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Abstract

In this thesis, new algorithmic methods for ordinary differential equations
(ODEs) are developed as well as the foundation of the algebraic basis for these
methods. The aim of this thesis is of a rather practical nature, i.e. the pre-
sentation of practical and efficient algorithms and heuristics for the solution of
ODEs, which can directly be implemented in the framework of a general pur-
pose computer algebra system. The emphasis is clearly put on “practical and
efficient”. However, in order to achieve this goal, a rather extensive algebraic
setup is developed and new and customized notions are designed. Extensions of
the methods developed by E. S. Cheb-Terrab et. al. in the 1990s are presented.
These extensions can be used to compute integrating factors of third and higher
order non—linear ODEs. Furthermore, a new approach for the computation of
integrating factors of ODEs arising from the application of special skew sym-
metric operators is developed. A more general approach and yet unpublished
symmetry result by B. Fuchssteiner is presented. New applications of this re-
sult are discussed and it is shown, how the symmetry results by Cheb-Terrab
et. al. can be used in this more general theoretical setting. Finally, by intro-
duction of a new type of symmetries (non—local symmetries) a link between
two theories (differential Galois theory and symmetry analysis), which were up
to now considered to be totally disjoint, is established. Technically seen, this
amounts to a combination of symmetry methods and the theory of nilpotent
flows in order to give a new algorithmic approach for computing the important
symmetric powers of linear differential operators.






Zusammenfassung

In dieser Arbeit werden neue algorithmische Methoden zur Losung gewohnlicher
Differentialgleichungen (kurz ODEs) vorgestellt. Ziel der Arbeit ist die Darstel-
lung von praktischen und effizienten Algorithmen und Heuristiken fiir ODEs
sowie die dafiir notigen algebraischen Grundlagen, die sich auch praktisch in
einem Computeralgebra System implementieren lassen. Die Betonung liegt auf
“praktisch und effizient”. Zur Realisierung dieser Verfahren werden neue al-
gebraische Strukturen definiert und die fiir die Algorithmen notwendigen the-
oretischen Grundlagen entwickelt. Es werden Verallgemeinerungen der von
E. S. Cheb-Terrab et. al. in den 1990er Jahren entwickelten Verfahren fiir
ODEs vorgestellt. Diese konnen zur Berechnung von integrierenden Faktoren
fiir nicht-lineare ODEs dritter und hoherer Ordnung verwendet werden. Ferner
werden neue effiziente Verfahren zur Berechnung von integrierenden Faktoren
vorgestellt, die durch Anwendung schiefsymmetrischer Operatoren entstehen.
Anwendungen eines neuen und bisher nicht publizierten Integrabilitéatsresultats
von B. Fuchssteiner werden diskutiert und es wird gezeigt, wie sich die von Cheb-
Terrab entwickelten Symmetriemethoden in den allgemeineren Kontext dieses
neuen Resultats einbetten lassen. SchliefSlich wird durch Einfiihrung eines neuen
Symmetrietyps (nicht-lokale Symmetrien) eine Verbindung zwischen zwei bis
dato vollig disjunkten Theorien (Differentialgaloistheorie und Symmetrieanal-
yse) hergestellt. Technisch gesehen wird durch die Kombination von Symme-
triemethoden und der Theorie nilpotenter Fliisse ein neuer Zugang zur Berech-
nung der wichtigen symmetrischen Potenzen von linearen Differentialoperatoren
entwickelt.






Acknowledgement

I would like to thank

Prof. Dr. Benno Fuchssteiner for so many things among which there are: in-
troducing me to the MUPAD family, his unbelievable patience, support and
encouragement, introducing me to the topic of differential equations and for
much much more

Prof. Dr. Walter Oevel for many many interesting and enlightening discussions

The department of mathematics at the university of Paderborn especially in-
cluding the Rechnerbetreuung Mathematik

ICMS for their support and the chance to discuss some of the results of
this thesis with the participants (especially Prof. Dr. Malcolm MacCallum,
Prof. Dr. Alexandre V. Mikhailov and Prof. Dr. Sergey Tsarev) at the confer-
ence “Algebraic Theory of Differential Equations” at Heriot—Watt University,
Edinburgh, 2006

Computeralgebra—Fachgruppe Deutschland for the invitation to the conference
of the Computeralgebra—Fachgruppe Deutschland, Kassel, 2005

Dr. habil. Cornelia Schiebold and Prof. Dr. Bernd Carl for their invitation to a
talk about some of the ideas of this thesis at the Friedrich—Schiller—Universitat
in Jena, 2005

My family Dodo, Bodo, Michael, Julia and Jenni for their support
Dr. Bernd Engel, Mike Menne, Lars Tegeler

Jiirgen Billing, Alessandro Dell’Aere, René S. Kaup, Jorn Maas and Tatjana
Schmiicker for constructive criticism and their friendship

Christopher Creutzig, Klaus Drescher, Ralf Hillebrand, Dr. Oliver Kluge, Mar-
tin Knelleken, Torsten Metzner, Dr. Andreas Sorgatz, Dr. Stefan Wehmeier and
the rest of the MUPAD family for their support

Doris and Antonius Hillebrand for more than their tolerance and the lovely
roses in front of my living room

Studienstiftung des Deutschen Volkes, especially Dr. Susanne Happ, Dr. Petra
Neumann and Prof. Dr. Dr. Dr. Hubertus R. Drobner

Last but not least: Richard Z. Kruspe, Paul Landers, Till Lindemann, Christian
Lorenz, Oliver Riedel and Christoph Schneider






Contents

[_Introduction|
| Twoexamples . . . . ... ... o
| This thesisl . . . . . . . . .

| Outline of approach|. . . . . .. .. ... ... ... ...
[ What 1s new 1n this thesis?. . . . . . . .. ... .. ...

(1 Symmetries|
[1.1  Generalized symmetries and their generators| . . . . . . . . . ..
|l|1|1 E:l]l !g: [llll!:l‘lszll:il -----------------------
[1.1.2  Groups of transtormations and symmetry groups|. . . . .
(1.1.3  Prolongations| . . . . . .. ... ... .. ... ......
(1.1.4  Lie point symmetries and first order ODEs| . . . . . . . .
|1‘2 Ill§= IIlg:tllgzglfi !!t £:11§:t2_1§:11§!t2 tgll filéil glI!lg:I EJDE:iI --------
[1.3  Symmetries of evolution equations{. . . . . . . ... . ... ...
(1.4  Lie point symmetries in phase space|. . . . . . . . ... ... ..
[1.5 Integration via commuting symmetries| . . . . . . . . . . . ...
(1.5.1 Tensors, Lie derivatives and exterior derivatives| . . . . .
(1.5.2  An integrability result| . . . . . . . ... ... ... ...
(1.5.3 Examples and applications| . . . . . . ... ... ... ..
Il.(i E:!zll!:ll]{i‘lgzll:il .............................
[L6.1 Resumé . ... ... .. ... .. ...
(1.6.2  Open problems and perspectives/. . . . . . . . ... ...
[2 Integrating factors|

2.1 Introductionl . . . . . . . ...
[2.2  Basic terminology| . . . . . . ..o oo
[2.3  Integrating factors and Associated ODEs . . . . . . . . .. . ..
[2.4  Integrating tactors for second order ODEs . . . . . . . . .. ..
[2.5  The Euler Operator: Exactness of an ODEl . . . . . . .. .. ..




[2.6 Integrating factors for third order ODkEs . . . . . . .. . . . .. 79

2.6.1 Integrating factors u(x,y). . . . . . . . ... 80

2.6.2 Integrating factors u(x,y').f. . . . . . . ... L. 83

2.6.3 Integrating factors u(y,y').. . . . . . ..o 87

2.6.4 Integrating factors u(y”).,. . . . . . ..o 91

2.6.5 Integrating factors f(x,y,y")(y")™| . . . .. . . ... .. 96

The case p = f(x,y,y)y")", meN . . ... ... ... 97

The case,uzf(x,y,y’)W,mEN,mZ?) ....... 102

The case u= f(2,y,9)gr| - - - - oo 107

[2.7  Generalizations to higher order ODEs . . . . . . . . .. .. ... 111
2.7.1 Integrating factors u(y®,y"=2), 0<i<n—-3| ... .. 112

2.7.2 Integrating factors p(z,y™2)| . . ... ... ... .. 114

2.7.3 Integrating factors u(y®”,49)), 0<i<j<n—-3|.... 116

2.7.4 Integrating factors u(y™ V). . .. ... 119

2.7.5 Integrating factors f(z,y,y/,...,y" )y )™ .. .. 120

The case = f(z,y,9,...,.y" """ meN ... 120

The case,u:f(m,y,y’,...,y(”_m)w,mEN,mZ?) 124

The case u = f(z,y,v,... ,y("‘z))y(nl_l) .......... 126

2.8 Conclusions . - - . . . . . . 128
.81 Resumé . . .. .. .. 128
[2.8.2  Open problems and perspectives{. . . . . .. . ... ... 130

[3 Skew symmetric hierarchies| 133
[3.1 Basic terminology and general definitions| . . . . . . . . . . ... 134
[3.2  Canonical form of differential expressions| . . . . . . . . . . . .. 139
[3.3 Computing integrating factors| . . . . . . . . ... ... .. ... 146
[3.4  Fundamental forms of skew symmetric operators| . . . . . . . .. 159
[3.5 Recursion formulas for symbolic integration| . . . . . . .. ... 165
.6 Conclusions . . . . . . . .. 176
B6T Resuméd . ... ... ... ... ... 176
[3.6.2 Back to the symmetries, . . . . . ... ... ... .... 177
[3.6.3 Integrating factors and symmetry generators: the mixed |

I casel ... 180
[3.6.4  Open problems and perspectives{. . . . . .. . ... ... 181

[4 Non—local symmetries| 185
4.1 Non-local symmetries for 2°¢ order linear ODEs| . . . . . . . . . 187
4.2 Overview: Nilpotent and recursive flows] . . . . . . . ... ... 189
[4.2.1  Nilpotent flows for second order linear ODEs|. . . . . . . 193




[4.3  Overview: Basics in differential Galois theory] . . . . . . . . .. 196

[4.3.1  Symmetric powers| . . . . . . . ... 199

[4.3.2  Applications of symmetric powers| . . . . ... ... ... 201

[4.3.3 Computation of symmetric powers| . . . .. ... .. .. 203

[4.4  An alternative algorithm for symmetric powers|. . . . . . . . .. 204
45 Conclusiond . . . . . . . . .. 209
4ol Resumel . . .. ... ..o 209

[4.5.2  Open problems and perspectives{. . . . . .. . ... ... 209

[ Bibliography| 213
L__List of some notationl 221
| Chapter 1| . . . . . . . ... . . . 221

| Chapter 2| . . . . . . . . . . . 222

| Chapter 3| . . . . . . . . . . .. . 222

| Chapter 4] . . . . . . . .. . .. 223

[ Glossary of Algorithms| 225
[ TIndex 227






Introduction

In this thesis, algorithmic methods for ordinary differential equations are devel-
oped. The aim of this thesis is of a rather practical nature, i.e. the presentation
of practical and efficient algorithms and heuristics for the solution of ordinary
differential equations, which can directly be implemented in the framework of a
general purpose computer algebra system. The emphasis is clearly put on “prac-
tical and efficient” algorithms and heuristics. However, in order to achieve this
goal, a rather extensive algebraic setup is developed and new and customized
notions are designed.

Two examples

To make clear, what is meant by “practical and efficient”, let us roughly sketch
two examples, which will be discussed in detail in the later course of this thesis:
consider a third order non-linear ordinary differential equation

y'(@) —y(@)*y'(2)

and assume that an integrating factor for this equation should be found (see
also [45], p. 602, ODE 7.7 for this example). The general theory proposes to
compute an integrating factor by means of solving a system of linear partial
differential equations (see [1I]). But an integrating factor for that equation
can easily be computed from the right-hand-side of the equation. Multiplying
the equation by ﬁ provides an exact equation, i.e. the whole equation can
be integrated and, hence, the order of the equation can be reduced by 1. This
integrating factor can be found without solving any auxiliary ordinary or partial
differential equations using only very elementary techniques. It can be deduced
simply by a careful inspection of the structure of the right-hand-side of the
equation (see also Example on page [90] for details on how this integrating



factor can be found).

In the framework of a computer algebra system, where in general an elaborate
symbolic solver for partial differential equations is not available, an approach
for the computation of integrating factors not having to compute the solutions
of further auxiliary ordinary or partial differential equations is desirable.
Furthermore, even if methods or special heurstics for solving partial differential
equations for the computation of integrating factors are available (as e.g. in the
case of the computer algebra system MAPLE), approaches in the above sense
should be preferred, since in practice they work more efficiently (see also [11]).

As a second example, consider a seventh order ordinary differential equation

0 = 35u" Uy + 35 Upga U + 385 U™ Uy Upy + 420 U U3 + 14 Uppppe v+
154 U U2 Uy + 280 Ugpy U2 Ugy + 476 Upyy U ui + 672 u Uy, uim—f—
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where v = u(z), u, = v'(x), uy = u”’(x) etc. This equation admits the inte-
grating factor

G = 2 10w, + 2002 + 2 8 622
Multiplication of the equation by G provides an exact equation and the order
of the differential equation can be reduced via integration. Again, as in the
former example, the integrating factor can be determined without solving any
auxiliary ordinary or partial differential equations.

