

Proposition 4.1. Let the second-order partial differential operator
L =0, + Alaxy + Azayy + A30, + A48y + As “.1)

be given with A; € Q(x,y) for all i. Its first order factors 9, + ady + b with
a,b € Q(x, y) are determined by the roots a, and a; ofa2 — Aja + A, = 0. The
following alternatives may occur.

(i) If a1 # ay are two different rational solutions, and by and b, are determined
by (4.5), a factor I; = 0, + a; 0y + b; exists if the pair a;, b; satisfies (4.6). If
there are two factors 1, and [y, the operator (4.1) is completely reducible, and
L = Lclm(ll, 12)

F. Schwarz, Loewy Decomposition of Linear Differential Equations, Texts & Monographs 81
in Symbolic Computation, DOI 10.1007/978-3-7091-1286-1_4,
© Springer-Verlag/Wien 2012
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(ii) Ifay = a, = a is a double root and
Alx + 34141y + A1 A3 = 244, 4.2)

the factorization depends on the rational solutions of the partial Riccati
equation

by + 3A1by — b* + Asb = As. (4.3)

(a) A right factor [(®) = 0, + %Alay + R (x,y,D(p)) exists if (4.3) has a
rational general solution R(x, y, ®(¢)); ¢(x,y) is a rational first integral

of % = %Al(x,y); @ is an undetermined function. L is completely
reducible, there holds L = Lcim(1(®y), [(@,)) for any two choices @, and
D, such that @, # P,.

(b) A right factorl = 0, + %Alay + r(x,y) exists if (4.3) has the single
rational solution r(x, y).

(c) Two right factors I; = 9, + %Alay + ri(x, y) exist if (4.3) has the rational
solutions ri(x, y) and ry(x, y). The operator (4.1) is completely reducible,
there holds L. = Lclm(ly, ).

Proof. Dividing the operator (4.1) by 0 4+ ad, + b, the condition that this division
be exact leads to the following set of equations between the coefficients.

az—Ala—i—Ag =0, 4.4)
ax + (A1 —a)ay + Asa + (A — 2a)b = As, 4.5
by + (A1 —a)by — b> + Asb = As. (4.6)

The first equation determines the coefficient a.

Case (7). Assume that (4.4) has two simple rational roots @; and a,. Then a; # a;
and a; # %Al for i = 1, 2; the second equation (4.5) determines rational values of
by and b;. The third equation (4.6) is a constraint. Those pairs a;, b; which satisfy it
lead to a factor. There may be none, a single one /;, or two factors /; and /,. In the
latter case, by Proposition 2.6 there follows L = Lcim(l,, [1).

Case (if) If ay = a; = %Al is a twofold root then A, = %A% The coefficient
of b in (4.5) vanishes, it becomes the constraint (4.2). If it is not satisfied, factors
cannot exist in any field extension. If it is satisfied, b is determined by (4.3) which
is obtained from (4.6) by simplification. Depending on the type of its rational
solutions, see Appendix B, the three subcases (a), (b), or (¢) occur. If there are
two factors, by case (iii) of Theorem 2.2 their intersection equals L. O

In order to apply this result for solving any given differential equation involving
the operator (4.1) the question arises whether its first-order factors may be deter-
mined algorithmically. The subsequent corollary provides the answer for factors
with coefficients either in the base field Q(x, y) or a universal extension.
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Corollary 4.1. In general, first-order right factors of (4.1) in the base field Q(x, y)
cannot be determined algorithmically; however, absolute irreducibility may always
be decided. In more detail the answer is as follows.

(i) Separable symbol polynomial. Any factor may be determined.

(ii) Double root of symbol polynomial. In general it is not possible to determine
the right factors over the base field. The existence of factors in a universal field
may always be decided.

Proof. In the separable case (i), solving equation (4.4) and testing condition (4.6)
requires only differentiations and arithmetic in the base field or in a quadratic
function field; this can always be performed. In the non-separable case (i i), testing
condition (4.2) requires only arithmetic and differentiations in the base field. If it is
not satisfied, factors cannot exist in any field extension. If it is satisfied, factors are
determined by the solutions of the partial Riccati equation (4.3). However, in general
no algorithm is known at present for determining the rational solutions of (4.3). The
same is true for solutions in a field extension although they always do exists if (4.2)
is satisfied. O

Applying Proposition 4.1, Loewy’s Theorem 1.1 may be generalized to operators
of the form (4.1) as follows.

Theorem 4.1. Let the differential operator L be defined by
L=0, + AIBXy + Azayy + A0, + A48y + As “4.7)

such that A; € Q(x,y) foralli. Letl; = 0x + a;0, + b; fori =l andi = 2, and
(D) = 0, +ad, + b(P) be first-order operators with a;, b;,a € Q(x, y); @ is an
undetermined function of a single argument. Then L may be decomposed according
to one of the following types.

Ll L =Dbl; iﬂxzx : L = Lelm(lb, 1y); fgx : L = Lelm(1(®)). 4.8)

If L does not have any first-order factor in the base field, its decomposition type is
defined to be £°.. Decompositions £°., > and L3 are completely reducible.

xx’

For decomposition £ the first-order right factor is a Loewy divisor.

Proof. 1t is based on Proposition 4.1. In the separable case (i) there are either two
first order factors with a principal intersection corresponding to decomposition type
2 ; or a single first-order factor corresponding to type -Z. ; or no factor at all
corresponding to type £ . In case (ii), depending on the rational solutions of
the Riccati equation (4.6), a similar distinction as in case (i) occurs. In addition
there may be a factor containing an undetermined function yielding decomposition

type Z3.. o
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The subsequent examples show that each decomposition type does actually
occur. They will be applied in the next chapter for determining the solutions of
the respective equations as indicated.

Example 4.1. The operator L = 0,, + %ax + 128y - Lz has been considered
x x

before in Example 2.5 on page 26. Equation 4.4 reads a*> = 0, i.e. case (ii) of the
above theorem applies. Because A} = 0, A4 # 0, condition (4.2) is violated; hence
there does not exist a first-order factor in any field extension. O

The operator of the preceding example has two divisors of differential type zero as
has been shown previously, yet it is irreducible according to the definition applied
in this monograph.

Although the next three examples are separable, there is only a single first order
factor.

Example 4.2. Consider the operator
L=0+ (x+1)0, +x0,, +(y + 1oy + (xy + 1)dy +x + .

The rational solutions of a>—(x+1)a+x = Oarea; = 1 anda, = x, i.e. case (i) of
Proposition 4.1 applies. It leads to b, = y and b, = ¥ i T Only the first alternative
satisfies condition (4.6). Hence there is the single right factor /y = 0, + 9, + y;

dividing it out yields the type .2 decomposition

L =(0,+x0,+1)0x + 03y +y);

continued in Example 5.1. O

Example 4.3. For the operator
L= 0ur + (y* = 2%) ey + x (x = y?) 8y — (37 +1) 9y — 1

the equation a®> — (y? — 2x)a + x(x — y?) = 0 has the two rational roots a; = —x
and a; = y? — x, i.e. case (i) of Proposition 4.1 applies. They yield b; = —1 and

by =1+ %(y2 —2x).Only ay, b; satisfy condition (4.6), i.e. there is a single factor
yielding the type ! decomposition

L= (8x+(y2—x)8y+1)(8x—x8y—1);

continued in Example 5.2. O

Example 4.4 (Forsyth [17]). Forsyth [17], vol. VI, page 16, considered the differ-
ential equation Lz = 0 where

4
L= 8” — ayy + max
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The rational solutions of a> — 1 = OQare a; = 1, a» = —1, i.e. case (i) of

Proposition 4.1 applies. From (4.5) there follows by, = e Only a;, = —1,
X Ty

2
by, = n satisfy (4.6). There is a single right factor leading to the type .2
y X

X
2 2
)o-n )
X+y X+y

decomposition
continued in Example 5.3. O

L= (a0,

The next two examples show that complete reducibility may occur for separable
and non-separable operators.

Example 4.5. Consider the operator

2y 2

2
L Eaxx—?axy+%(l—x4y2)8yy + Y

ﬁay.
2
The rational solutions of a> + ZTya + 5 (1-x%?%) =0area; = xy* - %
X
anda, = —xy? — %, i.e. case (i) of Proposition 4.1 applies. It leads to by = —xy
and b, = xy. Both alternatives satisfy condition (4.6). Hence there are two factors

lip =10, — (% + xyz) d, £ xy; they yield the representation

1 1
Lclm(lz,ll) =L and GCVd(lz,ll) = <<8x -, 8y — —>>,
X y
i.e. L has decomposition type -£2 ; completed in Example 5.4. O
Example 4.6 (Miller [49]). Let the operator
L=+, + 20, + Lo, + Lo
SO T T Oy TR0y TR T T 2

be given. Because %A% — Ay = 0, case (ii) of Proposition 4.1 applies. It yields

a = % and leads to equation b, + %by - b*+ %b + %=0 for b with general
X
, _ 114+ x%9(p) I , ,
solution b = YTZCD(@ where ¢ = % @ is an undetermined function of
its argument. Therefore the given second-order operator has an infinite number of
: 1+ °0(p)
first-order right factors of the form /(®) = 9, + Yo, + 124 X D) yhich are
g (®) = dx + 50y X T ap)

parameterized by @; the decomposition type is .2 ; completed in Example 5.5. O

XX’
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4.2 Operators with Leading Derivative 9.,

If an operator does not contain a derivative d,, but d,, does occur, permuting the
variables x and y leads to an operator of the form (4.1) such that the above theorem
may be applied. If there is neither a derivative d,, or d,,, possible factors must
obviously be of the form d, 4 a or d, + b; the same is true for the arguments
of a representation as an intersection due to Theorem 2.3. Hence the possible
factorizations may be described as follows.

Proposition 4.2. Let the second-order operator
L= 8xy + A0, + Azay + Az 4.9)

be given with A; € Q(x, y) for alli. The following factorizations may occur.

(i) IfA3 —A1A, = AQ,y then L = (By + Al)(ax + Az)
(ii) IfA3 —A1A, = Al,x then L = (3V + Az)(ay + Al)
(iii) If As—A1Ay=A1x and Ay,= Ay, there are two right factors; then
L = Lclm(0 + Ay,0, + Ay).
(iv) There may exist a Laplace divisor L.« (L) forn > 2.
(v) There may exist a Laplace divisor Lym (L) for m > 2.
(vi) There may exist both Laplace divisors Lyn (L) and 1L (L). In this case L is
completely reducible; L is the left intersection of two Laplace divisors.

Proof. Dividing the operator (4.9) by 0 4+ ad, + b, the condition that this division
be exact leads to the following set of equations between the coefficients

a:O, Az—Ala—ay—sz, A3—A1b—by=0

with the solutiona = 0, b = A, and the constraint A3 —A; A, = A, ,. Dividing out
the right factor 9, + A, yields the left factor d, 4+ A. This is case (i). Dividing (4.9)
by d, +c, the condition that this division be exact leads to ¢ = A; and the constraint
A3 — A1A; = Aj . This is case (ii). Finally if the conditions for cases (i) and (if)
are satisfied simultaneously, a simple calculation shows that L is the left intersection
of its right factors. This is case (iif).

The possible existence of the Laplace divisors in cases (iv) to (vi) is a conse-
quence of Proposition 2.3 and the constructive proof given there. O

Case (iv), n = 1 and case (v), m = 1 are covered by case (i), (if) and (iif).
The corresponding ideals are maximal and principal because they are generated by
0, +a, and d, + by respectively. The term factorization applies in these cases in the
proper sense because the obvious analogy to ordinary differential operators where
all ideals are principal.

Laplace divisors obey L,m (L) C Lym (L) for m; < my; and similarly
Ly (L) € Lyn (L) for ny < ny. These relations become clear from the graph
shown in Fig.4.1. The heavy dot at (1, 1) represents the leading derivative d., of the
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1 2 3... m X

Fig. 4.1 The dots represent leading derivatives

given operator. If a second operator with leading derivative d,» represented by the
circle at (m, 0) exists, the ideal is enlarged by the corresponding operator. Form = 1
this ideal contains the original operator with leading derivative dy,, i.e. this operator
disappears by autoreduction. This shows clearly how the conventional factorization
corresponding to a first-order operator is obtained as special case for m = 1.
A similar discussion applies for an additional operator with leading derivative 0.

The following corollary describes to what extent the factorizations described
above may be determined algorithmically.

Corollary 4.2. The coefficients of any first-order factor or Laplace divisor of fixed
order are in the base field; they may be determined algorithmically. However, a
bound for the order of a Laplace divisor is not known.

Proof. For the first-order factors in cases (i), (ii) and (iii) this is obvious. For
any Laplace divisor of fixed order this follows from the constructive proof of
Proposition 2.3 and Corollary 2.1. O

It should be emphasized that according to this corollary finding a Laplace divisor
in general is not algorithmic. To this end, an upper bound for the order of a possible
divisor would be required; at present such a bound is not known.

Goursat [18], Sect. 110, describes a method for constructing a linear ode in
involution with a given second order equation zy, + az, + bz, + cz = 0. The
advantage of the method given above is that it may be applied to more general
operators; the same reasoning works for third-order operators discussed in Chap. 6.
It is not obvious how to generalize Goursat’s scheme to any other case beyond the
special second-order equation considered by him.

Applying the preceding results, Loewy decompositions of (4.9) involving first-
order principal factors may be described as follows.

Theorem 4.2. Let the differential operator L be defined by

L =0 + A0 + 420, + A3 (4.10)
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with A; € Q(x,y) foralli; | = 0, + Ay and k = 0, + Ay are first-order
operators. L may decompose into first-order principal divisors according to one
of the following types.

.,Efxly L =kl: ffy L =lk: .i”jy . L = Lelm(k, D).

The decompositions of type ffy and ffy are completely reducible; the first-order
factors in decompositions féy and ffy are Loewy divisors.

Proof. 1t is based on Proposition 4.2. If the conditions for case (i) or (ii) or are
satisfied, the decomposition type is .,Efxly or .,iﬂxzy respectively; if both are satisfied

the decomposition type ffy is obtained. O

The following examples provide applications of the above results. In the next
chapter it will be shown how a particular decomposition may lead to explicit
solutions.

Example 4.7 (Goursat 1898). The equation Lz = (dy, — yd,)z = 0 has been
considered in [18], vol II, page 212. There is the obvious right factor d,, it yields
the decomposition L = (d, — y)d, of type fxzy. Continued in Example 5.7. O

Example 4.8. The operator

1
L=0x+(x+yo+ (y+;)8y+xy+y2+2+§
obeys the conditions of case (iii) of Proposition 4.2. Therefore the type .iﬂf’y
decomposition L = Lclm (ax +y+ %, 0, +x + y) is obtained. Continued in
Example 5.8. O

Loewy decompositions of (4.9) involving non-principal divisors, possibly in
addition to principal ones, are considered next.

Theorem 4.3. Let the differential operator L be defined by
LEax}7+Alax+Azay+A3 4.11)
with A; € Q(x,y) foralli. Lin (L) and Ly (L) as well as 1, and ¥, are defined
in Definition 2.3; furthermore | = 0, +a, k = 0, + b, a,b € Q(x,y). L may
decompose into Laplace divisors according to one of the following types where

m,n > 2.

L} L= Lelm (Lyn (L), Lyn (L)) ;

s g (1 0 L.
DZYy L= Exquo (L,Lxm(L)) Lxm(L) = (O ay + Al [m N
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— (1 0 LY,
‘ipxy : L = Exquo (L,I[,yn (L)) Ly (L) = (0 9, + Az) ({?n ’

L1 L= Lelm (k, Lon (L)) ;28 L = Lelm (1, Ly (L)) .

If L neither has a first-order principal factor according to Theorem 4.2 nor a
Laplace divisor of any order its decomposition type is ny. The decompositions

2., L

xy? xy?
exact quotients in decompositions ny and ffy are Loewy divisors.

Z,Zy and ny are completely reducible. The Laplace divisors and the

Proof. Decomposition types .2, £/, and .£¥, are completely reducible with the
obvious representation given above. For decomposition type .,Sfxsy, dividing L by
Lyn (L) yields the exact quotient (1,0). The single syzygy of L.~ (L) has been
determined in Corollary 2.3. Autoreduction w.r.t. (1, 0) yields the generators (1, 0)

and (0, d, 4 A;). The calculation for decomposition type fxﬁy is similar. O

The following example taken from Forsyth shows how complete reducibility has
its straightforward generalization although if there are Laplace divisors involved.

Example 4.9 (Forsyth [17]). Define

L=+ 29 2 4
S x—y 7 x—y 7 (=)

generating the principal ideal (L) of differential dimension (1, 2). The equation
Lz = 0 has been considered in [17], vol. VI, page 80, Ex. 5 (iii). By Proposition 4.2,
a first-order factor does not exist. However, by Proposition 2.3 or Corollary 2.1 there
exist Laplace divisors

La(L) = (=0 — - 2 St G _2y)2, L)

and

2 2
Loy = (L, & =0, + 3, + ).
' Tlx—yT -y
each of differential dimension (1, 1). There follows (L) = Lelm (L2(L), L2 (L)),
i.e. L is completely reducible; its decomposition type is ffy. Continued in
Example 5.9. O

The next example due to Imschenetzky is not completely reducible because it has
been shown before to allow a single Laplace divisor.

Example 4.10. Imschenetzky’s operator L = 0, +xyd, —2y has been considered
already in Example 2.14 on page 37; see also Exercise C.2. Using these results the
decomposition
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1 0 Oyy +xy0, —2y
L =
0 8y + Xy axxx

of type fxsy is obtained. Continued in Example 5.10. O

Example 4.11. The operator L = 0y, — ﬁ?)y has the obvious factor d,; in

addition there is the Laplace divisor L,2(L) = (0, L), i.e. its decomposition type
is ./, Continued in Example 5.11. O

For linear ode’s of low order it has been shown in Exercise 1.1 how the
coefficients of the equation may be expressed in terms of a fundamental system.
This is generalized in Exercise 4.2 to pde’s allowing a low order Laplace divisor.

4.3 Exercises

Exercise 4.1. Determine the coefficients A;,..., As in (4.1) in terms of the
coefficients a; and b;, i = 1,2, of the right factors.

Exercise 4.2. Assume an operator (4.9) allows two Laplace divisors of second
order according to Proposition 4.2. The solution of the equation Lz = 0 has the
structure z = foF(y) + fiF'(y) + g0G(x) + g1G'(x) with F and G undetermined
functions. Express the coefficients A1, A, and Az of (4.9) in terms of fy, f1, o
and g;.

Exercise 4.3. For a given operator L = 9,, + A0« + 4,09, + A3 determine the
coefficients of [, = d,x 4+ @10 + a, such that the two operators combined form a
Janet basis and find the constraints for A, A, and A3 such that this Janet basis may
exist. Determine the exact quotient module Exquo({L), ([)).

Exercise 4.4. Discuss the various Loewy decompositions of an operator L = 0, +
A10yy + A20,, + A30, + A40, + As if all coefficients Ay, ..., As are constant.

Exercise 4.5. Determine the Loewy decomposition of

1
LEBXy+(x+;)8x+y3y+xy+2.



Chapter 5
Solving Second-Order Equations

Abstract The results of the preceding chapters are applied now for solving
differential equations of second order for an unknown function z(x, y). At first some
general properties of the solutions are discussed.

For linear ode’s, or systems of linear pde’s with a finite dimensional solution
space considered in Chap. 3, the undetermined elements in the general solution are
constants. By contrast, for general pde’s the undetermined elements are described
by Theorem 2.1, due to Kolchin. The left-hand sides of the equations considered
in this chapter allow a decomposition into first-order principal divisors, or certain
non-principal divisors. It will be shown that the solution of such equations with
differential dimension (1, 7) has the form

2(x,y) = z21(x. y, Fi(gi(x. ) + ... + 2 (x, 3, Fa(ga(x, ) (5.1)

each z; is a sum of terms containing an undetermined function F; depending on an
argument ¢; (x, y). Collectively the {z, ..., z, } are called a differential fundamental
system or simply fundamental system. For the decomposition types considered in
this chapter the following properties of a fundamental system are characteristic.

e Each Fi(qoi (x, y)), or derivatives or integrals thereof, occurs linearly in the
corresponding z;.

e The arguments ¢; (x, y) of the undetermined functions are determined by the
coefficients of the given equation.

It will turn out that the detailed structure of the solutions is essentially determined
by the decomposition type of the equation.

5.1 Solving Homogeneous Equations

Reducible equations with leading derivative d,, are considered first. Because there
are only principal divisors the answer is similar to ordinary second-order equations.

F. Schwarz, Loewy Decomposition of Linear Differential Equations, Texts & Monographs 91
in Symbolic Computation, DOI 10.1007/978-3-7091-1286-1_5,
© Springer-Verlag/Wien 2012
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Proposition 5.1. Let a reducible second-order equation
Lz = (8” + Alaxy + Azayy + A38X + A48y + As)Z =0

be given with A1, ..., As € Q(x, y). Define [; = 0, +a;0, + b;, a;,b; € Q(x,y)

fori = 1,2; ¢i(x,y) = const is a rational first integral of % = a;(x,y);
y = @i(x,y) and the inverse y = v;(x,y); both ¢; and \; are assumed to exist.
Furthermore define

y=¢i(x.y)

s =exp (= [ B,y 500)] (52)

fori = 1,2. A differential fundamental system has the following structure for the
various decompositions into first-order components.

z21(x,y) = &1(x, y) Fi(g1),

éaZ(-xs y)
&1(x,y)

L2 z(x.y) = &) Fi(ei(x.y). i =12

L3 izixy) = &y Fi(e(x, ), i =1,2.

Zl

XX °

2y =G0 [ Faae )y

y=e1(x.,y)

The F; are undetermined functions of a single argument; ¢, @1 and ¢, are rational
in all arguments; they are determined by the coefficients A1, A, and As of the given
equation.

Proof. Tt is based on Theorem 4.1 and Lemma B.3. For a decomposition
L = bl of type £}, (B.5) applied to the factor /; yields the above given
71(x, y). The left factor equation hbw = 0 yields w = &(x, y)F>(¢2). Taking
it as inhomogeneity for the right factor equation, by (B.4) the given expression for
22(x, y) is obtained.

For a decomposition L = Lclm(la, 1) of type 2, similar arguments as for the
right factor /; in the preceding decomposition lead to the above solutions z; (x, y)
and z,(x, y). It may occur that ¢; = ¢y; this is always true if the decomposition
originates from case (ii) of Proposition 4.1 instead of case (7).

Finally in a decomposition L = Lelm(I(®)) of type Z2, two special inde-
pendent functions @; and @, in the operator /(®) may be chosen. Both first-order
operators obtained in this way have the same coefficient of d,; as a consequence the
arguments of the undetermined functions are the same, i.e. ¢; = @, = ¢. O

The following taxonomy may be seen from this result. Whenever an operator
is not completely reducible, undetermined functions occur under an integral sign,
in general with shifted arguments. If an undetermined function occurs in the
decomposition of the operator, the undetermined functions occurring in the solutions
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have the same arguments in both members of a differential fundamental system. The
following examples show that all decomposition types actually do occur.

Example 5.1. The type £.. decomposition of the operator considered in Exam-
ple 4.2 leads to the equation

Lz=DbLliz= (0 +x9, + 1)(0x + 9, + y)z=0.

There follows

pirx,y) =x—y, Yi(x,y) =x—7, &(x.y) =exp(3x° —xy),

—X

(pZ(xvy) = x2 —2y, wZ(va_]) = %(XZ _J_])s gZ(va) =e

Hence

z1(x,y) = exp (3x2 —xy) Fi(x — y),

22(x,y) = exp (3x —xy)/exp(lx2 —xy —x)F(2y +x2—2x)dx‘_ :
F=y—x

Fi and F, are undetermined functions. O

Example 5.2. The operator considered in Example 4.3 has a type .. decomposi-
tion; it leads to the equation

Lz = 0y + (y* = x)dy + 1)(3; — xdy — Dz = 0.
There follows

Pi(x.y) =y +3x% Yi(x.7) =7 —1x% and &(x,y) = e".

Thus z;(x,y) = F(y + %xz)e"; F is an undetermined function. The left factor
yields

Ai'(x) + yAi(x)

AT YARY) nd &(x.y) = e
BI(x) 1+ yBiy) 4 Ay =e

$2 =
Ai(x) and Bi(x) are Airy functions defined in Abramowitz and Stegun [1],

Sect. 10.4. The inverse function y»(x,y) does not exist in closed form. There
follows

| [ (A7) — 332 AI () + FAI(x)
2(x,y) =e [/ e ™G (Bz = LB T B dx . 1x2. O
- 2

In Exercise 5.1 an equation closely related to the one of the preceding example
is considered.
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Example 5.3. Forsyth’s operator considered in Example 4.4 has also a type .lex
decomposition leading to the equation
=)
z=0.
+y

2
Lz = bLliz= (ax+3y+m) (3x—3y+x
There follows

2
pir(x,y)=x+y, Yi(x,y)=y—x, &i(x, y)—eXp( ery)

1

p(x,y) =x—y, Yalx,y) =x—y, &Hx,y)=———.
xX+y

Thus

21(x.y) = exp (35 ) Flxr + ).

o= chyon(5) [ on (2 o -]

F and G are undetermined functions. O

Example 5.4. The type 2. decomposition of the operator L = Lclm(ly, 1)
considered in Example 4.5 leads to the equations

Iz = (3x _ (%—i—xyz) 3, + xy)z =0,l1z= (ax — (% —xyz) 9y —xy)z =0.
There follows

Gra(x,y) = xy

1 1
) = — :l: ) ) =
@12(x,y) o x, Yialx,y) G T

with the result
1 1
2(x,y) =xyF | — +x) and 2(x,y) = xyF | — —x);
Xy Xy

F| and F; are undetermined functions. The special solution of Gerd(ly, 1)z = 0 is
Z = XYy, itis obtained by choosing F = G = 1. O

Example 5.5. Miller’s operator has been considered in Example 4.6. Its type Z)fx
decomposition yields the factor

11+ x°®(p)

Y
(@) =0y + =0y + ——————
@) ox Y x1—x20(p)
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where ¢ = % and @ is an undetermined function. There follows

o(x,y) = f V(. 5) = x5, E(x.y) = D(p)x — %

Choosing @ = 0 and @ — oo the solutions

a(x.y) = xFi(g) and 2(x.y) = %Fz(sﬂ)

are obtained; F; and F, are undetermined functions. O

Solutions of reducible equations with mixed leading derivative d., and principal
divisors are considered next.

Proposition 5.2. Let a reducible second-order equation
Lz= (axy + Alax + A23y + A3)Z =0

be given with A; € Q(x,y), i = 1,2,3. Definel = 0, +b, k =09, +c¢; b,c €
Q(x, y),

er(x,y) =exp ( — / b(x, y)dx) and ep(x,y) =exp ( — / c(x, y)dy).

A differential fundamental system has the following structure for decompositions
into principal divisors.

Ll () = FQate, an =o [ 22060
221 a(0) = @), ot =a [ ji(();i iG(y)dy;

Ly raly) = Fea(x.y), 2x.y) = G(x)e(x.y).

F and G are undetermined functions of a single argument.

Proof. It is based on Theorem 4.2 and Lemma B.1; the notation is the same
as in this theorem. For decomposition type .ley, (B.5) applied to the factor /
yields the above solution z;(x, y). The left factor equation w, + cw = 0 has
the solution w = G(x)gi(x, y). The second solution z(x, y) then follows from
2y + bz = G(x)ek(x, y). Interchanging k and / yields the result for decomposition
type .szy. The two first-order right factors of decomposition type ffy yield the
given expressions for both z;(x, y) and z»(x, y) as it is true for z;(x, y) in the

previous case. O
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The subsequent examples show solutions for all three decomposition types as
described above.

Example 5.6. Consider the equation
X x
ny_;Zx‘i‘yZy_(x_l)Z: (3y—;)(ax+J’)Z:O

with a type .ley decomposition. The right factor yields z; (x, y) = F(y)exp (—xy).
The homogeneous left-factor equation w, — 2w = 0 has the solution w = G(x)y*.
Taking it as inhomogeneity of the right-factor equation yields

2(x,y) = exp (—Xy)/G(X) exp (xy)y*dx.

Permuting the two factors leads to the closely related equation
Sty (x 1) @ +3)(0, = ~)z=0
Ixy — —Zx y — —— |7 = X , — — )= U,

Ty ’ y Ty

with a type iﬂfy decomposition. By similar arguments its solutions

d
y) = FOy® and sa(r.y) = 3 / Gy exp (—en) ¢

follow; F and G are undetermined functions. O

Example 5.7. The .,Efxzy decomposition of Goursat’s equation in Example 4.7 yields
the equation (dy — y)d,z = 0. The right factor equation d,z = 0 has the solution
z1(x,y) = G(x); G is an undetermined function. The homogeneous equation
wy — yw = 0 corresponding to the left factor yields w = F(y)exp(xy); F is
an undetermined function. Taking it as inhomogeneity of the right factor equation
zy = F(y)exp(xy), the solution z>(x, y) = [ F(y)exp (xy)dy follows. O

Example 5.8. The two arguments of the type ffy decomposition of Example 4.8
yield the two solutions

16 ) = exp (—xy — D F() and 5(x,3) = exp (—x0) L GO

F and G are undetermined functions. O

According to Proposition 4.2 there are five more decompositions with non-
principal divisors. They are considered next.

Proposition 5.3. With the same notation as in Proposition 5.2 a differential
fundamental system for the various decomposition types involving non-principal
divisors may be described as follows.



5.1 Solving Homogeneous Equations 97

m—1 n—1
Zhray) =) il NFOW). 20 y) =) i )60 00);
i=0 i=0

m—1 m—1

Ly ra )= @ NFO0).2000)= ) gilx.y) / hi(x, y)G(x)dx:
i=0 i=0

m—1 m
28 = ¥ A FO@. a0 = Y e [ I 6o,

i=0 i=0
m—1

L] alxy) = Fe(x.y), 2x.y) =Y fix.))FOy),
i=0
m—1

2 raley) = FMe(ny). a@y) =) gk nFO ),
i=0

F and G are undetermined functions of a single argument; f, g and h are
Liouvillian over the base field; they are determined by the coefficients Ay, A> and
A3 of the given equation.

Proof. Let Lym(L) be a Laplace divisor as defined in Proposition 4.2. The linear
ode [,,z = 0 has the general solution z = Cy f1(x,y) + ... + Cy fu(x,y). The C;
are constants w.r.t. x; they are undetermined functions of y. This expression for z
must also satisfy the equation Lz = 0. Because the operators L and [,, combined
are a Janet basis generating an ideal of differential dimension (1, 1), by Kolchin’s
Theorem 2.1 it must be possible to express Cy, ..., Cy, in terms of a single function
F(y) and its derivatives F’, F”, ..., F"=D_This yields the first sum of the solution
for decomposition type ny. For the second Laplace divisor L~ (L) the same steps
with x and y interchanged yield the second sum.

If there is a single Laplace divisor L. (L) as in decomposition type %> , the

Xy’
solution z;(x,y) is the same as above. In order to obtain the second solution,
according to Theorem 4.3 define w; = Lz and w, = [,z; then the quotient
equations are w; = 0, wp, + A;wo = 0. The solution of the latter leads to

[n = G(x)exp (— [ Aidy), G an undetermined function. This is an inhomogeneous
linear ode; according to the discussion in Chap. 1 on page 17 a special solution
yields zx(x, y) as given above; the g;(x,y) and h;(x, y) are determined by the
coefficients of [,,. The discussion for decomposition type .ny is similar. O

The preceding propositions subsume all results that are known for a linear pde
with leading derivative d,, from the classical literature back in the nineteenth
century under the general principle of determining divisors of various types; there is
no heuristics involved whatsoever, and the selection of possible divisors is complete.
These results will be illustrated now by several examples. The first example taken
from Forsyth shows how complete reducibility has its straightforward generalization
if there are no principal divisors.
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Example 5.9. For Forsyth’s equation with type ny decomposition considered in
Example 4.9 the sum ideal of the two divisors is

J = <<[253xx—xiy3x+ (x_zy)z,L,bEByy-l-xiyay"‘ (x_zy)2>>§

its differential dimension is (0, 3). Thus Jz = 0 has a three-dimensional solution
space with basis {x — y, (x — )%, xy(x — y)}.