In contrast to the above example, where the stated integrating factor is found
mainly by using pattern matching methods applied to the right—hand-side of
the equation, the integrating factor G is obtained by new methods for so—called
skew symmetric hierarchies of ordinary differential equations introduced in
Chapter |3| of this thesis. The computation of the reduction by means of the
integrating factor G is discussed in details in Example [3.43] on page [I72
Furthermore, Chapter [3| provides the necessary algebraic setup, which allows to
compute this reduction without performing any direct integration.

Although the methods for the computation of integrating factors in the two
examples above are completely different, there is one common property:
both methods provide an integrating factor and in the intermediate steps of



computation no auxiliary ordinary or partial differential equation has to be
solved. By “practical and efficient algorithms” we mean such methods.

In the 1990s, E. S. Cheb-Terrab et. al. developed computer algebra methods
for the computation of symmetries and integrating factors of mainly first and
second order ordinary differential equations, which — among other theoretical
aspects — are based on pattern matching analysis of the ordinary differential
equations under consideration (see [7], [9], [10], [11], [12], [13]).

These methods provided amazing results in practice: e.g. large classes of the
ordinary differential equations listed in the well-known book by E. Kamke (see
[45]) could be tackled using these new methods. And for the computation of
symmetries and integrating factors of these classes of equations, the solution of
any auxiliary ordinary or partial differential equations could mainly be avoided.
The method used to compute the integrating factor in the first example stated
above is one of the algorithms presented in the framework of this thesis, which
are inspired by the ideas of Cheb-Terrab et. al.

This thesis

In this thesis, among other items, extensions of the methods of Cheb-Terrab
et. al. are presented. These extensions can be used to compute integrating
factors of third and higher order non-linear ordinary differential equations.
Furthermore, a new approach for the computation of integrating factors of
ordinary differential equations arising from the application of special skew
symmetric operators is discussed. By means of these methods, the integrating
factor in the second example stated above is obtained.

However, a main emphasis of this work lies on the symmetry analysis of
ODEs, where new approaches and notions are presented. Incidentally, for first
order ordinary differential equations the concepts of symmetry analysis and
integrating factors are identical (see also Section for further remarks on
this statement). Hence, for those more general classes of ordinary differential
equations, where these two approaches differ, new unifying viewpoints have
to be designed. In particular, a more general approachE] and yet unpublished
symmetry result established by B. Fuchssteiner is presented. Applications of

'More general in comparison to the symmetry methods used by Cheb-Terrab et. al. in [7],
[9], [10], [12] and [13].



this result are discussed. Especially, we show, how the symmetry results by
Cheb-Terrab et. al. can be used in this more general theoretical setting.

Finally, a new connection between differential Galois theory and symmetry anal-
ysis of differential equations — two seemingly disparate areas — is presented.
This connection is established with the help of the theory of nilpotent and re-
cursive flows introduced in [27] (see also [2§] and [29]). It leads to a new and
fast algorithm for the computation of the important symmetric powers of linear
differential operators. Symmetric powers of linear differential operators play an
important role for the classification of solutions of homogeneous linear ordinary
differential equations in the framework of differential Galois theory (see e. g. [0],

[60]).

Outline of approach

This thesis is organized in four chapters.

Chapter 1:
Symmetries

The first chapter is dedicated to symmetry methods for solving differen-
tial equations. Various notions of transformation groups (defined by how
they depend on the initial solutions to which they are applied) leading
to different types of symmetries like Lie point symmetries, Lie-Backlund
symmetries, local and non—local symmetries are introduced. Basic prop-
erties of these are discussed.

The methods of Cheb-Terrab et. al. presented in [7], [9], [10], [12], [13] us-
ing Lie point symmetries for the solution of first order ordinary differential
equations are briefly summarized. Afterwards, the representation of ordi-
nary differential equations and symmetries in phase space is introduced.

A new and yet unpublished integrability result based on independent and
commuting symmetry generators by B. Fuchssteiner is presented. In the
last and main part of the chapter, new applications of this result are
discussed. Furthermore, it is shown, how the methods by Cheb-Terrab
et. al. can be embedded in the setting of the new integrability result.

Further examples for the application to higher order ordinary differential
equations and systems of linear ordinary differential equations with
constant coefficients are discussed. The main results of this chapter
constitute the applications and examples for the new integrability result.



Finally, at the very end of the chapter, conclusions and open problems
are discussed.

Chapter 2:
Integrating factors

The notions of integrating factors and exact ordinary differential equations
are introduced. In the sense of the ideas of Cheb-Terrab et. al. in [11], the
most general class of n-th order ordinary differential equations associated
with an integrating factor is presented. The ideas of Cheb-Terrab et. al. for
the computation of integrating factors of second order equations are briefly
summarized.

After introducing the Euler operator as a tool for testing the exactness
of ordinary differential equations, we present extensions of the methods
by Cheb-Terrab et. al. for the computation of integrating factors for third
order ordinary differential equations.

These results are generalized to n-th order equations, n € N, n > 3, in
the last part of the chapter. The main results of this chapter constitute
the algorithms and heuristics for the computation of integrating factors
of n-th order ordinary differential equations. Finally, at the very end of
the chapter, conclusions and open problems are discussed.

Chapter 3:
Skew symmetric hierarchies

Extended integrating factors and canonical forms of differential expres-
sions are introduced. We embed these notions in a new algebraic frame-
work, which allows the definition of a density valued scalar product. After-
wards, skew symmetric hierarchies of ordinary differential equations and
their integrating factors are constructed via certain skew symmetric dif-
ferential operators (skew symmetric with respect to this density valued
scalar product).

The theoretical basis for the fast computation of these ordinary differential
equations and their integrating factors is developed. Therefore the new
notion of the fundamental form of a skew symmetric operator is intro-
duced as an essential tool for the computation of the members of a skew
symmetric hierarchy, the computation of their integrating factors and for
the reduction of their order. With the help of the fundamental form, both
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computational tasks — the computation of integrating factors and the re-
duction of the order of the differential equations under consideration —
are achieved without performing any integrations.

This is done in the last part of the chapter, which is dedicated to present
recursive schemes for the computation of integrating factors and reductions
of ordinary differential equations arising as members of skew symmetric
hierarchies. The fact that integrations can be avoided via these recursive
schemes makes the methods discussed in this chapter even more efficient
than the algorithms presented in Chapter [2]

The main results of this chapter constitute Section pp- [146, where the
construction of skew symmetric hierarchies is developed, and Section [3.5]
Pp- where the recursive schemes are given.

Finally, at the very end of the chapter, conclusions and open problems
are stated as well as possible extensions of the methods are indicated.
A link between the symmetry methods as discussed in Chapter 1 and
integrating factor methods as discussed in this chapter is stated.

Chapter 4:
Non-local symmetries: A link to differential Galois theory

This chapter is dedicated to non—local symmetries as defined in the frame-
work of Chapter 1. Mainly, non-local symmetries for ordinary differential
equations are symmetries given by partial differential equations, i.e. they
act on the initial solution curves in a non-local way. With the help of
a special non—local symmetry for second order linear ordinary differen-
tial equations a link between the theory of nilpotent flows introduced by
B. Fuchssteiner and M. Lo Schiavo and the differential Galois theory of
linear differential equations is established.

This provides a new approach for the computation of the important sym-
metric powers of linear differential operators. Since this chapter deals with
seemingly disparate areas for the treatment of ordinary differential equa-
tions, the theory of nilpotent and recursive flows in sense of the works [27],
[28] and [29] is presented.

Afterwards, basic notions and results from differential Galois theory are
summarized. Symmetric powers of linear differential operators are intro-
duced and well-known applications of these for the classification of solu-
tions appearing among homogeneous linear ordinary differential equations
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are summarized. A short overview on known methods for the computation
of symmetric powers is given.

Then a special nilpotent flow associated with second order homogeneous
linear ordinary differential equations (corresponding to the generator of
a non—local symmetry group) is presented. This nilpotent flow is finally
used to present an alternative approach for the computation of symmetric
powers of second order homogeneous linear ordinary differential operators.
This is the only case, where already a fast algorithm is available in the
literature (see [6]). Our approach is more simple and even beats this
extremely fast algorithm in our practical implementation.

Open problems and perspectives for further research in this area are dis-
cussed at the end of the chapter.

The notation slightly varies from chapter to chapter. E.g., in the first two
chapters the dependent variable will be denoted by y = y(x). In Chapter
we denote the dependent variable by u = wu(x). The reason for this is
that, in the special setting of each chapter, the mostly used notation from
the cited references has been adopted to make it as easy as possible to refer
to the literature and to pay respect to the work already achieved by other
mathematicians and by which the results of this thesis are inspired.

Furthermore, each chapter is nearly self-contained. E.g., if one is more
interested in the computation of integrating factors than in symmetry methods
for ordinary differential equations, Chapter 2| and Chapter [3| can be read
independently of the results presented in Chapter [1| and Chapter {4| (except for
the last part of Chapter [3] where a link to the symmetry methods discussed in
the framework of Chapter [1]is given).

Although many algorithmical results are presented, this thesis does not contain
any source code of experimental implementations, which have been done
during the time within the results of this thesis have been developed. There
are at least two reasons for this fact: first of all, a presentation of complete
implementations would have overstepped the framework of this thesis, and,
secondly, the aim is to give a formulation of the methods, which is independent
of a specific computer algebra system. Hence, all algorithms in this thesis
are given in pseudo—code, but the formulation is always very close to a final
implementation e.g. in the framework of a general purpose computer algebra
system. However, all algorithms presented in this thesis have experimentally
been implemented in the computer algebra system MUPAD to get a rough
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impression on how these methods work in practice and to compute most of the
examples given in this thesis.

A list summarizing the most important notations used in the following chapters
can be found on page 22I] Since the algorithms and heuristics developed in
this thesis contribute a major part of the work, a glossary of algorithms can be
found at the end of this thesis on page 225 Keywords and names with a central
relevance for this thesis can be found using the index on page

What is new in this thesis?

In Chapter we state a new and yet unpublished symmetry result by
B. Fuchssteiner, which allows to characterize the solutions of ordinary dif-
ferential equations admitting a sufficient number of independent commuting
symmetry generators. Obviously, the applications of this new result must be
new. Therefore, the main new aspect in this chapter is the exploration of the
applicability of this symmetry result in several examples. We show, how the
results by Cheb-Terrab et. al. presented in [7], [9], [10], [12] and [I3] can be
used in the setting of the new symmetry result. Further applications, e.g. in
the context of systems of linear differential equations with constant coefficients,
are presented.

In Chapter [2, all algorithms and heuristics for the computation of integrating
factors of third and higher order non-linear ordinary differential equations
are new. These results are inspired by the algorithms of E. S. Cheb-Terrab
et. al. for second order ordinary differential equations (see [7]).

The algorithms for the computation of integrating factors and the reduction of
equations as elements of a skew symmetric hierarchy discussed in Chapter [3| are
new. Especially, the algebraic setup and the notion of the fundamental form of
a skew symmetric differential operator, the algorithm for the computation of
this form as well as the resulting recursion formulas for symbolic integration and
the reduction of ordinary differential equations presented at the end of Chapter
are new. These methods are generalizations of the algorithmic considerations
presented in the framework of the talks “Neue Methoden zur algorithmischen
Losung nicht-linearer ODEs iiber Symmetrien und integrierende Faktoren” at
the “Computeralgebra Tagung 2005” and “Some practical algorithms for the
solution of ODEs via symmetry methods and integrating factors” at the ICMS
workshop on “Algebraic Theory of Differential Equations” (see also [31] and
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[33])-

Finally, Chapter [4] presents a new connection between differential Galois theory
and symmetry analysis of differential equations. This new connection gives a
link between two areas, which are in general considered to be disparate. With
the help of this link a new, simple and fast algorithm for the computation of
the important symmetric powers of second order linear differential operators is
given at the end of the chapter.






Chapter 1

Symmetries

In the years 1997 and 1998, E. S. Cheb-Terrab et. al. published at least four
papers introducing new algorithms and heuristics to compute solutions of
ordinary differential equations (ODEs) using symmetry generators ([7], [9],
[10], [12] and [13]). They implemented these algorithms and heuristics in the
computer algebra system MAPLH]

As a benchmark for the new algorithmic ideas, Cheb-Terrab et. al. used
their implementations to solve ODEs from the well-known book “Differential-
gleichungen” by E. Kamke (see also [45]). The results showed that the new
methods helped to improve the former ODE solver of MAPLE drastically.
Detailed results of these tests and of performance tests are listed in section 4
of [7]. Usually, computing Lie point symmetries of ODEs requires solving a
system of partial differential equations. The success and the efficiency of the
algorithms by Cheb-Terrab et. al. is based on the fact that Lie point symmetries
for wide classes of ODEs can be computed without solving any differential
equations. This becomes possible by using elaborate techniques to recognize
the symmetries more or less directly from the form of the ODE given, i.e. by
using elaborate techniques in pattern matching of differential expressions. We
will come back to the ideas of Cheb-Terrab et. al. in Section of this chapter.

What we want to keep in mind is that symmetry methods in the spirit of

!The computer algebra system MAPLE developed by the company Maplesoft, currently
available in version 10, still offers the algorithms and heuristics implemented by E. S. Cheb-
Terrab et. al. in the framework of the ODETOOLS—package. The latest news concerning this
package and further packages for solving partial differential equations developed and improved
by Cheb-Terrab et. al. can be found on Cheb-Terrab’s homepage [15].

15



16 CHAPTER 1. SYMMETRIES

Cheb-Terrab et. al. may be used for solving classes of ODEs in the framework
of a computer algebra system without having to solve the associated systems
of partial differential equations again and again. These symmetry methods
for solving ODEs are not only interesting from a theoretical point of view,
but also from a completely practical point of view of someone implementing
algorithms in a computer algebra systems not being able (or willing due to loss
of efficiency) to solve systems of partial differential equations to find solutions
of ODEs. Furthermore these partial differential equations may not be solvable
in general.

Nevertheless, as far as we know, Cheb-Terrab et. al. use symmetry methods
mostly to solve first order ODEs. A possible reason for this is the fact that
for first order ODEs, the Lie point symmetry methods as used by Cheb-Terrab
et. al. and integrating factor methods as introduced in Chapter [2] are closely
connected. We will come back to this statement in the framework of the
conclusions for Chapter [2] in Section 2.8 They completely leave out even-
tually possible applications of Lie-Backlund symmetries instead of Lie point
symmetries. These constitute for ODEs of order higher than 1 a considerable
extension of the notion of symmetry. The reason for this omission may be
that Lie’s famous result (see [64] p. 86 or [51], Theorem 2.64, p. 155) does not
apply to these symmetries. Hence, they may not be used to derive from them
integrating factors in a direct way.

For higher order ODEs, Cheb-Terrab et. al. mainly propose algorithms to
compute integrating factors, which can be used to reduce the order of a given
higher order ODE by 1 and thereby introducing a constant of integration. We
believe that one of the reasons for using integrating factors for higher order
ODEs is a completely practical one: integrating factors directly help to reduce
the order of a given ODE by 1, whereas in general a single Lie-Backlund
symmetry generator does not seem to suffice to reduce the order of an ODE
admitting this symmetry. Even in the case that sufficiently many symmetries
admitted by a given ODE have been found, there is still a problem in charac-
terizing the solutions of the ODE. We always have to keep in mind that we do
not want to use some arbitrary method to compute solutions of an ODE, but
a practical method, i.e. a method computing the results of an ODE in such a
form that the user of a computer algebra system may use the result for further,
practical computations. The question of the representation of solutions is a
very important prerequisite for further subsequent computations.
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In the following when we speak about symmetries or symmetry generators we
refer to Lie-Backlund symmetries, which comprise Lie point symmetries as
a special case. New results by B. Fuchssteiner using symmetry generators of
this kind to completely characterize the solutions of ODEs (of arbitrary order
and admitting sufficiently many symmetries) will help to find a new way of
representing the solutions of ODEs. Since the definition of symmetries in the
results of B. Fuchssteiner are formulated in a more general setting and differ
from the definition of symmetries used by Cheb-Terrab et. al. in [7], [9], [10],
[12] and [13], we first present the different notions of symmetries and then show
how the results already established by Cheb-Terrab et. al. can be interpreted
in a more general setting and in the framework of a more general notion of
integrability.

We will see that the corresponding results may not only be used for first or
second order ODEs, but for general n-th order ODEs, n > 1, or even for certain
systems of ODEs as long as sufficiently many symmetry generators for the ODE
or the system of ODEs under consideration are known. This means that a unified
theory for solving ODEs and systems of ODEs with the help of sufficiently
many symmetry generators is established leading to practical methods to express
solutions in terms of conserved quantities.

1.1 Generalized symmetries and their infinites-
imal generators

Since in this section we want to give an intuitive understanding of different
notions of symmetries, we assume for all functions, curves, and transformations
considered here that they are sufficiently often differentiable. This section is
based on the lectures by B. Fuchssteiner [32].

The notion of symmetry we shall build up in such generality that all notions
known to us (Lie point symmetries, Lie-Bécklund symmetries, time—dependent
symmetries, local symmetries, non—local symmetries) will turn out to be special
cases. In order to give a first orientational survey we present here the general
setting without proving every detail. Those details explicitly needed in the
sequel will be proved when needed. In case those details have to be applied in
a more special situations, we will give a suitable reference to the literature.
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1.1.1 Curve functions

Solutions y(z) of ordinary differential equations (ODEs) are curves in z—y—space.
So let us consider some arbitrary curve parametrized by some parameter ¢ (in
the following called time)

I'={(z(t),y(t)) | t in some parameter space},

where the parameter space is in general a 1-dimensional manifold, e.g. the
real numbers R. If we parametrize the curve given by a function y(z) by the
parameter x, then we simply write

I'={(z,y(@)) | z € R}

and call that the functional parametrization, i.e. the parametrization of the
second component by the first. In the case, functional parametrization is chosen,
we also simply write y instead of y(z). Whenever z and y are considered to
depend in t, we will explicitly state this dependence by writing z(¢) and y(t),
such that no ambiguity in the notation will arise.

Definition 1.1. A curve function @) is a map

Q: (U,a(t), y(t)) — R,
which does not depend on the parametrization chosen for the curve.
Example 1.2. Let us give some examples:

QT x(t), y(t)) := a(t), (1.1.1)
QI 2(1), y(1)) = y(1), (1.1.2)

Q.20 (1)) = (Sutt)) (Sa) (1.13)

This last quantity is the same as the derivative

L) =y/(@),

if the functional parametrization were chosen. So, to no surprise, all higher

derivatives i

d
k) () o
y! (z) = wy@),
k € N, are fulfilling that condition. However, there are other quantities like
QT z,y(x)) := y(r — ¢(x)), (1.1.4)

if functional parametrization is taken and ¢ is a suitable function. ¢
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Definition 1.3. We call a curve function a local curve function, if when written
in functional parametrization it depends only on z and the derivatives y*(z),
k=0,1,2,..., but not on other properties of the curve.

Example 1.4. The curve functions ((1.1.1]) (1.1.2) and (1.1.3)) are local curve
functions, but (1.1.4) is not a local curve function. ©

1.1.2 Groups of transformations and symmetry groups

YVe are interested in transformations I' — I from one curve I’ to another curve
[' given by

(z(2),y(t)) — (Qu(T', z(1), y(1)), Q2(T, (1), y(1))),

where ()1, ()2 are curve functions. Even more we are interested in families of
such transformations I' — R(I', €) depending on some parameter € given by

(@(t), y(1)) = (Qu(I, x(t), (1), €), Q2(T, 2(t), y (1), €)). (1.1.5)

Definition 1.5. A family of transformations (1.1.5) is said to be a one-
parameter group of transformations, if for all I and €, €5 we have

R(R(F, 61), 62) = R(F, €1 + 62),
R(T,0)=T.
Definition 1.6. A transformation (or a group of transformations, respectively)

is said to be a symmetry (or a symmetry group, respectively) for a given ODE,
if solution curves are mapped onto solution curves.

Symmetry groups are difficult to describe, therefore attention is turned onto
their infinitesimal aspects. We consider the derivative of the right-hand-side of
(1.1.5)) with respect to € at e = 0:

(6T 20, 90), 0T 200,00 o= (e, QT (0 9(0),0)

0

&\6:0622(1 x(t),y(t), 6))

Definition 1.7. The map
(I 2(t), y(t) — (€@ 2(t), y(2), n(L, x(t), y(t)))
is said to be the infinitesimal generator of the transformation family (1.1.5).
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For reasons of abbreviation, the pair of functions &(I',z(t),y(t)) and
n(l,z(t),y(t)) may also be referred to as the infinitesimal generator of
(15).

If the family is a group, then this generator characterizes the group uniquely,
i.e. the group can be recovered by some formal type of exponentiation (which
however can only be carried out by solving some differential equations). The
functions coming up in the infinitesimal curve-generator obviously are curve
functions as well. The name curve—generator is chosen in order to avoid mixing
this up with another type of infinitesimal generator for this transformation.

Definition 1.8. A group of transformations is said to be:

(i) A Lie point group, if the functions £ and n do not depend on I', but only
on the point (z(t),y(t)).

(ii) An autonomous group, if & = 0, i.e. if when written in functional
parametrization, the independent variable does not change.

(iii) A time—independent group, if when the curve is given in functional
parametrization, the functions £ and 7 only depend on y, but not explicitly
on z. If not time—independent, then the group is called time-dependent.

(iv) A local group when the functions ¢ and 7 are local curve functions, i.e.
when the curve is given in functional parametrization, they only depend
on y, eventually on z, and derivatives y®, k € N, of the dependent variable
y with respect to the independent variable x.

(v) A Lie-Bdacklund group, if it is autonomous and local.

Later on we shall give examples for all these notions, also for non—local groups
(we refer to Chapter {4 for such kinds of groups).

In the sequel we shall show that non-autonomous groups always can be
replaced by autonomous groups, however then for example Lie point groups
become Lie-Bécklund groups (see Section . Furthermore we shall see that
time—dependent groups can be replaced by time—independent groups, for that
however dimension of phase space has to be increased (see Section .

In order to keep closer to the notation used in the literature when dealing with
Lie point symmetries we perform a slight change in notation. We assume (|1.1.5))
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constitutes a group and we write
(z(t),y(t) — @[T, z(t),y(t), €), (L', z(t), y(t), €))
instead. Then using generators and choosing functional parametrization we find:

x—&=7%,z,y,¢) =2+ €&, z,y) + terms of higher order in e,
y—y=9(l,x,y,¢) =y+en(l,z,y) + terms of higher order in e.

Here the precise meaning of “terms of higher order in €” is that the first two
terms constitute the Taylor polynomial of first order in e.

The functions &(T', x, y) and n(T', z,y) are then in formal analogy as in the usual
theory of Lie point symmetries given by

T, z,y) = 2 (T, x,y,€), (1.1.6)
86‘6:0
0 N
U(F>$ay) = a_ y(rax7y7€)' (117>
€le=0

See e.g. [64], Section 2 of Chapter I, [4], Chapter 2, or [51], Chapter 2.

Now we consider an n-th order ODE of the form

H(z,y(zx),y'(x),...,y"(x)) =0, (1.1.8)

where
H =y"(x) = (z,y(z), ' (2),y"(x),...,y" D (2)). (1.1.9)

As before, y®)(z), k € N, denotes the k-th derivative of the dependent variable
y with respect to the independent variable . In order to find infinitesimal
criteria, whether or not a given group of transformations is a symmetry group,
we have to consider (as it is customary in the Lie point transformation case),
how the derivatives y*)(2) change under such transformations. This leads to
prolongations.

1.1.3 Prolongations

We consider an arbitrary transformation with respect to an arbitrary
parametrization

(@(t), y(t)) = (&L, z(t), y(t), €), u(T', 2(t), y(t), €))
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and compute first §¥), which shall denote the k-th derivative of the curve in
functional parametrization, i.e. the k-th derivative of § with respect to z. By
the chain rule we obtain along the curve

4y
di  \dt/ dt’
From this we find

0 = (((%)_1%>kg(ﬂx(t),y(t),6)) :

The derivative of that with respect to € at € = 0 we call the k-th prolongation
of n denoted by nl*l(T", z(t), y(t)), i.e.

0 diy-1d\"
n['ﬂ<r,x<t>,y<t>>=§e0((@) @) y(Fw(t),y(t),E))- (1.1.10)

Contrary to the literature (see e.g. Chapter I of [64]), we here put the index k
into square brackets, this in order to avoid misinterpreting n*!(I', 2(¢), y(t)) as
a k-th derivative.

Now we have a look at n/**1 given by

a0 -5 (57 (% ((%)”%)kmr,x@),y(t),e>) .

Now using the product rule for the e-derivative for this as a product of two
factors, choosing for I'" functional parametrization and keeping in mind that
Z(e =0) =z, g(e = 0) = y, then we obtain the recursion formula

T, 2, y(x)) = i77[’“](11 z,y(x)) + ( 0 <dj)_1> YD),

dx ak:ﬂ dx
Now using

9 (@)‘LE

O€je=o0 \dx - dx’

we obtain the final result

d d¢
le+1) _ K] (T — oy kD) 1.1.11
" (T, x, y(x)) el (T, z,y(x)) oY ( )
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Comparing this with the literature ([64], Section 2.3 of Chapter I, [51], Section
2.3, or [4], Section 2.3.2), where the Lie point case is treated, we see that the
prolongation formulas do not differ from this more special casd?]

Prolongations are needed when infinitesimal changes of local curve functions are
to be computed. Consider a local curve function

P = P(z,y(z),y (z),... ,y(n)(x))a

n € N, on a curve I' translated by € under some one—parameter group of trans-

formations with &, n given by (1.1.6)) and (1.1.7)), i.e. on the curve given by the
points

(@(€), 5(e)) == (&L, x(t),y(t), €), (L', x(t), y(t), €)).

So, we consider P depending on €

P(e) := P(2,§(2),§'(),...,5"™ (7))

and want to compute its derivative with respect to € at ¢ = 0. Then obviously
by the chain rule we obtain

0

5o, PO = €T, 7,y(a) ‘Z—P + 20z (@)

oP
By®

Of course, this formally infinite series stops after the highest derivatives in P
have been encountered, i.e. in the above notation the index k reaches from 0 to
n.

Definition 1.9. The operator

0 > 0
X = £(0y(a)) g+ Do P y(a) 5 (1.1.12)
k=0

is called the infinitesimal generator of the one—parameter group (on local quan-
tities).