The general solution of Lz = 0is z = Cj(x — y) + Cox(x — y) where C; and
C, are undetermined functions of y. Substitution into Lz = 0 leads to the constraint
Ciy + yCy, — C, = 0 with the solution C; = 2F(y) — yF'(y) and C, = F'(y).
Thus

2(x.y) =2(x = Y)F(y) + (x = y)*F'(y)

follows. The equation £,z = 0 has the solution C;(y — x) + C,y(y — x) where C} »
are undetermined functions of x. By a similar procedure as above there follows

2(x.y) = 2(0-x)G () +(y—x)°G' (x). o

Example 5.10. A Laplace divisor has been determined for Imschenetzky’s equation
Lz = (0yy + xydy — 2y)z = 0 in Example 2.14 on page 37; it yields a ffy
type decomposition. The equation dy,yz = 0 has the general solution C; + Cox +
Csx? where the C;, i = 1,2,3 are constants w.r.t. x. Substituting it into Lz = 0
and equating the coefficients of x to zero leads to the system C,, —2yC; = 0,
G, — %y C, = 0. The C; may be represented as

1 1 2
C1:—2F//——3F/, CzZ—F/, C3:F;
y y y

F is an undetermined function of y, F’ = ‘é—g It yields the solution

2

2 —1 1
a(x.y) = X2F(y) + ”TF’(y) 5 F0). (5.3)

From the decomposition

I 1 0 Wi = Zyy + XYz —2)2
Z =
0 8y + xy W2 = Zxxx

the equations w; = 0, wy , +xyw, = 0 are obtained with the solution w; = 0, w, =
G(x)exp ( — %xyz). The resulting equation z,xx = G(x) exp ( — %xyz) yields the
second member



5.2 Solving Inhomogeneous Second Order Equations 99

2(x,y) = %/G(x) exp (—3xy?)x?dx
—x/G(x) exp (—%xyz)xdx—i—%xz JG(x)exp (—%xyz)dx (5.4)

of a fundamental system. O

Example 5.11. The factor d,z = 0 of the operator L in Example 4.11 yields the
solution z;(x,y) = F(x). The Laplace divisor equation dy,z = 0 leads to z =
Ci(y) + Co(y)x; from Lz = 0 the relation y C; — C{ = 0 follows with the solution
Ci(y) = G(y)—yG'(y) and C2(y) = G(y),ie 22(xy) = (x +1)G(y) =y G'(y).

O

Whenever an equation is solved by factorization the following problem occurs:
How does the solution procedure proceed if not all irreducible right factors are
known? This is particularly acute if there is a Laplace divisor involved because
in general there is no guarantee that it may be found. This problem is studied in
Exercise 5.9.

5.2 Solving Inhomogeneous Second Order Equations

Up to now homogeneous pde’s have been solved. However, in various applications
there occur inhomogeneous equations Lz = R with R # 0, e.g. when third-
order homogeneous equations are considered that are reducible but not completely
reducible. The coefficients of L at the left hand side of an inhomogeneous equation
determine the base field. Like in the case of ordinary equations, the smallest
field containing also R is called the extended base field. Fundamental systems for
homogeneous equations Lz = 0 have been determined in the preceding section. For
inhomogeneous equations in addition a special solution zy has to be found which is
characterized by the relation Lzy = R. This is the subject of the present section.
At first reducible equations with leading derivative d,, are considered. A method
similar to that in Proposition 1.3 is applied.

Proposition 5.4. The notation is the same as in Proposition 5.1. Let a reducible
equation

Lz= (3ex + A19yy + A2y, + A3d, + Agd, + As)z = R (5.5)

be given with Ay, ..., As € Q(x, y). A special solution zo(x, y) satisfying Lzo = R
may be obtained by solving first-order equations; &;(x,y) fori = 1,2 are given
by (B.3). Three cases are distinguished.

(i) Type £, decomposition, L = bl,.

R(x,y)

X , (5.6
E(x,y) ly=va(x.5) ‘f=m<x,y> )

F(x.y) = E(x. y) /
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r(x,y)

x,y) =& (x, x) . 5.7
(. y) 1 y)/ E1(x,y) ly=pix.5)  li=eixy) ©7)
(ii) Type L2, decomposition, L = Lclm(ly, ). If ay # as then
R d by —b
r = ro/ —y and ry = eXp( / ! Zdy), (5.8)
a,—a ry ap —das
r(x,y)
20(x,v) = & (x, / x‘
o(x. ) 1(x.7) E1(x,y) ly=yi(x.3) y=¢1(x,y)
(5.9

r(x,y)
—&(x, / x} .
2(x.7) E(x,¥) ly=1(x3)  i=e(xy)

(iii) Type L2 decomposition, L = Lelm(I(®)) and r(x,y) = bZTRbl’. 20 IS
again given by (5.9); now ¢ = @2 = @ and Y1 = Y, = Y.

Proof. In case (i), Lz = I,l1z = R. Defining r(x, y) by l;z = r, the first-order
equation [,r = R for r follows. Its solution (5.6) has to be substituted into /;z = r.
By construction, the special solution (5.7) of this equation is the desired solution
of (5.5).

In case (if), L = Lclm(ly,1y); ri(x,y) are defined by l;z = r;, i = 1,2.
Reduction of Lz = R w.r.t. these equations yield if b; # b,

Tix +azrly +rox +airay, + bari + by

(bl x—byy +arhbiy —aiby))(ri +1r) =R, (5.10)

bl
If a; # ay, choosing r{ = r and r, = —r leads to
b, —b R
ry + 2 1r =
a —aj a —day

with solution (5.8). The sum of the special solutions of the equations /;z = r and
I,z = —r is the desired solution zo(x, y) given in (5.9).

In case (iii), a; = a, = a; the transformation functions ¢; and ¥; fori = 1
and i = 2 are pairwise identical to each other. Choosing again r; = —r, = r the

expression r = B —br _R_ — is obtained from (5.10) for b; # b,. O

The values ry = r, r, = —r chosen in case (ii) of the preceding proposition
are not the only possible choices. In some applications the alternatives given in the
subsequent corollary may be more favourable.
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Corollary 5.1. Two more choices for ry and ry in (5.10) are considered for the
decomposition types L. and £?, of the preceding proposition.

(i) ry = 0, then ry follows from

Fax +airay + (b1 b1 (b1 x—byc+arhi, — albz,y)) = R.
(i) ry = 0; then ry follows from

Fix +axriy + (bz bl (bl x— by +arb, — albzqy)) r = R.

In case (i) the inhomogeneity is completely shifted to the equation for zp; in case
(i) the same is true for z;.

The similarity between the expressions (1.18) and (1.19) on the one hand,
and (5.7) and (5.9) on the other should be noted. In either case, the special solution
contains the inhomogeneity linearly under an integral sign; there are as many terms
as there are factors. These results are illustrated now by some examples.

Example 5.12. Consider the equation

Zyx + (.X +y - 1)ny - (X + y)Zyy + %Zx - %Zy

- (ax + (x4 )y + %) (8, — 9,)z = xy

witha; = 1,b; = 0,a; = x + y and by = +. The £/ type decomposition of its
left-hand side yields the differential fundamental system

d
ate) = Fa+y). st = [G(@+0e) S|

for the homogeneous equation. Furthermore
pi(x,y) =y +x, Yilx,y) =y —x, &ilx,y) =1,
pa(x,y) = (x +y+De™™ ¥a(x,y) =ye' —x—1. &x.y) =5
Equation 5.6 leads to
r(x,y)=—1x*+3x*+xy—x -2y + %(y +1).
Using this expression (5.7) yields

20(x,y) =2(x+y+1)log(x)— 6x +18x +5 x y— —x 2_2xy—2x. O
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Example 5.13. Consider the equation
Zox + (+Dzey + 2+ (v + zy = Lelm (0, + (y + 1)0y, 05 + Dz = xy (5.11)

with type szx decomposition; a; = by, = 0,a, =y +1,by = 1 and R = xy.
A differential fundamental system for the homogeneous equation is

aey) = FO)e™, () = G((y + De™).

Furthermore

X

(pl(xvy):yv wl(xv.);):)_)s éal(-xsy):e_ s
p(x,y) = (v + De™, Ya(x,y) =ye' =1, &(x.y) =1

Equation 5.8 yields

xy dy
r = 1 - 2 —x(y+1Dlo +1)—xy.
=0+ [ T = 0 Dlog (D —xy

Finally substitution of these values into (5.9) leads to
20(x.y) = xy — 33> + 2(x — y); (5.12)

F and G are undetermined functions. O
The next example is a first application of Corollary 5.1.

Example 5.14. The same equation as in the preceding example is considered.
Now the two alternatives of Corollary 5.1 are applied. By case (i), r; = 0 and
ryx + r2 = xy; the latter equation yields r, = (x — 1) y.

Zix+21=0and 2+ (y + Dz, = (x = 1)y
with the solutions

z21(x,y) = F(y)e™ and 2(x,y) = G((y + )e™) +xy — 3x2 + 2(x — y):
(5.13)

F and G are undetermined functions.
By case (ii), 7o = O and ri + (y + 1)r;, = xy; the latter equation yields
ri = xy — 3x* + x — y. Consequently,

Zxta=xy—3ix2+x—y and 2.4+ (y+ Doy =0

with the solutions
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2(x.y) = F(y)e ™ +xy — 357 +2(x —y) and 2(x.y) = G((y + De™):

their sum z; + z; is the same as in the previous case. O

Second-order inhomogeneous equations with leading derivative d,, are consid-
ered next. It is assumed that the corresponding homogeneous equation allows a
nontrivial decomposition according to Theorem 4.2; at first operators with principal
divisors are considered.

For an operator with a type .,Sij decomposition the following explicit represen-
tation will be useful.

Lemma 5.1. Let an operator L be completely reducible with type ffy decomposi-
tion
L =0+ A0y + 420y, + A3 = Lclm(0 + b,0, + ¢);

then b, = ¢, and
L = 0yy + cdx + bdy + $(by + cx + 2b0). (5.14)
The proof is similar to that of Lemma 1.2 and is omitted. The condition on » and

¢ guarantees the principality of the intersection, see Theorem 2.3. It will be applied
next for solving the corresponding inhomogeneous equations.

Proposition 5.5. Let a reducible equation
Lz = (0xy + A10x + A20y + A3)z= R (5.15)

be given with Ay, Ay, A3 € Q(x, y). Definel = 0 +b and k = 9, + ¢ whereupon
b,c € Q(x, y); define

&1(x,¥) = exp (— / b(x.y)dx) and e(x.y) = exp (- / c(x. y)dy).

A special solution zo(x, y) satisfying Lzo = R may be obtained as follows.

(i) Type ley decomposition, L = kl.

ee(x,y) [ R(x.y)
gl(xvy) Sk(xvy)

2o(x,y) = 81(x,y)/ dydx. (5.16)

(ii) Type ny decomposition, L = k.

e(x,y) [ R(x,y)
€k(X,y) s;(x,y)

20(x,y) = Ek(x,y)/ dxdy. (5.17)
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(iii) Type ny decomposition L = Lclm(k,l). Special solutions are given
by (5.16) and (5.17).

Proof. In case (i) Lz=klz=R; r(x,y) is defined by [z = r; it has to satisfy

R(x,
kr = R with the solution r(x, y) = ex(x, y)/ (x y)

€k ()C, y)
geneity in the first-order equation [z = r yields (5.16).

Case (ii) is essentially obtained by exchanging x and y.

Incase (iii) Lz = Lclm(k, 1)z = R;letz = zx +2z;. Define ri (x, y) by kzx = rx
and r;(x, y) by Iz; = r;. Reduction of Lz = R w.r.t. to these first-order equations
yields

dx. Taking it as inhomo-

Fkx + 71y +brg +crp = R. (5.18)

Choosing either ri(x, y) = 0 or r;(x, y) = 0, the above solutions (5.16) or (5.17)
are obtained. O

Relation (5.18) shows clearly how the inhomogeneity R may be generated from
r1 and r,; depending on the particular problem a different choice than the one given
above may be more favourable.

Although the expressions (5.16) and (5.17) have a similar structure as (5.7),
they are in fact much simpler; from the definition of the &;(x, y) it is obvious that
they are Liouvillian over the extended base field. This is not true for (5.7) due to
the occurrence of the &;(x, y); in general the latter require the first integrals of a
first-order ode.

The exponential integral Ei(x) that occurs in the subsequent examples is defined
in Abramowitz and Stegun [1], page 227.

Example 5.15. The equation
1 1 1
Oy — ;BX + 39y — =&y =1 )z=(0x+y) |9y — 1 ):= x+y+1 (5.19)
x

has a type ffy decomposition. With the notation of the above proposition there

follows b = y, ¢ = —% and R = x + y + 1. Furthermore & (x, y) = exp (%) and
e1(x,y) = exp (—xy). Substitution into (5.16) yields

20(x,y) = %(x2+x+1)exp (%)El (—§)+§—x. O

Example 5.16. Consider the equation

Zuy + X2x + y2y + (xy + D)z = Lelm(y + x, 0, + y)z = % +1

with a type ffy decomposition. Here b = y and ¢ = x. A differential fundamental
system for the corresponding homogeneous equation is

z1(x,y) = F(x)exp(=xy), 2z(x,y) = G(y)exp(—xy).
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The integrals yield x(x, y) = &/(x,y) = exp(—xy). Substitution into (5.16) or
(5.17) yields the special solution

0(x,y) = (x> +2)exp (—xy)Ei(xy)—ZLyz(xy—l). o

Example 5.17. The equation considered now differs slightly from the preceding
example.

oy +(x+ Dy +yzy +(xy +y + 1)z

(5.20)
=Lelm@@y +x+ 1,0, + y)z = §+ 1.

Here b = y and ¢ = x + 1. A differential fundamental system is

z21(x,y) = F(x)exp(—=xy —y). z2(x.y) = G(y)exp(—xy).
The integrals yield e = exp (—xy — y) and &; = exp (—xy). The special solutions
20,1 and zp» obtained from (5.16) and (5.17) appear different now.

|
201 = 2—y2(y +1—xy) 4+ 5(x> + Dexp(—xy — y)Ei(xy + y).

202 = exp (—xy — y)(Ei(xy +y)+ / Ei(xy + y)xdx).

Yet, they are essentially the same; their difference zo; — 702 satisfies the homoge-
neous equation corresponding to (5.20), i.e. they are different by the choice of F
and G. O

Operators with a type f;‘y, ny or ny decomposition involving a Laplace

divisor of order 2 or 3 are considered next.
Proposition 5.6. Let the equation

(0xy + A10x + A20, + A3)z = R (5.21)

be given. If the corresponding homogeneous equation has a Laplace divisor
Lym (L), m =2 orm = 3, the following linear inhomogeneous ode’s exist.

m=2:z¢ +aizy +aoz=r where r, + Air = R, + (a1 — A2)R,

Zyxx T Q22xx +a12¢ + Aoz =71 where

ry + Air = Ry 4+ (ap — A2)R + (a; — a1 Az + A% — 2A2,X)R.

m=73:

If there is a Laplace divisor Lyn(L), n = 2 or n = 3, the following linear
inhomogeneous ode’s exist.
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n=2:zy, +bizy +boz=r where ry + Aor = R, + (b — A1)R,

Zyyy + bazyy + bizy + boz =1 where

re + Aor = Ry, + (b — ARy + (b1 — by Ay + A} — 24, ,)R.

n —=

Proof. For m = 2 a second-order linear ode z,y + @12y + aoz = r must exist such
that it forms a coherent system combined with (5.21). There are three constraints
not involving R and r; they are satisfied due to the assumption that a Laplace
divisor for the homogeneous problem does exist. The single condition involving
the inhomogeneities is the first-order ode for r given above for m = 2. Similar
arguments apply for any m = 3 and for Laplace divisors IL\» (L). O

The first-order equations for the inhomogeneities r occurring in the above
proposition guarantee that they are Liouvillian over the extended base field of (5.21).
A special solution of this equation is the desired inhomogeneity. If the first-order
equation for r is homogeneous, there follows r = 0.

A special solution of (5.21) is obtained by a modification of the proceeding
described in the proof of Proposition 5.3; essentially the non-vanishing
inhomogeneities have to be taken into account. This is explained in the subsequent
examples.

Example 5.18. The solution of the inhomogeneous equation

2 2 4

(5.22)

has to be determined. A differential fundamental system for the corresponding
homogeneous equation with type Xfy decomposition has already been obtained
in Example 5.9.

z21(x,y) = 2(x = Y)F(y) + (x — y)*F'(y).
2(x,y) =2(x — y)G(x) + (x — y)>G(x).

The Laplace divisor [, given in Example 4.9 is chosen. By Proposition 5.6, the
inhomogeneity r has to satisfy r, + %r = 0. With the special solution r = 0
the inhomogeneous Laplace divisor equation becomes

2 2

Zx + z=
x—y" (x—y)?

0;

Ixx —

its general solution is z = C;(x — y) 4+ Cox(x — y) with C; and C, undetermined
functions of y. Substituting this expression into the given equation leads to the
constraint Cy, + yCs, — C; + 1 = 0. Choosing C; = 0, C; = 1 yields the
special solution zp = x(x — y) of (5.22). O

A modification of (5.22) is considered in Exercise 5.2. In the next example there
occurs a non-vanishing inhomogeneity r in the Laplace divisor equation.
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Example 5.19. Imschenetzky’s equation has been considered before in Exam-
ple 5.10. An inhomogeneous version is

ny + XYZx — 2yZ == %

According to Proposition 5.6 the inhomogeneity r is determined by ry, + xyr = 2—)3}
X

with the special solution r = % It leads to zyxx = % with the general solution
X X

1
z2=C 4 Cox + C3x> — —.
3x

The three undetermined functions C; of y must satisfy C3, — % yC, = 0 and
C,,, —2yC; = 0. Three sets of solutions and the corresponding special solution
70(x, y) are listed in the table below.

C1 C2C3 ZO(ny)

1

0O 0O ~3x

3x° -1

0 01 I
1 2 2 1 1
B i

The relation between the various special solutions is discussed in Exercise 5.3. O

Special solutions for inhomogeneous versions of Imschenetzky’s equation may
be rather involved, some additional examples are discussed in Exercise 5.4.

5.3 Solving Equations Corresponding to the Ideals J,, .
and J,,,

Inhomogeneous systems corresponding to the ideals Jy,, and J,., (see page 45,
Lemmas 2.2 and 2.3) occur when solving reducible third-order equations with non-
principal left intersection ideal. The following results will be applied in this chapter
on decompositions of such equations; ideals J are considered first.

Lemma 5.2. Consider the system

L1z = (Oyxx + P10xyy + P20yyy + P30xx + padyy + psdyy

+p60x + p70, + pg)z = Ry, (5.23)
Loz = yxy + q10xyy + @20,y + ¢30xx + qadxy + g50yy

+460x + ¢79y + qs)z = Ro.
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It is assumed that the coefficients p; and q; satisfy the coherence conditions of
Lemma 2.2 such that Ly and L, generate an ideal Jy. Consistency requires that
the right-hand sides R, and R, obey

Riy —Ryx +qiRoy +q3Ry — (p3 + q193 — q4) Ry = 0. (5.24)

Proof. Due to the coherence of the left-hand sides, the single integrability condition
reduces to constraint (5.34). O

It is assumed now that the ideal (L, L,) generated by the operators defined
in the above lemma is the intersection of two first-order operators with leading
derivative d, as described in Theorem 2.2 on page 47. As a consequence, a
differential fundamental system for the corresponding homogeneous equations is
known. The following theorem provides the means for obtaining a special solution
of the inhomogeneous system (5.23).

Theorem 5.1. Let the system (5.23) be given as in the above lemma. Furthermore,
let both Ly and L, allow first-order right factors Iy = 0. + a0, + by and
Iy = 0y + ax0, + by, the &i(x,y), i = 1,2, are given by (B.3). Then a special
solution zo(x, y) is

r(x,y)
x|
E(x,y) ly=yi(x5)  F=OY)

_é"z(x’y)/M

"
E(x, y) ly=paei)  |i=e20x0)

20(x.y) = & (x.7) /

(5.25)

The inhomogeneity r (x, y) is determined by the system

bi—b a1—az)y d1ydy —dra
Fay + — er-l-(p3+q3(a1+a2)—b1—b2+2(1 2)x | B1yd2 ~ a2y 1)ry
ay—ap ay—ap ay —das
o ((rtast@rtan) = bimbs) (bi=bs) + 2b1=ba) b1 yar—bayar )r
1
=- (Ri + (a1 + a2)Ry),
ay—a
a,—a bi—b bi—b bi—b R
ryy+(q3+(1 2)y+ 1 2)r +((1 2)y+q3 1 2)r=— 2 '
ay—ap ay—a ay—a ay—ap ap—a

(5.26)

By construction, the left-hand sides form a Janet basis and Proposition 5.6 applies.
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Proof. Define the functions r;(x,y) and z;(x,y) by l;iz; = r; fori = 1,2 and
the requirement that /; and /, are right factors of both L; and L,. Reducing the
system (5.23) for z = z; 4+ z» w.r.t. these first-order equations, and expressing
P1,4q1, p2 and g in terms of a1, by, a; and b, by means of (A.2) leads to a system
that is linear and homogeneous in 7, 15, Rj, and R,; transforming it into a Janet
basis in grlex term order with ri > r, > Ry > R, and x > y yields

Flax — Q11 xy — (@102 + @31 yy + Fox — GaF2xy — (a3 + a1a2)72,yy

+(p3 —b)rix — Qaix —aiyar + psar — ps —2a1by)r1

+(p3 —b)rax — Qazy —azyas + p3as — ps —2a200)r2 (5.27)

—(2byx — b1 yar + p3by — ps — b

—(2byx — by yas + p3by — ps — b3)ra = Ry,

Flxy + QaFiyy + T2xy + a1rayy

+q3rix — (ary +qzar —qa + by)ryy

+q3rox — (a2 + q3ar — qs + bo)ray — (b1, + q3b1 — qe)r1

—(ba,y + q3br — q6)r> = Rs. (5.28)
Choosing r; = —ry = r, the system (5.26) for r(x, y) follows. Due to this

choice, a special solution zo(x, y) of (5.23) is obtained as sum of two special
solutions of /1z; = r and [,z = —r as given by (5.25). O

The above theorem guarantees that a special solution of the system (5.23) is
Liouvillian over the base field of a generic system of this type; this follows from
Proposition 5.6, i.e. the existence of two first-order factors L; and L,, and using
both factors for the solution procedure. If only a single factor is known, this is not
true in general.

Example 5.20. Let the system
Txxx — XZnyy + SZxx + (2-x + 3)ny - XZZyy + 21)( + (2-x + 3)Zy
=2x2 4+ 5x +2y + 3,

1 1 1 1
Zxxy + XZxyy — ;zxx - ;zxy + Xxzy, — ;zx - (1 + ;) Zy

1
= —;(x2+x+y+ 1) (5.29)

be given. The right-hand sides obey the constraint (5.24). Both L, and L, have the
right divisors /; = 9y + 1 and I, = 9, + x0,, i.e. Theorem 5.1 applies. There
follows &1(x, y) = e~ and &(x, y) = 1. A differential fundamental system is

zi(x,y) = F(y)e™ and z(x,y) = G (y — 3x?).
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System (5.26) leads to

rxy—%rx—i-x;tzry—%r:%(x2+4x+y+2),
(5.30)
ryy—%ry‘*‘ér :—é(xz‘i‘x‘f‘y-f‘l)-

Applying Proposition 5.6 the special solution r(x, y) = —x*>—3x—y—1 is obtained.
Substitution into (5.25) and some simplification yields zg = xy. O

It may occur that for a particular system (5.23) case (i) or (i) of the following
corollary leads to a simpler system for the desired right-hand side of the chosen first
order equation.

Corollary 5.2. Two additional choices for ri(x,y) and ry(x,y) in (5.27) and
(5.28) are as follows.

(i) r1 = 0, then ry obeys the system

Faxx — AiTayy + (P3 + q3as — bo)ra

—Qazx + p3ar — ps + q3a; — qaas — azby)ray

—(2byx + p3by — pe + q3azhy — qear — b3)ry = Ry + az Ry,
raxy +airayy +qsrax — @2y + q3az — qa + bo)ray

—(bay + q3b2 — qe)ra = Ra. (5.31)
(ii) r» = 0, then r| obeys the system

Fiax — @371y + (p3 + q3ar — by)ri

—(2a1x + p3a1 — pa + q3a; — qaay —arby)ry,,

—(2b1x + p3bi — pe + qzaiby — qear — b)ri = Ry + a1 Ry,
Flay + @iy + q3rix — @1y + g3a1 —qa +b1)riy

—(b1y +g3b1 —ge)r1 = Rs. (5.32)

Example 5.21. The system (5.29) of the preceding example is considered again.
Choosing r; = 0 according to case (i) of Corollary 5.2 leads to the system

Foxx + 2y + 1 = X2+ 4x +y+2,

1 1 1 1,
rz,xy—;rz,x+ 1—; rz,y—;r2=—)—c(x +x+y+1).

The general solution of the first equation is r, = F(y)e™ + G(y)xe ™ + x> + y
where F and G are undetermined functions of y. Substitution into the latter leads
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to the constraint F' + G = 0; it yields the general solution of the full system
ra = F(y)e™ — F'(y)xe™ + x? + y. The special solution corresponding to
F = 0 leads to the equation z, + xz, = x* + y. By Corollary B.1 a special
solution is zp = xy. O

In the preceding example the choice of alternative (i) was particularly favourable
because the equation with leading derivative r; . is an ordinary equation with
constant coefficients; this may not be true in general.

Systems of linear pde’s corresponding to the ideal J ., are the next subject to be
considered. Due to the divisor with leading derivative d, this case is simpler than
the preceding one.

Lemma 5.3. Consider the system

KlZ = (axxy + playyy + p23xx + p33xy + p4ayy + P53x + p6ay + P7)Z = Rla

K>z = (0xyy + 10,y + q20xx + q30xy + q40yy + ¢50x + g60y + g7)2 = Ro.
(5.33)
It is assumed that the coefficients p; and q; satisfy the coherence conditions of
Lemma 2.3 such that K| and K, generate an ideal J,. Consistency requires that
the right-hand sides R, and R, obey

Riy—Ryx+qiRyy —(p2+ 9192 —q3)Ri — (p3 + 193 — q4) Ro = 0. (5.34)

Proof. Due to the coherence of the left-hand sides, the single integrability condition
reduces to the above constraint. O

It is assumed now that the ideal (K, K,) generated by the operators defined in
the above lemma is the intersection of first-order operators with leading derivative
and 0, as described in Theorem 2.3 on page 51; similar as in the preceding case this
has the consequence that a differential fundamental system for the corresponding
homogeneous equations is known. The following theorem provides the means for
obtaining a special solution of the inhomogeneous system (5.33).

Theorem 5.2. Let the system (5.33) be given as in the above lemma. Furthermore,
let both K, and K, allow first-order right factors I = 0, + a0, + by and
Iy =0y + by; &1(x,y) is defined by (B.3). Then a special solution zy is given by

r(x,y)
20 = &(x, x‘ . (5.35)
0=l y)/ A(x, ) =y li=eixy)
The inhomogeneity r(x, y) is determined by the system
Ixy + bary — (al,y — p3—qza; + arby + bl)ry
—(b1y — ps —qsa1 + biby)r = Ry + a1 Ry, (5.36)

Fyy —|—q3ry+q5r = R,.



112 5 Solving Second-Order Equations

Proof. The functions r;(x, y) and z; (x, y) are defined by /;z; = ry and [,20 = r,
for i = 1,2. Because both /; and /[, are divisors of K; and K, reduction of K;
and K, w.r.t. these first-order operators lead to the following linear system for the
inhomogeneities.

Fixy + Ioxx +airaxy + barix — (a1, — p3 — qzar + ai1by + by)ri,
+ (p3 + qzay —aiby)rax + (ps + qaar)ra,, — (b1, — ps — qrar + biba)ry
— (baxar + paby — pe + qsaiby — qeai)r2 = Ry + a1 Ry,
Fiyy + Toxy +airayy +qariy + (g3 —bo)ra .
+(qs — arb)ray + qsri = (o + 2bayar + qsby — g — aiby)ra = Ro.
The special choice r, = 0, r; = r yields (5.36); a special solution of this system
leads to the special solution (5.35). O

Similar as for Theorem 5.1 a special solution of the system (5.36) is guaranteed
to be Liouvillian over the base field.

Example 5.22. Consider the system
Zxxy — XZxx + 2nyy —2(xy + Dzy + yzzy —y(xy +2)z= exp (xy),

(5.37)
Zeyy — 2XZay 4 YZyy + X720 — 2(xy — D)z 4+ x(xy — 2)z = exp (—xy).

Two first-order right factors yield the equations zy + yz = 0 and z, — xz = 0;
correspondingly a fundamental system for the homogeneous equations is z; (x, y) =

F(y)exp(—xy) and z2(x, y) = G(x) exp (xy). The system (5.36) is

Py — XTIy + yry — (XY + 3)r = exp (xy), ryy —2xr, + x*r = exp (—xy);

by Proposition 5.6 a special solution is 7 (x, y) = —% exp (xy) + ﬁ exp (—xy).
X
Substitution into (5.35) yields finally the special solution
1 1
(¥, y) = == exp (x7) = 7= exp (=)
y 4x
of the system (5.37). O

5.4 Transformation Theory of Second Order Linear PDE’s

In the preceding subsections operators with leading derivatives d., and dy, have
been considered. There arises the question how these two forms are related, and
how this relation may be expressed in any concrete case. In general, when dealing
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with differential operators and differential equations, variable transformations are
an important tool for simplifying a problem. The type of a transformation and the
properties of the possible result are the most important distinguishing features for
obtaining a classification among the infinity of possibilities. Transformations of
the operator variables, usually x and y, are considered first. They correspond to
the independent variables of the corresponding differential equation, leaving the
dependent variable unchanged.

Lemma 5.4. Any second-order linear pde
Zex + A2y + Aozyy + Asze + Aszy + As2=0 (5.38)

is equivalent to one of the following two normal forms by means of a trans-
formation of the independent variables x and y; ki and k, are the roots of
k> + A1k + Ay = 0. The transformation functions are defined by u = ¢(x, y) and

v =1Y(x,y); they obey ¢y — ¢y # 0.

(i) ww + Biw, + Bow, + Bsw = 0 ifA% —4A4; # 0, ie ki # kay o(x,y) isa
first integral Of% = —ky, and ¥ (x, y) is a first integral Of% = —ky.

(ii) wy + Biw, + Bow, + Bsw = 0 ifA% —44; =0, ie. ky = ko, o(x,y)isa
first integral Of% = —ky, ¥(x, y) is an undetermined function.

Proof. Substituting z(x, y) = w(u =p(x,y),v=vY(x, y)) into (5.3) yields

Zox + A12xy + Aozyy + Azze + Aszy + Asz =
[0F + A1px@y + A2y Wi + [V + A1y + Asy;lwy,
+ 2ox Vs + Ai(ox ¥y + @y ¥x) + 2400,V Wi (5.39)
+ [0ax + A1@xy + A2y, + Az + Aspy]wy
+ [V + A1y + Aoy, + Az + AgryIwy, + Asw = 0.

Dividing the coefficient of w,, by (pi and defining (p_; = k yields the above given
second order polynomial in k with roots k; and k,. Assume first k; # k. If ¢ is

chosen such that ¢, — k1@, = 0, i.e. if ¢ is a first integral of % = —k, the coeffi-
cient of w,, vanishes. Similarly, choosing ¥, — kv, = 0 with ¥ a first integral of

% = —k,, the coefficient of w,, vanishes. Upon substitution of ¢ and i the

coefficient of w,, becomes —(k; — k2)>@,V,. Because ¢, # 0 and ¢, # 0 it is
different from zero. This proves case (7).

If kK, = ko, then A} = —2k; and A, = klz. The same reasoning as above may be
applied either for the coefficient of w,, and the transformation function ¢, leaving ¥
undetermined; or the coefficient of w,, and the transformation function v, leaving ¢
undetermined. In either case, the coefficient of w,, vanishes. Choosing the latter
alternative, case (i) is obtained. O
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A remarkable simplification of the normal form equation occurs in case (ii) of
the above lemma if B; = 0; then the transformed equation is a linear ode. It is
discussed next.

Corollary 5.3. If for case (ii) of Lemma 5.4 in addition the coefficients satisfy
Al,x + %AlAl,y + A1A3 — 2A4 = 0,

the resulting normal form equation is a linear ode, i.e. By = 0 and the normal form
equation is wy,, + Bow, + Bsw = 0. If (5.3) is absolutely irreducible, an ordinary
normal form equation does not exist.

Proof. For case (ii) there follows A, = iA%; furthermore

Ox = _%Alfpya Oxx = %A%fpn + (%AlAl,y - %Al,x) Py, Pxy
= _%Al‘/’yy - %Al,y‘/’y‘
Substitution into (5.39) yields the following expression for the coefficient of w,,.

(_%Al,x — %AlAl,y - %A1A3 + A4) Py
It vanishes if the above condition is satisfied. If not, (5.3) is absolutely irreducible
because this condition agrees with (4.2) that decides absolute irreducibility. O

The subsequent examples illustrate possible relations between reducibility and
the existence of a normal form. It may occur that a given equation does not allow
a factor, yet its normal form is reducible and may be solved as the next example
shows.