Since the prolongations n*l, k € N, are completely determined by &(T', x, y(x))
and n(I', z,y(x)) and (L.1.11]), we may also write for abbreviation

0

X =¢(T () 5 + 0T p(a) 5

2In Section 3.7 of [3] an implementation of the prolongation formula for generators of Lie
point symmetries in the computer algebra system MATHEMATICA is discussed.
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X =D, z,y(x)),n, x,y(z))).

For an intuitive understanding of further considerations it is helpful to know the
following basic principle:

Remark 1.10. Consider some manifold M (manifold variable denoted by ) and
a submanifold M, (all sufficiently often differentiable) and some one—parameter
group of transformations R(e) on M. Then if and only if the vector field

0
%EZOR(E)(“)

is tangential to M, for all points on My, then the group of transformations R(e)
leaves M, invariant’]

Now we return to the differential equations of the form , respec-
tively, consider H as a local curve function, take M to be the infinite dimensional
manifold of all suitably often differential curves given by functions y(z) and de-
fine My to be the submanifold, where H = 0, i.e. the solutions of the ODE under
consideration. Then application of the remark yields:

Theorem 1.11. A general one—parameter group of curve transformations with
infinitesimal generator X (see ) is a symmetry group for the ODE H = 0

(see (1.1.8), ({1.1.9)) if and only if[!

XH(z,y,9.y",...,y™)=0 mod H =0. (1.1.13)
Proof. For a proof of this theorem in case of Lie point transformations see [64],
p- 19. [
Note that is equivalent to saying
XO(z,y, 4, y", ..., y™) =y mod y™ = o (1.1.14)
by (1.1.9).

3Proving this fact here is not really necessary, because whenever we need it for special cases
we will give explicit proofs or references. Furthermore, since proving this to its full extent,
i.e. on infinite dimensional manifolds, we would need a tedious amount of infinite—dimensional
manifold theory, which would go beyond the aim of this thesis.

4Here, XH = 0 mod H = 0 is just the customary way of saying that the expression X H
has to be zero on the submanifold given by H = 0.
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If X is the infinitesimal generator of a Lie point symmetry group, i.e. an
operator, where the functions ¢ and n only depend on the points x, y, satisfying
(L.1.13), then X is also referred to as an admissible Lie point operator for
the equation H = 0 (see also Section 1.2.1 of the PhD thesis by A. S. Fokas [21]).

Applications on how to solve ODEs using Lie point symmetries are discussed
in general in [64] and [51] (see there especially Lie’s Theorem in [64] p. 86 or
[51], Theorem 2.64, p. 155).

Equation is called a determining (partial differential) equation for the
functions &(x,y), n(x,y), n¥(z, y,y,...,y*), 1 <k < n (see e.g. Section 9.2.2
of [43]). By Theorem one can compute the infinitesimal generator of a
symmetry group by solving the determining partial differential equation. How-
ever, this result is rather of theoretical interest for the framework of this thesis,

since in most cases solving (1.1.13) for &(z,y), n(x,y), nl(z,y, o, ..., y*),
1 <k <n, is as difficult as solving the original ODE (|1.1.§]).

Of course, the notion of a generator also makes sense in case a corresponding
group is not known and may eventually require solving complicated ODEs or
partial differential equations. Let us complete the notions for this more general
case.

Consider two curve functions

&M, z,y),n(T,z,y)).

By these we consider an e-linear change of the curve by (thus considering (£, 7)
as the generator of a perturbation of the curve)
r— T =2(x,y,e) =x+e&(l,z,y), (1.1.15)
y—y=yz,ye =y+enl, zy), (1.1.16)

and we form the prolongations in the same way as above, i.e. by using the
formula (|1.1.10)).

Definition 1.12. Then the operator given by ({1.1.12) is said to be an infinitesi-
mal symmetry generator (or for short symmetry generator) for the ODE (1.1.8)),

respectively (1.1.9), if (1.1.13)) holds.

In this situation any solution of the ODE (1.1.8]), respectively (1.1.9)), is mapped
by (1.1.15]), (1.1.16)) onto a curve, which fulfills the equation up to first order in e.
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Now the following is obvious:

Remark 1.13. For a given ODE, the symmetry generators form a vector space,
i.e. sums, differences and scalar multiples are again symmetry generators. This
observation is a direct consequence of (|1.1.13]).

Lemma 1.14. There is one universal symmetry generator for all ODEs ,
respectively , namely

ET,z,y),y (T, 2,y)), (1.1.17)

where &(U,x,y) is some curve function and y = vy(x), i.e functional
parametrization is chosen.

Proof. The k-th prolongation of

n=y &, z,y)
is given by
k] — gy(k-i—l)
This assertion follows using induction by k. For £k = 1 and by using (1.1.11]),

we obtain

d d&
n - = !
" dacn da:y
_dg yo dE
=Y Y+ &y e
—é-y”-

The same arguments provide the desired result for n!*!, k¥ > 1. Choosing X as
in (|1.1.12)), application of X to the ODE H = 0 yields

o (k+1)
XH = 5 +Z§ ay k)

= H
§dx,

which clearly is zero. O]

Finding for such a generator the corresponding group amounts in the local case
to finding general solutions of systems of ODEs (phase space). For the non-local
case often the group can be determined by solving partial differential equations
(see also Chapter {4)).
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1.1.4 Lie point symmetries and first order ODEs

We close this section with a remark on how to use Lie point symmetries to tackle
first order ODEs.

Remark 1.15. In the case of a first order ODE

y'(z) = ®(x,y(x)) (1.1.18)

the determining equation for the infinitesimals &(z, y) and n(x,y) of a Lie point
symmetry admitted by (1.1.18) reads

Ne + (ny — &)® — 0 — £@, — n®, = 0. (1.1.19)

This equation is obtained by applying the symmetry generator X = £(z, y)a% +
n(x,y)a% to the right-hand-side of (1.1.18|) and afterwards setting the result
equal to zero (modulo (1.1.18)). Hence, given the ODE (1.1.1§), computing a
Lie point symmetry means solving the partial differential equation for
&(z,y) and n(z,y). In terms of £(z,y), n(z,y) and ®(z,y) the formal implicit
solution of can be given in terms of the line integral

dy — ®dx
—— =g, 1.1.20
/ n—§o ( )

¢ a constant (see [10] or [4], Section 3.2 concerning solution formulas for first
order ODEs of type (|1.1.18) using the generator of a Lie point symmetry).

If we denote the solution of ([1.1.18]) written in implicit form ((1.1.20) by ¢(z,y),

then there are “constants of integration” ¢;(y) and cy(x), such that

o O (z,y)
plzy) = /n(rv,y) —&(@,y)2(,y)

1
p(z,y) = / dy + c2().
n(x,y) — &z, y)(z, y)
The “constants of integration” ¢;(y) and c¢z(x) may be computed by comparing
the two representations of ¢(z,y) and, hence, a more concrete representation
for ¢(z,y) may be found.

dx + c1(y),

Despite of the compact formula for characterizing the solutions of (1.1.18)), the
authors of [10] remark that there are no general rules helping to solve ((1.1.19))
for any given ®.
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1.2 The methods of Cheb-Terrab et. al. for first
order ODEs

In this section we give a summary of the ideas of Cheb-Terrab et. al. to compute
symmetries of first order ODEs. We mainly refer to the work presented in [10].
The basic algorithmic idea of Cheb-Terrab et. al. to solve first order ODEs
using Lie point symmetries can be summarized as follows: instead
of trying to find a symmetry of a given ODE from the determining equation
, try to find out if the given ODE belongs to a class of ODEs admitting
a certain form of symmetries. 'This informal statement and the approach
suggested by Cheb-Terrab et. al. is best explained by considering a concrete
example.

Assume, we want to compute the infinitesimal generator X = f(x,y)a% +
n(z, y)a% of a Lie point symmetry of a first order ODE (|1.1.18)). Furthermore,
assume, the ODE admits a symmetry of the form

X =(F(z)+ G(y))ag, (1.2.1)
x

iLe. &(x,y) = F(x) + G(y) and n(z,y) = 0. From this specialized form of the
symmetries and the determining equation (1.1.19), Cheb-Terrab et. al. once
compute the most general class of ODEs admitting a symmetry of this form
by hand (as symbolic pre-processing), i.e. they insert the special form of £ and
7 into the determining equation for the infinitesimals and solve this
equation for ®. This provides a representation of ® in terms of the symmetry
generator:

/@) = 0e.0) = (00, [ s~ 10) (P +60))
(1.2.2)

where I(y) is as an arbitrary function in its argumentﬂ

In the next step, Cheb-Terrab et. al. establish a necessary and sufficient criterion
to decide, whether a given concrete first order ODE of the form (1.1.18]) belongs

® The function or expression I(y) can be viewed a constant of the integration arising from
the integration of W with respect to x.
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to the class of first order ODEs given by (1.2.2]). The first observation is that
whenever a given ODE belongs to the class ([1.2.2)), one obtains

0? %F(w)
= (3) - Foren

Hence, a necessary condition for a given ODE of the form (|1.1.18)) to belong to
the class ((1.2.2)) is that the differential expression

(oG ) =5 )
= w (1.2.4)
o ()

922

(1.2.3)

is a product of a function depending only on y and a function depending only
. 2
on x, namely the product of %G(y) and the reciprocal of %F (x).

Assume, for a given first order ODE of the form we find that
separates by product in the above mentioned sense. Then the reciprocal of the
factor depending only on z is a candidate for the second derivative of a function
F(z), which may be an essential part of a symmetry generator for the given
ODE. Now, multiplication of the factor arising from only depending on
x with and afterwards computing the reciprocal of the result obtained
gives a candidate for F'(z) 4+ G(y).

If (1.2.4) separates by product in z and y and a candidate for F(z) + G(y)
is computed in the above mentioned manner, then a sufficient condition for
the ODE under consideration to admit a Lie point symmetry with infinitesimal

generator X = (F(z) 4+ G(y))Z is that the expression

0

9z <(F(:c) + G(y))@) + @28% <F(m) + G(y)> (1.2.5)

is equal to zero. The correctness of this criterion can be seen from the proofs
of Proposition 3 and Proposition 4 in [10].

What is remarkable is that the sufficient and necessary criterion to decide,
whether a given first order ODE of the form admits a Lie point
symmetry of the form , does not require solving any auxiliary ODEs
or even partial differential equations to find a symmetry generator of the
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prescribed form. This fact is indeed the main aspect, why the algorithms
presented in [10] are so efficient. According to the authors of [10], many of
the ODEs presented in [45] admit relatively simple symmetry patterns such as
(11.2.1]).

Of course, the authors of [10] succeeded in classifying many further ODEs due
to other symmetry patterns. To name a few more: the patterns for Lie point
symmetry generators of the form X = (F(x) + G(y))(%, X = F(2)G(y)Z,
X = F(x)G(y)a%, X =F(x)2 + G(x)a%, X =F@yZ+ G(y)a%, etc. and
the corresponding classes of ODEs admitting such generators have successfully
been classified.

We do not state these results here in detail. The main point to keep in mind
is that in the case of first order ODEs of the form ([1.1.18)), efficient methods
to compute symmetries and thereby solutions of the ODEs are still available.
Additionally, these methods provide algorithms to compute symmetry gener-
ators, which are relatively simple to implement in any computer algebra system.

Once, the symmetry generator of a given ODE is detected, the solutions can be
represented in implicit form using (|1.1.20)).

Note that the results presented in this section are only applicable to first order
ODEs of the form (1.1.18). Cheb-Terrab et. al. also published some results
concerning the computation of Lie point symmetries of second order ODEs
(see [9]). Unfortunately, as far as we know, the results concerning the solution
of second order ODEs of the form y”(x) = ®(z,y(x),y (z)) using symmetry
methods and elaborate pattern matching as in the case of first order ODEs are
not published in detail. The paper [9] presenting the ideas for second order
ODEs is more a technical documentation of a special implementation in the
computer algebra system MAPLE than a detailed description of the underlying
mathematical ideas.

The reasons for not giving a detailed description of the ideas seem unclear. We
suppose that the methods using Lie point symmetries to compute solutions of
ODEs of order two or even higher order did not produce the desired results in
practice or are at least not that efficient as desired. The reason for this fact
certainly may be that because of the relevance of Lie-Backlund symmetries
for these equations the class of equations, which can be solved by Lie point
symmetries, is not as exhaustive as in the first order case. But this is specula-
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tion. As computational tasks the authors mention in general the determining
of certain differential invariants, the determining of first integrals and, finally,
the determining of canonical coordinates for the associated Lie group. The
emphasis lies on the word group, since the knowledge of the complete symmetry
group allows to reduce the order of the ODE under consideration by 1 (see
e.g. [51], page 140 ff.).

Cheb-Terrab et. al. seem to favor integrating factor methods for treating ODEs
of order at least 2 as it becomes clear by further publications, where symmetry
methods do not seem to obtain further attention by the authors.

We will now consider evolution equations in phase space and symmetries of
such equations. This provides the general setting for formulating the new and
yet unpublished results by B. Fuchssteiner concerning the integration of higher
order ODEs, when sufficiently many symmetry generators are available.

1.3 Symmetries in the context of evolution
equations

Let M be some C*°-manifold, the manifold variable we denote by w, and wu(t),
t € R, denotes the variable for a C'*°-curve on M, i.e. the variable on the manifold
of all C"*°-curves on M. For abbreviation we use u; to denote the derivative of
u(t) with respect to t. So, in order to avoid overabundance of notation when
it is obvious that a curve is meant we write u instead of u(t). We consider the
evolution equation

uy = K(u), (1.3.1)

where K (u) is some vector field on M. In the following we deal with symmetries
of equations of the form (|1.3.1]).

Note that the right-hand-side of (1.3.1), i.e. the vector field K (u), is assumed
not to depend explicitly on the independent variable ¢t. In the literature, e.g. in
the well-known book by P. J. Olver [51], one distinguishes between the notion
of time—dependent symmetries and symmetries, which do not explicitly depend
on the independent variable.

However it turns out that by introducing an additional component for the
points on the manifold one is able to consider any time-dependent symmetry as
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a time-independent symmetry on this modified manifold. So for our purposes
and in the whole course of this thesis it will turn out to be sufficient to consider
only symmetries and evolution equations not explicitly depending on the
independent variable, since we can always switch to phase space representation
with one component more (see also Remark below).

We consider one—parameter groups of C'*°—diffeomorphisms on the manifold M,
which for reasons of abbreviation will simply be referred to as diffeomorphisms.
A C*°—diffeomorphism is a one-to—one infinitely often differentiable map such
that its inverse is again infinitely often differentiable. A one—parameter diffeo-
morphism group is a map

(u,t) — R(t)(u)

infinitely often differentiable on the product M x R = {(u,t) | v € M, t € R}
assigning to each ¢t € R a diffeomorphism R(¢) on M such that

R(t; + t2) = R(t1) o R(ts),
R(0) =id,

for all ¢1,t; € R, where o denotes the composition of maps and id the identity
marf]

Remark 1.16. Transformation groups on M and equations of the form (|1.3.1))
are closely connected in the following way: If (1.3.1)) has for all ¢ and all initial
conditions u(t = 0) = ug a unique solutionl] denoted by u(t, ug), then the map

(w0, t) — R(t)(uo) := u(t, uo)
defines a transformation group, whose infinitesimal generator is K (u).

The proof is a simple argument coming from the fact that the right—hand-side
of ([1.3.1) does not explicitly depend on ¢, i.e. the solution for the initial
condition u(t = tg) := u(to, up) is the same as wu(t, ug).

If R(t), t € R, is a one—parameter diffeomorphism group, then

_d
 dtje=0

I'(u) :

6This implies that all the maps R(t) commute and that R(—t) is the inverse of R(t), t € R.

"We do not discuss theoretical uniqueness conditions in the framework of this thesis. There

are generalizations, e.g. of the well-known Picard Theorem for ODEs, which can be applied
in the general setting of evolution equations (see e.g. [1], Chapter 2).

R(t)




1.3. SYMMETRIES OF EVOLUTION EQUATIONS 33

is again said to be its infinitesimal generator. The generator I' may be computed
using the directional derivative

0

F(u) - &kzo

(R(t+ )(w),y (1.3.2)

By [I', K] we denote the commutator of the vector fields K and I' defined as

[T, K] (u) := K (u)[(u)] = T"(u)[K (u)]
0

= &|E:0(K(u+ef‘(u)) —D(u+eK(u))). (1.3.3)

The derivatives K'(u)[['(u)] and T”(u)[K (u)] are also referred to as directional
derivatives in the literature (see e.g. [51], Section 4.1 on variational calculus).

A one-parameter diffeomorphism group R(t), t € R, is said to be a symmetry

group for ([1.3.1)), if it maps solutions of (|1.3.1)) to solutions of (1.3.1)).

For details on the above stated definitions we refer to [51].

The following theorem gives exactly that kind of characterization of symmetries
of evolution equations, which will be used for the rest of this chapter.

Theorem 1.17. The generator I'(u) of a one—parameter diffeomorphism group
is the generator of a symmetry group for if and only if [T, K] = 0.

Proof. The proof follows from [51], Proposition 5.19, p. 310. ]

Methods on how to use symmetries in the context of evolution equations to
compute solutions of such equations are discussed in detail in [51].

Again, especially in view of Remark [1.16] the notion of a generator also makes
sense in case a corresponding group is not known and may require solving further
ODEs or partial differential equations:

Definition 1.18. A C"*—vector field I'(u) is said to be an infinitesimal symmetry
generator (or for short symmetry generator) for (1.3.1)), if [I', K] = 0 holds.
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Remark 1.19. Any n-th order ODE of the form (|1.1.8)), respectively (1.1.9)),
can be written in phase space notation as

y y
y/ y//
: = : (1.3.4)
ym=1 (x,y,y,...,y" V)
T 1
t NG J/
=it =K (@)

with initial condition x(t = 0) = 0. Hence, the solutions of (1.3.4]) and (1.1.9
differ only insofar as (1.3.4]) contains in addition to those solutions from ((1.1.9
all those solutions obtained by a translation of the independent variable .

How Lie point symmetries of n-th order ODEs can be transformed to symmetries
of the corresponding evolution equations in phase space, is summarized in the
next section.

1.4 Transformation of Lie point symmetries to
phase space

Since we want to view any n-th order ODE as an evolution equation in phase
space, we need a way to transform Lie point symmetries to symmetries of
the type presented in the preceding section. The problem is that in the
definition of Lie point symmetries we considered point transformations affecting
the dependent variable y = y(z) and the independent variable z. In the
above presented symmetry definition for equations of type (1.3.1)), the
symmetry generator does not explicitly depend on the independent variable:
the symmetries in the context of evolution equations do not transform the
independent variable (time—independent symmetry).

Hence, we first have to present a way how to transform a Lie point symmetry
generator arising from a point transformation affecting the independent variable
to a Lie—Backlund symmetry defined by another transformation not affecting
the independent variable. This transformation is given in the following lemmaf}

8See also Theorem 5.2.3-1. in Section 5 on Noether’s Theorem and Lie-Biicklund Symme-
tries of [4]. Lemma is special case of this result. We give a more elementary proof of this
result than the one presented in [4].
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Lemma 1.20. The generator

(&(@,y),n(z,y))
is a symmetry generator for , respectively , if and only if
is a symmetry generator for , respectively .

Proof. By Lemma [1.14] (&(z,y),y &(x,y)) is a symmetry generator (universal

symmetry generator) for ((1.1.8]), respectively (1.1.9). Hence, using Remark|1.13]

(&(z,y),n(x,y)) is a symmetry generator for ((1.1.8)), respectively (1.1.9)), if and
only if (0,n(x,y) — &(x,y)y') is a symmetry generator for the ODE. O

Lemma implies that whenever X = (&(x,y),n(x,y)) is the generator
of a Lie point symmetry group in the sense of Definition (i), then
X = (0,n(x,y) —&(x,y)y') is a generator of the Lie-Bécklund symmetry group
in the sense of Definition (v), i.e. the generator of an autonomous and local
symmetry group (which might of course not be known explicitly).

Now each of the symmetry generators of the type does not affect the
independent variable . Hence, we can interpret each of these as a symmetry of
the general type presented in the preceding section in the context of evolution
equations.

Proposition 1.21. Let

;XZ(wa)—Swﬂﬁy%g

Ay
be a symmetry generator of , respectively , and set
)
y/
U= :
y(n_l)
x

as in Remark[1.19. Then

n—_&y
. it — &y
I'(d) = : (1.4.2)
= — d
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1s a symmetry generator for the evolution equation in the sense of Defi-
nition where nM 2 nln=1 are to be computed using recursion formula

1.1.11) for the prolongations.

Proof. We have to show that [I', K] is the zero vector. We have

n—&y y
[1] €y” y//
[T, K] = : :
"’}[nil] - §© @(I, y? yIJ M 7y(n_1))
0 1

The first component of the above vector is given by
L™ = &y"] = (0 = &)y ly'] = (0 = €YDy ly"] — (0 = €y [1]
= =&y — (ny — &Y + &Y — e+ &y

dg —dn
— 1] 15 2
+ dr dx
=0
by (1.1.11]). For the second component we obtain
[ 2] Sy///] o (n[l] . fy")y[ ] ( 1 Sy”) [ ] o (n[l} . Sy//)y”[y///]_
(" — &) [1]
:77[2] . f@/”/ . (ny} N éayy//)y/ . 77751/}?// + Ey”’ B 779[61} + fxy”
d¢  dnl!
— pl2 n=5 21
Tty dx dx

=0

again by . By the same simple computations, the first n —2 components
of the commutator of T and K vanish. The last component vanishes, since the
n-th components of T and K are constant. The (n — 1)-st component of [[f, K |
is given by

®y[n — &Y+ Oy — YT+ + Py [T — £R] — (nI" T — £@), [y
(" = £®)y [y — ... - ([" U= £®) 00 [®] — (" = £@),.[1]
=D, + 0, + VD, + ..+ D — dp" 1 54
Y dx dx

dn[”_” d&
—plnl b=
" dx + dx
=0,
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where we have used Theorem to conclude that @, +n®, +nltld, + ... +
n[n_1]®y(n71) =yl and again (1.1.11)). O]

Lemma [1.20] and Proposition directly imply

Theorem 1.22. Any symmetry generator of the form ({(x,y),n(z,y)) of an
ODE of the form , respectively (1.1.9), can be transformed to a symmetry
generator of the corresponding evolution equation .

Remark 1.23. If a symmetry generator of (1.1.8]), respectively (1.1.9)), is of the

form

(0,1(2,9)),

one simply has to set {(x,y) = 0 in Proposition [1.21] Then the formulas are
still correct, i.e. the symmetry generator (1.4.2)) of the corresponding evolution

equation (1.3.4]) is given by

U
ll
n1]

0

nl

1.5 Complete integration via commuting sym-
metry generators

In this section we discuss a new and yet unpublished result established by
B. Fuchssteiner and present some new applications of this result to certain
classes of differential equations. The result can be formulated in the general
setting of evolution equations. So we first have to fix some notations and to
summarize some well-known results to be used later on.

1.5.1 Tensors, Lie derivatives and exterior derivatives

The following definitions and results from the fields of differential forms and
tensor analysis can be found e.g. in [57]. We only give a very rough and short
summary to fix the notation concerning those aspects, which we will need later
on.
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Let now the manifold M be some (n+ 1)-dimensional vector spacd] V. By £(V))
we denote the set of all vector fields on V', by E(V) the set of all covector fields
on V and by F (V) the set of all scalar fieldson V. Vector fields will be written as
column vectors, whereas covector fields will be represented by row vectors. The
application of a covector field I' € L(V') to some vector field K € L(V) will be
denoted by (I', K). The set of all n-times-covariant and m-times-contravariant
tensors on V' is denoted by 7, ) (V). For a fixed I'(u) € L(V) the map defined
by
T:L(V)—FV), K~ (I'K)

is a 1-times-covariant tensor, i.e. we identify £(V) as a subset of T1,0)(V). For
K(u) € L(V) the map
Ty: L(V) — F(V), T — ([,K)

is a 1-times-contravariant tensor, i.e. we identify £(V') as a subset of Z(o1)(V).

We summarize some basic definitions and properties of Lie derivatives Ly with
respect to a vector field K € L(V):

o If f(u) € F(V), then the Lie derivative of f(u) with respect to K(u) is
defined as

Li f(u) := (grad f(u), K(u)),
where by grad f(u) we denote the gradient of f with respect to u, i.e. the

covector field {
(o f(u) goflu) - Ff(u)),
if up, uq,...,u, are the n + 1 components of u.
o If G(u) € L(V), then the Lie derivative of G(u) with respect to K(u) is

defined as

LkG(u) = [K(u), G(u)],
where [K(u), G(u)] again denotes the commutator of K(u) and G(u) as
defined in (|1.3.3)).

e For I'(u) € £(V) and G(u) € L(V), the Lie derivative of I'(u) with respect
to K(u) is defined by

(LT(u), G(u)) := Lr((T(u), G(u))) = (I'(u), LrG(u)).

9The definitions are nearly the same, when considering a general manifold M, which is
in general not a vector space. For our purposes it is sufficient, to consider the more special
situation of vector spaces.
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We assume that in the above stated results and the following course of this
section all necessary differentiations can be performed without explicitly
pointing this out.

For arbitrary n-times-covariant-m-times-contravariant tensors 7' € Z(,m)(V),

Ki,...,K, € L(V) and I'y,...,T,, € L(V), the Lie derivative LxT of T with
respect to K € L(V) is the linear map L : Z(nm) (V) — Z(nm) (V) defined by

(LkT)(Ky, ..., Ky, Ty, ..., T) = Lg(T(Ky, ..., Ky, Ty, .00 T))—

Y T(Ky,... Ky, LK, Ky, K Ty, T) =
i=1

> T(Ki,... Kn Ty, Ty, LTy i, Ty,
j=1

In the following we will not consider Lie derivatives on arbitrary tensors. We
simply need the above definition to present the general definition of the exterior
derivative.

Note that the product rule holds for Lie derivatives, i.e.
Li((T'(u), G(u)) = (LxD'(u), G(u)) 4+ (T(u), LxG(u))

for all K(u),G(u) € £(V) and T'(u) € L£(V). This is a direct consequence of

the definition of the Lie derivative of a covector field.