2
Example 5.23. The equation Lz = (3” — 0,y — —BX)z =0 has been considered by
X
Forsyth [17], vol. VI, pages 14 and 81. According to Proposition 4.1 a first order
factor of L does not exist. By case (i) of Lemma 5.4, L may be transformed into
1
M =9, — T(au + d,) where u = x — y and v = x + y. By Propositions 4.2
u+v
and 2.3 there are the Laplace divisors (9,,, M) with solution w; = G(v) — %(u +
v)G'(v), and (M, d,,) with solution w, = F(u) — %(u + Vv)F'(u); F and G are
undetermined functions. Returning to the original variables x and y, a differential
fundamental system of Lz = 0 is

21(x,y) = Fx+y)—xF'(x+y), 2(x.y) = G(x—y)—xG'(x—y). o
On the other hand, the reducible equation considered in Example 5.2 has a normal

form with Airy function coefficients and therefore does not facilitate the solution
procedure.
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Example 5.24. For the operator L considered in Example 4.3 the coefficients are
Ay = y*>—2x and Ay = x(x — y?). Case (i) of Lemma 5.4 yields k; = x and
ky = x — y2. The latter root leads to the equation % = y? — x. It does not
have a rational solution, its general solution may be expressed in terms of Airy
functions. Therefore the operator L cannot be transformed into an operator with

leading derivative d,, and rational coefficients. O

Any equation with decomposition type .#2. is easily solved according to
Proposition 5.1. Alternatively, the transformation into a linear ode yields the same
answer as shown next.

Example 5.25. Miller’s example has been considered in Example 4.6. The Equation
2, 2y Y = Y ion 4V _ Y
k*+ 5k + el 0 has the double root k; = ky = —+. The equation Ix =X

leads to the first integral ¢(x, y) = % = C. Choosing ¥/ (x,y) = xy,1le.u = %,
v = xy yields the transformed equation
+ i Lw=o (5.40)
Wir oWy — W = :

for w(u, v). Its Loewy decomposition Lclm(av — ﬁ + ZLV) = 0 yields the

general solution w = C;(u) /v + C; (u)%. Replacing the undetermined functions

Cirand Gy by Ci(u) = \/%F(%) and C,(u) = \/;G(%) finally yields z; (x, y) =
xF(%) and zo(x,y) = %G(%), i.e. the same answer as in Example 5.5. O

Example 5.26. Consider the equation

2 2
y 1 y 4y
Zxx + ?ny + ;Zyy + ;Zx + ;Zy + ?Z =0.

The transformation functions ¢(x, y) and ¥ (x, y) are the same as in the preceding
example. However, by Proposition 4.1 a first-order right factor does not exist. The
normal form equation w,, + %wv + w = 0 is a Bessel equation, i.e. its solutions
may be expressed in terms of Bessel functions. O

The following example shows that the normal form equation may have rather
complicated coefficients in a field extension of the base field. That means, any theory
of linear pde’s that is based on a normal form with rational function coefficients may
have only a limited range of application.

Example 5.27. Consider the equation

X X 2 1 y 1
Zax — 2(; +2)zy + (; +2) 2 + “at 5o = 52=0.
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According to Lemma 5.4, case (ii), the double root is ky = k; = + 2.

X
p y
The equation % = —(% + 2) has the first integral u = ¢(x,y) = (x +

y) exp (xxTy) Choosing v = ¥/ (x, y) = x + y leads to the transformed equation

(logg — 1)2 + (log %)zu (logg — 1)2 1 B
Wyt ” 5 0, i 5 2 2wv— " > w=0
(log;—2) (log ;) V (log;—2) (log ;) v (log;)
for the function w(u, v). O

Additional normal forms of (5.38) may be obtained if the dependent variable
is transformed according to z(x,y) = ¢(x,y)w(x,y). A few possibilities are
considered next.

Corollary 5.4. For the two cases of Lemma 5.4 further simplifications may be
obtained.

(i) If in equation z,, + Azx + Bz, + Cz = 0 the new dependent variable w is
introduced by 7 = exp (—% [ Adx)w, it takes the shape

wer + Bw, — (%Ax +142-C+ %B/Aydx)w =0.

(ii) If in equation z,, + Azy + Bz, + Cz = 0 the new dependent variable w is
introduced by z = exp (— [ Ady)w, it takes the shape

Wiy + (B — / Axdy)wy +(C—AB - A)w = 0.

The proof is considered in Exercise 5.13. The transformations described in this
corollary may always be performed. However, in general the coefficient field of
the resulting equation is Liouvillian over the base field.

In Exercise 1.1 it has been shown that a linear second-order ode may always
be rationally transformed into an equation with no first-order derivative. The
subsequent lemma generalizes this result to pde’s if its coefficients satisfy certain
constraints.

Lemma 5.5. A linear second-order pde
Zex + A2y + Aozyy + Asze + Aszy + As2=0 (5.41)
may be transformed into

Wyx + Apwyy, + Aowyy, +1w =0 (5.42)
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without first-order derivatives by a transformation z = @w if one of the following
cases applies.

(i) A2 — 44, # 0. Define

A1As — 24243 A1As — 24,
pP=E——H>——F—and ¢ = —5———;
A7 — 44 A7 — 44

3

if py = qy, (5.41) is transformed into (5.42) with

r=py—p*+ Ai(py — pq) + A2(qy — q%) — Asp — Aaq + As;

the coefficient r is in the base field of (5.41).
(ii) A2 —4A; = 0. There must hold 2A4 — A1 Az = 0. The first integral ¢(x, y) of

% = %Al(x, y) has to be determined. Define v = ¥ (x,y) and y = ¥ (x, ¥).

Then the transformation function ¢(x, y) is given by

»=®(y) eXP(—%fA3(x’y)dx) >)y'=<ﬂ(X~y)

with @ an undetermined function of its argument.
The proof of this lemma is considered in Exercise 5.14.

In Exercise 5.15 the equivalent result for second-order equations with mixed
leading derivative is obtained.

5.5 Exercises

Exercise 5.1. Discuss the equation
Zex — (2x — yz)zxy + (xz - xyz)zyy - (2xy + y2 + l)Zy —-z=0

and compare the result with the equation considered in Example 5.2 on page 93.

Exercise 5.2. Determine the solution of the inhomogeneous equation

2 2 4
ny+x_ny_

— = XxJy.
P e P

The corresponding homogeneous equation has been considered in Example 4.9; see

also Example 5.18.

Exercise 5.3. Explain the relation between the special solutions zo(x, y) given in
Example 5.19 on page 107.
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Exercise 5.4. Determine a special solution for the following inhomogeneous
versions of Imschentzky’s equation.

x2+1

1
xy +xny_2yZ: and Zxy +xny_2yZ: E

Exercise 5.5. In Example 5.23 on page 114 the operator L = 0, — 0y — %ax
has been considered. Represent the ideal (L) as the intersection of two ideals of the
type (yx, dxy) 7. Does this support solving the equation Lz = 0?

Exercise 5.6 (Forsyth VI, page 260, Ex. 1). Solve the equation

I +xy +y n 1—x 1—y _
Sy Ty x(l—xy)zx x(l—xy)zy_ '

Zxx

Exercise 5.7 (Forsyth VI, page 264, Ex. 2). Solve the inhomogeneous equation

+(1 y) y 1 1
z — = )2xy — =Zyy — —Zx — —Zy = —X)Y.
XX X Xy ny xx xy Yy

Exercise 5.8 (Forsyth VI, page 360, Ex. 4). Solve the equation

8z

PR S——
(1 + x2 + y?)?

Zxx + 2yy

Exercise 5.9. Assume that for the equation considered in Example 5.11 on page 99
the Laplace divisor has not been found. How does the solution procedure proceed?
Compare the result with the solution given in the above example.

Exercise 5.10. Solve the equation Lz = zyy — %Zx —yzy =0.
Exercise 5.11. Solve the equation Lz = zy, + (xy — 1)z, + 2xz = 0.

Exercise 5.12. Solve the equation Lz = z,, =0.

1 __J
* Cy+ )y xy F1v
Exercise 5.13. Prove Corollary 5.4; consider also the case where both first order
derivatives in the normal form equation vanish.

Exercise 5.14. Prove Lemma 5.5.

Exercise 5.15. Prove an equivalent result as in Lemma 5.5 for an equation
ny + AIZX + AZZy + A3Z = 0~



Chapter 6
Decomposition of Third-Order Operators

Abstract Similar to second order operators and equations considered in preceding
chapters, third order operators are characterized in the first place by their leading
derivative. If invariance under permutations is taken into account, three cases with
leading derivative 0y, xxy Or 0y, are distinguished. The corresponding ideals are
of differential dimension (1, 3).

6.1 Operators with Leading Derivative 0,

This case is particularly interesting for historical reasons because an operator of this
kind was the first third order partial differential operator for which factorizations
were considered in Blumberg’s thesis [5]; it is discussed in detail in Example 6.9.

Proposition 6.1. Let the third order partial differential operator

L= axxx + Alaxxy + A28xyy + A3ayyy
+ A0, + As0yy + A0y + A70, + Agd, + Ao (6.1)

be given with A; € Q(x,y) for alli. Any first order right factor 0, + ad, + b with
a,b € Q(x, y) is essentially determined by the roots a\, a, and as of the equation
a’ — Aa® + Ara — Az = 0. The following alternatives may occur.

(i) If a; # aj fori # j are three pairwise different rational roots and the
corresponding b; are determined by (6.9), each pair a;, b; satisfying (6.10) and
(6.11) yields a factor [; = 0 +a; 0, +b;. If there are three factors, the operator
is completely reducible, and L = Lclm(ly, 15, [3); if there are two factors, their
intersection may or may not be principal according to Theorem 2.2; there may
be a single factor or no factor at all.

(ii) If a; = ay is a twofold rational root and az # a, a simple one, the following
factors may exist. For a = a3 € Q(x,y), the value of b = bs is determined

F. Schwarz, Loewy Decomposition of Linear Differential Equations, Texts & Monographs 119
in Symbolic Computation, DOI 10.1007/978-3-7091-1286-1_6,
© Springer-Verlag/Wien 2012



120 6 Decomposition of Third-Order Operators

by (6.9); if the pair (a3, bs) satisfies (6.10) and (6.11), there is a factor
0y +asdy + bs.
For the double root a = a, = a, a necessary condition for a factor to exist is

(A1 —3a)a, + (3a® —341a + 24s)a, — Asa® + Asa = As. (6.2)

The type of solutions for b = by, = b, of the system comprising (6.10) and
(6.11) determines the possible factors. The following alternatives may occur;
r and r; are undetermined functions of the respective arguments.

0y +a10, +r(x,y,c1,c2), ¢ and ¢y constants;
0y +a10, +r(x,y,c), c constant;

0y +a10, +ri(x,y), i=1lori=12;

(iii) Ifay = ay = a3 = %Al is a threefold rational solution, the following relation
must be valid
A}Ay— 34145+ 946 =0 (6.3)

in order for a factor to exist. The following subcases may occur.

(a) Ifthe coefficient of b in

(Al,x + %AlAl,y + %A1A4_AS) b= %Al,xx +%A1Al,xy +%A%Al,yy
—%Al,xAl,y + %A4A1,x — %AlA%,y — %A1A4Al,y
+3A4sA1, + $A1A7 — Ag =0 (6.4)

does not vanish, b may be determined uniquely from this equation.
A factor does exist if the constraint

bux + 2A1byy + $ATbyy — 3bb, + Asby — A1bb,
— (A1 + 34141, + A A4 — As) by + °
—A4b? 4+ A7b — A9 = 0. (6.5)

is satisfied.
(b) Ifthe coefficient of b in (6.4) vanishes and the two conditions

A+ %AlAl,y + %A1A4 — A5 =0,
Al,xx + %AlAl,xy + %A%A]yyy — %Al,xAl,y =+ A4A17x
—3AIA], — A1 AdAry + AsAy, + A1A; =345 =0 (6.6)
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are satisfied, then b has to be determined from

bux + 2A1byy + SATbyy — 3bby + Asby — A1bb,

+% (Al,x+%A1A1,y + A1A4) by+b3—A4b2 + A7b — A9 = 0. (6.7)

Proof. Dividing the operator (6.1) by 0 +ad, +b, the requirement that this division
be exact leads to the following set of equations between the coefficients.

@’ — A1a> + Ara — A3 = 0, (6.8)

(A1 —3a)a, + (3a* —341a +245)a, — Asa* + Asa + (3a> —241a + Ay)b = A,

(6.9)
(A1 —3a)by + 3a> —341a + 245)by, — (A1 — 3a)b?
+ (As —2A4a —2A1ay + 3aa, — 3a,)b
+a + (A1 —a)ay, + (a*— A + Ay)ay, (6.10)

—2aya, + Asa, — (A — a)ai, — (A4a — As)a, + Asa — Ag = 0,

bex + (A1 —a)by, + (@*—Aja + Ar)by, — (2ay + (A1 —a)ay, + Asa — As)b,
+(Aq = 3b)by + (3a — 241)bby + b* — Asb* + A7b — Ag = 0. (6.11)

The algebraic Eq. (6.8) determines a. The following discussion is organized by the
type of its roots.

Case (i). Assume at first that (6.8) has three simple roots a;, a,, and az. None
of them may be rational, there may be a single rational solution, or all three roots
may be rational. For none of these roots the coefficient of b in (6.9) does vanish; this
follows because it is the derivative of the left hand side of (6.8) that does not vanish
for simple roots. Therefore for each a;, Eq.(6.9) determines the corresponding
value b;. For those pairs «;, b; which satisfy the constraints (6.10) and (6.11), a
factor /; = 0, + a;0, + b; exists. If there are three right factors, by Proposition 2.6
L is completely reducible and L = Lelm(ly, I, [3).

Case (ii). Assume now (6.8) has a twofold rational root a; = a, and a simple
one a3 # ay. This is assured if its coefficients satisfy

ATAS — 445 + 184, A2 A5 — 2745 — 44345 =0 (6.12)
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and A2 — 34, # 0. There follows

1 Ay Ay — 945 A3 — 44,4, + 945
=—-———" a3= .
2 A2-34, A2 =34,

a) = ap

For the root a3, the coefficient b3 follows from (6.9). The existence of a factor
corresponding to a3 and b3 depends on whether these values satisfy the constraints
(6.10) and (6.11).

The double root @; = a, is one of the roots of 3a%> — 24,a + A, = 0. Hence
the coefficient of b in (6.9) vanishes for this value of a; the remaining part of (6.9)
becomes the constraint (6.2). If it is not obeyed, a factor originating from a; does
not exist. If it is obeyed, the corresponding value for b has to be determined from
the system comprising (6.10) and (6.11) with @ = a,. Because A; # 3aj, reducing
(6.11) w.r.t. (6.10) yields a system of the type

by + O(b,) =0, by, + O(b,) =0 (6.13)

if lex term order with x > y is applied. If this autoreduced system forms a
Janet basis, the Riccati equation (6.10) has to be solved applying Lemma B.4.
If its rational solution contains an undetermined function, it has to be adjusted
such that it satisfies the second equation (6.13). Any rational solution without
undetermined elements is only retained if it satisfies this equation. In any case,
the final result may be a rational function r(x, y, ¢y, ¢2) involving two constants;
it may be a rational function r(x, y, ¢) involving a single constant; or there may
be one or two rational solutions r;(x, y) containing no constant; or there may
be no rational solution at all. If the autoreduced system (6.13) is not a Janet
basis, its integrability conditions have to be included and autoreduction has to be
applied again; possibly this procedure has to be repeated several times. It cannot
be described for generic coefficients Ay, ..., A9 because the resulting expressions
become too large. The final result may be a system of the type by, + o(b) = 0,
by + o(b) = 0 the general solution of which contains a constant; it may be
an algebraic equation for » with one or two solutions; or it may turn out to be
inconsistent. The respective solutions are subsumed among those described above.

Case (iii). Finally assume there is a threefold solution a; = a, = a3 = %Al
of (6.8). This is assured if 4p = 1A? and A3 = - A}. The coefficient of b in (6.9)
vanishes again; the remaining part becomes the constraint (6.3). Equation (6.10)
simplifies to (6.4); if the coefficient of b does not vanish, » may be determined from
it. In order for a factor to exist, in addition (6.5) must be satisfied which originates
from (6.11). This is subcase (a). In the exceptional case that the coefficient of b
in (6.4) vanishes, it reduces to constraints (6.6); b has to be determined from (6.7)
which is obtained from (6.11) by simplification. This is subcase (b). O

In order to apply the above proposition for solving concrete problems the
question arises to what extent the various factors may be determined algorithmically.
The answer may be summarized as follows.
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Corollary 6.1. Any first-order factor corresponding to a simple root of the symbol
polynomial of the operator (6.1) may be determined algorithmically. This is not
possible in general for factors corresponding to a double or triple root. In more
detail the answer is as follows.

(i) Simple root of symbol polynomial. Any factor may be determined.

(ii) Double or triple root of symbol polynomial. In general it is not possible to
determine the right factors over the base field. The existence of factors in a
universal field may always be decided.

Proof. 1f there are three simple roots a;, i = 1,2, 3, the b;, may be determined
from the algebraic system (6.8) and (6.9); the constraints (6.10) and (6.11) require
only arithmetic and differentiations in the base field. These operations may always
be performed. The same arguments apply for the simple root in case (ii). For the
double root in case (ii) the corresponding value of b has to be determined from
(6.13); it may lead to a partial Riccati equation, an ordinary Riccati equation, an
algebraic equation, or turn out to be inconsistent. For the first alternative, rational
solutions may not be determined in general whereas this is possible in the remaining
cases. If there is a threefold root of (6.8) it may occur that b has to be determined
from Eq. (6.7); in general there is no solution algorithm available for solving it. O

The term absolutely irreducible has been avoided deliberately, although the last
sentence of the above theorem may suggest it; however, this would exclude also
second-order factors that have not been taken into account.

After the possible factorizations of an operator (6.1) have been determined, a
listing of its various decomposition types involving first-order principal factors may
be set up as follows.

Theorem 6.1. Let the differential operator L be given by

L= ach + Alaxxy + A23xyy + A3ayyy

(6.14)
+A40.x + A50,, + A0y, + A70, 4+ Agd, + Ao,
with Ay, ..., Ay € Q(x,y). Moreover let l; = 0, 4+ a;0, + b; fori =1,2,3 and
(D) = 0y +ad, + b(P) be first order operators with a;, b;,a € Q(x,y); @ is an
undetermined function of a single argument. Then L may be decomposed according
to one of the following types involving first-order principal divisors.

gxlxx L = LI gxzxx . L = Lelm(ls, )1y g)?xx . L = Lelm(l(®))y;

L4 L = LiLelm(ly, 1); L3 . L = LLcdm(1(®));

L8 L = Lelm(lz, I, 1y);  £L7. L = Lelm(1(®), ).

XXX

If none of these alternatives applies, the decomposition type is defined to be £°

XxXx*
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Proof. 1t is based on Proposition 6.1. In the separable case (i) there may be three
first-order factors with a principal intersection, this yields type fo .- If there are

two factors with a principal intersection they lead to a type f;‘x . decomposition.
If there is a single right factor it is divided out and a second-order left factor with
leading derivative d, is obtained. It may be decomposed according to Theorem 4.1;
if it is not irreducible it may yield the type £} ., £ . or £3  decomposition
respectively.

If in case (i i) only a single factor is allowed, the same reasoning as above leads
to a decomposition of type £} or £2 .

In case (iii), subcase (@), a single factor may exist leading again to type £}

or type i{?x . decompositions as above. O

A similar remark as for ordinary operators on page 7 applies here. By definition
of a Loewy divisor, a decomposition type . for example implies that there is no

decomposition type £ withi > 1. This is a consequence of the fact that a Loewy

factor is defined to comprise all irreducible right factors. Similar remarks apply to
the other decomposition types.

These results are illustrated by several examples now. They show that each
decomposition type actually does exist. The equations corresponding to these
operators and its solutions are discussed in Chap. 7.

Example 6.1. The operator
1 y 1 1 y 1
L=du 4y — (1=~ )du—(y=2) o — (< + 5 ) o -0+
xxx T YOxxy ( x)" Y R x  x2 x 7 X2

has the symbol equation a*(a — y) = 0; therefore case (ii) of Proposition 6.1
applies. There is a double root a; = a, = 0 and a simple root a3 = y. The
latter yields b3 = 0. Because the pair a3, b3 violates constraints (6.10) and (6.11)
it does not yield a factor. On the other hand, the double root leads to the equation

by—b*—(1— %)b + % = 0 for b. Its single rational solution is b = —1; it yields the
factor d, — 1. Dividing it out the operator dyy + ydy, + %BX + %3 y— % is obtained.
x

By Proposition 4.1 it has the right factor d, + % Altogether the decomposition

L= (3, +y0d)) (ax + )17) 0x—1)

of type £/ follows. Continued in Example 7.1.

XXX

Example 6.2. Consider the operator

L= axxx + ()C + Y= l)axxy - (X +y)axyy - (x_y_l)axx - (X2 + xy—x"f—l)axy
—(x 9y — (xy +x =y + D — (& +xy + )3, —xy — 1.
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Equation (6.8) reads a’—(x+ y— Da®— (x+y)a = 0withrootsa; =0,a, = —1
and az = x + y, i.e. case (i) of Proposition 6.1 applies. Equation (6.9) yields the
corresponding values

24y —x =y -y +2

bi=1, by=—x and by =
! 2= and s 4x +5y -3

Only a; and b; satisfy the constraints (6.3) and (6.5). Hence there is a single first
order factor /; = d, + 1. Dividing L by /,, the completely reducible operator

dex + (X + ¥ = Ddyy — (x + ¥)yy — (x — y)0x — (X2 + xy + )3, —xy — 1
= Lelm(3x + (x + y)3y + y, 0x — 9, —x)

follows; L has the type £

. decomposition

L= Lclm(ax + (x4 y)dy,+y, 0, =0, —x)(ax +1).

Continued as Example 7.2. O

Example 6.3. Consider the operator

2y y? x—=3 2x—1)y y? 3 y
L = 0yyxx———0xxy+50xyy— Oyx + Oy — 50y, ——0x +50,.
x Oy g Oxyy . 2 yT 20T 2%
Equation (6.8) is (a + %)za = 0; its roots are a; = a, = —% and az = 0, i.e.
case (ii) of Proposition 6.1 applies. From the simple root there follows b3 = —1;

the pair as, b; satisfies the constraints given there; therefore a factor /; = 9, — 1
exists. It turns out that the double root a; = a, does not lead to a right factor;
therefore the factor /; is divided out with the result

2y y? 3 y
axx - ?axy + Payy + ;ax - Fay

According to Theorem 4.1 it has a type Z)fx decomposition involving an undeter-

mined function. Putting these findings together the type ffx . decomposition

_ 2y y? 3 y
L= (a = Syt gy D= 0 | 0= 1)

2 @
(5.~ 0,4 22 Y,
X X d(xy) +x

for L is obtained. Continued as Example 7.3. O
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Example 6.4. For the operator
1 1
L= axxx + (y+ l)axxy + (1 - ;) axx + (1 - ;) (y + l)axy
1 1
——8,— —(y + 1),
x x

Eq.(6.8) reads a’*(a — y — 1) = 0 with double root a; = a, = 0 and simple root
as = y + 1, thus case (i) applies witha; = 0,bh; = landaz = y + 1, b3 = 0.
The corresponding first order factors yield the divisor as the principal intersection

Lelm(d; + 1,05 + (y +1)0y) = 0xx + (y + D0y + 05 + (¥ + 1)3y.  (6.15)

Therefore L has the decomposition
1
L= (ax - —) Lelm(dy + 1,0 + (v + 1))
X

of type .Z*__; continued in Example 7.4. O

xXxXx?

Although the symbol equation of an operator is the most decisive criterion for
its decomposition type, the next example shows how lower-order terms may have a
significant effect.

Example 6.5. The operator

2y y? x—3
L =0y — Yaxxy + Faxyy - ?axx
(2x + 1)y (x +2)y° 3(x+ 1) (x+2)y
+ 2 0yy — 3 dyy — 22 0y + 3 dy

has the same symbol as the operator of the preceding example. Therefore its roots
are againa; = da; = —% and a3z = 0 of the symbol equation. Yet a3 does not yield
a factor because a3 and the corresponding value b3 = —1 — % do not satisty the
necessary constraints. However, for the double root (6.10) leads now to the partial
Riccati equation

be—2b, — b2+ 2b =0
X X

2P(xy) . . .
—————22 . @ is an undetermined function of xy. It
x(@(xy)) + x° Y
yields finally the type .#?>__decomposition

XXX

for b with solution b =
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2y y? 3 y
L = (ax - 1) (axx - 73,@ + ;ayy —+ ;ax — Pay

X X ®(xy) +x

Continued as Example 7.5. O

Example 6.6. Consider the operator

L=0ux+(+2)0xy + (y+ 1Ddyyy
+(1 1)3 +( 42 1)3 O+ 1)y — 20, — 1a
y ) o y y ) o y w0

Equation (6.8) reads a®—(y+2)a>+(y+1)a = 0 with the three roots a; =0, a, = 1
and a3 = y +1,i.e. case (i) of Proposition 6.1 applies. The corresponding values of
b are by = 1, b, = by = 0. It turns out that all three pairs a;, b; satisfy conditions
(6.10) and (6.11). Hence there are three right factors /; = d, + 1,/ = 9, + 9, and
I3 = 0, + (y + 1)0,; thus, L = Lclm(l3, 5, 1;); the decomposition type is ffxx.

Continued as Example 7.6. O

Example 6.7. Another operator with the same symbol equation is

2y y? xy—=>5
L =0, — Yaxxy + ?axyy - Taxx
(2xy —3)y y? 3y =1,y
X X X X
The double root a; = a, = —% leads to the same right factor containing an

undetermined function @ as in the preceding example. The simple root az = 0
yields now b3 = —y and the factor d, — y. Altogether the type ./ decomposition

XXX

2 @
L = Lclm (8x —y,0, — Xay + —%)
x X d(xy) +x

follows. Continued as Example 7.7. O

Example 6.8. The operator

L= axxx + axxy + %axyy + %ayyy + 3-xyaxx + -xyaxy

has the symbol equation a—a’+ %a — 21—7 = 0 with the tripleroota; = a, = az =

3
Constraint (6.3) is satisfied and the coefficient of b in (6.4) is different from zero,

1
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i.e. case (i), subcase (a) applies; it yields the factor d,, + %By. The second-order
left factor obtained by dividing it out does not have any right factor and the Loewy
decomposition

L = (xx + 205y + 39y, + 3xydy) (35 + 10y)

is obtained; due to its second-order left factor it does not belong to any of the types
defined in Theorem 6.1. O

In addition to the decompositions described in Theorem 6.1 there exists a
decomposition type involving a non-principal right divisor; it occurs when there are
two first-order right factors with non-principal intersection ideal J, ., introduced in
Lemma 2.2.

Theorem 6.2. Assume that the differential operator

L = axxx + Alaxxy + AZaxyy + A33yyy
+A40yx + Asdyy + Agdyy + A70x + Agdy + Ao (6.16)

has two first-order right factors l; = 0y + a; 0y, + b;; A1, ..., Ag,a;,b; € Q(x, y).
Assume further that 1| and 1, have the non-principal left intersection ideal J .
Then L may be decomposed as

LB L =Exquo((L),Jxx)Jxx =

XXX

1, Ay Ly
0,0, + (A1 —q)d, + A1, + @A+ ps+qigs—qa ) \ Lo )

Proof. According to Theorem 2.2 the ideal J,., is generated by two third-order
operators L; = Oyxx + 0(0xyy) and Ly = 0y, + 0(dxyy). Hence, an operator
L with two generic factors /; and /, is contained in this ideal and has the form
L = L, + A|L,, i.e. the exact quotient in this basis is (1, A;). The exact quotient
module is the sum of this quotient and the syzygy of J,. given in Lemma 2.2 on
page 45. O

In the following example the operator introduced in Blumberg’s dissertation [5] is
discussed in detail; originally it has been suggested by Landau to him. This operator
is the generic case for operators that are not completely reducible allowing only two
first-order right factors as may be seen from Theorem 2.2.

Example 6.9. In his dissertation Blumberg [5] considered the third order operator

L = Bexy + X0xny + 200y + 2(X + Dy + 5 + (x +2)0, (6.17)
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generating a principal ideal of differential dimension (1, 3). He gave its factoriza-
tions

(0xx + x0xy + Ox + (x +2)3,)(3x + 1),
L = (6.18)
(Oxx +20, 4+ 1)(0x + x0y).

This result may be obtained by Proposition 6.1 as follows. Equation (6.8) is
a® — xa? = az(a — x) = 0 with the double root a; = a, = 0, and the simple
root a3 = x. The latter yields b3 = 0. For the double root @; = 0, the system (6.10)

and (6.11) has the form

bx—b2+(2+z)b—1—z:0,
X X

bix 4 xbyxy — 3bb, + 2by — 2xbby + 2(x + 1)by + b* —2b> + b = 0.

It yields the Janet basis b — 1 = 0 and the factor /;
satisfy (6.10) and (6.11), there is a second factor /,
Theorem 6.1 applies.

The second order left factor in the first line at the right hand side of (6.18) is
absolutely irreducible, whereas the second order factor in the second line is the left
intersection of two first order factors, thus (6.18) may be further decomposed into
irreducibles as

dy + 1. Because a3z and b;
0y + x0,, i.e. case (iv) of

(Oxx + x0xy + Ox + (x +2)3y)(l; = 0, + 1),
L= (6.19)
Lelm (ax F Lo, +1— %) (I, = 0, + x,).

The intersection ideal of /, and /, is not principal, by Theorem 2.2 it is

LClm(lz, 11) =

<<L1 = Denr — X0y + 30 + 20+ 3)dyxy — 20y, + 20, + (2x+ 3)y,

1 1 1 1
P R (1+ ;) 9, ) (620)

with differential dimension (1, 2); therefore the type .

Xxx
18

1 X (Ll)
L = 1 S
08X+1+7 L2

there follows L = Ly + xL,. Ly as well as L, have the divisors /; and [, as will be
explicitly shown in Exercise 6.2. Completed in Example 7.8. O

decomposition of (6.17)
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6.2 Operators with Leading Derivative 0,

If an equation does not contain a derivative d, ., but d,,, instead, permuting x and y
leads to an equation of the form (6.1) such that the above theorem may be applied.
If there is neither a term 0., or d,,,, the general third order operator contains
the mixed third-order derivatives 0, and d.,,. Its possible factorizations into first
order factors are the topic of this subsection.

Proposition 6.2. Let the third order partial differential operator
L= 8xxy + Alaxyy + Ay0,y + A38Xy + A48yy + Asd, + A68y + A7 (6.21)

be given with A; € Q(x,y) for all i. Any first-order right factor 0, + ad, + b
witha,b € Q(x, y) is essentially determined by the roots a, and a; of the equation
a’? — Aja = 0. The following alternatives for a, and a, may occur.

(i) If Ay # 0, the roots are a; = 0 and a, = Ay; by and by may be determined
from (6.25). A first order right factor 0, + a;0, + b; exists if the pair
a;, b; fori =1 ori = 2 satisfies the constraints (6.26) and (6.27).

(ii) If Ay = A4 = 0, there follows a = 0. Two subcases are distinguished.

Asy + ArAs — A7 .
; Py py py vl

(a) A factor d, + b exists with b =

Asy + ArAs — As #0, by —b*+ Ash — Ag = 0.
(b) If the two constraints
A(J,y + A,Ag — A7 =0, A3,y + ArA3— A5 =0 (6.22)

are satisfied, there may be a right factor of the form 3, + R(x,y, @(y)),
where R is the general rational solution of (6.28) involving an unde-
termined function @(y). There may be two factors d + r;(x,y) where
ri (x, y) are special rational solutions of (6.28); there may be a single such
factor or no factor at all.

(iii) A right factor 0, + A exists if

As = A A3 + 245 + Apy A1 — A AL
A7 = ArAg + Ay y Ay — AsAS + A3As (6.23)
F A x + Az xy AL — 245 Ar Ay
(iv) There may exist a Laplace divisor L.« (L) forn > 2.
(v) There may exist a Laplace divisor Lym (L) for m > 3.

(vi) There may exist both Laplace divisors Ln (L) and 1L (L). In this case L is
completely reducible; L is the left intersection of two Laplace divisors.
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Proof. Dividing the operator (6.21) by d, + ad, + b, the requirement that this
division be exact leads to the following system of equations between the coefficients.

a’>— Aja =0, (6.24)

ay — (3a —241)a, — Ara® + Asa — (2a — A))b = Ay, (6.25)

bx - (361 — 2A1)by - b2 — (2ay + 24a — A3)b + Ayxy — (a - Al)ayy
+Ara, —a; — (Ara — As)ay + Asa = As, (6.26)

byy 4 (A1 —a)byy + Asby — (2b +a, + Asa — A3)by — Asb* + Ash = A;. (6.27)

Case (i). If A; # O the first Eq. (6.24) determines the two roots a¢; = 0 and
a, = A,. The corresponding values b; and b, follow uniquely from (6.25). If the
two constraints (6.26) and (6.27) are satisfied for a pair of values @; and b;,i = 1
or 2, afactor d, + a; 0, + b; exists.

Case (ii). If A; = 0, there follows a = 0 and Eq. (6.25) simplifies to A4 = 0.
Simplification and autoreduction of Egs. (6.26) and (6.27) yields the system

by —b> + Asb — Ag = 0, (6.28)
Agy + AsAg — A7 — (A3, + AyA3 — As)b =0 (6.29)

for b. The following alternatives are distinguished. If the coefficient of b in (6.29)
does not vanish, b may be determined uniquely from it and (6.28) becomes a
constraint; this is subcase (a). If the coefficient of b in (6.29) vanishes and the
two constraints (6.22) are satisfied, b is determined by the Riccati equation (6.28);
its rational solutions determine a possible factorization.

Case (iii). Dividing the operator (6.21) by d, + ¢, the requirement that this
division be exact yields the equations ¢ — A, = 0 and

1 1 1 1
Ccy + EcyAl — EczAl + EcAg, — EAS =0,
Cxx + Cxy AL —2¢c Ay + cx Az + ¢y Ay — A4+ cAg— A7 = 0. (6.30)

Transformation into a Janet basis yields (6.23).
The possible existence of the Laplace divisors in cases (iv) to (vi) is a
consequence of Proposition 2.4 and the constructive proof given there. O

In order to solve concrete problems it is important to know to what extent the
factorizations described in this section may be determined algorithmically. The
answer to this question is given in the following corollary.
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Corollary 6.2. Any first-order right factor in the base field may be determined
algorithmically. Existence of a factor in a field extension may always be decided.
Laplace divisors of fixed order may be determined; a bound for the order of a
Laplace divisor is not known.

Proof. In cases (i) and (iii), and subcase (a) of case (ii) of Theorem 6.2 the
statement is obvious. If in subcase (b) of case (i) the conditions (6.22) are satisfied,
the rational solutions of the ordinary Riccati equation (6.28) have to be determined;
this is always algorithmically possible according to Lemma B.1. For any Laplace
divisor of fixed order this follows from the constructive proof of Proposition 2.3 and
Corollary 2.1. O

After the possible factorizations of an operator (6.21) have been determined, a
listing of its various decomposition types involving first-order principal factors is
given next.

Theorem 6.3. Let the differential operator L be defined by
L = 0xxy + A10xyy + A20yx + A30yy + A40,, + As50x + Asd, + A7; (6.31)

Ai € Q(x,y)foralli.Letl; = 0,4a;0,+b; fori = 1,2, [(P) = 0,+ad, +b(P);
k=0, +c;ai.bi,c € Q(x,y) such that ayar = 0. The following decomposition

types i”xlxy, cees Zgéy involving principal right divisors may be distinguished.
Ly L=kbl: LY, L =Lkl £}, L =bLhk;

Ly o L = Lelm(l, k)ly: £y, - L=Lelm(l, L)k: £, : L=Lelm(I(®))k:
L] 1 L =bLelm(ly.k): £5., : L=kLclm(ly. 1y): £y, - L=kLclm(1(®)):

LY L = Lelm(lr, 1. k): £, L = Lelm(I(P), k).

XXy

Proof. 1t is based on Proposition 6.2. In case (i) there may be two factors with
a principal intersection yielding a decomposition of type f;xy; a non-principal
intersection ideal as described in Theorem 2.2 is excluded because the highest
derivative d,, of its first generator does not occur in L. If there is a single factor, it
is divided out and a second-order operator with leading derivative d,, is obtained.
It has to be decomposed by Theorem 4.2; if it is not irreducible the possible
decomposition types are .lexy, ffxy or ‘foy-

Case (i), subcase (a), may lead to a single factor; the same decompositions as
for a single factor in case (7) may occur. The same is true if subcase () yields a
single factor. If there are two factors, they generate a principal intersection because
a) = a, and the decomposition type is Z)ny or .ngxy.

If in case (iii) there is a factor k, it is divided out; the resulting second-order left
factor may be decomposed according to Theorem 4.1. The possible decomposition

types are .2, > and .£°

Xxy? << xxy xxy*
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It may occur that factors exist originating from case (iii) and in addition from
case (i) or case (ii). The various alternatives may be described as follows. If there
is a single additional factor due to case (i) with a principal intersection, it may be
divided out and decomposition type ffx , results. If there are two additional factors,
their combined intersection is principal and generates the ideal of the given operator.
If there is a single additional factor originating from case (i), its intersection is prin-
cipal due to Theorem 2.3 and the decomposition type is again fo ,- Furthermore, in
case (i1), subcase (), there may be two factors generating a principal intersection of
atype f;)?y decomposition; or there is a factor containing an undetermined function

in its coefficient generating a decomposition of type £} y- O

The various alternatives for decomposing an operator (6.21) into first-order
components are illustrated now by some examples. The first three cases have
identical symbol equations but different decompositon types, albeit they differ only
by the order of the factors.

Example 6.10. Consider the operator

1
L = 0yxy + x0xyy + ;axx + (¥ + Doy + (xy + 1)y,

+(1+§)ax+(x+y+§)ay.

Because A; # 0, case (i) of Proposition 6.2 applies; there follows a; = 0,

by = y+ % and a, = x, b = 0. Only the latter pair satisfies the constraints
(6.26) and (6.27); thus there is a factor / = 9, + xd,. Because the constraints for
case (ii1) are violated, there is no factor with leading derivative d,.. Dividing out /

the second-order operator dy, + %3); +yo,+1+ % is obtained. By Theorem 4.3 it
has a type ‘Zéy decomposition. Altogether this yields the type £ ,, decomposition

L= (8y + %) (0x + ¥)(0x + x0y).

Continued in Example 7.10. O

Example 6.11. The operator

1 1

L= axxy + xaxyy + ;ch + (y + 1)axy + (xy + 1)ayy + (% - _2) ax + yay
X

differs from the preceding one only in the first-order terms; hence there is the same

right factor / = d, + xd,. Because the constraints for case (iii) are violated, there

is no factor with leading derivative d,. Dividing out / the second-order operator
Oy + %ax +yoy+1+5— % is obtained now. By Theorem 4.3 is has a type ffy
X

decomposition, and for L the type fﬁx , decomposition
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L= +y) (ay + %) (0, + x3y)

is obtained. Continued in Example 7.10. O

Example 6.12. The operator

1
L= axxy + -xaxyy + ;axx +(y+ l)axy + (xy + 1)ayy

y 2) y 2
H(=-S )+ -5+
(x 2 YOy 20

differs from the preceding two examples again only in the first-order terms; the
same values for the pairs a1, by and ay, b, are obtained. However none satisfies the
constraints (6.26) and (6.27), i.e. there is no factor with leading derivative d,.

Case (ii)is excluded due to A; # 0. However, the conditions (6.30) are satisfied;

thus, there is a factor k = 9, + % Dividing it out yields the second-order operator
dxx + x0yy 4+ ¥y + (xy + 1)d,. By Theorem 4.1 is has a type .2, decomposition

with a right factor 9, +xd,. Summarizing these results the type £ , decomposition

L = (0x + y)(0x + x0y) (By + %)

follows. Continued in Example 7.10. O

In the next chapter it will be investigated how the order of the factors in
the preceeding three examples determines the structure of the solutions of the
corresponding pde’s.

Example 6.13. Consider the operator
L =0yy=0yyy+(x+1)0cx—(x—y+1)05,—y0,, +(xy+y+1)0—(xy+y+1)0,.

Because A; = —1 case (i) of Proposition 6.2 applies; there follows a; = 0 and
a, = 1. The corresponding values of b are b = —y and b, = 0. Only the pair
as, by satisfies the constraints (6.26) and (6.27) leading to the factor / = 9, — 0,.
The conditions for case (iii) are violated, an additional right factor does not exist.
Dividing out /, the second-order operator 0y, + 0y, + (x + 1)y — y9, + xy + 1
follows. According to Theorem 4.1 it has a type .#2_ decomposition, and the type
.foy decomposition

L = Lelm(0 +y,0y, +x 4+ 1)(3x — 9,)

is obtained. Continued in Example 7.11. O



6.2 Operators with Leading Derivative 0, 135

Example 6.14. Consider the operator

L =0cxy +0yyy +X0cc + (x—y —1)0, — 9y,
—(xy+x-2)0—(x—y—-10, +xy—y—1L

Because A; = 1 case (i) of Proposition 6.2 applies; it follows a; = 0 and a; = 1.
The corresponding values of b are by = —1 and b, = —y. Both pairs a;,b; do
not satisfy the constraints (6.26) and (6.27), i.e. a factor with leading derivative d,
does not exist. However, the conditions of case (iii) are obeyed and there is a factor
d, + x. Dividing it out, the second-order operator 0, + d,, — (y +1)0, — 03, + ¥
follows. According to Theorem 4.1 it has a type -2, decomposition. Putting these

results together the type 2. , decomposition

L =Lclm(0y + 09y, — y,0, — 1)(0, + x)

is obtained. Continued in Example 7.12. O

Example 6.15. Consider the operator
2 2
L=duy+ (x+2) 0+ S0y +40, + =,
by by by

Because A1 = A4 = 0 and A3, + A»A3 — As # 0, case (ii), subcase (a) of

Proposition 6.2 applies; b = 2x is obtained. This value does not satisfy the
X

Riccati equation b, — h? + %b = 0, i.e. a factor with leading derivative d, does
not exist. However, the constraints (6.23) of case (iii) are satisfied and a factor

9, +x+ % is obtained. Dividing it out yields the second order factor d., + %8x with

type -2, decomposition. Putting these results together the £, , decomposition

2 1 1
L:(3xx+—3x)(3y+x+z):Lclm(f)x—i-—— )(3y+x+Z)
X by x x4+ @ by
follows. Continued in Example 7.13. O
Example 6.16. Consider the operator
L=0yy+&x+1D0+ @ —10+xy—x+y+1)—yd, —xy—1.

By case (i) of Proposition 6.2 the factor /; = d, + y exists. In addition there is
the factor k = 9, + x + 1 originating from case (iii). They have the principal
intersection

Lelm(ly, k) = ¢y + (x + )0, + y0y +xy +y + 1

and L has the type ./ decomposition

xxy
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L = (0, — 1)Lclm(0x + y, 0y +x + 1).

Continued in Example 7.14. O

Example 6.17. Consider the operator
L= axxy + axyy -+ 1)a)ry _ayy — 0y + yay + 1

By case (i) of Proposition 6.2 the two factors /| = 0, —landl, = 0, +9, — y
exist. They have a principal left intersection 0, 4+ d,, — (y + 1)d, — 3, + », and
L has the type .3  decomposition

xxy
L =0,Lelm(dx + 0, —y,0, —1).

Continued in Example 7.15. O

Example 6.18. Consider the operator

2
L= oy + (90 + =05y +2 (14 2) 0.
Because A1 = A4 = 0 and A3, + A»A3 — As = 0, case (ii), subcase (b) of
Proposition 6.2 applies. The Riccati equation for b is b, — b* + %b = 0, it has the

general solution b = % - where @ is an undetermined function of y;

1
X+ d(y)
it vi = 1__ 1
it yields the factor / = 0, + YF0)
satisfied, i.e. there is no factor with leading derivative d,. Dividing out the factor /

the type .2 decomposition

xxy

The constraints of case (iii) are not

2 1 1
L=(0y+x+y) (am+ ;) = (d,4x + y)Lclm (ax +o- x+q))

follows. Continued in Example 7.16. O

Example 6.19. Consider the operator
L= axxy +axyy_yaxx_(2y + 1)a)ry_ayy + (y2+y_ l)ax +2yay _y2+ L.

Because A = 1 case (i) of Proposition 6.2 applies; it followsa; =0 anda, = 1. The
corresponding values of b are by = —1 and b, = —y. Both pairs a;, b; satisty the
constraints (6.26) and (6.27), i.e. the factors d, — 1 and 0, + 9, — y exist. Because
the conditions of case (ii7) are satisfied there is the additional factor 0, — y, and L
has the type .2!° decomposition

XXy
L =Lclm(0x +0, —y,0, — 1,0, — y).

Continued in Example 7.17. O
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Example 6.20. Consider the operator

2 2
L= axxy — y0xy + _axy - _yax
X X

Because A1 = A4 = 0 and A3, + A»A3 — As = 0, case (ii), subcase (b) of
Proposition 6.2 applies. The Riccati equation for b is b, — b + %b = 0, it has the

general solution b = % — m where @ is an undetermined function of y; it
yields the factor | = 9, + % - m The constraints of case (iii) are satisfied
now, i.e. there is another factor d, — y. Altogether the type .le; , decomposition

2 1 1
L:Lclm(ay—}—x—}—y,axx—}—;ax) :Lclm(ax—}—;—x_’_—qj,ay—y)

is obtained. Continued in Example 7.18. O

In addition to the decompositions into principal first-order components there are
four decompositions types of an operator with leading derivative 0, involving
non-principal right divisors; they are considered next.

Theorem 6.4. Let the differential operator L be defined by
L =0y + A10yyy + A20xcx + A30yy + A40,, + As0y + Aedy + A7 (6.32)

such that A; € Q(x, y) foralli. The following decomposition types L2, ..., L3

xxy’ xxy
involving non-principal right divisors may be distinguished; m > 3 andn > 2. The

ideal Iy, is defined on page 45.

£12 0 L = Lelm(Lyn (L), Ly (L)):

xxy *

1 0 L
313 L=F L,Lxm L Lxm L) = 5
xxy xquo (L)) Len (L) (0 3, + Az) ([m)

g” L= E)CqMO(L,Lyn (L))Lyn (L) =

XXy

1 0 L
(0 Orx + A1y + (A1y — A1 Ay + A3)dx + Audy + A4,y—A2A4+A6) <E) ’

Lo L = Exqu0(<L>, Jxxy)Jxxy =

xxy

0,0 + (A1 —q)dy + p3+ 9193 —qs — (P2 + 192 — q3) A1 + A1, ) \ K2

Proof. The conditions for the existence of Laplace divisors IL,» (L) and IL» (L) for
an operator (6.32) have been proved in Proposition 2.4 on page 39. If there are two
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divisors, decomposition type Z)}ﬁy follows. If there is a single one, dividing it out

yields decomposition type .27, or L .
According to Proposition 6.2, for any given operator there may exist factors
simultaneously by case (i) or (ii) and case (iii). By Theorem 2.3 on page 50 their

generic intersection is an ideal J, yielding a type fxl)fy decomposition. O

Example 6.21. Consider the operator

1 1 1
L =0y 4+ x0cyy — ——0xc + 0xy + 0y — ——0, — ——0,.
xxy Ty ¥ Ty y 1
According to case (i) of Proposition 6.2 there are two pairs a; = 0, b; = % and

a, = x, b, = ﬁ + 1; neither satisfies the constraints (6.26) and (6.27), i.e.

there is no first-order factor with leading derivative d,. The same is true for a factor
with leading derivative d, because the second constraint (6.23) is violated. However,
there is a Laplace divisor L2 (L) = (L, d,, ) leading to decomposition

1 0 L
L= xX+y+1
0 Oyx + X0y, + y—}rlax +3, | \a,,

of type £

xxy*

Continued in Example 7.19. O
Example 6.22. For the operator

2

L Dyyy — X0y + y?ayy — (xy +2)d, — %(xy —2)d, — 4y

axxy +

=<

A = % # 0; thus a; = O and a; = % By (6.25) there follows b} = y and
b, = %(xy + 2) + x — 2. Only the first pair aj, b; satisfies the constraints of
Y

dx + y. However, the conditions of case (iii)
d, — x. The intersection ideal of / and k is not

case (i) and leads to a factor /
are obeyed and yield a factor k
principal; by Theorem 2.3 it is

Lelm(k,1) = (K1 = 0yxy — X0y + 2y0xy — 2(xy + 1)y + y?0y — xy> =2y,
K> = 0yyy —2x0xy + y0,, + x29, —2(xy — 1)d, + X2y — 2x>>,

i.e. L has the type .Z> decomposition

XXy

it may be represented as L = K; + %Kz. Continued in Example 7.20. O



6.3 Operators with Leading Derivative d,,, 139
6.3 Operators with Leading Derivative 0.,

If an equation contains no unmixed third-order derivative, but only a single mixed
third-order one, it is assumed to be d,,,; otherwise x and y may be exchanged
or, what amounts to the same thing, the term order may be changed to y > x.
Although this case may be obtained from Proposition 6.2 by specialization if
A; = 0 is assumed, it is treated as a separate alternative because solving the
corresponding differential equations will be simpler than in the general case.

Proposition 6.3. Let the third order partial differential operator
L = axyy + Alaxy + Azayy + A30, + A48y + As (6.33)

be given with A; € Q(x,y) for all i. The following first order right factors may
occur.

(i) A right factor 9, + A, exists if

Ay =245, + A 45,

(6.34)
As = Ay, + A2y Ay + ArAs.
(ii) Right factors 0, + ¢ with ¢ € Q(x, y). Define
P = A3,x + A,A5 — A5 and Q = Al,x + A1A; — Ay, (6.35)

The following two subcases have to be distinguished.
(a) If P = Q =0, ¢ must be a rational solution of ¢, — c¢* + Ajc — A3 = 0.
(b) If Q #0and P,Q — P(Q, + P) + A PQ — A30? = 0, there follows

.- Asy + Ay Az — As
Aix+ A1Ay — Ay

(iii) There may exist a Laplace divisor L« (L) forn > 3.
(iv) There may exist a Laplace divisor Lym (L) for m > 2.
(v) There may exist both Laplace divisors Lym (L) and Ly (L). In this case L is
completely reducible; L is the left intersection of two Laplace divisors.

Proof. Case (i). Reducing (6.33) w.r.t. . + ad, + b, the requirement that this
division be exact leads to the constraints a = 0 and
2ay+A1a—A2+b:0,
ayy + Alay + 2by + Alb + A3a — A4 = O,
byy + Alby + A3b — As = 0.
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Transforming this system of pde’s into a Janet basis yields the system (6.34).
Case (ii). The requirement that d, + ¢ divides (6.33) leads to the constraints

Cy —c? + Ajc— A3 =0,
Cyy + Ajcy —2ccx + Asey — Axc? + Age — As = 0. (6.36)

Reduction of the second equation w.r.t. the first one yields
(A1x + A1Ay — Ag)c — Az x — Ag A3 + A5 = 0. (6.37)

If the coefficient of ¢ vanishes, there are the two constraints P = 0 and Q = 0;
¢ has to be determined from the first equation of (6.36). This is subcase (a).

Subcase (b) is obtained if the coefficient of ¢ in (6.37) does not vanish. Then c is
uniquely determined by this equation. Substituting it into the first equation of (6.36)
yields the relation for P and Q given above.

The possible existence of the Laplace divisors in cases (iii) to (v) is a
consequence of Proposition 2.5 and the constructive proof given there. Furthermore,
the existence of a first-order factor in addition to a Laplace divisor is not excluded.

|

What concerns algorithmic methods for obtaining the various decompositions,
the answer is the same as for operators (6.21), i.e. Corollary 6.2 applies here as
well.

Using this result, a listing of the possible decomposition types of an operator
(6.33) involving first-order principal factors only is given in the subsequent the-
orem; decompositions involving non-principal divisors are discussed later in this
subsection.

Theorem 6.5. Let the differential operator L be defined by
L= axyy + A13Xy + Azayy + A0, + A48y + As (6.38)

such that A; € Q(x,y) foralli. Let] = 0, +b, ki = 0, +¢; fork = 1,2 and
k(@) = 9, + c(®); b.c; € Q(x,y). The following decomposition types

1 11 . . . . . o e . . .
nyy, cee "Zwy involving principal first-order right divisors may be distinguished.
fxlyy L= kzkll;fxzyy L= kzlkl;fgyy L= lkzkl;
L, L = Lelm(l, ky)ky: £, L = Lelm(ky, ki)l 28, - L = Lelm(k(®))1:

L., L =koLelm(ky . 1): £, « L = ILclm(ka. ky): L5, : L = ILclm(k(D)):
LY L = Lelm(l, ko, k1); ZY), : L = Lelm(l, k(®)).

xyy
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Proof. 1t is based on Proposition 6.3. According to case (i), a single right factor
d, + A, exists if the conditions (6.34) are satisfied; then L factors into

L = (dyy + A10y + 43)(0x + A2).

The second-order left factor is a generic second-order ordinary operator in y. The
coefficient b in a possible factor d, + b is determined by an ordinary Riccati
equation. Therefore all decomposition types listed in Theorem 4.1 may occur; they
lead to decomposition types .leyy, .nyy and .nyy.

Any right factor 0, + c satisfies

L= (axy + (Al - C)ax + Azay + Ay —cx — AZC)(ay + C)-

Ifin case (i i), subcase (a), there is a single rational solution, or subcase () applies,
. . . . 2 3 5 .

the resulting decomposition type is £, £, or £7,. If there is more than a

single rational solution in subcase (a), the decomposition type is .,Zzyy or Xfyy.

There may be a factor / originating from case (i), and in addition a single

factor k, or two factors k; and k; originating from case (ii); these alternatives yield

decompositions of type .Z/ | or type £ . O

Subsequently examples are given for the various decomposition types; they show
that each decomposition does in fact exist. As usual, these examples are continued
in the next chapter where solutions of the corresponding equations are given.

Example 6.23. For the operator
L=y — (X 4 9)0uy + ydyy +xy0c — (xy + 97 =2)8, +xy> —x -y

A = —(x +y), 4 = y, A3 = xy, A4y = —(xy + y* —2), and
As = xy? — x — y. The conditions (6.34) are satisfied, there is a factor [ = 9, + y.
Because P # 0 and Q # 0, case (ii), subcase (a), does not apply; the same
is true for subcase (b) because the conditions for P and Q are not satisfied, i.e.
[ is the only first-order right factor. Dividing it out, the second-order left factor
dyy — (x + y)d, + xyd, is obtained. By Theorem 4.1 it factors uniquely into
ki =0, —xand k, = 0, — y and the type .leyy decomposition

L =3, —y)@y —x)(0x + )

for L follows. Continued in Example 7.21. O

Example 6.24. For the operator
L =0y — (x 4+ ¥)0xy + ¥y, + xp3y — (xy + ¥y +xy> —x +y

Al =—(x+y), 4y =y, A3 = xy, Ay = —(xy + y?), and 45 = xy> —x + y.
The conditions (6.34) are violated, i.e. there is no factor with leading derivative d,.
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Because P # 0 and Q # 0, case (ii), subcase (a), does not apply; however the
conditions for subcase (b) are satisfied, there is only the first-order right factor k| =
d, — x. Dividing it out, the second-order left factor d,, — xd, + yd, —xy — 1is
obtained. By Theorem 4.2 it factors uniquely into ky = 0, —x andk, = 9, — y; L

has the type .iﬂwy decomposition

L =3y =)0+ y)(3y —x).

Continued in Example 7.22. O

Example 6.25. For the operator
L =0y — (x+ )0y + 3y, +xy0x — (xy + y* 4+ 1)d, + (xy + 1)y

Al =—(x+y), 4=y, A3 = xy, Ay = —(xy + y* + 1), and 45 = (xy + D)y.
The conditions (6.34) are violated, i.e. a factor with leading derivative d, does not

exist. However, because P = Q = 0, the Riccati equation for the coefficient ¢
is ¢, — ¢ = (x + y)c — xy = 0, it has the single rational solution ¢ = —x,
there is the factor k; = 9, — x. Dividing it out, the second-order left factor is

dyxy — y0x + yd, — y%. According to Proposition 4.2 it factors into / = 9, + y and

k> = 0, — y; therefore the full type ‘ZY” factorization is

L = (dx + )@y — y)(3, — x).

Continued in Example 7.23. O

The factorizations of the three preceding examples differ only be the order of the
factors; therefore the remarks following Example 6.12 on page 134 apply for these
examples as well.

Example 6.26. Consider the operator
L =0y, + (x+1+y) dxy + 0y, + (x + y) O + (xy +y +2)d,+xy+2.

Because the conditions (6.34) are violated there is no factor with leading deriva-

tive d,. There follows P = Q = 0, subcase (a) of case (ii) applies. The Riccati
equation

2 1 1

cy—c +|x+1+—)c—x——

y y
for ¢ is obtained. Its only rational solution is ¢ = 1; it yields the right factor 9, + 1.
Dividing it out the second-order operator dy, + (x + )3 +ydy +xy + 2 follows.

According to Proposition 4.2 it has a type ny decomposmon Finally the type f;‘y y
decomposition
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1
L:Lclm(ax—i-y,ay—i—x—i——)(ay—i—l)
y

is obtained. Continued in Example 7.24. O

Example 6.27. Consider the operator

=2y A
(xy+Dy 7 x 7 (y+Dy "

x2yr —2xy — 4 2x2y% 4 xy — 1)
(xy + x 7 xy(xy +1)

L =0y,

Conditions (6.34) are satisfied, there is a factor / = 9, — % Because the conditions
for subcase (b) of case (ii) are violated, this is the only right factor. Dividing L by

[, the operator

9. _ x2y? -2 _(xy+2)x
Ty +Dy T xy+1

follows. Exchangining x and y, Theorem 4.1 may be applied and the type .ZXZX

decomposition follows; L has the type ffy , decomposition

L:um(%+§ﬁy<0(%—§)

Continued in Example 7.25. O

Example 6.28. For the operator

2 2x + 6y?
L =0y, + ;E)xy F a4, + 2 46

the conditions (6.34) are satisfied and the factor [ = 9, + x + y? exists. However,
the conditions for subcase () of case (ii) are violated, there is no additional right

factor. Dividing L by /, the operator d,, + %8 y follows. According to Theorem 4.1

it has a type .#2, decomposition involving an undetermined function @. Therefore

L has the type .nyy decomposition

2 1 1
L=1d +—8) 0 + x + 2)=Lclm(3 +———) O + x + ).
(yy y ( Y Ty D4y ( Y

Continued in Example 7.26. O
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Example 6.29. For the operator

1 1 1
LEaxyy+(-x‘i‘l‘i‘;)axy“r‘yayy‘i‘()C—i—;——z)ax

+xy +y+3)9, +xy+x+2

by case (i) and case (ii), subcase (b) of Proposition 6.3 the type i”;w decomposi-
tion

1
L = (0, + 1)Lclm (ax +y,0, +x+ —)
y

1
:(ay—l—l)(axy—l—(x+;)8x+y8y+xy+2)

follows. Continued in Example 7.27. O

Example 6.30. For the operator

2 2 2 2
-2 —y—1 -2 —y—1
Lzaxyy+yy_18xy+£8yy+y y y(y ) yy =y—=1

y—1 7 x(y-1 " x(y—1)

conditions (6.34) are not satisfied, i.e. a factor d, + Az does not exist. However,
P = Q = 0, and case (ii), subcase (b) applies. The Riccati equation

2 2
~2 +y—1
y Yiry-1t_

2
cy—c” + c+
’ y+1 y+1
has the rational solutions ¢ = y and ¢ = —1. They yield the factors 9, 4+ y and
d, — 1 and the type ffyy decomposition
2 2
y y =2 y-y-1
L=(o+2)(0 0
X+x (yy+y_1 y+ y—l )
y
- (ax + ;) Lelm(d, + y.9, + 1).
Continued in Example 7.28. O
Example 6.31. Consider the operator
2 2x 4 2y’
L=y, + ;E)xy 4y, +

Conditions (6.34) are not satisfied, i.e. a factor with leading derivative d, does not
exist. Because P = Q = 0 the possible factors d, + ¢ are determined by the Riccati
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equation ¢, — 2 + %c = 0. Its general solution is ¢ = % - %ﬂ where @ is an
undetermined function of x. Therefore L has the type fxgy , decomposition

L= +x+ yz)(ayy 0 ;ay) = (3 +x)Lclm(3y + % -3 i y).

Continued in Example 7.29. O
Example 6.32. Let the operator L be defined by

1 2
L=2d 2 l———+—]0 0
xyy+(x+ y—1+y) xy+y yy

x+1 x+1 1
+(x(x+1)— +2 )8x+((2x+l)y+3——)8y
y—1 y y—1
x+2 2

+x(x+1D)y+3x+2——+ —.
y—1 "y

Its coefficients satisfy conditions (6.34) of Proposition 6.3, i.e. there is a factor
d, + x. Furthermore, P = Q = 0 such that case (i7), subcase (a) applies. The
Riccati equation for ¢ has the two rational solutions ¢ = x + 1 and ¢ = x + %;

they yield the factors 9, + x + 1 and 9, + x + %; the type ., decomposition

1
L:Lclm(8x+y,8y+x+1,8y—|—x+—)
y

follows. Continued in Example 7.30. O

Example 6.33. As in the preceding example the operator
2 2x
L=y + ;axy + Xy + 73y

has a first-order factor d, + x. Because P = Q = 0 the possible factors d,, + ¢

are determined by the Riccati equation ¢, — ¢? + 20 =0.Tts general solution is

y
_ 1 1 . . . )
c = Yy "Dy where @ is an undetermined function of x; therefore L has the

type Z!! decomposition

xyy
L= Lclm(ax +x,0,, + zay) = Lclm(@x +x,0, + l — ;)
y y @+y
Continued in Example 7.31. O

In addition to the decompositions into first-order principal divisors, there may
exist Laplace divisors and divisors originating from the non-principal intersection
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of first-order operators described in case (ii) of Theorem 2.3 on page 51. They are
the subject of the subsequent theorem.

Theorem 6.6. Let the differential operator L be defined by

L = axyy + Alaxy + Azayy + A30, + A48y + As (6.39)
such that A; € Q(x, y) foralli. The following decomposition types leyzy, e ,f;fy
involving non-principal divisors may be distinguished; m > 2 andn > 3. The ideal

Jyxyy is defined on page 45.

L2 2L = Lelm(Lyn (L), Ly (L))

xyy

00, + Az £,

1 0 L
21+ L = Exquo(L. Lun(L))Lun(L) = :
xXyy xquo (L, Ln (L)) Ln (L) (0 Byy+A13y+A3)([m)

0 1 K
LB L=E L), = ’ )
o xquo(( > Jxxy)Jxxy (By — P2 —q192 + q3, O) (Kz)

Proof. The existence of Laplace divisors L= (L) and IL.,» (L) for an operator (6.39)
has been proved in Proposition 2.5 on page 41; their differential dimension is (1, 1)
and (1, 2) respectively. If there are two divisors, by case (iii) of Proposition 2.5 the
representation of féfy follows. If there is a single divisor IL.,» (L), the exact quotient
module of (L) and L, (L) is constructed. It is generated by (1, 0) and the syzygies
determined in Corollary 2.5. Transformation into a Janet basis yields the representa-
tion given above for the .le;’y The discussion for decomposition type .le;‘y is sim-
ilar. Finally, a Janet basis for the module generated by the exact quotient (0, 1) and

the syzygy (2.29) given in Lemma 2.3 yields the decomposition for type leysy O

Example 6.34. Let the third order operator
L =0y + (x+ y)0xy + (x + y)0y — 20, —2
be given. By Proposition 6.3 it does not have a first order right factor. By

Proposition 2.3 a divisor L (L) for m < 2, or a divisor IL,» (L) for n < 5 does not
exist. However, there is a divisor L3 (L) = (L, 0y ), i.e. L has the decomposition

1= 1 0 L
00, + ) A x ) e

of type ‘Zé;y Continued in Example 7.32. O
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Example 6.35. Consider the operator
L =04y —2X0yy + 3y, + x20, —2(xy — 13, + x(xy — 2).
By case (i) and case (i7), subcase (b) of Proposition 6.3 the factorizations

(3yy —2x0y + xH)(I1 = 3¢ + ¥)
(axy - xax + yay - xy + 3)(12 = ay —X).

L =

are obtained. The intersection ideal J, ., of /; and /, is
LClm(llv 12) = <<Kl = axxy — X0y + 2yaxy - 2(xy + l)ax + yZay - y(xy + 2)5
K> = 0yyy — 2x0x, 40y, +X20, —2(xy — )3, + x(xy — 2))

with differential dimension (1, 2). It is not principal, L has the decomposition

0, 1 K,
L = .
(ay - X, O) (KZ)

of type .Z!> . Continued in Example 7.33. O

xyy-

6.4 Exercises

Exercise 6.1. Derive the two generators of the Lc/m in Eq. (6.20) on page 129 as
follows. Start from the solution z = F(y — %xz) + G(y)e™ given in Example 7.8,
derive it up to third order and eliminate the undetermined functions F and G.

Exercise 6.2. Show that both /; and /; divide L; and L, in Eq. (6.20).

Exercise 6.3. Determine the Loewy decomposition of

1 1
L = 0yxx+0sxy—x(x —1)0yyy + (3 - —) Oxx + (2x+ 3— —) Oyy+x(x—1)0yy
X X

1 1
- t)os (e
X X

and discuss the result.

Exercise 6.4. Determine the Loewy decomposition of

1 1
LEaxyy+xaxy+(1+;)ayy+ax+x8y+(1+;).