In the following the application of arbitrary tensors to vector fields and covector
fields, respectively, is denoted as multiplication. The exterior derivative d is the
linear map

d: ﬂn,O) (V) - 72n+1,0)(v)7
recursively defined by

d(0) := 0,

(df (w), K (w)) = Lic (),
(dT) - K(u) := Lig(T) — d(T - K(u))

for all f(u) € F(V), K(u) € L(V) and T € T(,,0(V), n € N.
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We will only consider exterior derivatives of scalar fields and covector fields.
Note that for f(u) € F(V) and K(u) € L(V) we have

(df (u), K(u)) = (grad f(u), K(u)).
For a covector field I'(u) € £(V) and K (u) € £(V) we obtain
(dl) - K(u) = Lgl'(u) = d((I'(u), K(u))).

Remark 1.24. (Existence of potentials) Let I'(u) € L(V) be a closed covec-
tor field, i.e. dI'(u) = 0. Then at least locally there is a scalar field s(u) € F(V),
such that

ds(u) = T'(u).

Such a scalar field s(u) will also be referred to as a potential of the covector
field I'(w). This result is known as the famous Poincaré Lemma (see also [51],
Section 1.5 on differential forms )]

1.5.2 An integrability result

We use the same notation as in the preceding part of this section, i.e. the
manifold is an (n + 1)-dimensional vector space V.

Consider the evolution equation
ur = Ko(u), (1.5.1)

u=u(t), t € R, and Ky a vector field in u. Let Ky(u),..., K,(u) be symmetry
generators for (1.5.1)), i.e.
[Ko(u), Ki(u)] = 0

for all 1 < ¢ < n. Furthermore we assume that

o {Ky(u), Kqi(u),...,K,(u)} C V is set of linear independent vector fields
for each u = u(t), t € R

and

o [Ki(u),K;(u)] =0forall<ij<n.

0The underlying setting in Section 1.5 on differential forms of [51] is much more general
than we will need here. For our purposes the closed covector fields under consideration will
simply be gradients of scalar functions.
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We fix a point u(0) € V and parameterize the line between u(0) and some
arbitrary point u € V' via

UA, u) =u(0) + Au—u(0)) (1.5.2)

for 0 < A < 1. Since {Ko(u), Ki(u),...,K,(u)} € V is linear independent
(i.e. a basis of V), we find scalar coefficients 3;(\,u), 0 < i < n, such that

u—u(0) = Z Bi(\u) K; (U, ). (1.5.3)
Define

55 () = /Olﬁj(mo dx (1.5.4)

forall 0 < j <n.

Theorem 1.25. (B. Fuchssteiner, 2005) Under the above assumptions we
define covector fields T'o(u), ...,y (u), such that

(Li(w), Kj(u)) = d;;

for all0 < 7,5 < n, where by 6;; we denote the usual Kronecker symbol, i.e. 6;; =
1 when i = j and 0;; = 0 otherwise. Then:

(i) Li,;(I'i) =0 for all 0 <i,5 <n.
(i1) T; is a closed covector field for all 0 < i < n.

Proof. Note that since {Ky(u), ..., K,(u)} forms a basis of V, it is sufficient
to characterize the covector fields T'g(u),...,T',(u) by their application to
Ko(u), ..., K,(u). The rest follows by taking linear combinations.

(i) We have L, ({I's, Ks)) = Lk, (0is) = 0 for all 0 < 4, j,s < n. Furthermore
L, (K,) = [Kj, K] = 0. By the product rule for Lie derivatives, we find

0= Lic, (Ts, Ko)) = (Lig, (T2), K,) + (T, Lig, (KL)),
T

L Kn(uw)} €V is a basis of V

i.e. <LKJ(F2) KS> = 0. Since {KQ(U),Kl(U),..
( 0 < s < n, it follows Lk, (I';) = 0. This

holds for all



42 CHAPTER 1. SYMMETRIES

proves the first assertion of the theorem.

(ii) Since
(dly) - Ky = L, (I) —d({T's, Ks)),
=0 5;
for all 0 < s < n, it follows d(I';) = 0, i.e. I'; is a closed vector field for all
0<17<n. O

The central result of this section is the following theorem, which shows how to
characterize the solutions of any evolution equation of the form under
the assumption that we have n commuting and linear independent symmetry
generators.

Theorem 1.26. (B. Fuchssteiner, 2005) The solutions of the evolution equa-
tion are then characterized in implicit form by

so(u(t)) so(u(0)) +1¢
a(tf(t)) _ 51(“(:0)) 7 (1.5.5)
sn(u(t)) sn(u(0))

where the s;(u(t)), 0 < i < n, are defined as in [1.5.4).

Proof. Let To(u),...,Ty(u) be the covector fields as defined in Theorem [I.25
For j € {0,...,n} it follows from (1.5.3]) and the definition of the covector field
Fj that

(05 (U ), w = u(0) = (DU W), 3 A0 w) KU w) )

n

=D B\ ) - (LU W), KU\ w)))

i=1 X

=5i;
= ﬁj(Aa U)

Hence, by we obtain
1
(u) = (A, u) dA
s = [ B0vw
1
= [0, o))

0

- / (T5(u(0) + A+ (u — u(0))), u — u(0)) dA,
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i.e. sj(u) is a potential of I'j(u) and ds;(u) = I'j(u). It follows :

d
551 (0) = {dsj(u), w) = (Uj(w), Ko(u)) = doj,
Le. J g
%so(u(t)) =1 and %sz(u(t)) =0,
for 1 <i < n. Here we have used (1.5.1]) to replace u; by Ko(u). This completes
the proof of the theorem. O

Remark 1.27. This theorem should not be mixed up with Lie’s celebrated
result (see e.g. [64] p. 86 or [51], Theorem 2.64, p. 155). Lie’s result deals
with the case of Lie point symmetries and the present result with flows in n-
dimensional space, which corresponds — if ODEs of higher order are considered
— to the case of Lie-Backlund symmetries. The difference to Lie’s theorem
becomes clear by the fact that generators for Lie point are two dimensional

Aowd™]

In Remark on page we stated that we can always write any ODE in
the scalar case in phase space notation, i.e. we can view any such ODE as an
evolution equation of the form (1.5.1)).

Hence, Theorem [1.26]is applicable to those types of differential equations of the
form (|1.1.9)), which we discussed in Section and Section and, especially,
in the context of Lie point symmetries. The methods of Cheb-Terrab et. al. can
be transferred to the more general setting of Theorems and as we will
see in the following part of this chapter. Further examples and applications
making use of Theorem [1.26] are discussed in the next subsection.

Remark 1.28. In the proof of Theorem we saw that the functions s;(u),
0 < i < n, as defined in (1.5.4) can be obtained as the potentials of the cov-
ector fields I';(u), 0 < i < n, as defined in Theorem When applying the
results of Theorem [1.25| and Theorem to ODEs, where sufficiently many
independent commuting symmetry generators are known, we practically pro-
ceed as follows: in a first step we compute the phase space representation of the
ODE and the symmetry generators providing the vector fields K;(u), 0 < i < n,

11" A generalization of the results stated in Theorem and Theorem combining
symmetries and conserved quantities of an evolution equation is sketched in the framework
of Section on page at the end of Chapter [3] where we discuss open problems and
perspectives.
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where Ko(u) = K(u) corresponds to the right-hand-side of the phase space
representation of the ODE to be solved. We then create the matrix

Aoyt = ( Kow) -+ Kn(u) ), (1.5.6)

whose i-th column consists of the vector field K;(u) for 0 < ¢ < n. Then we
compute the inverse A[_Klo ] of Aik,,....x,) and obtain

Lo(u)
1 . .
A[K07--~7Kn] B : !

L (u)

i.e. the i-th row of the matrix A[iKlo,..l,Kn] gives the covector field T';(u) for

0 < i < mn. Since I';(u) is closed, we can compute the potential s;(u) of I';(u)
for 0 <i<n.

The solutions of the ODE under consideration are then characterized by the
conserved quantities

so(u) = co + t,
s1(u) = ey,
sp(u) = cp,
where cg, ¢y, ..., c, are constants of integration, which are determined by suit-

able initial values for the ODE under consideration. By conserved quantities
we mean that s;(u), 1 < i < n, does not change along the orbits of (L.5.1)),
which is the case if and only if Lgs;(u) =0 for 1 <i < n (i.e. the application
of the gradient of s;(u), 1 <1i < n, to the vector field K (u) provides 0). In the
case of so(u), we obtain Lgso(u) = 1.

The scalar quantities s;(u), 0 < i < n, can be viewed as new coordinates, in
which the original flow given by becomes linear in ¢ with respect to
the first Coordinatdﬂ so(u) and constant with respect to all other coordinates
si(u), 1 <14 < n. From a more general viewpoint, the set of all u satisfying
So(u) = ¢o + t,s1(u) = ¢1,...,8,(u) = ¢, contribute an invariant manifold
associated with (L.5.1)). See also Chapter I of [2I] for details.

12A coordinate with this property is also known as an action angle variable.
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Note that to invert Ay, . x, means to compute the inverse of a matrix
with symbolic coefficients. Using standard Gaussian elimination to compute
A[;(lo,..., K, may not be efficient enough for larger values of n, since the perfor-
mance of standard Gaussian elimination on symbolic matrices suffers from an
increasing expression swell. This expression swell arises from the division by
pivot elements during the elimination process. Costly normalization strategies
have to be applied to the arising matrix components on the one hand to keep
the components as small and simple as possible and on the other hand to be
able to decide, which elements serve as pivot elements in the elimination process
(i.e. one has to decide, whether a complex symbolic expression simplifies to

Zero or not).

Hence, in a practical implementation of the above proposed strategy it is
essential to use specialized algorithms for the inversion of symbolic matrices to
keep up efficiency. Such an algorithm, which works fine in practice and in the
examples we considered, is proposed by Sasaki and Murao in [55]@.

We will consider some examples at the end of the next subsection, where we
perform such computations for concrete ODEs.

1.5.3 Examples and applications

We now discuss some applications of Theorem [1.25] and Theorem [1.26 The
idea of this section is on the one hand to show, how well-known methods
for solving ODEs, such as separation of variables for first order ODEs and
Lie symmetry methods, can be obtained and interpreted in the theoretical
framework of Theorem [1.25 and Theorem [[.26l On the other hand we will
discuss the application of Theorem to systems of ODEs with constant
coefficients to see, which kind of solution formulas can be deduced using
the new symmetry methods. Furthermore we consider a combination of the
methods by Cheb-Terrab et. al. used in [7], [9], [10], [13] and the results of
Theorem [L.26] for the case of second order linear ODEs.

In the first example we show that Theorem [1.25] and Theorem [1.26| applied in
the case of first order ODEs of the form ¢/'(z) = f(y(x)) provide the well-known
formula for separation of variables.

13 An implementation of these methods is already available in the standard distribution of
the MUPAD library “linalg” for linear algebra computations.
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Example 1.29. (Separation of variables) Consider the ODE

y'(z) = fly(z)) (1.5.7)

for some given function f in its argument. When looking at standard text books
about ODEs (see e.g. [66]), formally the solution of such an ODE is computed
via the method of separation of variables, i.e. we write

Y~ @) = 1)

and then obtain the solution in implicit form as

/y Loy
z=x+c,
y(O)f(Z)

where ¢ denotes some constant of integration and y(0) some suitable initial
value to be considered.

Now we consider the problem of solving with the help of Theorem
. Since the phase space for the ODE (or vector space as considered in
Theorem is 1-dimensional, we are in the case n = 0, i.e. in the notation
of the preceding subsection we do not need any further symmetry generator to
characterize the solutions of 3/(x) = f(y(z)) with the help of Theorem

It follows from ({1.5.3)) that

and, hence,
y —y(0)

BAy) = f(y(0) + Ay — y(0)))

Thus, by (1.5.4) we obtain

B ! y —y(0) — b Z
s(y) = /0 70 + Ay — o) P /y(m ek

by using the apparent substitution z := y(0) + A(y — y(0)). By Theorem [1.26]
the solutions of y/(x) = f(y(x)) are implicitly given by s(y) = s(y(0)) + =,
which directly corresponds to the representation of the solutions obtained from
the method of separation of variables. ¢
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In Section [1.4] on page we discussed, how to transform the generators of
Lie point symmetries to symmetry generators in phase space notation. In the
following example we see that in the case of a first order ODE and a given
Lie point symmetry, application of Theorem [1.26| provides the same solution

formula as stated in (1.1.20) on page

Especially, this implies that the results to solve ODEs via symmetry methods
already established by Cheb-Terrab et. al. in [7], [9], [10], [I2] and [13] can
directly be transferred to the more general setting of Theorem [1.26]

Example 1.30. (Lie point symmetries of first order ODEs) We consider
a general first order ODE of the form

Y (z) = ¢(z,y(z)) (1.5.8)

and assume that ([1.5.8)) admits a Lie point symmetry with symmetry generator

0 0
X =¢&(x,y) p +n(x,y) 8_y (1.5.9)

In phase space notation as introduced in Remark on page we have to

consider
z

i.e. the ODE ([1.5.8)) corresponds to the evolution equation

e (7).
—_—

=Ko(u)

In Section [1.4] on page [34] we stated how to transform the generator of a Lie
point symmetry to phase space. In our situation, this provides the vector field

Ky(u) = ( () _5(()“) @ (u) ) (1.5.10)

corresponding to the symmetry generator ((1.5.9). To compute the potentials of
the coefficients (1 (A, u) and fGa(A,u) in the linear combination of Ko(U (A, u))
and K;(U(X\ u)) as stated in (1.5.3) on page we choose a straight line as

parameterization between «(0) and u, i.e.