Chapter 7
Solving Homogeneous Third-Order Equations

Abstract The operators corresponding to third-order equations considered in this
chapter generate ideals of differential dimension (1, 3). Therefore, by Kolchin’s
Theorem 2.1, these equations have a differential fundamental system containing
three undetermined functions of a single argument. The remarks on the structure of
the solutions of linear pde’s on page 91 apply here as well. Similar as for second-
order equations, various cases differing by leading derivatives are distinguished. As
opposed to second-order equations, third-order equations have virtually never been
treated in the literature before.

7.1 Equations with Leading Derivative z,,

The topic of this subsection are equations with leading derivatives zy.y of an
undetermined function z. Equations corresponding to decompositions involving
only principal divisors are considered first.

Proposition 7.1. Let a third-order equation

Lz = (axvx + Alaxxy + AZaxyy + ASayyy
+ A4,y + Asaxy + A(,ayy + A70, + Agay 4+ A9)z=0

be given with Ay, ..., Ay € Q(x,y). Define l; = 0, +a;0, + b;, a;,b; € Q(x,y)
fori = 1,2,3; ¢i(x,y) = const is a rational first integral of % = a;(x,y);
y = @i(x,y) and the inverse y = v;(x,y); both ¢; and ¥; are assumed to

exist; Fy, F», and F5 are undetermined functions of a single argument. Furthermore,
define

503 =exp (= [ Bir e dx) 1)

y=0;(x.y)

F. Schwarz, Loewy Decomposition of Linear Differential Equations, Texts & Monographs 149
in Symbolic Computation, DOI 10.1007/978-3-7091-1286-1_7,
© Springer-Verlag/Wien 2012
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fori = 1,2,3. For decomposition types L} ..., L] involving only principal

divisors a differential fundamental system has the following structure.
21 = &1(x, y)Fi(¢1),

2 = & (x, )/é”g y; (p2(x Y))‘

XXX : r(x,y)
73 = &1(x, x) ,
’ i y)/ E(x,y) ly=pixp)  li=ei(xy)

) = ) [ ZER R )|

dx) ,
y=v1(x.y) y=@1(x,y)

) dx‘ ) ;
y=v2(x.y) y=¢a(x.y)
21 = & (x, y)Fi(ei(x, ),
2

e 7z = & (x, )/éjg yi (i x J’)))

L3 .: The same as preceding case except that o = @3 = @, Y = Y3 = Y;

dx‘ =23

y=vi(x.y) y=pi(x.y)

Zi :fgz(st)E((/)z(st))v i=1,2,

r(x,y)
73 = &1(x, ‘
’ i y)/ E1(x,y) ly=v1(x.5) y=e1(x.y)

XXX : r(x’ y)
—&(x, / x‘ ,
2(x.7) E(x,y) y=p(d)  i=e(y)

&(x,y) F b,—b
r(x’y) :ro/Mﬂdy’ rozexp(_/;dy)’

a —dp To az —dap

; _ &(x,y)
s The same as preceding case except that r(x,y) = WF3 (¢3)

XxXx °

and ¢1 = @2, Y1 = Y;

Loz = EF (pi(x, ), i = 1,2,3;

DZZXX The same as preceding case except that ¢, = @3 and ¥, = 3.

F;, i = 1,2, 3 are undetermined functions of a single argument; f, g, h, ¢;, Vi,
@, and Y are determined by the coefficients Ay, . .., Ag of the given equation.

Proof. 1t is based on Theorem 6.1 and Lemma B.3. For a decomposition
L = Ll of type £} ., Eq.(B.5) applied to the factor /; yields the above
given z;(x,y). The left factor equation Lw = 0 yields wa = & (x,y) Fa(@2).
Taking it as inhomogeneity for the right factor equation, by (B.4) the given
expression for z;(x, y) is obtained. Finally, the equation /3w = 0 yields the solution
w3 = 53(x,y)F3(<p3(x,y)). By Proposition 5.4, case (ii), the solution of
511z = w3 yields the solution z3(x, y).
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For decomposition L = Lclm(l3,12)], of type £2 ., the right factor equation
yields z; (x, y) as above. The two left factor equations /;w = 0 for i = 2, 3 have the
solutions w; = & (x, y)F; ((p,- (x, y)). They lead to the inhomogeneous equations
l;z = w; with the above solutions.

For decomposition L = Lelm(I(®))l; of type £2,,
I35 are the same according to Proposition 5.1.

For decomposition L = I3 Lclm(la, 1) of type £2_, the first-order right factors
[y and [, yield z; and z; as above. The left factor equation /3w = 0 has the solution
ws = &3(x, ¥) F3(p3); it yields the inhomogeneous equation Lelm ([, 1)z = ws. It
has been considered in Proposition 5.4, case (ii). The solution z3 follows from (5.9)
upon substitution of R by ws.

For decomposition L = I3Lclm(I(®)) of type £, ., by the same arguments as
for type .Z;‘x .. the transformation functions are identical to each other fori = 1 and
i=2.

For a decomposition L = Lclm(l3,15,1;) of type .iﬂfn,
equations /;z = 0,i = 1,2, 3, lead to the above solutions z; (x, y).

For decomposition L = Lclm(I(®),1;) of type £/ ., z1 follows from the
factor /;. The remaining solutions z, and z3 result from the type .iﬂ;‘x decomposition

of /(@) according to Proposition 5.1. O

the arguments of F, and

the right-factor

In the subsequent examples the results given in the above proposition are
applied for determining the solutions of the corresponding equations. The reader
is encouraged to verify them by substitution.

Example 7.1. The three factors of the type .. . decomposition in Example 6.1
yield o1 = ¢» = y, 93 = ye ", Y1 = Y» = y, and Y3 = ye*. Furthermore,
& = e, 6 = %, and &3 = 1. Substituting these values into the expressions given

in Proposition 7.1 leads to

2i(x,y) = F(y)e*, z2(x,y) = G(y)Ei(—x)e",

z(x,y) = e"‘/ ¢ /xH(ye_")dxdx.
X

F, G and H are undetermined functions. O

Example 7.2. The first-order right factor in the type .#?2 . decomposition of

Example 6.2 yields z; = e~ F(y). The homogeneous equations corresponding to
the two left factors and its solutions are

wy+(x+y)w,+yw =0 with solution w= G((x+y+ l)e_x) exp (%x2 — y)

and

wy —w, —xw =0 with solution w= H(x + y)exp (%xz).
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Taking them as inhomogeneities of the right factor equation, the remaining two
solutions are

n=e / G((x+y+De¥)exp(3x* +x —y)dx

and
m=e " / H(x + y)exp (5x% + x)dx;

asusual, F, G and H are undetermined functions of its argument. |

Example 7.3. The rightmost factor of the type .#2 . decomposition in
Example 6.3 is /; = d, — 1. Choosing @ = 0 and & — oo in the left factor,
L =0,— %By and /3 = 0, — %ay + % are obtained. With the notation of the above

proposition there follows

@i1(x,y) =y and ¢a(x,y) = @3(x,y) = ¢(x,y) = xy;

furthermore &1(x,y) = e*, &(x,y) = 1 and &(x,y) = Lz Using these
X

expressions the following fundamental system

d
21=Fe', zn= e"/G(xy)e_de, 3= e"/H(xy)e_"—f
X

is obtained; F, G and H are undetermined functions. O

Example 7.4. The two first-order right factors of the type £ decomposition in
Example 6.4 yield

a=F(e™ 2=G((y+1e™).
The first-order left factor leads to the equation w, — %w = 0 with the solution
w = xH(y); H is an undetermined function. Taking it as inhomogeneity of the
second-order equation corresponding to the right factors yields

Zox +(V F Dy + 20+ (v + Dzy = xH(y). (7.2)

Due to its £, decomposition, Proposition 5.4 applies. According to case (i) of
Corollary 5.1, ry = 0, rox + r» = xH(y) leads to r, = (x — 1)H(y). Therefore
the desired special solution of (7.2) satisfies z3 x + (y + 1)z3, = (x —1)H(y). The
result is

o= / (= DHO|,_y 5455y 73

there follows ¢(x,y) =log(y + 1)—x and ¥ (x,y) =exp(y + x)—1; F, G and
H are undetermined functions. In Exercise 7.1 this solution will be verified. O
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Example 7.5. Choosing again ® = 0 and & — oo two right factors of the type
&3 decomposition of Example 6.5 are [} = 0, 8y and [, = 0, — %8y + %
There follows ¢;(x,y) = xy, ¥i(x,y) = % fori = 1,2 and &1(x,y) = 1,
&(x,y) = % This yields z;(x, y) = F(xy) and z(x, y) = G(xy)%. Dividing
out the left intersection generator

v 29 )

3
LC[mUZvll) = axV - _axy + yy + —3,; — —50y
X X

the third factor /3 = 9, — 1 is obtained. It yields ¢3 = y, ¥3 = y, and &(x,y) =
exp (x). Substitution into the respective expression given in Proposition 7.1 the third
solution

z(x,y)= | xe V' H ‘ dx‘
300 7) / ) y=v1(x.y) y=¢1(x,y)
——= | x’e7H ‘ x)
/ ) y=v1(x.y) y=o¢1(x,y)
follows; FF G and H are undetermined functions. O

Example 7.6. The three first-order right factors of the type % decomposition

XXX

of Example 6.6 yield the solutions z;, i = 1,2, 3, by means of three independent
integrations with the result

a=F()e™ =Gx-y), z=H((y+De™);

F, G and H are undetermined functions. O

Example 7.7. Choosing @ = 0 and ® — oo in the type £/ . decomposition of
Example 6.7 as above yields the fundamental system

1
=F(xy), o= G(xy);, and z3 = H(y)exp(xy);

F, G and H are undetermined functions. O

According to Theorem 6.2 on page 128 there is one more decomposition
of operators with leading derivative dy., involving a non-principal divisor. The
subsequent proposition shows how it may be applied for solving the corresponding
equation.

Proposition 7.2. Let a third-order equation

Lz= (axxx + Alaxxy + Azaxyy + A3ayyy
+A40.c + As0yy + A0y + A70, + A3y + A9)z =0
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be given with Ay,..., Ay € Q(x,y); assume it has two first-order right factors
l; = 0y+a10,+b;,i = 1,2 generating a non-principal divisor Jxx = (L1, L) =
Lclm(ly, 1p). A fundamental system may be obtained as follows.

z(x.y) =& X, ) Fi(ei(x.y). i =12
L8 z3(x, y) is a special solution of L1z =wi, Lyz= wy,

wy and wy are given by (7.5) below.

Proof. The first two members z; follow immediately as solutions of /;z = 0. In
order to obtain the third member z3(x, y) of a fundamental system the exact quotient
module

Exquo((L),(Ly,La)) = {(1, A1), (3, + g3, —9x + @19y — p3 — @143 + q4))
=((1, A1), (0, 9x + (A1 —q1)dy + A1y + q3A1 + p3 + 0193 — q4))

is constructed. The first generator of the module at the right hand side in the
first line follows from the division, i.e. from L = L; + A;L,; the second
generator represents the single syzygy (2.28) given in Lemma 2.2. In the last line
the generators have been transformed into a a Janet basis. Introducing the new
differential indeterminates w; and w, the equations

wy + Ajwy = 0,
(7.4)
wax + (A1 —qi)way + (A1y + @3A1 + p3 + q193 — qa)wa = 0

are obtained. According to Corollary B.1 on page 207 its solutions are

wi(x,y) = —Aiwa(x, y),
wa(x,y) = P(p) exp (_/(Al,y +q3Ai+ps + q1q3—q4)‘yzw(x y_)dX)‘y_:W )
(7.5)

here ¢(x, y) is a first integral of % = A1 —q1,y = ¢(x,y),and y = ¥(x,y).
Then z3(x, y) is a special solution of Lz = wy, Lyz = wy; its solution has been
described in Theorem 5.1. |

Apparently it is not meaningful to describe z3(x, y) more explicitly as in the
preceding proposition because several alternatives may occur due to the special
structure of the problem at hand. This will become clear in the next example.

Example 7.8. Blumberg’s Example 6.9 has a type .£3__ decomposition. The two

XXX

first-order factors yield z;(x,y) = F(y — %xz) and 725(x,y) = G(y)e™™. The

coefficients are A} = x, p3 = 3,q; = x,and g3 = q4 = —%; the system (7.4)
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becomes wi+xw, = 0 and wy . +(1 +%)wz = 0. Its solutionsarew; = —H(y)e ™™

and w, = H (y)%e‘x; H is an undetermined function of y. Thus z3 is a special
solution of

1
Liz=—H(y)e™™, Laz= H()’);é’_x-

It turns out that case (i) of Corollary 5.2 of Theorem 5.1 is most suitable for solving
it because the second-order ordinary equation obtained for r is homogeneous.
Defining r, = r, system (5.31) is

1 1 1 I _
Ty = (1 - }) ry=—r==—¢"HQ), ra+2r4r=0. (76

Systems of this type have been considered in Proposition 5.6. A special solution is

r(x,y) = —xe “H(y). The remaining member z3 of a generalized fundamental
system is obtained from l,z = z, + xz, = —xe™* H(y) with the result
5(x,y) = /xe_xH()_/ + %xz)dx) L (7.7)
y=y—3Xx
H is an undetermined function. O

It is instructive to compare expression (7.7) with the solutions obtained by
taking into account only a single first-order right factor. The two possibilities
corresponding to the factorizations in the second and the first line of (6.18) are
discussed in Exercise 7.2 and Exercise 7.3 respectively.

The above discussion shows in which respect Blumberg’s example is very
special; because A; — g1 = 0, the coefficient of w; , in the equation for w; in
the second equation (7.4) becomes an ordinary equation for w,.

Another extreme is shown in the next example.

Example 7.9. The equation

Lz= (am + (2% 4 Dy + X6 + Dy + (1= 1Yo

+(2x + 1= )0y + X(x + 1)y — 405 — %8y>z =0

has the same right factors as Blumberg’s equation in the preceding example.
Therefore z;(x, y) and z»(x, y) are the same as given there. Now the coefficient
of w in the second equation (7.5) vanishes, it simplifies to wp , + (x + Dwo, =0
with the solution w»(x, y) = H(x? 4+ 2x — 2y); H is an undetermined function of
its single argument. It leads to

Liz=—Q2x + 1)H(x* 4+ 2x —2y), Lyz= H(x*+2x —2y).
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The system (7.6) reads now

Fyy — %rx + (1- %)ry - %r = H(x> 4+ 2x —2y),

Tyx +2ry +r =—(2x+1)H(x2+2x—2y)

Applying again Proposition 5.6 the special solution
r(x,y)=-e" (1 + /(x + Dxe* H(x? + 2x —2y)dx

—X /(x + De*H(x? 4+ 2x — 2y)dx)

follows. The desired third element z3 of a fundamental system is a special solution
of bz = z, + xz, = r; the result is

z(x,y) = //(x + Dxe*H(x* +2x — 2y)dx) dx‘

y=vy(x.y) y=p(x.y)

—X.

—/x/(x + Dxe"H(x* +2x — 2y)dx‘ —

dx)
y=v(x.y) y=o¢(x,y)

here p(x,y) =y — %xz and ¥ (x,y) =y + %xz. O

The two preceding examples show how sensitive the solution in a fo . decomposi-
tion is to small changes in the coefficients of the given equation, despite the fact that

they have been chosen such that they lead to very special equations (7.4) for w,.

7.2 Equations with Leading Derivative z,,,

The equations considered now contain only mixed third-order derivatives, i.e. Zyyy
and z,,y. As a consequence, two first-order factors with leading derivative d, cannot
contain a derivative d, simultaneously; this constraint entails some simplifications
in the structure of its solutions.

Proposition 7.3. Let a third-order equation
Lz = (axxy + Alaxyy + A0y + A38xy + A4ayy + Asdy + A6ay + A7)Z =0

be given with Ay, ..., A7 € Q(x,y). Define I; = 0, + a;0, + b; fori = 1,2;
k=0, 4+c ai,bi,ceQx,y) ¢i(x,y) = const is a rational first integral of

% =a;(x,y); y = ¢i(x,y) and the inverse y = V;(x, V), both ¢; and ; are

assumed to exist; Fi, F, and G are undetermined functions of a single argument.
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Furthermore define

ex(x,y) = exp(—/c(x,y)dy) and

50 = exp (= [ Bilenlmpinds)] (7.8)
y=¢i(x.y)
fori = 1,2. For decomposition types fxlxy, .. le;y into first-order components

a fundamental system has the following structure.

21(x,y) = Fi(g)éi(x,y),
ot =G0 [ D] o]
. y=vy1(x,y) y=ei1(x.y)
&
xxy - r(x,y)

bl = éa , 9

s y) is y)/ E1(x, y) ly=yi1(x.) x‘y‘=w<x,y>
Ek(x, y)

,y) = é(x, G(x)d ;
rx.y) 2(x y)/ & (x, y) ly=va2(x.3) x) x‘y'=<ﬂz(x,y)
21(x,y) = Fi(g1)éi(x, y),

(x y)

¥) = &(x, £ d :

2(x.7) 1 y)/g( ,Y) (X)‘y=1//1(x,§) x)y'=<p1(x,y)
Ly e (x, )

9 = g bl .
o) = ) [ HES
Er(x,y)
F d d ;
X/s (x,y) 2(02) y‘y=w1<x;) x‘;=wx.y)

() = ()G, () = ecey) [ D Fgnay,
O Iy
. FZ(%))y=w1<x,y‘)dx‘y‘=w<x,y>dy ;
z1(x,y) = Fi(p)éi(x, y),
2, ot =6 [ 250 Re| | a
aten = a6 [ Zgﬁ Gwa]

& (x,
L5 ay) = fnGE), Gny) = ey / 9 b oy,
Ly er(x,y)
i = s L2y
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L8 : The same as preceding case except that ¢; = @3 = @, Y1 = Yo = .

xxy*

Zl(xv y) = Fl((pl)éal(xv y)s ZZ(xv y) = G(X)S()C, y)v

. & (x, E1(x,
X)ny . Z3(x7 y) = Sk(x’y)/ g;éi ii é%gi ii

or the same expression with €, and &, and dx and dy interchanged,

Fy(p2)dxdy,

Zi(xvy) = Fl(@l)@g;(-xsy)v i = 1525

r(x.y)
=y [ HE2D |
Z3(x Y) l(x y)/ G@I(X,y) y=11(x.7) * y=¢1(x.,y)

vy - r(x,y)
—&(x, / X‘ ,
2(x.7) E(x, y) ly=aei)  |i=020x.0)

r(x,y):roFg,(x)/Sk(x’y)d—y, rozexp(—/bz_bldy);

dz —dp To daz —dai

ffxy: The same expressions for z;(x, y), i = 1,2, 3 as in the preceding case except

that 1 = 2 = ¢, Y1 = Yo = Y andr(x,y) = F3(y)%'

LR () = G Fi(@). | = 1.2, 5(x.y) = e (x, ) F3(x);

L - The same as preceding case except that | = @3 = @, Y| = V3 = V.

xxy*

Proof. 1t based on Theorem 6.3 and Lemma B.3. The reasoning how the various
elements of a fundamental system are obtained are very similar as in the proof of
Proposition 7.1 and therefore are not repeated in detail. Two particularities should
be mentioned. Due to the condition aja; = 0 in Theorem 6.3 it is always possible to
simplify one of the functions &; to ;; correspondingly ¥ (x, y) =y and ¢(x, y) =y
in such a case and the shifted integral disappears. Moreover, in decomposition type
.Z,ny the right Loewy factor may have the form Lc/m (0, + ¢, 9y + a1, + by) and
case (ii) of Proposition 5.6 does not apply. In such a case the term order may be
changed to y > x and the solution is obtained by case (i i) of Proposition 5.4. O

Taking these remarks into account all possible cases that may occur in the
decomposition of an operator in the above proposition are covered. They are
illustrated by the subsequent examples.

Example 7.10. The decompositions of Examples 6.10, 6.11, or 6.12 differ
only by the order of its factors. For all three cases ¢(x,y) = - %xz,
wl(x’.);) = .)_} + %x27 (pz(X,y) =) w2(x’.)7) = .)_}’ Ek(xmy) = exp(—%),
&1(x,y) = 1,and &(x, y) = exp (—xy). Substitution into the expressions given in

Proposition 7.3 yields the following results.
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For Example 6.10, decomposition type £} y» @ fundamental system is

a(r.y) = Fr = 3000, 2266.9) = [[exp )60y, 5041

y=ei(x.y)’
y
z(x,y) = /exp (—xy) / exp (xy + ;)H(x)dx)me y_)dx‘y_qpl(x s

For Example 6.11, decomposition type .,S!ﬁxy, a fundamental system is

ae) = Bl = 40). 2t = [ew(-2)6m| x|

y=vid)  i=eiey)

&(x,y) = /eXP(— %)/eXp(ﬁ—xy)Fz(y)dy‘

. dx‘ ) .
y=y1(x.y) y=o¢i1(x.y)

Finally, for Example 6.12, decomposition type .#> , the fundamental system

xxy?

2(x,y) = Fi(x)exp(— %), 2(x,y) =exp(— %) / exp (%)G(y — 3x%)dy,
st =exn(¥) [ew(=2) [epcmnrem|

y=vi(x.y) y=pi(x.y)

is obtained. O

The different structure of the solutions in the preceding example originating from
the different order of the first order factors should be observed. There is always one
member with no integrals involved; a second member contains an integral over an
undetermined function, possibly with a shifted argument.

Example 7.11. The factors in the type £ , decomposition of Example 6.13
yleld @1(]6, y) =y + X, wl(xv y) = )7 - X, (9@1()6, y) = 1’ éaZ(-xs y) =
exp (—xy), and ex(x, y) = exp (—xy — y). Substitution into the expressions given

in Proposition 7.3 yields

a(ry) = Fr+ ). a0y = [eo(xo6m| - dxf

z(x,y) = /exp(_xy_y)|y=y‘—xH(x)dx);=y+x;

F, G and H are undetermined functions. O

Example 7.12. The factors in the type %> decomposition of Example 6.14 yield

xxy
er(x,y) = exp(—xy), &1(x,y) = exp(x), and &(x,y) = exp(xy — %xz). The
fundamental system is
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21(x,y) = F(x)exp (—xy). z2(x,y) = exp (x(1 —y))/eXP (xy)G(y)dy.

z3(x.y) = exp(—xy — 1x?) / exp (2xy)H (x — y)dy;

F, G and H are undetermined functions. O

Example 7.13. The factors in the type £, decomposition of Example 6.15 yield

XXy

2
Y1 =¢2 =), wl = Wz = .)_]’ Sk(xvy) = eXp(_x)’_%}_x), é’@l(xvy) =1, and
&(x,y) = % Substitution into the above expressions leads to the fundamental

system
2

a(x.y) = F(x)exp (= xy — 4.

2 2
2(x,y) = exp (= xy = 57) / exp (xy + ;—X)G(y)dy,

2 2
d
z(x,y) = exp (= xy — 57) exp (xy + 52) HO) 5

F, G and H are undetermined functions. O

Example 7.14. The two arguments of the Lclm in the type £/ decomposition of

XXy

Example 6.16 yield e, (x,y) = exp(—xy — y) and &1(x,y) = exp(—xy); from
the left factor /, there follows &>(x, y) = exp (x). The fundamental system

z1(x,y) = F(y)exp(=xy),  z(x,y) = G(x)exp(=(x + 1)y),

(. y) = exp (—xy — ) / exp (x) / exp (xy + y)H(y)dydx

is obtained; F', G and H are undetermined functions. 0

Example 7.15. The two arguments of the Lclm in the type .Z%. decomposition

xxy
of Example 6.17 yield ¢; = y, ¥ = y, ¢ = x — y, and ¥, = x — y. There
follows &(x,y) = exp(x) and &(x,y) = exp (xy — 1x?). Two elements of a
fundamental system are

z1 = F(y)exp(x) and z = G(x — y)exp (xy — 3x?).

From the left factor k = 9, there follows & (x, y) = 1 and

r(x,y) = H(x)exp (33> —y) / exp (y — 1y%)dy.

Substitution into the expression for z3(x, y) finally leads to
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3= e“‘/e_xr(x,y)dx

—exp (xy — %xz) / exp (%xz —xy)r(x, y)‘yzx_y_dx‘ ) ;

y=x—y
F, G and H are undetermined functions. O

Example 7.16. Choosing @ = 0 and @ — oo in the argument of the Lclm in
the type .£2. decomposition of Example 6.18 yields /; = 9, + % and [, = 0,;

xxy
there follows ¢y = ¢ = y, Y1 = ¥, = y, & = 1,and & = % Substitution
into the respective expressions for z; and z, of decomposition type .,Sffxy yields
21(x,y) = F(y)% and z»(x, y) = G(y). The factor k = 9, + x + y leads to
er(x,y) = exp ( - Xy — % yz). Substitution into the expression given in Proposi-

tion 7.3 and some simplification yield the third element of a fundamental system

1
z(x,y) = H(y)(/xexp(—xy—%yz)dx—}- ;/xzexp(—xy—%yz)dx);

F, G and H are undetermined functions. O

Example 7.17. The three arguments in the Lc/m of the type .lefy

of Example 6.19 yield the three solutions

decomposition

21 = F(x)exp (3y?), 2(x,y) = G(y)e*, zz = H(x — y)exp(xy — 1x?);

F, G and H are undetermined functions. O

Example 7.18. The first two elements z;(x,y) and zx(x,y) of a fundamental
system following from the Jéiy decomposition in Example 6.20 are the same as in
the above Example 7.16. The third element corresponding to the factor k = d, — y
is z3(x, y) = H(x)exp (3y?). H is an undetermined function. O

According to Theorem 6.6 on page 146 there are four additional decompositions
of operators with leading derivative d,,, involving non-principal divisors. In the
subsequent proposition it is shown how they may be utilized for solving the
corresponding equation.

Proposition 7.4. Let a third-order equation
Lz = (axxy + Alaxyy + A2axx + ASaxy + A43yy + ASBX + A()ay + A7)Z =0

be given with Ay,...,A7 € Q(x,y). A differential fundamental system has the
following structure for the various decomposition types involving non-principal
divisors. The superscript i means the i-th derivative w.r.t. the single argument of
the respective function.
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m—1 m—1
() =Y @ NFO), 26y =Y gix. G y).
312 . i=0 i=0
xxy * n—1
(6. y) = hi(x, y)H (x);
i=0

z1(x,y) and z(x,y) as above,

o z3(x,y) is solution of Lz =0, lyz = H(x)exp(— [ Axdy);

n—1
14 z1(x,y) = Zﬁ(x,y)F(”(x), 22(x,y) and z3(x,y) follow from
xxy i=0

Lz =0, and ¥,z = wy,where wy is solution of (7.9) below.

If L has two right factors | = 0y +a andk = 9, + b such that J, = (K, K) =
Lclm(l, k) is a non-principal divisor as determined in Lemma 2.3, a fundamental
system may be determined as follows.

z21(x,y) = F(y)exp (= [adx). z(x,y) = G(x)exp(— [bdy).

15 . . . .
fxxy : z3(x,y) is a special solution of Kiz=wy, Kyz=w, where

wy and wy are given by (7.12) below.

Proof. LetLL,n (L) be a Laplace divisor as determined in Proposition 2.4. The linear
ode ,,z = 0 has the general solution z = C, fi(x,y) + ... + Cp fm(x,y). The
C; are constants w.r.t. x and undetermined functions of y. This expression for
z must also satisfy the equation Lz = 0. Because the Laplace divisor L,» (L)
has differential dimension (1, 2), by Kolchin’s Theorem 2.1 it must be possible to
express C, ..., Cy, in terms of two undetermined functions F(y) and G(y) and its
derivatives up to order m — 1.

For the second Laplace divisor L~ (L) the same steps with x and y interchanged
are performed. Because it has differential dimension (1, 1) only a single solution is
obtained.

For decomposition type ‘Zéfy,
system z; (x, y),i = 1,2, 3.

For the type f&% decomposition, the divisor L~ (L) yields z; (x, y) and z5(x, )
as in the previous case. In order to obtain the third solution define w; = Lz and
wy = l,,z. The exact quotient equations w; = 0 and wy , + Aow, = 0 follow from
Theorem 6.4. Substituting its solutions into Lz = 0 and [,z = w, the third element
z3(x, y) of a fundamental system follows.

For the type f&jy decomposition the first solution z;(x, y) follows from the

Laplace divisor. According to Theorem 6.4 the exact quotient equations are now
wi = 0 and

the two Laplace divisors yield the fundamental
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W + Aiwa oy +(A1y — A1As + A3)wo x + Aaws y + (Asy — Ay Ay + Ag)wr = 0.

(7.9)
The latter equation corresponds to an ideal of differential dimension (1,2); thus
substituting its solution into Lz = 0, £,z = w, yields the remaining solutions

22(x, y) and z3(x, y).

For decomposition type .foy the first two members follow immediately as
solutions of /z = 0 and kz = 0. In order to obtain the third member z3(x, y)
the exact quotient module

Exquo({L), (K, K3))
= ((1, A1), (dy — p2 — 4192 + q3. —0x + q19y — p3 — 4143 + q4))
= ((1, A1), (0,0, + (41 —¢q1)d, + P(x.,y)))

is constructed where

P(x,y)= A1y — (p2+ 9192 — q3) A1 + p3 + 193 — qa. (7.10)

The first generator of the module at the right hand side in the second line follows
from the division, i.e. from L = 1 + A; Kj; the second generator represents the
single syzygy (2.28) given in Lemma 2.3. In the last line the generators have been
transformed into a Janet basis. Introducing the new differential indeterminates w
and w, the equations

wi+ Aiwy =0, wyy + (A1 —g)way + P(x,y)wa =0 (7.11)
follow. According to Corollary B.1 on page 207 its solutions are

Wl(xv y) = _AIWZ(-xs y)v
(7.12)

wa(x,y) = @(p) exp(— / P(x’y))y=¢(x,y)dx))y‘=w(x.y);

here P(x, y) is again defined by (7.10); ¢(x, y) is a first integral of % = A1 —q,
y = @(x,y) and y = ¥(x, y); @ is an undetermined function. Then z3(x, y) is
a special solution of Kz = wy, Kyz = wy; this system is discussed in detail in

Theorem 5.2. O

Subsequently the above theorem is applied to the decompositions considered in
the examples of the preceding chapter.

Example 7.19. The equation z,, = 0 originating from the Laplace divisor in
the type f;;‘y decomposition of Example 6.21 leads to z = Ci(x) + Ca(x)y.

Substitution into Lz = 0 and adjusting C; and C; yields the solution



164 7 Solving Homogeneous Third-Order Equations

2, y) = (F(x) + (v + DF'(x) = (v + DF"(x)):

F is an undetermined function of x. Equation (7.9) reads

X
W2 xx + XW2 xy + (1 + m)wlx + Wy = 0.

According to Proposition 4.1, case (i), it is absolutely irreducible and no further
solution of differential type 1 may be found. In Exercise 7.5 the existence of
solutions of differential type O is discussed. O

Example 7.20. The two equations [z = 0 and kz = 0 of the type .27,
decomposition in Example 6.22 have the solutions

zi(x,y) = F(y)exp(—xy) and zp(x,y) = G(x)exp (xy).
The Eqgs. (7.11) are
yoo Y v _
wi+ =wy; =0 and wy, + =Wy + =Wy = 0.
X X X

Its general solution is

1
mry) ==5HE) wry) = L H(),

H is an undetermined function. Finally, the system Kz = w;, K,z = w; has to be
solved. According to Theorem 5.2 the equations

Y oY 2 Loy
xy — XFx — Hyr=—-—=H(=), -2 = _H(Z
Fyy — XIy + yry — (xy + 3)r > (x) Fyy = 2Xry + X°r " (x)
are obtained; a special solution is
_ 1 y y
ro(x,y) = exp () (v | H()exp(—xy)dy — [ H(Z)yexp(=xy)dy).
Substitution into (5.35) finally yields the third element of a fundamental system

23, y) = exp (—xy) / ro(, y) exp (xy)dax

with ro(x, y) as given above. O
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7.3 Equations with Leading Derivative z,,

The subject of this section are equations involving a single mixed derivative of third
order; in the variable order grlex with x > y this is zyy,. If it is z,,, the variable
order may be changed to y > x in order to apply the results of this subsection.
The expressions for the solutions given here are simpler than in the preceding cases.

At first equations corresponding to decompositions involving principal divisors are
considered.

Proposition 7.5. Let a third-order equation
Lz = (axyy + Alaxy + Azayy + A30, + A48y + A5)z=0

be givenwith A, ..., As € Q(x,y). Definel = 0 + b, kj = 0y +¢; fori =1,2;
b,c; € Q(x, y), c1 # ca. Furthermore define

e1(x,y) ZGXP(—/b(x,y)dX), &i(x.y) ZGXP(—/cf(x,y)dy) (7.13)

fori = 1,2. F is an undetermined function of y; G| and G, are undetermined
functions of x. For decomposition types .,S”ny, . fxlyy a generalized fundamental

system has the following structure for the various decompositions into first-order
components.

2 y) = FOer(e, ). 2. y) = e1(x. ) / e,y ) G1()dx,
iﬂlyy :
e1(x, y) e(x y)
() =ty [ 260 [ 25Dy
2(xy) = Gi(e(x.y), n(x.y) =e(x) / 00 by,
ZZ . 6‘l(-xsy)
xyy *
z3(x,y) =£1(x,y)/ :gi; :g’;}iGz(x)dxdy;
2 y) = GiE(r ). 2(r.y) = &1(x. ) / 2000 6y,
P e (x. )
xyy
() = e1(x. ) / Zgﬁ ; Zg - ; F(y)dydy:
A Y) = Gi)E1 (. y). 20 ¥) = 6105, 1) G2 () / i y) dy.
$4 .
i) £1(x. y) .
2z =¢1(x,y) e y)F(y)dy,




166 7 Solving Homogeneous Third-Order Equations

&i(x,y)
er(x,y)

v e = Feae. s =ac [ £

xyy
i=1,2;

Gi(x)dy,

ff” The same as preceding case, 7> and z3 in the same function field,;

Zl(-xs y) = F(y)s;(x, y)v ZZ(-xs y) = Gl(x)gl(-xs y)v

2!
) e y) = il y)/“(x ) 6o (x )/Efgx ;; vdx:
zi(x,y) = Gi(x)ei(x,y), i =1,2,
LA eil(x,y) F(y)dy ei(x,y) F(y)dy
ZS(x,y) =81(X,y)/ 81()C y) e —c )/ sz(x,y) ¢ — ’

,2”?” The same as preceding case, z; and 7, in the same function field,;

L0 5 y) = Gi(si(x,y), i =12, z(x,y) = F(y)e(x, y);

fxlyly The same as preceding case, z; and 7, in the same function field.

Proof. 1t is based on Theorem 6.5 and Lemma B.3. Because it is similar to the
respective proofs for equations with leading derivatives 0y, or dyy,, only some
features which are specific for the case under consideration are mentioned. Due to
the absence of factors d +ad, + b with a # 0, shifted integrations in the solutions
do not occur. In some cases this feature may be used in order to avoid undetermined
functions under an integral sign, e.g. for the solution z3(x, y) of decomposition

7 . . . . .
type .ZU > s a consequence it may be possible in special cases to execute the
y—integration explicitly. O

At this point it becomes clear why equations with a single mixed third-order
derivative are treated individually; its solutions never contain a shifted integral as
opposed to the previously treated equations with leading derivatives zyy, OF Zyyy.

The first three examples below have identical first-order factors, albeit in different
sequence; this entails the different structure of its respective solutions.

Example 7.21. The factors of the type .ley ,, decomposition in Example 6.23 yield

e = exp(—xy), &1 = exp(xy), and &2 = exp (%yz). Substitution into the
respective expressions of the above proposition leads to the fundamental system

zi(x,y) = F(y)exp(—xy), z2(x,y) = exp(—xy) / exp (2xy)G(x)dx;
235, ) = exp (—xy) / exp (2xy) H(x) / exp (Ly2 — xy)dydx;

F, G and H are undetermined functions. O
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Example 7.22. The factors of the type .szyy decomposition of Example 6.24 lead

to the same expressions ¢; and ¢; as in the preceding example. The fundamental
system is

z1(x,y) = F(x)exp (xy), z2(x,y) =exp(—2xy) / G(y)exp(—2xy)dy,

z3(x,y) = exp (xy) / exp (—2xy) / exp (33?4 xy) H(x)dxdy;

F, G and H are undetermined functions. O

Example 7.23. The same remarks as in the preceding example apply for the

type .nyy decomposition of Example 6.25. The following fundamental system is
obtained.

z1(x.y) = F(x)exp (xy). 22(x,y) = G(x)exp (xy) / exp (3% — xy)dy.
z3(x,y) = exp (xy)/wp(%y2 —xy)/eXp(— 32 —xy)H(y)dydy:

F, G and H are undetermined functions. O

There are three more permutations of the factors d, — y, d, — x, and d, + y of
the preceding examples; the corresponding third-order equations and the structure
of its fundamental systems are discussed in Exercise 7.6.

Example 7.24. The factors of the type .nyy decomposition of Example 6.26 lead
to g/(x,y) = exp(—xy), e1(x,y) = exp(—y) and &x(x,y) = %exp (—xy). The
following fundamental system is obtained.

d
z(x,y) = F(x)exp(=y), 2(x,y) = G(x)exp(-y) / exp (¥ —xy)Ty,
z3(x,y) = exp(—y) / exp (y —xy)H(y)dy;
F, G and H are undetermined functions. O

Example 7.25. The factors of the type .Z)fyy decomposition of Example 6.27 lead

to g/(x,y) = exp(x?), e1(x,y) = exp(xy) and &(x,y) = % Substitution into
the respective expressions of Proposition 7.5 yields the fundamental system

d
2 y) = FO)R'. 2(xy) = x* / GO exp ()

dx
s = [ HE0S
yx
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F, G and H are undetermined functions. O

Example 7.26. The right factor equation z, 4+ xz = 0 of the type .,iﬂfy , decomposi-

tion in Example 6.28 yields z; (x, y) = F(y)exp (— 3x> — xy?). Choosing ® = 0
and @ — oo in the argument of the Lc/m leads to the solutions G(x) and H (x)%.
Taking them as inhomogeneities for the above right-factor equation yields

2(x,y) = exp (— 3x* — x)?) / G(x)exp (3x% + xy?)dx,
z(x,y) =exp(—3x2 — xyz)% / H(x)exp (3x% + xy?)dx;

F, G and H are undetermined functions. O

Example 7.27. The two arguments of the Lclm of the type f;yy decompo-
sition in Example 6.29 yield the solutions z; = F(y)exp(—xy) and z =

G(x)% exp (—xy); L may be factorized as L = (8, +1)Lclm (9, +x + %, A +Y)
from which the third solution

1 Xy — 1
z=exp(—(x+1)y)— / H()c)y—y2 exp (xy)dx
y (x—=1)
follows; F', G and H are undetermined functions. O

Example 7.28. The two first-order equations corresponding to the arguments of the

Lclm in the type ffy , decomposition of Example 6.30 yield

a(x,y) = Fx)exp (=), 22(x,y) = G(x)exp(—3»?).

The last member of a generalized fundamental system is
dy dy
z3=exp(—35%) / H(y)exp (%yz)y? —exp(—y) / H(y)exp ()

F, G and H are undetermined functions. O

Example 7.29. Choosing @ = 0 and @ — oo in the argument of the Lclm of the
type ffyy decomposition of Example 6.31 leads to the factors d,, and 9, + %; they
yield the solutions

a(xy) = F(x) and 2(x.y) = G(X%'

The first-order equation corresponding to the left factor wy + (x + y?)w = 0 has the
solution w = H(y)exp (— x> — xy?). Thus the third element of a fundamental
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system is obtained as a special solution of z,, + %zy = H(y)exp ( - %xz - xyz)
with the result

1
z(x,y) =/ H(y)yexp(—5x* — xyz)dy—; / H(y)y* exp (— $x* — xy?)dy:

F, G and H are undetermined functions. |

Example 7.30. The three first-order right factors in the type .iﬂlfy decomposition of
Example 6.32 yield the fundamental system

2= F()exp(—xy). 2= G(x)exp(—xy — ), 23 = H(x)exp (—xy)é;

F, G and H are undetermined functions. O

Example 7.31. Choosing @ = 0 and @ — oo in the type .Z], decomposition

of Example 6.33 yields the factors d, and 9, + % respectively. The fundamental
system 1
a1 =Fkx), = G(x);, z3 = H(y)exp (- 3x?)

follows; F, G and H are undetermined functions. O

Finally equations involving decompositions with non-principal divisors are
considered. According to Theorem 6.6 on page 146 there are four decomposition
types to be considered.

Proposition 7.6. Let a third-order equation
Lz= (axyy + Alaxy + AZayy + A3ax + A48y + As)Z =0

be given with Ay, ..., As € Q(x,y). A differential fundamental system has the
following structure for the various decomposition types involving non-principal
divisors. F, G and H are undetermined functions of a single argument; the
superscript i means the i-th derivative w.r.t. the single argument of the respective
function; f;, gi and h; are determined by the given equation.

a6, y) =Y i NFOW), 20ny) =) &k, 0G0 x),
fVlyZy : i=0 B i=0
s(x.y) =Y hiCx, y)HO (x);

i=0

3 z1(x,y) and z;(x, y) as above,

e z3(x, y) is solution of Lz =0, ¥,z = H(y)exp(— [ Azdx);



170 7 Solving Homogeneous Third-Order Equations

n—1

a(e,y) =Y filtk, NFO ),
glﬁt . i=0
WY z2(x, y) and z3(x, y) are solutions of Lz = 0 and l,,z = w, where
w is solution of wy, + Aiw, + Asw = 0;

Assume now further that L has two right factors | = 0y + a and k = 9, + b such
that Jyvy = (K1, K») = Lclm(l, k) is a non-principal divisor as determined in
Lemma 2.3. Then a fundamental system may be described as follows.

21(x,y) = F(y) exp(—/adx), 2(x,y) = G(x)exp(— / bdy),

15 z3(x, ) is a special solution of Kz = wy, Kyz =0 where

xyy

wy = eXP/(Pz +q192 — q3)dy,

P2 and the q; are coefficients of Ki and K.

Proof. By similar reasoning as in the proof of Proposition 7.4 solutions correspond-
ing to the systems Lz = 0, [,,z7 = Oform > 2or Lz =0, ¢,z = 0,n > 3 are
obtained. For decomposition type féyzy this yields the fundamental system given
above.

For decomposition type fé;y the first two solutions z; (x, y) and z2(x, y) follow
from the Laplace divisor. In order to obtain the third solution define w; = Lz and
wy = ¥,z. The exact quotient equations w; = 0 and wy » + A,wy = 0 follow from
Theorem 6.6. Substituting its solutions into the above two inhomogeneous equations
the solution for z3(x, y) follows.

For decomposition type DZJ;*y the first solution z; (x, y) follows from the Laplace
divisor. According to Theorem 6.6 the exact quotient equations are now w; = 0
and (d,, + A10, + A3z)w, = 0. The latter equation corresponds to an ideal of
differential dimension (1, 2); consequently, substituting its solution into the system
Lz =0, l,,z = wy yields the remaining solutions z(x, y) and z3(x, y).

For decomposition type .leysy, the first two members follow immediately as
solutions of /z = 0 and kz = 0. In order to obtain the third member z3(x, y)

the exact quotient module
Exquo((L), (Ki. K2))
= ((0.1), (dy — p2 — q192 + g3. —0x + 420, — 3 — 4193 + qa))
= ((0,1), (3 = p2 — 142 + ¢3.,0))

is constructed. The first generator of the module at the right hand side in the first
line follows from the division, i.e. from L = Kj; the second generator represents the
single syzygy (2.28) given in Lemma 2.3. In the last line the generators have been
transformed into a a Janet basis. Introducing the new differential indeterminates w
and w, the equations
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wiy — (P2 +q192 —g3)w1 =0, wy =0 (7.14)

are obtained. Its solutions are
wi = F(x) eXp/(pz +q192 —q3)dy, wr =0; (7.15)

F(x) is an undetermined function. Then z3(x,y) is a special solution of
Kz = wy, K>z = wy; its solution has been described in Theorem 5.2. O

The first example shows how the existence of a Laplace divisor enables the
solution of a given third-order equation.

Example 7.32. The system Lz = 0, dyxxz = 0 of the type .le;‘y decomposition
considered in Example 6.34 yields the solution

2 y) = ((x+y)*=2(x+y) +2)F(y) + 2(x + y — DF'(y) + F"(y)

where F is an undetermined function of y. The equation w,, + (x +y)(wy, +w) = 0
has the general solution

W= G)r(x.y) + Hor(x. ) / s(. y)dy

where

r(x,y) =exp(— %(x +y—2)2—y) and s(x,y) =exp (%(x +y—2)7%):

G and H are undetermined functions of x. Substitution into z,,, = w yields

2(x,y)= % /G(x)r(x, y)x2dx —x /G(x)r(x, y)xdx + %XZ/G(X)V(X, y)dx,

ae) =5 [ H@re) [ stdelds
—x/H(x)r(x,y)/s(x,y)dyxdx

2t [ o [ s

G and H are undetermined functions. O

The equation in the following example may be solved because it allows two first-
order right factors generating a divisor Jy,. It is emphasized again that knowing
only a single factor leads to a much more involved solution procedure.



172 7 Solving Homogeneous Third-Order Equations

Example 7.33. The two equations /;z = 0 and /,z = 0 of the type f;ysy
decomposition in Example 6.35 yield the solutions

z1(x,y) = F(y)exp(—xy) and z(x,y) = G(x)exp (xy);

wy = H(x)exp(xy)and w, = 0, i.e. K1z = H(x)exp (xy) and K>z = 0 have to
be solved. According to Theorem 5.2 the system

Foy — Xy +yry —(xy +3)r = H(x)exp (xy), 1y, —2xr, + X2r=0

follows; its solution is r(x, y) = —%H(x) exp (xy). Substitution into (5.35) finally
yields

(x.3) = exp(-xy) [ H()exp @i
H (x) is an undetermined function. O

It is suggested that the reader verifies the solutions given in the preceding
examples by substitution into the respective equation.

7.4 Transformation Theory of Third-Order Linear PDE’s

Like for operators of order two, transformations of the operator variables x and y
are considered first. They correspond to a change of the independent variables of the
corresponding equation, leaving the dependent variable unchanged.

Proposition 7.7. Any third order linear pde

Zoxx F A1Zuxy + A22xyy + A32yyy + AsZox + Aszey + A6Zyy +A72 + Ag2y + A9z = 0
(7.16)
is equivalent to one of the following normal forms by means of a transformation of
the independent variables x and y; the three alternatives are determined by the roots
of the symbol equation k3 + A1k?> + Ak + A3 = 0. The transformation functions
are defined by u = ¢(x,y) and v = Y (x, y); there must hold o1y, — ¢, ¥ # 0.

(l) Wy + Wiy + Blwuu + BZWuv + B3va + B4Wu + BSWV + B()W =0
if the symbol equation has three simple roots.
(ii) Wy + BiWuy + Bazuy + B3zyy + Bawy + Bsw, + Bew = 0
if the symbol equation has a twofold root.
(iii) Wyuu + Biwuy + Bawyy + Bawy, + Baw, + Bsw, + Bew = 0
if the symbol equation has a threefold root.

Proof. Defining u = ¢(x,y) and v = ¥ (x, y) it follows that z(x, y) = w(u,v),
Zx = Wu@x +w, ¥ and z, = w,@, +w,¥,. Applying the chain rule repeatedly and
substituting the resulting derivatived one obtains



7.4 Transformation Theory of Third-Order Linear PDE’s 173

Zoxx T A1Zaxy + A2Zeyy + A32yyy + Aazex + Aszay + Aezyy + A7z + Aszy + Aoz
= [p} + Ai9loy + 42007 + A303 Wi
+ Borvn + Aigc 0¥y +20,0) + A2y (9, ¥ +20:0,) + 343020, Wi
+ Box¥l + AV Qox¥ry + 0y ¥) + A2y Qoy ¥ + 9x¥y) 4+ 3430, 9 Wan
+ V3 + Ay, + Ayl 4 A3y
+ [Bor@rx + A120x0xy + @xx@y) + A220y0xy + Prx@yy) + 3430505y
+ A4} + Asprpy + Aep2Wu
+ Bexx¥x + 30:Vnr + A1Q2xy ¥ + 20xVxy + @y + @y Pax)
+A2Q2@xy ¥y + 20y Vxy + Y@y + Ox¥yy)
+3A43(0yVyy + @y ¥y)

+2A40x Yy + AS((pxwy + (pny) + 2A6¢y¢y]wuv
(7.17)

+ [3waxx + Al(szWXy + wyWXx) + A2(2wywxy + Ipxwyy) + 3ASWyWyy
+A41ﬁ§ + ASWny + A6W§]va
+ [@xxx + Al(pxxy + A2§0xyy + A3§0yyy + Ay + AS(pxy + A6§0yy
+A7§0x + AS(py]Wu
+ [WXxx + All/fxxy + AZnyy + A?ﬂpyyy + A“/fxx + A51/fxy + A(Jl/fyy
+A71/fx + ASWy]Wv + Agw = 0.
The coefficients of w,,,, and w,,, are homogeneous of order 3 in the first derivatives
of ¢ or y. Dividing by ¢; or v/} yields the third order polynomial P = k* 4 Ak*+
Ark 4 Az where k = ¢, /¢, or k = ¥/, respectively.
Assume first that there are three different roots ki, k» and k3 of P, k; # k; for
i # j.Then A = —(ky +ky +k3), Ay = k1ko + kiks + koks and A3 = —kksks.

If ox = ki¢, and ¥ = k,, are chosen, the coefficients of wy,, and w,,, vanish.
The non-vanishing third order terms in the transformed equations are

(kr = k2) oy ¥y[(k1 — k3)py Wi + (k2 — k3) Yy W]
If (ki — k3)¢, = (ko — k3)V, is chosen, this simplifies to

(k1 — k) (ky — k3)¢yw§(wuuv + Wuw);

this is case (7).

Now let P have the double root k; and the simple root k;, k; # k3, and choose
QOx = klgoy, Yy = kzl//y. Then A1 = —2k1 — ko, 47 = k12 + 2kik,, and Az =
—klzkz. Substituting these expressions into the transformed equation, the coefficients

of Wy, Wiy, and wy,,, vanish, whereas the coefficient of w,,, is proportional to
(k1 — k) # 0; this is case (ii).
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Finally, let P have the threefold root k = k; and choose ¥, = kiV,. Then
A = =3k, A, = ka, and A3z = —ki”. Upon substituting these expressions into
the transformed equation, the coefficients of wy,,, w,,,, and w,,, vanish. Because
@ is chosen such that ¢, # ki¢,, the coefficient of w,,, does not vanish; this is
case (iii). O

The normal forms of the above proposition require first integrals of first-order
ode’s. Because there is no algorithm available at present for this problem, there
is no guarantee that for a given equation the normal may actually be computed.
In particular it is by no means guaranteed that the coefficients of the normal form
equations are in the base field of (7.16).

It is instructive to generate the normal forms given in the above proposition for
various concrete examples and discuss the result w.r.t. the solution procedure.

Example 7.34. Consider again Blumberg’s equation of Example 7.8. The symbol
equation is k* + k%x = k?(k 4 x) = 0 with the twofold root k; = 0 and the simple
root ko, = —x, i.e. case (ii) of the above proposition applies. They yield ¢, = 0
and ¥, + xv, = 0 with the solutions ¢(y) and ¥ (y — % x?); ¢ is an undetermined
function of y. Possible choices for the new variables areu = y andv = y — %x2

with the inverse x = /2(u —v) and y = u. Substitution into (6.17) leads to

auvv_< 3 V2 )W ( 1 V2

2(u—v)+(u_v)l/2 a 2(u—v)+2(u_v)3/2)au:0'

It has the right factors

V2Ju=v+3

d, and 9, —
32 u—v+2(u—v)
with a rather complicated non-principal intersection ideal. O

Example 7.35. The symbol equation for the equation considered in Example 7.6
is k> + (y + 2)k? + (y + )k = 0 with the three roots k; = 0, ko = —1 and
ks = —(y + 1). By case (i) of Proposition 7.7, ¢, = 0 and ¥, = —y, may be
chosen; new variables are u = ¢(y) = y and v = Y¥(x —y) = x — y with the
inverse x = u + v and y = u. The normal form equation is

u n u? + 1 1
Wuwy — ———Wuwy Wuu — Wyy —
u+1 u? + u u? + u

with right factors d,,, d, + 1 and 9, — #
Example 7.36. The symbol equation for the equation considered in Example 6.4
is k> + (y + 1)k*> = 0; it has the double root k; = 0 and the simple root
ko = y + 1 corresponding to case (ii) of Proposition 7.7. Choosing ¢, = 0 and
Yy = —(y + 1)y, new variables are u = y and v = x — log(y + 1) with the
inverse x = v + log (u + 1) and y = u. The normal form equation is
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log(u+1)+v—1 1
Wyy — w
logu+1)+v log(u+1)+v

w = 0. O

uvy

These examples show that in general the normal form equations determined
in Proposition 7.7 have more complicated coefficients than the originally given
equation, usually they are not in its base field. Therefore, if factorization of normal
form equations is considered, elementary or Liouvillian function coefficients must
be allowed which amounts to a new class of factorization problems.

7.5 Exercises

Exercise 7.1. Verify the solution of (7.2) given in Example 7.4 on page 152.

Exercise 7.2. Solve Blumberg’s equation (6.17) by applying the factorization given
in the second line of (6.19) on page 129. Compare the result with the solution that
has been obtained in Example 7.8.

Exercise 7.3. Determine the solutions of Blumberg’s equation (6.17) from the
factorization in the first line of (6.19) and discuss the result.

Exercise 7.4. Solve the equation
Zexx — X2y 4 320 + (2% + 320y — X2y + 220 + 2x +3)z, =0

and discuss the result.

Exercise 7.5. Discuss the possible existence of differential type O solutions of the
equation of Example 7.19 on page 163.

Exercise 7.6. Determine the equations corresponding to the three permutations of
the first-order factors not considered in Examples 7.21-7.23 and determine the
respective fundamental systems. Discuss the result.

Exercise 7.7. Solve the equation z,,, + (x + 1)z,, —z, = 0.



Chapter 8
Summary and Conclusions

The importance of decomposing differential equations for solving them has become
obvious in this monograph. It turned out that decomposing an operator and solving
the corresponding differential equation in closed form is essentially the same
subject. In this way, most results known from the classical literature on solving
linear pde’s may be obtained in a systematic way, without heuristics or ad hoc
methods.

The relevance of this monograph originates from this connection. Its main
topic — generalizing Loewy’s fundamental result of decomposing an ordinary
differential operator into completely reducible components to partial differential
operators — has been achieved to a large extent by working in an appropriate ring of
partial differential operators. The main distinguishing features compared to ordinary
operators are twofold. On the one hand, ideals of partial differential operators are
not necessarily principal, even if the ideals to be intersected are principal. On the
other hand, divisors of ideals of partial differential operators may be principal or not,
independent of whether this is true for the given ideal. The clue for understanding
this behavior is given in the section on the lattice structure of left ideals in rings of
partial differential operators on page 47. The relevant features may be summarized
as follows.

Theorem 8.1. The left ideals in any ring of partial differential operators have the
following properties.

(i) The left ideals form a modular lattice.
(ii) The ideals of differential type zero form a sublattice.
(iii) The principal ideals do not form a sublattice.

Proof. The first property is true for any ideal in a ring. The second property is
easily obtained from the solution spaces of the corresponding system of linear pde’s.
The third one follows from Theorems 2.2 and 2.3. O

The procedures for factorizations and more general decompositions are driven
by the following questions: Does there exist any decomposition? And secondly,
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may the various components be determined explicitly? In either case it has to be
specified which coefficient field for the factors is admitted.

In order to obtain a satisfactory theory, and also if solving concrete problems is
the main issue, the base field of the given operator or equation is usually the field
of rational functions. However, there is also some interest in factorizations over a
universal field that is considered next.

Theorem 8.2. The existence of first-order principal right factors in a universal
field for any second- or third-order partial differential operator in the plane may
always be decided; however, in general these factors may not be determined
algorithmically.

Proof. Operators with leading derivative d,, have been considered in Proposi-
tion 4.1. For the separable case (i) the above statement is obvious. For a double
root of the symbol polynomial, condition (4.2) is necessary for any factor to exist.
If it is satisfied, the solutions of the partial Riccati equation (4.3) determine the
possible factors. In a sufficiently large field they always exist; hence, for a universal
field (4.2) is also sufficient for the existence of a factor.

The proof for any second-order operators with leading derivative d,, or operators
of third order is similar and therefore not discussed in detail. O

The general scheme underlying the preceding proof may be described as follows.
For any operator, divisibility by a first-order factor is determined by two kinds
of constraints. In the first place, there are those conditions comprising only the
coefficients of the given operator; obviously they are necessary for the existence
of any factor independent of its coefficient field. Secondly, there are conditions
comprising also the coefficients of the desired factor. It may always be decided
whether they allow solutions in a universal field, but in general they may not
be determined explicitly. Proving existence of solutions in the base field however
amounts to determining them explicitly right from the beginning; that cannot be
performed in general.

Divisibility in a universal field is also of practical importance for factorization in
the base field. For the latter the coefficient constraints for factorization in a universal
field are necessary conditions that may be tested rather quickly; therefore they may
be applied in order to discard a certain factor in the base field without entering the
time-consuming solution algorithm for determining its coefficients explicitly.

In general the preceding theorem does not decide absolute irreducibility. On the
one hand, for a third-order operator also the existence of second-order factors would
have to be excluded. Secondly, an algorithm for determining Laplace divisors of
any order would be required. Furthermore, in some exceptional cases like e.g. in
case (iii), subcase (b) of Proposition 6.1 certain pde’s have to be solved for which
a solution algorithm is not available.

There is one more feature that has to be considered; it concerns the question to
what extent the existence of factors or divisors of a certain type is decidable at all.
In particular this applies to the existence of a Laplace divisor; right now an upper
bound for any such divisor as defined in Definition 2.3 on page 34 is not known.
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Its close connection to Laplace’s method described in Appendix C makes it highly
suspect of being not decidable at all. Similar remarks apply to the problem of finding
rational first integrals as described at the end of Appendix B. To provide a sound
basis for the subject of this monograph the decidability of these problems should be
clarified. In case the answer is negative, the situation would be somewhat similar to
solving diophatine equations; the best possible result would be to identify classes of
differential equations for which factorization is decidable. On the other hand, if it is
positive, more advanced methods have to be developed.

Finally, some aspects on the further development of the subject of this monograph
will be discussed. The computational cost for obtaining a Loewy decomposition is
very high and increases quickly with the order of the given operator and the number
of variables involved. It should be more favourable to obtain the Loewy factors in a
first step without computing their irreducible components. Only in a second step the
Loewy factors should be further decomposed. Because they are of lower order, this
process will be more efficient. However, at present there is no algorithm known for
proceeding in this way.

For ordinary operators, the associated equations discussed on page 3 are an
important tool for obtaining the coefficients of its factors. It is not obvious how
to generalize them for partial differential operators, if possible at all.

There appears to be a close relation between the type of a decomposition and
the structure of the solution of the corresponding differential equation as shown
in Chaps. 5 and 7. It should be possible to give a more detailed description of the
structure of the solution for any decomposition type.

In many applications linear pde’s in three or even four independent variables
occur, see e.g. the collection by Polyanin [55]. In particular this is true for the
symmetry analysis of differential equations because the so-called determining
system of the symmetries is a linear homogeneous system of pde’s. Therefore it
would be highly desirable to extend the results of this monograph to pde’s in more
than two variables, and possibly of higher order. A first important step into this
direction is the article by Schwarz [63] on intersection ideals in three space; these
results give an indication of the complexity of any such effort.

Methods of differential algebra have been applied in a more general setting by
Ritt [57] and Kolchin [37], see also [66] and [27]. They consider general differential
polynomials, not necessarily linear, and the solution manifolds of the corresponding
equations. To this end, they decompose the radical differential ideal generated by
the differential polynomials into prime components such that the former is obtained
as the intersection of the latter. These components correspond to the general and the
singular solutions respectively.

The algebraic methods described in this monograph turned out to be highly
appropriate for linear differential equations. In order to proceed, in a first step monic
quasilinear ode’s and pde’s might be considered. They are easier to handle than the
general case, and many practical problems like e.g. Eulers equations or the Kortweg-
deVries equation are of this type. A good introduction into this more general subject
including a useful list of references is given by Tsarev [68].



Appendix A
Solutions to the Exercises

For many exercises extensive calculations are necessary that are difficult to perform
by pencil and paper. It is recommended to apply the userfunctions provided on the
website www.alltypes.de in those cases; a short description is given in Appendix E.

Chapter 1
1.1. For y” + a1y’ + a,y = 0 the answer is

1

b 2 - i ()

7720

1
a) = ———

WO

/ /
Y1 V2
1

s

yi )2
1

s

where W® = ‘yl y%
MBS

For y"”" 4+ a1y” + a»y’ + a1y = 0 the answer is

yir Y2 )3 yir Y2 )3

a [ 1 / / / a — 1 " " 1
! W(S) y/}/ y/%/ y/:j/ ' ’ W(3) y/l// y/zl/ y/3// '

1 Y2 V3 Yi Y2 )3

iy vs X Y1 Y2 )3
as =70 vy ¥y | where we = yiovh s
" " " " " 1

Vi Y2 V3 Yi Va2 Vs

1.2. Go to the ALLTYPES user interface and define
el:=Df (z_.1,x)-2z2.2;
e2:=Df (z_2,x)-z_3+a_lxz_2+a_2xz_1;
e3:=Df (z_.3,x)-a3%xz_1+a_1xz_3;
== | LDFMOD (DFRATF (Q,{a.1,a.2,a.3}, {x}, GRLEX) ,
{z3,z.2,z.1},{x},LEX) | ;
JanetBasis ({el,e2,e3}|T|);
The result of Example 1.1 is returned. The term orders
T==| LDFMOD (DFRATF (Q, {a-1,a-2, a3}, {x}, GRLEX) ,
{z-1,z_2,z.3},{x},LEX) | ;
JanetBasis ({el,e2,e3}|T]);
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T==| LDFMOD (DFRATF (Q, {a_1,a.2,a.3}, {x}, GRLEX) ,
{z3,z.1,z.2},{x},LEX) | ;
JanetBasis ({el,e2,e3}|T]);
yield the associated equations for z3 and z, respectively.
1.3. Let the given fourth-order equation be

V" +ary” + ary” + azy’ + asy = 0. (A.D

In addition to the functions z;, 2, and z3 defined in Example 1.1 the functions

/A 1
Y1 I
" /B

1 2

yi )2
n n
1 N2

4 =

)

o

_ | N

» 5= "o m
1 Y2

are required. They obey the system

N =2, H=B+u =25 =25 a1%4— a2 + a4z,

T = 26 — @135 — A2Z3 + 441, g = —d1%6 + A3a3 + A423.

A Janet basis in [ex term order with z; > ... > z¢ has the form

5 5
VI Kk Kk
4"+ ) re(ar.....a)zl?. =2z, and z = > firtar, ... a9z
k=0 k=0

fori = 3,...,6. The ry and f;; are differential functions of the coefficients
ai,...,as. In order to determine the coefficients of a second-order factor (compare
the discussion in Example 1.3) it suffices to find a solution with rational logarithmic
derivative of the first equation for z;.

1.4. Substituting y = ¢z into the given equation yields

7+ (2%/ +p)d + (%ﬁ +p%/ +q)z=0.

/
The coefficient of 7/ vanishes if % = —ip;hence¢p = Cexp(—3 [ pdx),C a

constant, is the most general transformation with this property. Substitution into the
coefficient of z leads to r = —% - ipz +4q.

1.5. The first-order right factors of a .,2”32 type decomposition have the form

li
INC)=D—-p-— #—, where p and r originate from the solution of the Riccati

equation (notation as in (B.1)), and C is a constant. The Lc/m for two operators of
this form is

4 "

r r
L= Lelm(1(C)),1M(Cy)) = D* — (7 + Zp)D + 7P P+ p

By division it is shown that any operator /() (C) is a divisor of L, i.e. it is contained
in the left intersection ideal generated by it.
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1.6. For .le, the first solution y; is obtained from (D + a;)y = 0, the second
from (D + a;)y = y, with y, a solution of (D + a3)y = 0.

For .222 the two solutions are obtained from (D + a;)y = 0. Linear dependence
over the base field would imply a relation g; y; +¢2y>» = 0 with gy, g» from the base
field. Substituting the solutions this would entail % = —exp [(a» — ay)dx. Due to
the non-equivalence of a; and a», its difference is not a logarithmic derivative; thus
the right hand side cannot be rational.

For .} the equation (D + a(C ))y = Ohastobe solved then C is specialized to

CandC. Substituting a; = T +panda, = + p in the above quotient,
r

¢ r+C

q _ r+C
+

the integration may be performed with the result which is rational.

q2

1.7. Define A = +/ A2 —4B. Two cases are distinguished. If A # 0, two
first-order right factors are [;, = D + %A + %A; L has the decomposition L =
Lelm(ly, I,) of type .£2; a fundamental system is y;» = exp( —%A + %A)x).
If A = 0, the type .#} decomposition is L = Lclm(D + %A — ﬁ-), Ca
constant; it yields the fundamental system y; = exp (%A), Y2 = Xxexp (%A) This
result shows: A second-order lode with constant coefficients is always completely
reducible.

1.8. According to Lemma 1.1, case (i), the coefficient a of a first-order factor
D + a has to satisfy

1 1 2
a" =31+ (1-=)d +a*—(1-=)a*> + (x — Z)a— = =0.
(1-) (1= )+ (r = Da— >
This second-order Riccati equation does not have a rational solution; thus a first-
order right factor does not exist. According to case (ii) of the same lemma, the
coefficient b of a second-order factor D% + bD + ¢ follows from

"n_ap _z 1 3_ _z 2 _i 3 _ _2_3_
b"—3b'b+ (2 x)b+b (2 x)b +(x+1 -+ S)b—x = = 0.