U\ ) = u(0) + Mu — u(0)) = ( y(0)+ My - 3(0) ) |



48 CHAPTER 1. SYMMETRIES

Then we obtain

Ko = (PO,

Ki(U\u)) = ( (U, u)) — §(UO(>\,u))¢>(U(>\,u)) > |

We have to consider the system of linear equations
u—u(0) = Bo(U(A, u) Ko(UA u)) + Br(U A ) Ki(U(A, w)),

whose solution is given by

Hence, it follows

1
So(u) :/ rd\ = + ¢,
0

R e L . LLLRD)
o MU u) = U u) U, u))

where ¢g denotes a constant of integration.

),

We may write the integral defining s;(u) in the form

1 1
u))— u u - O
51(u) :/ << OO LT ) 7 ( y ;J( ) )> I\
0 MO0 —E(0 (A BT )

1
where by << "(U(A’")%%EJU( j\?g;?(U(A’u)) ) , ( y—v(0) )> we mean the usual
T EU ) 0) *

standard scalar product of the two vectors. Form the last representation of

s1(u) we already see that this integral corresponds to the line integral appearing
in the solution formula for first order ODEs ([1.1.20)) on page .

L~y

—

Due to Theorem [1.26] the solutions of ((1.5.8)) are characterized in implicit form

Via

x4 co = so(u(0)) + 1,

Ly y(0) —x dU N ) o
/onw( dx = s1(u(0)).

)
A u) = E(UA u)B(UA, u))
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The first equation is a consequence of converting the scalar ODE to
phase space and introducing a new independent variable ¢. It simply states that
x and t differ up to a constant, which is clear, since from the representation of
in phase space we read—off that the derivative of x with respect to t is
1. This fact is simply mirrored by the first equation including sq.

The second equation involving s; is exactly the solution formula for a first order
ODE of the form ((1.5.8) admitting the Lie point symmetry ((1.5.9) as stated in

on page . o

In the next two examples we apply the ideas provided by Theorem to sys-
tems of differential equations to find implicit characterizations for their solutions
with the help of commuting symmetry generators.

Example 1.31. (Systems of ODEs with constant coefficients) Let
My, ..., M, € R be (n x n)-matrices with real components such that

for all 1 < 4,7 < n. Consider as manifold M the n-dimensional vector space,
where these matrices act, and here in particular the vector fields

for 1 < k < n, where
U

Up
denotes the manifold variable. Clearly these vector fields commute, since the
matrices do commute. Now we form a matrix as in ((1.5.6)) and call an element
u € M generic, if this matrix
Ag=( K\(@) --- Ky(a))
=(Ma - M)

has rank n, i.e. is an invertible matrix. At generic @ the vector fields
K, (), ..., K,(&) are linear independent.

For some arbitrary but fixed ¢ € {1,...,n} we consider a system of differential
equations

(), = M;(t), (1.5.11)
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with n-dimensional phase space. This system we want to solve for a generic
initial condition?| @(0). One should observe that when @(0) is generic, then all
u(t) are generic. This is true, because the matrix

Agwy = ( Myid --- Mnﬁ)
is obtained from
Agoy = ( Mya(0) --- M,u(0) )

by application of the exponential of M;, clearly an invertible matrix.

Now we consider the quantities introduced in (L.5.3) and (1.5.4) (see page [41).
By this we obtain for A € [0, 1] with regard to the fixed (0)

BN ) = (Aago) + MAz_a(0))) (@ — (0)), (1.5.12)

where we put the different 3; as entries into a vector 5 In the same way we
can put the s; as entries into a Vectoﬁ

5(i) = /0 GO\, @) dA. (1.5.13)

Here one should observe that there is a connected open set () in the vector
space under consideration, which contains %(0) and where for « in the set €2 the

B(A, U) are never singula. We then consider the components of (i) as new
coordinates on the connected open set ) and find that the orbit of (1.5.11)) in

these new coordinates is linear in the ¢-th component and zero in the others:

0

saw)=| ¢ (1.5.14)
0
0

14Tn a while we will see what to do in important cases for non—generic initial conditions.

15This means that we take the line integral from @(0) to @ along the straight line connecting
them. Since for this quantity line integrals are path independent, we could take any other
path connecting these two points, thus avoiding eventual singularities on that line. However,
for getting simple and compact formulas and for demonstrating the method, we have chosen,
this is the most simple path.

16This is a consequence of the closedness of the spectrum of a continuous linear operator.
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If instead of (1.5.11) the equation with another M is chosen, then only the
component linear in ¢ is the j-th one instead of the i-th one.

If we take other points in ) as initial condition for our equations, say with

5((0)) = 5(0), then the solution for (1.5.11]) reads
51(0)
82;1(0)

s) = | t+s:0) | (1.5.15)
si+1(0)

Sn.(o)

The inversion of the symbolic matrix Agz)+ A (Az_g(0)) as stated in can
be done using special computational methods as dlscussed in [34] and [2]. For a
matrix A(t), whose components depend on the variable ¢, it is known that A(¢)~!
can be expanded as a Laurent series at the origin. The main results stated in [2]
provide efficient algorithms for the computation of the coefficients of such series.

The assertions of the foregoing results follow from Theorem [1.26| however, we
additionally present a direct proof here (see also [33]).

First we state that a formal integration for obtaining the §(«) in different form
is given by

5(t) = In(Az) Aa) (Az — Aaq)) " (@ — @(0)). (1.5.16)

With the help of this we then show that (({1.5.15)) gives the solutions of ( )t
M;4(t) in implicit form. Without loss of generality we may assume i = 1. We
evaluate on the orbits of @(t), = M;u(t) and obtain

B u(t)) = (Aao) + A (Aaw—aw)) " (@(t) — 7(0))

= (I + X AggyAaw—am) " Ay (T(t) — @(0))

= (I - A(Aq(O)A (1)) + A’ (Au(o)Au(t)_ﬂ(o))Q —..)
a0y (@(t) — u(0)).
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Hence, integration with respect to A and the usual series expansions of the
function In provide:

1
:/ B u(t
= (1[ 5 (Aa) Aay-i0) + 3 (Az) Aaw-i)” — - )
Aﬁ(o) (u ( ) — u(0))
|-
((Aﬁ(o) A (t)—(0) ) (Au(O A (t)— )2 + g (Aﬁ(lo) Aﬁ(t),ﬁ(o))?’ — .. >
(Az o) Auo)) Az, (@ ( i(t) — u(0))
= In(I + Az Au—a(0) Agiy—a) (@) = (0))
= In(AZ ) Autn) Az i) (@) — @(0)),
which is the representation of 5(u(t)) as claimed in (1.5.16)).

Next we have to see that gives the solutions of u(t), = Mju(t) in
implicit form. Since u(t); = Myu(t) is a system with constant coefficients, the
explicit solution can always be formally written as u(t) = e*14(0), where e/*1
denotes the exponential of the matrix ¢tA/; in the usual way (see e.g. [66]).

This provides
s(a(t)) = In(Agzq) Aaw) Az ) (@(t) — @(0))
= In (Agh ( Mye™a(0) o M, e i(0) )
(( Mye™ta(o) - M,e™4(0) ) — Ag) " (e™Ma(0) — @(0))
= 1n(A510) €tM1 Aﬁ(o)) ( tMy A*(O) — Aa‘(o))_l(etMl ﬁ(O) — ’l_[(O))
= Az (™) Ag) Az (e = 1)~ (e — 1)) @(0)
= Ag(o) t My @(0)
=1 €1,

where €; denotes the transposed of the vector (1,0,...,0) and ™ and M;
commute, since M; and M; commute, 1 < ¢ < n. This proves the assertion. ¢
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Example 1.32. (The obvious applications of the last example) One
should observe that the usual solution function for a system with constant
coefficients is not suitable for determining explicit symbolic solutions algorith-
mically. The reason is that for the explicit representation of the exponential
of a matrix the zeroes of its characteristic polynomial have to be determined,
which may not be possible for degrees higher than fouf]

However, Example [1.31] shows that explicit formulas may be obtained algorith-
mically if changes in coordinates and quadratures are taken into consideration.
Equations having such solution formulas are said to be integrable, a notion
which is well-known in the context of Hamiltonian systems.

The only task, which remains open for showing that a system with constant
coefficients

u(t)y = Mu(t)
is integrable, is the construction of the matrices, which were needed in Example
31l That however is obvious: Take i = 2 and

M, =1, My:=M', ... 6 M,:=M""

then for generic initial conditions all the foregoing results can be applied. How-
ever, what do we do when the solution is looked for an initial value @(0), which
is non—generic, i.e. for which the matrix

(4@(0) Ma) M?*a0) --- M"ta(0))

does not have rank n, i.e. where the columns are not linear dependent?

Well, that is simple: If we have rank n — k, then we take the vector space
spanned by the basis given by the n — k linear independent columns of the
matrix. This vector space then is invariant under M. Thus, when represented
with respect to that basis, M becomes an (n — k) x (n — k) matrix, and the
initial value is generic. Hence also the non—generic situation is integrable.

Another but similar class of equations integrable by this method is that of
homogeneous linear differential equations with constant coefficients. Consider

u™ () + mp_ u" V() + .+ myd (t) + mou(t) =0, (1.5.17)

I"Even if this is possible in special cases or for polynomial equations of order 3 and 4, the
representations of the roots of the characteristic polynomials in exact form may in general
lead to awfully complicated expressions.
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m; € R, 0 <i<n—1, u(t) some real valued function. In phase space notation
we obtain

0 1 0 0
u(t) o 0 1 0 w?)
w'(t) , w'(t)
. = .. 0 ) (1.5.18)
. 0 0 0 1 o
u( 1) (t) . —m —m —m o —m u( 1)
—~ ~ 0 1 2 n—1 N’
i(t): h ~ 7 =a)

and we are back at what we considered a few lines ago. Here we always have a
generic situation. ¢

The next example is in a way a negative example. We discuss the application
of Theorem to find symmetries of second order homogeneous linear
differential equations. It turns out that Theorem [I.26] combined with an ansatz
similar to the strategies used by Cheb-Terrab et. al. in [7], [9], [10], [12] and
[13] to find symmetries of first order ODEs in the situation of second order
linear ODEs does not lead to new ways of finding solutions.

Nevertheless, the example is interesting in so far that it demonstrates the well—
known link between homogeneous linear ODEs and their associated Riccati
equations.

Example 1.33. (Second order homogeneous linear ODEs) We consider
second order homogeneous linear ODEs, i.e. ODEs of the form

Z(x) = filz) Z'(z) + folz) 2(z) (1.5.19)

for given functions fo(x), fi(x). Note that any second order homogeneous linear
ODE can be transformed to the more special form

y'(z) = a(x) y(x) (1.5.20)
using the transformation

() = yla) exp = LAY,

Hence, we restrict our attention to ODEs of the form ((1.5.20). To be able to
apply Theorem to the situation considered here, we work with the phase
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space representation of ({1.5.20)), which is

Uo Uy
uy =1 auy |, (1.5.21)
z /, 1
——
=uy =Ko (u)

where uy = ug(z) = y(z) and u; = uy () = ¥/ (x).

Every second order homogeneous linear ODE written in phase space notation
admits the symmetry generator

Ug
K1 = Uy s (1522)
0

ie. [Ko(u), Ki(u)] = 0 (scaling symmetry). To be able to use Theorem [1.26]
we have to find another symmetry generator Ks(u) admitted by , such
that Ko(u), Ki(u) and Ks(u) are linear independent and, additionally, the
commutator of Kj(u) and Ks(u) vanishes.

In general, if we search for a symmetry generator Ks(u) of the form

k1 (uo, ug, x)
Ka(u) = | ka(uo,ur, ) |, (1.5.23)
0

where ki (ug, u1, ) and ko (ug, ui, z) are scalar functions in their arguments, and

Uy kr(uo, ur, )\ 0
aug |, | ka(uo, u1, ) =0
1 0 0
U k1 (o, ur, ) 0
ur || ki(uo,wa, ) =10
1 0 0

The vanishing of the commutators provides the determining equations

Krugur + k1w, aug + kip — ko = 0, (1.5.24)
koo + ko, atg + ko — aky = 0, (1.5.25)
K1uguo + Kruyur — k1 =0, (1.5.26)

kououo + kou,ur — ko = 0, (1.5.27)
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for the components kj(ug,us,x) and ko(ug, ui,x) of the symmetry generator
K5 (u) (we use indices for the corresponding partial derivatives).

From the last two equations we choose the ansatz k; = fi(x)ug + fa(z)u; as
well as ks = g1(x)ug + go(z)uy for some unknown functions fi(x), fo(z), g1(z)
and go(x). Insertion of these representations for k; and ky into the first two
equations provides

frur + faauo + fiato + foztn — g1uo — gaur = 0, (1.5.28)
Grur + gaaug + Gizto + Gozt1 — afiug — afour = 0. (1.5.29)

It follows for fi, f2, g1 and g that

Ji+ for = g2, (1.5.30)
afe+ fie = g1, (1.5.31)
g1+ g2z = afa, (1.5.32)
ags + gi. = afi. (1.5.33)

Inserting equation (|1.5.32)) for ¢; into equation (|1.5.31]), we find gop, = — f1s,
i.e. go = —f1 + ¢1, where ¢ is a constant.