X X X

Its single rational solution b = 1 leadsto ¢ = x — % and yields the second-order
factor given in Example 1.3.
1.9. Let y;, y», and y3 be a fundamental system for the homogeneous equation

and W its Wronskian. The general solution may be written as
y=Ciy1+Cyr+ CGys + » / (r2y3 — y3y3)dx
r
—yz/ W(ylyé = yiy3)dx + ys/ W(ylyé — yiy2)dx

where C;, C, and C; are constants. For y”/ = r with the fundamental system
yi=1,y, =xand y; = x2 there follows
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1
y:Cl+C2X+C3x2+%/erdx—x/xrdx+§x2/rdx‘

1.10. A simple calculation shows that the commutator between /; = D + a; and
l, = D + a, vanishes if ] —a} = 0, i.e. if a; and a, differ by a constant. If this
is true, the representation (1.17) simplifies to L = D? + (ay +ax)D + ajar + a’l;
furthermore L = [, = l,/;. An example of this case is

D?>—4xD 4+ 4x*>—3 = Lelm(D —2x + 1, D —2x — 1).
An example of non-commutative first-order factors is

1
x +1

D2—(1+§)D+%=Lclm(D—1,D—1—|—

)-

Chapter 2
2.1. The productof /; = 0y + a10, + by and [, = 9, + a0, + by is

lily = 0y + (a1 + a2)0xy + a1az0yy + (b1 + b2)0x
+(arx + arasy + arbs + axby)dy + by +aiby, + bibs.

The product /;/; is obtained from this expression by interchange of all indices 1
and 2. Comparing those coefficients that are not symmetrical under this permutation
leads to

aj x + aydpy = dyx + aday.,y, b2,x + ale,y = bl,x + a2bl,y-

Upon rearrangement, the conditions for case (i) given in Lemma 2.1 are obtained.
The calculation for case (i i) is similar.

2.2. By definition of the Hilbert-Kolchin polynomial, the /¢ of an ideal with
differential dimension (0,k) is k, the dimension of the solution space of the
corresponding system of pde’s. Hence (2.8) for this special case reduces to the well
known relation

dimViy;+dimViny =dim Vi +dim Vy.
2.3. The third-order terms of the intersection ideal are
Oxx —(af +aa, +a§)8xyy —(a1+ax)aiax0yyy, Oxxy+(a14+a2)0rcy +a1a20yy,.
2.4. The generator of the intersection ideal is
Oxy + Oyy + b20x + (@152 + b1)dy + bo x + (a1b2 + ar)y + bibs.

2.5. The solutions of the three equations /;z; = 0 are z; = f(y)exp (—2x),
22 = g(y—x)exp (—x) and z3 = h(y—2x); f, g and & are undetermined functions
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of the respective argument. The system corresponding to the Gerd is z, + 2z = 0,
Zy —z = 0 with the solution z = C exp (y — 2x), C a constant. The undetermined
functions have to be specialized as follows in order to obtain this latter solution:

f(y)=Cexp(y), g(y —x) =Cexp(y —x), h(y —2x) = Cexp(y —2x).

2.6. For constant coefficients the constraints (2.41), (2.46), and (2.47) are always
satisfied. Thus, for subcase (b) the generator for the principal intersection ideal is

Oyxx + D @i Oxxy + Zi<j ai@;0xyy + [1aidyyy + 32 bidex + Zi;éj aibjoyy
+ 2 i @iy + 30 bibjOx + 304 g aib;brdy + [0
All indices run from 1 t0 3. In order to satisfy the condition for subcase (a),

= (ap—as)b; +4 a — a5 b3 may be chosen. The third-order terms are not changed.
The remaining expression is

as
(b1+b3+a1—agb1+a1—a3)axx

+ﬁ [ (a1ar — a2)by + (a? — axasz)bs ] 0

+ | @by + asby) + ZH1E (@2 — a)by + (@1 — a)bs | B,

[2b by+ d2=d3p2 4 i —aZbZ] 9,

al — a3 ay —das
ax—as 2 4 —a 2
+ [ 2026103 + 222 a3} + S=2a103 | 9,

72225 [ (@ —an)bi + @ —a)bs |

2.7. The number of derivatives in the ideal generated by the leading derivatives
of Iis —(n 4y(n—5)+2n—-7 = —n ——n+3 Thus Hy = 6n—9andd; = (1,6).
2.8. There is a single coherence COHdlthIl
ayy —ayC — a3,yd - (blx - bz,xC — b3xd) + by — cyaz + d.bs — dya3 =0.
2.9. In order to determine the coherence conditions for the ideal J, ., open the
interactive user interface on the ALLTYPES website and define

L1:=Df (z,x,3)+A_1«Df (z,x,y,2)+A2«Df (z,vy,3)
+A 3%Df (z,x,2)+A 4xDf (z,x,y) +A5+xDf (z,y,2)
+A 6%Df (z,x)+A_7+«Df (z,y) +A_8xz;

L2:=Df (z,x,2,y)+B.1+Df (z,%x,y,2) +B2+«Df (z,vy, 3)
+B_3*%Df (z,x,2)+B_4xDf (z,x,y) +B.5xDf (z,y, 2)
+B_6%Df (z,x)+B_7+«Df (z,y) +B_8xz;

T== | LDFMOD (DFRATF (Q,A1,A2,A3,A4,A5,A6,A_7,A_8,
B.1,B2,B3,B4,B.5,B6,B.7,B.8, {x,y}, GRLEX),
{z},{x,vy}, GRLEX) | ;
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Then the coherence conditions given in Lemma 2.2 are displayed by submitting
cs:=IntegrabilityConditions ({L1,L2}|T]) ;

A Janet basis representation of this system of conditions in various term orderings

may be obtained by defining for example

Tp==|DFPOLID(Q,{B8,B.7,B.6,B.5,B.4,B.3,B.2,B.1,

A8,A7,A6,A5,A4,A3,A2,A1},{x,y}, LEX)|;
jb:=JanetBasis (cs|Tp|) ;

The result comprises two alternatives; in either case there are two constraints for
the A’s, and a system from which the B’s may be determined. You may experiment
with varying term orders and try to obtain a system of constraints as simple as
possible. The calculations for the ideal J ., are similar.

2.10. The two third-order operators must be divisible by 9, +a; 9, +b;,i = 1,2.
The conditions that this division be exact yields two linear algebraic systems for the
pi and the g;. The result for two highest coefficients is

p1 = —(a%—}-alaz—i-a%), P2 = —aiaz(a1+az), ¢y =ai+az, ¢ = aja;. (A.2)

The expressions for the remaining coefficients are too large to be given here.
2.11. Continuing the calculation given in the proof of Theorem 2.3 the following
generator is obtained.

axy + a13yy + by0y + (al,y + by + albz)ay + bzx + (albz)y + b1bs.

2.12. The calculation is similar as for Exercise 2.10; the result is p; = —ajy,
P2 = bz, qi1 = ay and qr = 0.

Chapter 3
3.1. The coefficients a;, a, and a3 have to satisfy

a1y + a1y + a2t = = xxs
a122x + axzoy + a3za = —22.xx, (A.3)
a1z3x + axzzy + a3z = —73 xx-

The systems for the coefficients b; and ¢; are obtained by replacing the second-order
derivatives z; v by z; x, or z; ,, respectively. Solving system (A.3) yields for the a;

1 xx Zl,y 21 1 Z1,x Zlxx 21
a) = —— |Lxx 2y 2|, 2= —|2xxx 22|
W W
Z3.xx 3.y 23 23,x 43.xx 13
1 21x 21,y Z,xx 2x Ly 21
as = — | By D where w= |2, 2, 22

3,x 43,y Z3.xx 3,x 43,y <3
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For the b; and ¢; there follows

1 Zl,xy <1,y <1 1 2lx 2xy 21 1 2l,x 21,y Zl,xy

by = . Day 22y 2|, b2 = " Dx Doy 2|, b3 = W 2.x 22,y L2y |
Z3xy 23,y 23 23x 23.xy 13 23,x 23,y L3.xy
1 Z1,yy 21,y 21 1 21,x Zl,yy <1 1 Z1,x 21,y Zl,yy

= 5 |y 22y 2| = |2 22y 20 = T |2 2y B2y
23,yy 23,y X3 3,x 23,yy 13 23,x 23,y 43,yy

3.2. System (3.4) has to satisfy the coherence conditions (B.11) given in
Appendix B. Proper substitution of the variables A, ..., B3 by the coefficients
of (3.4) yields the following conditions.

Bi,y, —2By, — Aix — ((A1B1), =0,
By yy + (Byy — A2B1)A1 — Ao x — (B1y — A1B1) Ay = 0.

Upon reduction w.r.t. the integrability conditions for the ideal of type J(10,3) in
Proposition 2.1 they vanish. The proof for system (3.5) is similar. This example
shows the importance of knowing the coherence conditions for any system of pde’s;
without knowing them such a system is meaningless.

3.3. Depending on the divisor /; the left factor M may be of type M(lo’l) or M(Zo’l)
respectively.

3.4. Define z; = zy + az and 2o = z, + bz. For the type .Zyly,x decomposition
the syzygy and the quotient yield the system

2y —22x=0, 22, + (A1 —=b)za =0, z1 + Bizo = 0.

In grlex, z; > z2, x > y term order the Janet basis for the exact quotient module is
obtained in the form

2x+ By —A1Bi+Bib)n =0, 22, + (A1 —b)2o =0, z1+ Bz =0.

With the notation of Proposition 3.2 the decomposition may be written as

00, + By, +A1B,— B

3x+Bz—Blr
r=({o o +ai-r ( )y )>

1 B,
For the type .Z!_ decomposition a similar calculation yields

XX,y

Ax+A1—a)z1 =0, 21, =0, 2=0
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and the decomposition

0y +A4,—r0
0y +71
I = ad 0 .
< ’ (ay+3)>
0 1

3.5. The system (3.6) on page 70 for this ideal is
2 4 2 1
¥ - — 0, - b —b —_ 0,
ay—a”+ ya— = ay—av +

b, —ab + +b =0, by—bz—%a+§b+%=0.

The first equation is a Riccati ode for the x-dependence of a with the general

solution a = %%i—:% Two special solutions for C — occand C = O area = %
and a = % respectively. In the latter case the only choice for b is b = 0. In the

former the equations b, = 0 and b, — b* + %b + % = 0 for b are obtained. Two

special solutions are b = :t%. Thus there are three divisors

1 1 1 1 2
I = <<ax + ;,ay + ;>>, L= <<ax + ;,ay — ;>>, Iz = <<ax + )_C7ay>>;

the given ideal may be represented as Lclm(ly, 1, [3).
3.6. The system to be solved is z,,, + %Zyy =0,z + %zy = 0. Two first-order
right divisors determined in Example 3.9 are (9., d, ) and (0, + % d, — %», they

yield the basis elements 1 and % The exact quotient module generates the system

Zix + (% - %)11 =0, z,+ ;Zl =0, =0.
The special solution z; = x% exp ( - 37))), 722 = 0 leads to the inhomogeneous
system z,, = # exp (— 3%), Zx + %zy = 0; its special solution exp (— 3Ty)
yields the third basis element, i.e. a fundamental system is {1, %, exp ( — 37)))}
Chapter 4

4.1. From (4.4) the two equations a,.2 — Aja; + A, = 0 fori = 1,2 are obtained;
they yield A} = a; + a; and A, = aa,. Equation 4.5 leads to

a; x + (A —a,-)a,;y + Aza; + (A —Zai)b,- = Ay for i =1,2.
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These equations may be solved for A3 and A4 with the result

(a1 —az)x aiyar —as,a;
Az = by + by — - s
ay—a ay—a

2 2
bi—by aiyar—axcar apya;—az,a;

Ay = a1 by —arb; + ayan
ay—a ap—a a—a

Substituting these values into (4.6), e.g. fori = 1, there follows

(a1 —a») ay,ya; — a yd,
As = biby — by = — b2 L+ by + aiby,y.
ap—a ap—a
In addition there is a constraint for solvability of the linear system for 4y,..., 4s.

It is most easily obtained by taking the difference of the two equations obtained
from (4.6) fori = 1,2 and substituting A, ..., A4 obtained above. It leads to the
constraint

(b1 =by)x b1 —bi (a1 —ax)x _ (@b —azh1)y  arby —azby (a1 — aa)y
ar—a, ay—ax ay—a ay —a, ay—ax; ar—a,

By means of a few simple manipulations it may be shown that it is identical to the
condition of case (i) in Theorem 2.2, i.e. it proves Lemma 2.6 for this special case.

4.2. Substituting z = foF(y) + fiF'(y) + g0G(x) + g1G’'(x) into the equation
Zxy + A1zy + Aszy, + Azz = 0 yields an expression that is linear and homogeneous
in F', G and its derivatives. It vanishes if all coefficients vanish. This leads to the
following system of equations involving fy and f.

Six +A2/i =0,
ﬁ),x + fl,xy + Alfl,x + AZ(fO + fl,y) + A3f1 = O’ (A4)
ﬁ),xy + Alﬁ),x + AZfO,y + A3ﬁ) =0.

There is a similar system involving g¢ and g;.
g1y +4181 =0,

8oy + &ixy + A1(go + g1x) + Az2g1,y + A3g1 =0, (A5)
goxy + A1gox + Az80,y + A3go = 0.

System (A.4) has the solution A, = — ]}l" ,
= Jo 1 (fl,x Jo fu| | Sfo N )
fl fO fl fl fOJ fl,y fO,xy fl,xy ’

fO,x fl,x



fO,x fl,x
fO,y fl,y

fO,x fl,x
fO,xy fl,xy

fox Six
_Jo +;(}l
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S Jo S

)-
Jox fis

If these values for A, A, and A3 are substituted into (A.5), constraints between the
fo, f1, o and g are obtained.

4.3. If the single integrability condition 0,L = 0,y is reduced w.r.t. L and
[, xx, the following system of equations is obtained.

A; =

arA1As +a1Asy — a1 Az + A1 Ay + A1 Az — 2A1A%
+Asxy — 242, A2 + 24243 — A3, =0,
ayy — Aqu + A1A, — A3 =0, a, —a;A; — A2,x =+ A% =0.

A few elimination steps yield

ay =24 —log (Azy + A142 — A3) .,

ar = Ary + A3 — A log (Aay + A1 A, — A3),
and the condition
242y —log(Azy + A1As — A3), — A1x + A1As — A3 = 0.

Performing the same reduction steps to L — z; and [, xx — z», the relation

Zix + (a1 — Az —20, — A1z =0
follows, i.e. there is a single syzygy (0, + a; — A2, —d, — A;). The exact quotient

module is generated by ((1,0), (0, + a; — A2, —d, — Ay)); the corresponding Janet
basis is ((1,0), (0,9, + A1)).

4.4. Define A = ,/A% — 4A,. The two roots of (4.4) are a;, = %Al + %A.

If A # 0 there follows b, = %A3 + ﬁ(A1A3 — 2A4). The constraint (4.6) is
A5(A% —4A4;) + (A Az — A1 Ag) A3 + Aﬁ = 0. If it is satisfied there are two factors

ha = 0 + 24y £ 4)0, + 345 & 5o (4145 - 244).
If A = 0 there follows a; = a, = %Al; condition (4.2) is A4 — %A1A3 =0.1If
it is satisfied, b has to be determined from b, + %Alby — b2+ Ash — A5 = 0.
Applying the results of Exercise B.2, the following factorizations are obtained. If

A% — 445 # 0 there are the two factors

11,2 =0, + %Alay + %A} + %(41‘15 — A%)
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Finally, if A% — 4As5 = 0 there is the right factor

_ 1 1 1
l_BX+5Alay+7A3_F(y—%xA1)+x’

4.5. By Proposition 4.2 and Corollary 4.2 the type .Zx?’y decomposition
L=Lelm(dc+ .0y +x + %) is obtained.

Chapter 5
5.1. The given equation factorizes according to

(0 —xdy — 1)(9x + (y2 —x)dy + 1)z =0,

i.e. the order of the factors of the equation in Example 5.2 is reversed. Because the
right factor equation now does not allow a Liouvillian solution, the full second order
equation does not have one either. The left-factor equation wy +xw, —w = 0 has the
solutionw = e* F(y + %xz). Therefore a second element of a fundamental system
is determined by
e+ (V2 =0z 2= F(y + 327).
5.2. The same steps as in Example 5.18 are performed. The inhomogeneity has

to satisfy ry + %r = y; its general solution is

r=Clx—y)?+ (x—y)log(x —y) + (x = y)y.
Choosing C = 0 the equation

2 2
Zxx — Zx + zzz(x—y)zlog(x—y)—l-(x—y)y
x=y (x—»)

has to be solved. Substituting its general solution
2= Ci(x=y)+Cox(x—y)+ 5 (x =)’ log (x — y) = 3x (x—y) (537 =33xy +67)

into the given equation leads to the constraint C; , +yC» , —Cr+ % y2 = 0. A special
solutionis C; = 0, C; = —%yz, it yields

20(x,y) = ¢(x — y)*log (x — y) — 3ex(x — y)(x — 6y)(5x — 3y).

5.3. The difference of any two special solutions is a solution of the corresponding
homogeneous equation. For the three alternatives in Example 5.19 these differences
are

2 X2yt 2xyr -1 X2y (y —1) +2xy? — 1

’ y3 ’ y3
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They satisfy the homogeneous equation zy, + xyzx — 2yz = 0. The general
solution of this equation corresponding to the Laplace divisor has been determined
in Example 5.10, Eq. (5.3). It must be possible to obtain the above differences
by suitable choices of the undetermined function F(y). To this end, they may be
considered as inhomogeneities of a linear ordinary differential equation for F. For
the first alternative this leads to

2xy* — 1
y

F// + F/ + x2y2F — x2y2;

its special solution Fy = 1 is the desired result. For the remaining two cases the
resultis Fop = y and Fp = y — | respectively.

2
5.4. The equation z,y + xyz, — 2yz = XTH has the special solution

20(x,y) = (y* —4xy? + 8) = 1%x—y(%®41@
_16 12/ dy

X X (&).€ X
) p(—3xy?%) P(YU

1

Xy has the special solution

The equation zy, + xyz, —2yz =

dy d
20(x,y) = (3x20* + xy? + 1) exp (3x )/exp(_%xyZ)/6:)(13(%)C))2)7J’7)C
d
02 +3) [en ()2 + o+ e (b7,
5.5. In general, the coefficients 4y, ..., Bs of

I = (E)n + A13yy + 4,0, + A33y + Ay, BXy + Blayy + B,d, + B33y + B4>

generated by a Janet basis in grlex, x > y term order are related by A; + Bf =0
and

Asy — Byx + ByyBi — AyBy + AsBy — By By By + B3 By = 0,
A3y — Bsx + B3y By — AyBy + A3By + Ay — BiBaBy + BBy + B} =0,
Ay — Bayx + By yBy — BiB} + ByB; — By = 0,

Ay —Bix+ BiyBi + AiBy — A;B| + A3 — B{ B, + 2B B3 = 0.

If Ay, ..., A4 are given, this system determines B, ..., B4 such that the integrabil-

ity conditions are satisfied. For the special values 4, = 0, 4, = —1, A3 = —2 and

A4 = As = 0 the solutions are By =1, B, = :t% and B; = B, = 0. They yield
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the two ideals

11 = <<axx - a 287{7 axy + ayy + = a >> and
I, = <<3xx — Oyy — YBX,axy — 0y — 3 >>

such that I = I} N I; I, and I, correspond to the components involving F and G
respectively in the solution Lz = 0 (compare Example 5.23).

5.6. The equation may be represented as Lclm (9 — %8y, 9y — »9,)z = 0. This
yields z1(x,y) = F(xey) and 2p(x,y) = G(yex); F and G are undetermined
functions.

5.7. The homogeneous part of the equation allows a type ! factorization, it
yields the representation

1
(0 — %E)y - ;) (0x + 9y)z = —xy.

Applying Proposition 5.1, case (i), the differential fundamental system

Q) = FO =0, ) = [ 2660, dal,
is obtained; F and G are undetermined functions. Proposition 5.4, case (i), yields
the special solution

20(x,y) = 5x3(xlogx —4ylogx — Lx + 1y).

5.8. The equation does not have any first-order factor. Introducing new variables
2w 5 = 0 for w(u,v) =

(I +uv)
f(x,y) is obtained. The corresponding operator has the two Laplace divisors

<<3 i +2uV)2’ wu + . i"uvau>> and <<8w + T +2uv)27 - liuwav>>.

This type .Z,fv decomposition yields the solutions

by u = x + iy and v = x — iy the equation w,, +

f@) = f'(u) and wa(u,v) =

Wl(uvv) 1 + uy 1 +u

S8 —¢g ‘)

f and g are undetermined functions. Upon substitution of the variables u and v the
corresponding expressions for z; (x, y) and z»(x, y) are obtained.

5.9. Dividing out the factor 9, leads to the representation L = (9, — ﬁ)ay.

The left-factor equation w, — ﬁw = 0 has the solution w(x, y) = (x +y)G(y)
where G(y) is an undetermined function of y. The inhomogeneous right-factor



194 A Solutions to the Exercises
equation z, = (x 4 y)G(y) yields the second element of a fundamental system
2(x,y) = /yG(y)dy +x/G(y)dy.The identifications Cy(y) = /yG(y)dy

and Cy(y) = /G(y)dy show that it is identical to z5(x, y) obtained in Exam-

ple 5.11 as it was to be expected. However, the representation of z,(x, y) obtained
from the single factor d, is unnecessarily complicated due to the occurrence of
integrals. In general, it is not obvious how to simplify a solution obtained from an
incomplete factorization.

5.10. The Loewy decomposition is

1 0 Wi = Zxy — %zx - )y
Lz = 2
an_? WZEZxx_zny"f‘yzZ

The equation z,, —2yz, + %z = 0 has the solution z = C; exp (xy)+Cax exp (xy);

C; and C, are undetermined functions of y. Substitution into Lz = 0 leads to
Y€)= yCi —2C; = 0,ie. C = C} = 2C,. This yields

2
zi1(x,y) = exp (xy)(F'(y) + (x — ;)F(y))
where I = C,. The equation w» , — %wz = 0 has the solution w, = G(x)yz; G is

an undetermined function of x. A special solution of the inhomogeneous equation
Zex — 2YV2x + yzz = Gy2 yields the second member of a fundamental system

22(x,y) = xy*exp (xp) [exp (—xy)G(x)dx—y* exp (xy)/)C exp (—xy)G(x)dx.

5.11. The Loewy decomposition is

10 Wi = 2y + (xy — 1)z, + 2x2
Lz =

00y ) \wy =z + 2y =2 = L)ze + (22 =20y + 14+ 1)z

Proceeding similar as in the preceding problem the fundamental system
z1(x.y) = exp (x — 3x%y) (2F'(y) — x2F(y)).
1.2 2 1.2 dx
2(x,y) =exp(x — 5x y) (x exp (Ex y— x)G(x)T
—/exp (%xzy — x)G(x)xdx)

is obtained. F and G are undetermined functions.
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5.12. The operator L is completely reducible, its Loewy decomposition of type
L s
y

2
L = Lelm({L,0xx). (L. 3y + ;8y>>).
It yields the fundamental system

xy +1 3xy+1

2
a(x,y) = F’(y)—;xF(y), a(x.y) = L6(o)— G(x):

F and G are undetermined functions.
5.13. Substituting z = ¢(x, y)w into the equation z,, + Azy + Bz, + Cz =0
yields

Wext (2&+A)wx+3wy+ ( P +Aﬂ)+3‘”—y+cw=o.
@ @ %
The coefficient of w, vanishes if % = %A, ie. if ¢ = exp (—%fAdx).

Substituting it into the coefficient of w yields the result of case (7).
In case (i), the same substitution into the equation zy), + Azy + Bz, + Cz =0
yields

Py Px Py Px Pxy
Wey +(A+ —=)wy +(B+ —)w, +(C+B—+A4A— 4+ —)w=0.
xy ( (p)x ( (p)y ( 0 0 (,0)

The derivative w, does not occur in this equation if ¢ is a solution of the equation
¢, +Agp = 0; aspecial solution is ¢ = exp ( —f Ady). Substituting this expression
into the above equation for w yields the second case of Corollary 5.4.

In order that the derivative w, vanishes as well, ¢ has to obey the system
¢x+ Bgp =0, ¢, + Ap = 0. In order that a nontrivial solution exists, the condition
A, = B, must be valid. Then w,, + (C — B, — AB)w = 0.

5.14. Substituting z = ¢w into the given equation yields

Wix + Aiwyy + Aowy,y

+(2"" + A48 4 Aa)wx (A L4245 1 a)w,

(%44, ‘/”‘y+A Loy 4%+ Ay +As)w—0

The two first-order derivatives disappear if

2—+A1 + A3 =0, A1—+2A2 + Ay = 0;
¢ 4 4 ¢
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if A% — 4 A, # 0 this algebraic system has the solution

o A1Ay—24A3 oy  A1Az—4A4,
—=—F 5, =p ad —=————=g
[ Al —2A4, () Al —4A4,

its integrability condition is p, = g,. If it is satisfied, integration yields the solution
given in case (7).

If A% — 44, = 0, the above algebraic system is consistent if 24, — A1 43 = 0
and the equation

ox + 3420y + 3430 =0
for ¢ follows. According to Corollary B.1 its solution is

ox.) = e@exp(~ 4 [ As(edoeax] Y

¥(x, y) is a first integral of % = %Al; 7 = y¥(x,y)and y = ¥ (x, 7). This is
case (ii).
5.15. Substitution of z = @(x, y)w into the given equation yields

Wiy + (Al%)wx + (Az%y)wy + (A3 + Az% + Al% + %)w =0.

Solvability of the conditions % + A, = 0 and % + Ay = Orequires A1, = A .
If it is satisfied, the transformed equation is

Wyy + (A3 — 4142 — Az ,)w = 0.

Obviously its coefficients are in the base field of the originally given equation.
Chapter 6
6.1. The derivatives up to order three are
z=F+Ge™, zo=—xF' —Ge™, z, =F +G'e™™,
Zox = —F + X2F" + Ge™, 74y = —xF"'—=G'e™, z,, =F'+G"e™™,
Zoxx = 3xF" = xX3F" — Ge™, zyyy = —F" + x2F" + G'e™™,
Zayy = —xF" —G"e™*, Zyyy = F" 4+ G"e™*.

The " means the derivative w.r.t. the argument of F or G. These ten equations
may be considered as an inhomogeneous linear system for the eight indeterminates

F,G,F’,...G"; it may be solved by Gauss elimination. The two consistency
conditions yield the desired generators of the Lc/m.
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6.2. The answer is obvious from the representations

Ly = (0xx — x?0yy + 20 + (2x 4+ 3)3,)(0x + 1)
= (0yx — x0xy + 30x — (x = 1)3, + 2)(dx + x3,)

and
Ly = (B + 0y, — 10+ (14 4)8,) @0+ 1)
- (axy ~La v+ (1-1Ly, - %)(ax +xd,)

6.3. The Loewy decomposition is

(1 1 L\ .
L‘(oax—(x—1)ay+2) (Lz)’

L and L, are defined in (6.20), i.e. the operator L is in the same ideal as Blumberg’s
operator (6.17). L may be represented as L = L + L.

6.4. By Proposition 6.3 there is no first-order right factor. Up to order m = 10 a
Laplace divisor L, (L) does not exist. However, there is a Laplace divisor L,2(L)

corresponding to [, = 0y, + %ax; it yields the type "Zé;y Loewy decomposition

1 1
L:
(0 8xy—(xy—y)3y—%)

Dy + Xy = ¥)0y + 30y — 205 — ¥y — 75
Bor + 20,
Chapter 7

7.1. The solutions z;(x, y) and z»(x, y) are easily shown to annihilate the left-
hand side of (7.2) by substitution. Let ¢ = log (y + 1)—x and ¢ = exp(y + x)—1.
Define

H(x.7) = HY)|,_ 5 and z= /(x —DH ., 7)dx|;_

Applying the chain rule, the following expressions for the derivatives of z are
obtained.
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= (x—DH®Y) + ¢ /(x = DH5(x, 5)dx[;_

2y = @y /(x - 1)Hy'(x’37)dxiy‘=¢(w)’

xx = H(y) + Pxx /(X B I)I:I)_)(X7 J_])dx|)7=§0(x~y)

= D Dy + 08 [ = D D]y
oy = (= DH )+ gy [ 0= DA D]
+0: 0y /(x — DHy5(x, 7)dx| ;-
Substitution into (7.2) yields

z=xH®Y) + (x = D(@:V5l5=prp) + ¥ + 1) Hy (y)

Hed+ 0+ Do) [(= D D]y,

Hur 0+ Doy +9+ 0 09) [ = D5y
If the above expressions for ¢ and ¥ are substituted, the coefficients of H, and the
integrals vanish, i.e. only the first term x H(y) remains; this is the right hand side
of (7.2).

7.2. The first-order right factor in the second line of (6.19) yields z; =
F(y — 1x?). The two first-order factors in the argument of the Lc¢lm yield

X

wi = G(y)e™ and wy = H(y)xe ™.

They lead to the inhomogeneous equations z, + xz, = w; with special solutions

2(x,y) = /G()? + %xz)e_“"dx‘_ , , and
y=y— 3X

z(x,y) = /G(f + %xz)xe_"‘dx‘_ )

2
y=y—3X

respectively. The differential fundamental system obtained in this way is more
complicated than the one obtained in Example 7.8.

7.3. Introducing new variables u = ¢(x,y) = yandv = ¢¥(x,y) = y — %x
into the left factor 0, + x0y, + dx + (x 4+ 2)d, yields, according to case (i) of

Lemma 5.4,
V2w —v) + 23 1

2(u—v) “ 2(u—v)av'

2

Duv = auv -
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According to Proposition 4.2 a first-order right factor does not exist. However, there

is the operator D,,, = 9,, + mau such that (D,,, D,,) is a Laplace divisor

generated by a Janet basis; it yields the solution w; = F(v) — /2(u — v) F'(v).
Up to order 5 there is no Laplace divisor involving the variable v. Therefore the
exact quotient module

]

is set up. The equation corresponding to the latter operator has the solution
H(u) exp (— v/2(u —v)). It leads to the inhomogeneous equation

u—v

W2 ! Wy, = A exp ( —2(u— v))

+ oW
2(u—v) ? u—v

with the solution

wy = «/u—v/ f%exp(—\/Z(M—v))du—/H(u)exp(—\/2(u—v))du.

In the original variables the solutions are

— _ 1.2 / 1.2 _
21 —W1|M=y,v=y_ 1y2 = F(y—3x°) —xF'(y—5x°) and 22 =w

u=yy=y—}x2
Again, this result is more complicated than that given in Example 7.8.
7.4. The operator

L = 0yyy — X*0yyy + 30,0 + (2x + 3)dy, — x%9,, + 20, + 2x + 3)d,

defined by the given equation has the right factors d, + 1 and 9, + xdy, i.e. it
is contained in the ideal (6.20) generated by L; and L,. With the notation of
Example 6.9 there follows L = L, i.e. it is contained in the same ideal as
Blumberg’s example but is a different combination of the two generators L; and
L. Its Loewy decomposition is

1 0 Ly
L = .
00, —xd, +2++/ \ L

Equations 7.5 yield w; = 0 and wp, = %exp (—2x)F(y + %xz); F is an
undetermined function. The system L;z = w; and L,z = w is solved by
Theorem 5.1. The constraint (5.24) is satisfied. The system (5.26) is
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) —% = %exp(—Zx)F(y + 1x%),
Lzr = ?exp (—2x)F(y + %xz)

with the special solution
ro(x,y) = 2exp(——2x)< /exp(—%)F(y—}- 1x?)dy
—/yexp(— %)F(y + %xz)dy).

Substitution into (5.25) finally yields

z(x,y) = eXP(X)/ro(x,y)eXp(—X)dx—/ro(x,y)dX-

7.5. In general, a differential type O solution may be obtained from a system
zx +az = 0,z, + bz = 0,a, = by, that reduces the given third order equation
to zero. For the problem at hand, this leads to the following constraint for the
coefficients a and b.

by + xbyy — ay + b, + b, }r [(a +b) —a,b—2b.a —2xb.b

1
y+1

+——a?—ab— bz—xab + xab? + a?*bh = 0.

1
y+1
A solution scheme for this nonlinear second-order equation does not seem to exist.
A special solution may be obtained from the requirement that a solution with no

dependence on x is searched. It yields the result z = (y+1)? that cannot be obtained
by specialization of F in the solution given in Example 7.19. The corresponding

valuesof  and b area = 0and b = — ; they obey the above equation.

2
y+
7.6. The three alternatives may be described as follows.

L= @0+ )0, —x)(, —y)
=y — (X + )0y + ¥y, + (xy — Dy + (xy + y2 + DI, + xy%

Lz = 0 has fundamental system

z1(x,y) = F(x)exp (31%). z2(x.y) = G(x)exp (3y )/exp (xy —1y?)dy.

() = exp (137) ([ ey = 2)ay [ exp(2en Oy
- / exp (—=2xy) H(y) / exp (xy — %yz)dydy)-
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Ly =9y —x)(dy — y)(0x + ¥)
=0yyy — (x + ¥)0xy +¥0yy +(xy—1)0+(xy +y%— 2)8y—i-xy2 —x—2y;

L,z = 0 has fundamental system

z21(x,y) = F(y)exp(—xy), z(x.y) =exp(3y° — xy)/eXp (xy)G(x)dx,
73(x,y) = exp (=xy) / exp (xy + %yz)H(x) / exp (xy — %yz)dydx.

L3 = (0, —x)(0x + »)(0y — )
= 0yyy — (X + )0y + 0,y +(xy— Dy + (xy + y2 — 13, + xy* —2y;

L3z = 0 has fundamental system

z1(x,y) = F(x)exp (3?), z(x.y) = eXp(%yz)/eXp(— xy —2y?)G(y)dy,

z3(x,y) = exp (3)?) / exp (—xy — %) / exp (2xy) H (x)dxdy.

Despite the fact that all six alternatives considered in Examples 7.21-7.23 have
identical symbols, the structure of the solutions differs significantly. There are
three different elements z;(x, y) corresponding to the three possible rightmost
factors; hence, there are three pairs of permutations with identical elements z; (x, y).
There is not a single pair with identical elements z(x, y); the most significant
distinguishing feature is the occurrence of the undetermined functions under the
integral sign or not. In the element z3(x, y) there occurs always a repeated integral
over x and y or a twofold integral over y. The undetermined function occurs always
under the integral sign, either under the innermost integration or the outermost one.

7.7. The operator L = 0dyy, + (x + 1)dy, — 9, allows the factor d, and in
addition the Laplace divisor (0., + (x + 1)d., — 3, 1 ); its type £ Loewy
decomposition is

Oa 1 Kl = axxy
L = . O
0 +x+1,0) \ Ky = ey + (x + 1)y — 9y

It leads to the fundamental system is z;(x, y) = F(x), 22(x,y) = (x + DG(y) +
G'(y),z3(x,y) = [ [ H(x)exp (—(x+1)y)dxdx; F, G and H are undetermined
functions.
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Appendix B
B.1.If A = va? —4b # 0 there are two special solutions z;, = —%a + %A.
They yield the two representations of the general solution

C is a constant. For C = 0 and C — oo the special solutions z; and z, respectively
are obtained; they are the only rational solutions in this case.
If A = 0 the single solutionz; = zp = —%a follows. It yields the general rational

solution z(x) = —3a + C%
B.2. Define A = +/¢2 —4bd now. If A # 0 there are two special rational
solutions z; » = —ﬁ)— + ﬁA. The general solution is

1 :i:Aexp(:FAx) ¢ 1
- _ i A
2. ) b F(y—ax)—exp(F Ax) 2b  2b

F is an undetermined function. If A = 0 the general solution is

(x.y) c +1 1
Xy)=—+-——.
“any 2b b F(y—ax)+x

Appendix C
C.1. Applying z = A(x, y)w to the expression E defined at the beginning of
Appendix C yields an equation of the form wy, 4+ aw, + bw, + ¢w = 0 where

dlog A

c aalogkbalog/\ 1 A
y X

» C=cta—gy dy +X8x8y'

Substituting these expressions into a, +ab—¢ and I;y +ab—¢ makes the invariance
explicit.
2 2

C.2. Forsyth’s example. The coefficients are a = =y b = —Xx—° and
c = —(;4)2. The invariants h = k = ——2 and hy = k_; = 0 explain
X =Yy

oy (x =)°
the solution given in Exercise 4.9.
Imschenetzky’s example z,, + xyz, —2yz = 0. Here ¢ = xy, b = 0 and
¢ = —2y. The transformed equations are

1 2
Ziay + (xy — ;)Zl,x —3yz1 =0, 2oy + (xy — ;)Zz,x —4yz =0

and in general
n
Zn,xy + (xy - ;)Zn,x - (I’l + Z)J’Zn =0



A Solutions to the Exercises 203

for any positive integer n. For negative indices the corresponding equations are

Z-lxy FXYZ-1x —YVZ-1 = 0, Zooxy TXYZ2x = 0, Z-3xy TXYZ-3x +VZ-3 = 0,

Zonyy FXYZnx — (M +2)yz, =0 for n > 4.

The invariants kg = 2y, k_; = y, and k_, = 0 explain the existence of solution
z; in Example 5.10. The two lowest #—invariants are ) = 3y and h; = 4y. Due
to the fact that they depend only on y the recurrence (C.4) simplifies to h; 4, =
2h; — h;_1. The solution satisfying the above initial conditions fori = 0andi = 1
is h; = (i + 1)y; it does not vanish for i > 2. Hence, for this particular case it is
proved that a Laplace divisor (L, £,}) does not exist for any n.

Appendix D

D.1. By Proposition 4.2, the generic equation z,, + A(x, y)zy + B(x,y)z =0
has a right factor with leading derivative d, if B(x,y)=A,(x,y); then
dy(zx + A(x,y)z) = 0, ie. the left hand side is a total derivative. There is a
right factor with leading derivative 9, if B(x,y) = 0, i.e. (0, + A(x,y))z, = 0.
There are both right factors if B(x,y) = 0 and A,(x,y) = 0, i.e. if A does not
depend on y. In this case Lc/m (9, + A(x), 0,)z = 0, i.e. the equation is completely
reducible.

In special cases one may get even further. In cases (i) and (ii i) the above condi-
tion for a right factor requires A = y + C, C a constant; it yields the factorization
0y +(y+C)3y+1=10,(0c+y+ C).If B= A, does not hold, there may be
a Laplace divisor, e.g. {dx, — (¥ + C)9dy + 1,9,,); it may be found with the help
of the function LaplaceDivisor provided by the ALLTYPES system.

In case (iv), for A = B the factorization 9, (ax + %) is obtained. A nontrivial
Loewy-decomposition allows finding the general solution of the corresponding
differential equation involving two undetermined functions. A symmetry yields only

so-called similarity solutions of less generality.



Appendix B
Solving Riccati Equations

Abstract Historically Riccati equations were the first non-linear ordinary differen-
tial equations that have been systematically studied. A good account of these efforts
may be found in the book by Ince [29]. Originally they were of first order, linear in
the first derivative, and quadratic in the dependent variable. Its importance arises
from the fact that they occur as subproblems in many more advanced applications.
Later on, ordinary Riccati equations of higher order have been considered. Partial
Riccati equations are introduced as a straightforward generalization of the ordinary
ones. All derivatives are of first order and occur only linearly, whereas the dependent
variables may occur quadratically.

In the first section a few results for ordinary Riccati equations of first and second
order are given. Thereafter various generalizations to partial Riccati-equations or
Riccati-like systems of equations are considered.

B.1 Ordinary Riccati Equations

In the subsequent lemma the following terminology is applied. Two rational

functions p,q € Q(x) are called equivalent if there exists another function r €
/

Q(x) such that p — g = rT holds, i.e. if p and ¢ differ only by a logarithmic

derivative of another rational function. This defines an equivalence relation on Q(x).

A special rational solution does not contain a constant.

Lemma B.1. I[fa first order Riccati equation 7 +z> +az+b = Owitha, b € Q(x)
has rational solutions, one of the following cases applies.

(i) The general solution is rational and has the form

r/
= + B.1
=Tt (B.1)
where p,r € Q(x); Q is a suitable algebraic extension of Q, and C is a

constant.
(ii) There is only one, or there are two inequivalent special rational solutions.

F. Schwarz, Loewy Decomposition of Linear Differential Equations, Texts & Monographs 205
in Symbolic Computation, DOI 10.1007/978-3-7091-1286-1,
© Springer-Verlag/Wien 2012
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Analogous results for Riccati equations of second order are given next.

Lemma B.2. [fa second order Riccati equation
437+ +ald +P)+bz+c=0

with a, b, c € Q(x) has rational solutions, one of the following cases applies.

(i) The general solution is rational and has the form

Cou' +V

—_— ——————— B-2
C1+Czu+v+p (B.2)

Z

where p,u,v € Q(x); Q is a suitable algebraic extension of Q, C; and C,
are constants.

(ii) There is a single rational solution containing a constant, it has the form
shown in equation (B.1).

(iii) There is a rational solution containing a single constant as in the preceding

case, and in addition a single special rational solution.

(iv) There is only a single one, or there are two or three special rational solutions
that are pairwise inequivalent.

The proofs of Lemma B.1 and B.2 may be found in Chap.2 of the book by
Schwarz [61].

B.2 Partial Riccati Equations

At first general first-order linear pde’s in x and y are considered; they may be
obtained as specializations of a Riccati pde if the quadratic term in the unknown
function is missing.

Lemma B.3. Let the first-order linear pde z 4+ az, + bz = c for z(x, y) be given

where a,b,c € Q(x,y). Define ¢(x,y) = const to be a rational first integral of

Z% =a(x,y); assign y = @(x,y) and the inverse y = ¥ (x, y) which is assumed

to exist. Define

&(x,y) =exp ( - / b(x, y)|y=¢<x,;>dx)‘_ . (B.3)
y=9(x.y)
The general solution z = z1 + zo of the given first-order pde is
a(ry) = £V, =) [ | ma
E(,y) y=ypeei)  li=px

@ is an undetermined function.
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Proof. Introducing a new variable y = ¢(x, y) as defined above leads to the first-
order ode z, + b(x, ¥)z = ¢(x, ). Upon substitution of y into its general solution,
the solution (B.4) in the original variables is obtained. O

For b = 0 or ¢ = 0 the expressions (B.4) simplify considerably as shown next.

Corollary B.1. With the same notations as in the preceding lemma, the homoge-
neous equation zx + az, + bz = 0 has the solution

z1(x,y) = E(x, y)P(p). (B.5)

The equation z, + azy = ¢ has the solution z = z1 + zo where

z1(x,y) = @(¢), z0(x,y) :/C(xvy)|y=1//(x,y_')dx P (B.6)

with y and @ as defined in Lemma B.3.

It should be noticed that Lemma B.3 in general does not allow solving a linear pde

algorithmically. To this end, a rational first integral of % = a(x, y) is required.

This problem is discussed below. The subject of the next lemma is the general first-
order Riccati pde in x and y.

Lemma B.4. [f the partial Riccati equation
zx+azy+bzz+cz+d=0 (B.7)

where a,b,c,d € Q(x, y) has rational solutions, two cases may occur.

(i) The general solution is rational and has the form

= é ( ry(X,))

Gt om ) =

y=o¢(x.y)

where ¢(x, y) is a rational first integral Of% =al(x,y), r and p are rational
functions of its arguments and @ is an undetermined function.

(ii) There is a single rational solution, or there are two inequivalent rational
solutions which do not contain undetermined elements.

Proof. Introducing the new dependent variable w by z = Z—V, (B.7) is transformed
into

by b,
wx—i—awy—l—wz—}—(c—?—a?y)w—f—bdzo. (B.9)

Assume that the first integral ¢(x,y) = y of % = a(x,y) is rational and the

inverse y = ¢(x, y) exists. Replacing y by y leads to

v"vx+v_vz+(c_—%—&%)v_v+l;cz:0
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where w(x,y) = w(x,y)|y=5, a(x,y) = a(x,y)|,=; and similar for the other
coefficients. This is an ordinary Riccati equation for w in x with parameter y. If its
general solution is rational, it has the form %5)()7) + p where r and p are rational

functions of x and y. Back substitution of the original variables yields (B.8). If
the general solution is not rational, one or two special rational solutions may exist
leading to case (ii). O

B.3 Partial Riccati-Like Systems

In several problems discussed in the main part of this monograph there occur special
systems of first-order pde’s in two independent, and one or two dependent variables,
involving quadratic terms of the latter. They have been baptized partial Riccati-like
systems by Li et al. [43]; see also Chap.2 of the book by Schwarz [61]. At first a
system for a single function is considered.

Theorem B.1. The first order Riccati-like system of pde’s
er=zc+ A+ Az+ A3 =0, ex =2z, + B2+ Biz+ By =0 (B.10)

is coherent and its general solution depends on a single constant if its coefficients
satisfy the constraints
Ay —Bix—A1By+ A;B; =0,
Azqy—qux—2A133+2BlA3 =0, (B.11)
A3,y — B3, —AyBs + A3B, = 0.

Let Ay, Bx € Q(x,y), Ay # 0, By # 0 and system (B.11) be satisfied. If (B.10) has
a rational solution, one of the following alternatives applies.

(i) The general solution is rational and has the form

) Iy

Z=A_lr—+—C+p=B_1r—i—C

+p (B.12)

where p, r € Q(x, y) and C is the integration constant.
(ii) There is a single one, or there are two inequivalent special rational solutions.

The proof may be found in the above quoted literature. A system with two
dependent variables is

er=zy+2+ A1+ Az + A3 =0,

er=2z1y + 22+ Biza + Bz + B3 =0,
e3s =2, + 22+ Biza + Bazy + B3 =0,
e =20y + Z% + Dizo + Dozy + D3 = 0.

(B.13)
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It is coherent if the coefficients A1, ..., D3 satisfy

Ay — By — A2B + A\ B, — A| Dy + A3 + B} =0,
Ayy —Brx—A1Dy+ BB, — B3 =0,
Az y — B3y x —AyB3 — A1 D3 + A3By + BiB3 =0
Biy—Dix+ A1Dy,— BB+ B3 =0,
Byy — Dyy + AyDy — B + ByDy — BiDy — D3 =0,
B3, — D3+ A3Dy — BoBy — Bi1D3 + B3D; = 0.

(B.14)

The rational solutions of the system (B.13) are described next.

Theorem B.2. [f the coherent system (B.13) has a rational solution, one of the
following alternatives applies withr,s, p,q € Q(x,y) and p, = q..

(i) The general solution is rational and contains two constants. It may be written

in the form
Cory + 5, Cory + 5
=T = 2T
Ci+GCor+s Ci+Cor+s
(ii) There is a rational solution containing a single constant, it may be written in
the form
SR Doy
71 = , = .
T TR o

(iii) There is a solution as described in the preceding case, and in addition there
is a special rational solution not equivalent to it.
(iv) There is a single one, or there are two or three special rational solutions
which are pairwise inequivalent.

The proof may be found in the above references [43] and [61].

B.4 First Integrals of Differential Equations

In several places above solving first-order ode’s occurred as a subproblem. Usually
however the solution is not required explicitly but in terms of a first integral of the
form ¢(x, y) = C where x and y are the independent and dependent variable, and
C is a constant. The relevant features of this problem are discussed in the remaining
part of this appendix. It is based on articles by Prelle and Singer [56] and Man and
MacCallum [73,74].

Let a first-order differential equation

d
& 2 or equivalently Qdx — Pdy =0 (B.15)
dx P
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be given with polynomials P, Q € Q[x, y]. A first integral of (B.15) is a function
F(x, y) that is constant on its solutions, i.e. for which

dF = 3,F +y'9,F = (Pd, + Qd,)F = 0.

Prelle and Singer [56] prove that if a differential equation (B.15) has an elementary
first integral then it must have a very special form.

Theorem B.3. (Prelle and Singer [56]) If a differential equation (B.15) has an
elementary first integral, it has the form

F(x,y) = wo(x,y) + ) _ ¢ logwi(x, y) (B.16)

where the c¢; are constants and the w; are algebraic functions of x and y.

This result provides strong restrictions on the form of an elementary first integral,
if there is any. There remains the question how to determine a first integral explicitly
for any given equation (B.15). The following procedure has been given by Man [73],
based on the results of Prelle and Singer. In addition to the operator D = Pd,+Q0,
an upper bound for the degree d of the polynomials occurring in the numerators and
denominators of the w;(x, y) in (B.16) must be provided as input. It is a semi-
decision procedure for the existence of an elementary first integral; up to degree d
the correct answer is guaranteed if a first integral is known to exist; beyond it there is
no conclusion. To make it into an algorithm a bound for the polynomials involved is
required. Despite considerable efforts [10, 16], an answer seems not to be known at
present (Singer, 2006, private communication).

Algorithm PrelleSinger(D,d) Given an operator D = P9, + Q0d, where P, O €
Q[x,y],and d € N, d > 1, an elementary first integral of order not higher than d
is returned if it exists, or “ failed” otherwise. Assign N = 0.

S1:Set N =N + 1.If N > d return “failed”;

S2 : Find all monic irreducible polynomials f; € Q[x, y] such thatdeg f; < N

and f;|Df;; define g; = Dsz
S3 : Decide if there are constants 7;, not all zero, such that Y n;g; = 0.
If such n; exist return [ £;"'.
S'4 : Decide if there are constants 7;, not all zero, such that
Y onigi = —(Px + Qy). If such n; exist, set R =[] /" and return
¢ RPdx + RQdy, otherwise goto S1.
The polynomials f; determined in step S2 with the property that f; divides Df;
are called Darboux polynomials.
If this procedure is left in step S3 there are no logarithmic terms, i.e. a rational
first integral has been found. This case is most interesting for the applications in this
monograph; two examples are given next.

Example B.1. Consider the equation (x> + x + 2y)y’ +3x? +2xy +y = 0. It
defines the operator D = (x? + x + 2y)d, — (3x% + 2xy + y)d,. Forn = 2 the
following Darboux polynomials are obtained.
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Table B.1 The polynomials f and g for the differential equation in
Example B.3 for degree of f not higher than 5

Ji gi Range

Xk k 1<k<5
v —k(3x + y)y 1<k<s
xky —Bx+y)y+k 1<k=<4
xyk ky(Bx +y)+1 2<k<4
x2y? —2yBx+y)+k 2<k<3
x2y? —3yBx+y)+1

fi=x+y)? gi=—4x+2, fL=x>4y,
@=2x—-1, fi=x+y, gg=-2x+1.
The constraint n1g; + n2g> + n3gs = 0 yields ny = 2n; + n3s; it leads to the first

integral F(x,y) = (x + y)*1 (x> + y)2(x + y)"™ = (x + y)(x?> + y) where in
the last step the substitution n, = 1 has been made. O

Example B.2. Equation x?y’ 4+ x2y? 4+ 4xy 4+ 2 = 0, no. 1.140 of Chap. C.1 in the
collection by Kamke [32], defines the operator D = x?0, — (x>y? + 4xy + 2)d,.
For n = 2 the Darboux polynomials

f=xy+2, & =—x2y—x, fH=xy+1, g2=—x2y—2x, f=x, g3=x

are obtained. The constraint n,g; + n,g> + n3gs = 0 yields n, = n3 = —ny; it
leads to the first integral

2
F(x,y) = (xy +2)" (xy + 1y = —2 12
x(xy+1)
in the last step the substitution n, = n3 = —1 has been made. O

The answers in the preceding two examples are easily obtained because there
does exist a rational first integral of low order. This is different if a rational first
integral does not seem to exist as shown in the next example.

Example B.3. The Abel equation xy’ + y* + 3xy* = 0, no. 1.111 of Chap.C.1
in the collection by Kamke [32], defines the operator D = xd, — (3xy? + y*)d,.
Up to order n < 5, the Darboux polynomials listed in Table B.1 are obtained. The
f’s cover all monomials of total degree up to order 5. Any system that may be
constructed from these polynomials ) 7;g; = 0 has only the trivial solutionn; = 0
for all i ; consequently, a nontrivial rational first integral up to order 5 does not exist.
In order to prove non-existence for any order, it has to be shown that the structure
of these system remains the same as shown in Table B.1. O
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In the preceding example it may be possible to show that a rational first integral
does not exist for any given order n. However, for a generic first order equation there
is only a partial answer. If it is known that a rational first integral exists, the above
procedure of Prelle and Singer returns the result; otherwise it does not provide a
conclusion.

The situation is similar as for solving diophantine equations. These problems
are semi-decidable, i.e if an equation is known to have any integer solution it can
always be found, otherwise in general there is no answer. Even more: It has been
shown by Matyasevich [48] that in general diophantine problems are undecidable.
It remains an open problem to obtain a conclusive answer for the existence of a
rational first integral of a generic first order differential equation, either by designing
an algorithm for its solution or proving that it is undecidable.

B.5 Exercises

Exercise B.1. Discuss the solutions of the first-order ordinary Riccati equation
7 4+ 7> +az+ b = 0if a and b are constant.

Exercise B.2. The same problem for the first-order partial Riccati equation
zx +azy + bz +cz+d =0if a, b, ¢ and d are constant.



Appendix C
The Method of Laplace

This appendix follows closely Chap. 2 of the book by Darboux [14] and Chap. 5 of
the book by Goursat [18]; both are based on the original work of Laplace [40]. The
method known under his name deals with equations of the form

E =z +aze+bzy +cz2=0;
a, b and c are functions of x and y without further specification. This equation may

be written as
0x +b5)0y +a)z=0 if a, +ab =c.

In this case the general solution is

z= exp(—/ady) (F(x) +/G(y)exp(/ady—/bdx)dy)

where F and G are undetermined functions of its argument. Similarly, if
0y +a)(0y +b)z=0if b, +ab=c

the general solution is

z=exp(—/bdx) [G(y)+/F(x)exp(/bdx—/ady)dx].

If both conditions a, + ab = ¢ and b, + ab = c hold, the general solution is

z= F(x)exp ( — /ady) + G(y) exp(—/bdx).
For the further discussion it is advantageous to define the two quantities

hh=h=ay+ab—-c and ko =k =b, +ab—c. (C.1)
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In Exercise C.1 it will be shown that /2 and k are invariants w.r.t. to transformations
z = A(x, y)w of the Laplace equation E.

If both & # 0 and k # 0, the above factorizations do not apply. According to
Laplace one may proceed as follows. A new dependent variable z; is introduced by
71 = 2y + az. Using it, the original equation may be written as z; » + bz; = hz.
Eliminating z from the latter and substituting it into the definition of z;, the equation

Ei=zi+aizix+biziy +cizi =0

of the same type as equation E is obtained where

h h
a1=a—7y, by =b, clzc—ax+by—b7y. (C.2)

The corresponding invariants are
hy=aix+ab —ci =2h—k —(logh),,, ki =h.
On the other hand, a new dependent variable z—; may be introduced by
71 = zx + bz. Using it, the original equation may be writtenas z_; , +az—; = kz.
Eliminating z from the latter and substituting it into the definition of z_;, the

equation
E_1=z-1xy +a-12-1x +b-1z-1y + c-12-1 =0

follows where

a_1 =a, b_1=b—%, c_1=c—by+ax—a%. (C.3)
Its invariants are

hoi=aix+aby—c =k, koy=2k—h—(logk)y,.
This proceeding may be repeated, generating a sequence of equations
. ELE . Egy=E ELE, ...
as long as the corresponding invariants are different from zero. They are related by
hiv1 = 2h; —hi—y — (loghi)xy, kiv1 = h;. (CH

Solving for /; and k; yields

hi =kiv1, ki =2kiyy—hiy1 — (logkiyi)xy.
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This sequence of equations terminates for a positive integer 7 if #; = 0; if this
is true the corresponding equation E; may be solved as described above. By back
substitution a special solution of the original equation £ may be obtained. It has the
form

z=F(x)ro(x,y) + F'(x)ri(x.y) + ... + FO)ri(x, y):

F is an undetermined function of x, the r,(x, y) are functions of x and y which are
determined by the problem.

Similarly, if the sequence of equations terminates for a negative value j because
k; =0, a special solution of the form

2=G()so(x.y) + G'(M)si1(x,y) + ... + GY(y)s;(x, y)

is obtained. Now G is an undetermined function of y; the s¢(x, y) are functions of
x and y which are determined by the originally given equation.

Obviously the success of the method hinges on the question whether any invariant
vanishes for sufficiently large value of its index i or j. Right now, an upper bound
for these values does not seem to exist. Consequently, the existence of a Laplace
divisor is semi-decidable; if for a particular equation it is known to exist it may
always be found, otherwise in general it remains an open question and may even
turn out to be undecidable.

Laplace’ method has been generalized to certain equations with leading deriva-

+1
tive aaany" for n > 2 by [53]. Another generalization has been given by [70].

C.1 Exercises

Exercise C.1. Show that the expressions /# and k defined by (C.1) are invariants
w.r.t. the transformations z = A(x, y)w.

Exercise C.2. Determine the transformed equations E; and the invariants /; and
k; for the equations considered in Examples 5.9 and 5.10. To this end, apply the user-
functions LaplaceTransformation and LaplaceInvariant provided on
the website www.alltypes.de. Use the result to explain the solution behavior.



Appendix D
Equations with Lie Symmetries

Symmetries are special transformations of a differential equation leaving its form
invariant; the totality of symmetries forms a group, the symmetry group of the
respective equation. Good introductions into the subject may be found in the books
by Olver [51] or Bluman and Kumei [4]; for symmetries of ode’s see also the book
by Schwarz [61].

Sophus Lie [44] discussed his symmetry methods for second-order linear pde’s
in two independent variables in full detail. These results are given in this appendix
without proofs. He considers the general homogeneous equation for a function
z(x, y) in the form

R(x, y)zxx + S(x, ¥)zxy + T(x, ¥)zyy + P(x, y)zx + Q(x, ¥)zy + Z(x, )z = 0.

The coefficients R, S, ..., Z are functions of the independent variables x and y
without specifying its function field. According to Lemma 5.4 two cases with
different leading derivatives are distinguished. If R(x,y) = T(x,y) = O there
is only the mixed leading derivative z,,; this case is considered first.

Theorem D.1. Any equation z,, + A(x,y)z, + B(x,y)z = 0 has symmetry
generators Uy = 70, and Uss = @(x,y)0d; where ¢ is a solution of the given
differential equation; its commutator is [U, Us] = —Uxo. There are four special
cases with larger symmetry groups and corresponding canonical forms.

(i) An equation with canonical form z., + A(y)zy + z = 0 has symmetry
generators Uy = z0,, Uy = 0y, and Uy with non-vanishing commutator
(U2, Uso] = (log ¢)xUso.

(ii) An equation with canonical form z,, + P(x — y)z, + O(x —y)z =0, P
and Q undetermined functions of its single argument x — y, has symmetry
generators Uy = z0,, Uy = 0y 4 0y, and U, with non-vanishing commutator
[U2, Uso] = ((lOgQD)x + (log @)y)Uoo

(iii) An equation with canonical form z., + Cyz, +z = 0, C a constant, has
symmetry generators Uy = z0,, Uy = 0y, U3 = x0,—yd,, Uy = 9, —Cxz0,,
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and Uso with non-vanishing commutators

(U2, U3] = Us, [U,Uy] = —CU,y, [Us,Us] = —U,.

A
X=y

(iv) An equation with canonical form z, + Zy + ~2=0, Aand B

B
(x—y)

constants, has symmetry generators
Up =20, Uy = 0, +0y, Us = x0x +yd,, Us = x*3, +y*3, — Axzd,
and U, with non-vanishing commutators
[Uz, Us] = U,, [Uy,Us] =2U; — AUy, [Us, Uy] = Us.

If S(x,y) = T(x,y) = 0 the only second-order derivative is z.; the
corresponding equations are considered next.

Theorem D.2. Any equation z., + A(x,y)z, + B(x,y)z = 0 has symmetry
generators Uy = 70, and Uso = @(x, y)0, where ¢ is a solution of the differential
equation; its commutator is [U, Uso] = —Uxo. There are three special cases with
larger symmetry groups and corresponding canonical forms.

1) An equation with canonical form z.x + z, + B(x)z = 0 has symmet
q y Vi ry
generators Uy = 20, Uy = 0,, and Uss; there are no non-vanishing
commutators.
(ii) An equation with canonical form z, + z, = 0 has symmetry generators

U =20, U =0y, U3 = ay, Uy = x0y + 2y3y,
Us = 2ydy + x20;, Us = xydy + y?d, + (3x° — %y)sz, and Us:

its non-vanishing commutators are

(U2, Us] = Us, [Up,Us| = Uy, [Us, U] = 3Us, [Us,Us] = 2Us,
[Us. Us] = 2U,, [Us,Us] = Uy — 3Uy, [Us,Us] = Us, [Uy, Ug] = 2Uk.

(iii) An equation with canonical form zc, + z, + %z = 0, C a constant, has
X
symmetry generators

U = ZBZ, U, = ay, U = xd, + 2y3y,
Uy = xydy + 20, + (332 — $3)20.. and Us;

its non-vanishing commutators are

[Ur, Us] = 2U,, [Uy,Us] = Us — %Ul, [(Us, Us] = 2Us.
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There arises the question as to what the relation between the symmetries of an
equation and its factorization properties are, if any. For equations with leading
derivative zy, considered in the preceding theorem the answer is easy; from
Proposition 4.1 it follows immediately that there are no factorizations related to the
enlarged symmetry groups of cases (i), (ii) or (iii). This is different for equations
with leading derivative z, ; a few examples are discussed in the subsequent exercise.

D.1 Exercises

Exercise D.1. Investigate the factorization properties of the equations considered
in Theorem D.1 and discuss the results.



Appendix E
ALLTYPES in the Web

Many calculations described in this monograph cannot be performed by pencil and
paper because they are too voluminous. The website www.alltypes.de provides
a collection of user functions for this purpose. In addition to an interactive
environment for applying them, a short documentation for each function is given,
including some examples. This appendix contains a list of those functions that are
particularly relevant for the subject of this book; details may be found on the above
website.

Adjoint (u). The single arguments u is a linear ode; returns adjoint equation.

Commutator (u,v). The two arguments u and v are ordinary or partial
differential operators; returns commutator.

ExactQuotient (u,v).The two arguments u and v are ordinary or partial
differential operators; returns exact quotient or error message if it does not exist.

FirstIntegrals (u,n). The first argument u represents a system of first-
order ode’s; returns polynomial or quasipolynomial first integrals up to order n.

FirstOrderRightFactors (u) . The single argument u represents an ordi-
nary or partial differential operator in the plane; returns all first-order right factors
with rational function coefficients.

Gerd (u, v) . The two arguments u and v may be individual ordinary or partial
differential operators in the plane, or generators of an ideal; returns generators of
greatest common right divisor or sum ideal.

IntegrabilityConditions (u). The single argument is a set of genera-
tors for a left ideal in the ring of differential operators or module over such a ring;
returns integrability conditions for the coefficients.

JanetBasis (u). The single argument u represents a list of generators of an
ideal or a module of differential operators. Returns Janet basis generators in the
same term ordering as applied for input.

LaplaceDivisor (u, k). The first argument u is a partial differential opera-
tor in the plane, the second argument k a natural number; returns Laplace divisor of
order not higher than k if it exists.
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LaplaceInvariants (u, k). The first argument u is a partial differential
operator in the plane, the second argument k a natural number. Returns Laplace
invariant of order not higher than k.

Lelm(u, v). The two arguments u and v are ordinary or partial differential
operators in the plane; returns generators of least common left multiple or left
intersection ideal.

LoewyDecomposition (u). The single argument u is an ordinary or partial
differential operator in the plane; returns Loewy decomposition of u.

LoewyDivisor (u) . The single argument u is an ordinary or partial differen-
tial operator in the plane; returns largest completely reducible right component,

RationalSolutions (u). The single argument u may be a linear ode or a
linear pde in the plane.

Solve (u). The single argument u may be a linear or nonlinear ode, a first- or
second-order linear pde in the plane, or a system of linear pde’s of differential type
zZero.



List of Notation

Symbol Meaning Page of definition
<, =X, >, > Order relation between terms 23
Gerd Greatest common right divisor 26
Lclm Least common left multiple 26
0(Zym yn) Subsumes all terms not higher than argument 29
(I, 1, ...) Ideal generated by /1, [, ... 22
(L.l ...) Ideal generated by Janet basis /1, /5, . .. 25
(Oxx, Oxy) LT Ideal with leading derivatives 0, and Oy, 30
9 Ring of differential operators 22
H; Hilbert-Kolchin polynomial of ideal / 28
(k,Jj) Differential dimension of ideal or module 29
Jo& Type of ideals of differential dimension (0, k) 30
MO Type of modules of differential dimension (0, k) 32
Ly (L) Laplace divisor for L of order m in x 34
[ Generator of Laplace divisor Lm (L) 34
Ly (L) Laplace divisor for L of order n in y 34
¢, Generator of Laplace divisor L, (L) 34
Jxxs Txxy Generic intersection ideals for first-order operators 45
&(x,y) Shifted exponential integral for 0, + a;d, + b; 92
gi(x,y) Exponential integral for d,, + b; 95
,iﬂkz Type of Loewy decomposition of second-order ode 7
f/,f Type of Loewy decomposition of third-order ode 8
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224 List of Notation

Symbol  Meaning Page of definition
,Sfx/‘x k-th decomposition type for operator with leading derivative d,., 83
,Skay k-th decomposition type for operator with leading derivative d,, 86
RZ k-th decomposition type for operator with leading derivative 0, 123
,Sfx/‘x y k-th decomposition type for operator with leading derivative ., 132
7 xky y k-th decomposition type for operator with leading derivative 0., 140
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