Hence, equations ([1.5.30)), (1.5.31)), (1.5.32)) and ([1.5.33)) are equivalent to

2fi+ foe — a1 =0, (1.5.34)

g1 — fiz = afa, (1.5.35)

92 =—f1i+c, (1.5.36)

aley — 2f1) + g1z = 0. (1.5.37)

Solving equation (|1.5.34)) for f; and inserting this representation for f; into
(1.5.35)), (1.5.36) and (1.5.37)), we obtain

C1 f2:p
== - = 1.5.38
fl 9 9 ) ( )
o f2xz
g1 = an — 5 s (1539)
&1 f23:
= - 4 1.5.40
g2 9 + 9 ’ ( )

afor + g1z = 0. (1.5.41)
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Insertion of the total derivative of the right-hand-side of ((1.5.39) into (1.5.41))

provides 2a fo, + ay fo — % fozzz = 0. This equation we write in the form (afs —
%fgfz;m + i f2), = 0, from which we finally obtain

&1 f2x
= — - = 1.5.42
fl 92 9 ) ( )
1 1p2 1 )
_f2f2zx__f2 __f2f2xx+c2 __f2 +02
= 2 47r 2 = _4-°% , 1.5.43
g1 f2 7 ( )
&1 f2$
= —+ = 1.5.44
g2 9 + 92 ) ( )
1 12
b) zr T 4J 2 +c
o 22 24f2 2 (1.5.45)
3
After Multiplication of (1.5.45)) by 4 and setting ¢, = 0, it follows
2f2f2:r:a:_f22 f2x f2x 2
o= el e gy () | (f 156
7 ).\ 1540
Setting z(x) := f}?—;, we can write the right-hand-side of the equivalence (|1.5.46
as
4a = 27 (z) + z(z)?. (1.5.47)

It follows that fo can be obtained as the solution of the Riccati ODE ([1.5.47])
as well as afterwards solution of the first order homogeneous linear ODE
folxz) = z(z)f2(x). Since there is no general method to compute closed
symbolic solutions of Riccati ODEs of the form , the ansatz under

consideration is not successful in generalﬂ.

A possible ansatz to simplify the problem in determining an additional sym-
metry generator Ks(u) in the sense of the strategies presented in [7], [9], [10],
[12] and [I3] by Cheb-Terrab et. al. would be to take into account simplifying
assumptions concerning the dependencies of the components ki (ug, ur,x) and
ks (ug, uy, z) of Ko(u) on ug,uq,x. In [10], Cheb-Terrab et. al. inspect first order
non-linear ODEs admitting such simpler forms of symmetry generators. We
started considering the ansatz ki = fi1(z)uo+ fo(x)uy and ko = g1 (x)ug~+ go(x)uy
for the components of the desired third symmetry generator Ks(u). To avoid

18See for example the book [66] for further results on Riccati ODEs and methods to find so-
lutions of such ODEs. In Section 4.1 of [53] the authors discuss special algorithmic approaches
to determine at least special solutions — so—called rational solutions — of Riccati ODEs.
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having to solve a Riccati ODE of type (1.5.47)) to determine fi, f2, g1 and gs,
we take the simplifying assumptions ¢i(x) = 0 and fo(xz) = 0 into account,
i.e. k1 = ki(uo, z) and ko = ko(uq, ).

Under this assumptions, the original determining equations ((1.5.30)), (1.5.31),

(1.5.32) and ([1.5.33)) for the components of Ks(u) read

fi =92, (1.5.48)
fiz =0, (1.5.49)
g2z = 0, (1.5.50)
agy = afy. (1.5.51)

But from these equations it follows f; = ¢, g2 = c¢o for constants ¢q, ¢ and
from again ¢; = ¢o. Finally from f; = ¢1, go = ¢, fo =0and g, =0
it follows that Ks(u) is a scalar multiple of K;(u) and, hence, of no use for
applying Theorem m (the vector fields need to be linear independent).

An alternative ansatz could be to assume fo(z) = 0 and go(x) = 0,
ie. k1 = ki(ug,z) and ky = ko(uy,x). Under these assumptions we obtain
fi(z) =0 and g1(z) = 0, i.e. Ko(u) is zero and again useless.

Taking into account that fi(z) = 0 and ¢go(x) = 0, ie. ky = ki(uy,x) and
ko = ka(ug, x), the determining equations ([1.5.30), (1.5.31)), (1.5.32) and (1.5.33))
provide

foz =0, (1.5.52)
afo = g1, (1.5.53)
g1 = afo, (1.5.54)
g1z = 0. (1.5.55)

Now from equation it follows fo = ¢q, ¢ a constant, and from equation
we find g; = ¢y for a constant ¢,. Using (1.5.53)) or (1.5.54)) it follows
a = 2, i.e. the homogeneous linear ODE under consideration has constant coeffi-
cients and, hence, belongs to the class of ODEs already treated in Example|1.31]

The restrictions we considered concerning the dependencies of the components
of the desired third symmetry generator are too strong. Even in the case, where
we assume that only one of the functions fi(z), fo(z), g1(z) and go(z) vanishes,
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we do not get a satisfying result: e.g. if we assume that fo(z) = 0, we find from
(1.5.30), (1.5.31)), (1.5.32)) and ([1.5.33)) the determining system

fi =92, (1.5.56)

Jiz = g1, (1.5.57)

91+ 92 =0, (1.5.58)
ags + g1z = afi. (1.5.59)

From (1.5.59) we conclude ¢g; = c¢;, ¢; a constant, since af; = ags by

(1.5.56), and, thus, from (1.5.58) that go = — [gidz + ¢o = —c12 + ¢
for a constant co. From (1.5.57) it follows f; = fcld:r = cx + c3 for a

constant c3 and, because of (|1.5.56)), we must have ¢; = —cq, i.e. ¢; = 0 and
ca = cg and Ks(u) is again a scalar multiple of K (u) and, hence, of no use for us.

Drawing a conclusion from these computations, we state that for second order
linear ODEs neither the methods by Cheb-Terrab et. al. in [7], [9], [10], [12]
and [I3] nor a combination of these methods with Theorem [1.26] provide a
satisfying result. Apart from the trivial symmetry generators obtained when
taking simplifying assumptions on the dependencies of the desired symmetry
generator into account, we saw that in general to determine the desired third
symmetry can lead to the question of being able to find solutions of a Riccati
ODE of type . Although any second order homogeneous linear ODE can
be associated with a Riccati ODE of type EL this example shows that
in the situation of second order homogeneous linear ODEs Theorem does
not seem to provide new insights into ways of finding solutions. ¢

Now we come back to the case of non-linear ODEs. The following two examples
demonstrate the use of Theorem [1.26] in the case of concrete third order non—
linear ODEs, where two commuting symmetry generators are known.

Example 1.34. Consider the ODE
B y”(x)2
2y (2)

This ODE can easily be reduced to a second order ODE by introducing a new
function z(x) = y/(x). We do not reduce this ODE, since we directly want to

y/// (fL‘)

198ee for example the book [51], Section 2.6, Theorem 2.66 and Example 2.69.
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apply Theorem to it

Since the right—hand-side of the ODE does not depend on x explicitly, the phase
space for the ODE is of dimension 3 and we do not have to introduce a new
independent variable ¢ for . The phase space representation is given by

Ug Uy
Uy = w |, (1.5.60)
=ug Ko(u)

where ug = up(x) = y(x), uy = u1(z) = ¢'(x) and us = us(x) = y”(z). Equation
(1.5.60) admits the two commuting symmetry generators

sud

" 1
Ky (u) = 13%‘% ;o K= 0|,

12uq O

iLe. [Ko(u), Ki(u)] = [Ko(u), Ka(u)] = [Ki(u), Kao(uw)] = 0. We now follow the
steps of computations described in Remark [1.28] First we build the matrix

8us
u1 ’lLSl 1
2
o 12u?
A[KOJ(LKQ] - Uz ugl 0 ’

us 12
mr w0
whose columns consist of the three commuting vector fields Ko(u), K;(u), Ko (u),

and compute its inverse given by

u2 u%

2
u U
-1 - 0 — 2 U2
A[KO’Kth] = 12uf 6uy
] _dw 24
3uz Sug

20 Although at first glance it seems to be skilful to reduce the order of the ODE, the ODE in
the above stated and non-reduced form is a good example to illustrate the results of Theorem
simply because the expressions arising from the computation of the covector fields I';(u)
introduced in Theorem [1.25| are not too large to be displayed within the framework of this
example. A more complex ODE is treated in the framework of the next example below.
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Now the rows of A[_Klo K1 K] correspond to the closed covector fields
Co(w),T'1(u), Ta(u) introduced in Theorem [1.25] i.e. by writing these covector
fields as row vectors we obtain

FO(U):<O % _%>7
u2 u

Fl(u):<0 _122% ﬁ)a
u2

Do = (1 -t ).

Finally, computing the potentials sg(u), s1(u), s2(u) of T'g(u), 't (u), [a(u), re-
spectively, provides

2uy u3 2u?
o) = 21 i) = 8 ) =g o

Hence, due to Theorem [1.26] the solutions of the ODE (still in phase space
notation) are implicitly characterized by

21, u3 2u?
— =0+, =0, Uy — 57— = Cy,
U2 12U1 3U2

for constants of integration ¢y, ¢1, co. Reintroducing the original dependent vari-
able y(x), the equations read

2y/(z) _ b y'(z)? _ 2y (x)”
y"(x) ’

One easily verifies

= ¢y (1.5.61)

%(?{g) =1 d%(i%ﬁl)) =90, %(y(‘”) - 2%2)) =

by performing the total differentiation with respect to x and afterwards
substituting the appearing third derivatives of y(x) by the right-hand-side of
the ODE under consideration.

Equations can be viewed as an algebraic system of equations in the
indeterminates y(z), ¥/ (x) and y”(x). Hence, the explicit form of the solution can
be obtained via a suitable elimination method for systems of algebraic equations.
In this concrete example we obtain the solution

y(l’) = Clx3 + Cgcl + 3630156 -+ 360011’2 + Ca,

where we used MUPAD to obtain this representation. ¢
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To see that Theorem indeed provides a powerful theoretical basis for a
practical characterization of the solutions of relatively complex ODEs, where
sufficiently many commuting symmetry generators are known, let us consider
as a last example a more complex third order ODE.

Example 1.35. We consider the third order ODE

y"(@)(y' (@) + VY (@) — y(2)y"(x))

y(r)

y"(z) = (1.5.62)

Since the right-hand—side of the ODE does not explicitly depend on z, we do
not have to introduce a new independent variable when considering it in phase
space. The phase space representation of the ODE is given by

Uy
Uo
U1 = U2 , (1.5.63)
uz J ug(u1++4/uf—ugus)
=Ug ~~
Ko(u)

where ug = ug(z) = y(x), uy = ui(z) = ¢'(z) and uy = us(z) = y”(z). Equation
(1.5.63) admits the two commuting symmetry generators

16(4/ uf—uoug—ul)4 3
u% 2(y/uy—upuz2—u1)

u2
Ky(u) = | —20/dmuwmn)? | g () = 1

- 3
U3

48(\/u%7u01@7u1)2 0
2
L)

iLe. [Ko(u), Ki(u)] = [Ko(u), Ko(u)] = [Ki(u), Ko(u)] = 0. Again we pro-
ceed as described in Remark [1.28] We construct the matrix Ax, x, x,), whose
columns consist of the three commuting symmetry generators:

16(\/u%7u0u27u1)4 _2(\/u%7u0u27u1)
ug

o 32(\/u%—u01@—u1)3
A[KO,K1,K2] - Ug - w3 1

ug(ul—h/u%—um&) 48(\/u%—u0u2—u1)2 0
2
U3

uo
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Computing the inverse is again no problem at all. It can be done very efficiently
even using standard methods like standard Gaussian elimination and no
specialized algorithms for dealing with symbolic matrix components. Although
the inverse is easy to compute, its components are very large expressions due to
the expression swellﬂ. For this reason, they are not presented here explicitly.

Proceeding as described in Remark the rows of the matrix A[_Klo,m, K]
correspond to the closed covector fields I'g,I';,I's as introduced in Theorem
[1.25] Computing the potentials so(u), s1(u), s2(u) of the closed covector fields
introduced in , we obtain an implicit characterization of the solutions of
(1.5.62) in form of the system sg(u) = co + x, s1(u) = ¢1, so(u) = co, where
co, C1, C2 are constants of integration. Since the expressions for so(u), s1(u) and
so(u) are very large, we only present the result for s;(u) as an example. The
representation computed for s;(u) is a fraction %, whose numerator f(u) is
given by

fu) = 2up uy uy — 24/ ud — g ug u us — 2ud ud us+
2/ u? — g ug ug ui uy + 3/ ud — ug ug up uf us—
4 2 3 2,3 2 5 3
ui — Ug Ua)” U uy Uy + 1/ (U — upuz)” ug uz—

6,2 / 3.4 9

24 /u? — ugug uy usy + 41/ (U3 — uguz)” uj us—

2/ (U — g ua)” ud u,

A

whereas the denominator g(u) is

g(u) = 16(—12u§u1u§+2\/u%—uguguéug—l—%ugu‘z’u%—

14\ /U2 — g ug up u? uj — 24 ud u® ug+

2 4 3.2 92
13 \/ud — ug ug ug uj ug + 61/ (u? — uguz)” ug uj ug+

5 2 6
uf — upug)’ ugus + 24/ ut — g ug up uy

— 21/ (U2 — upus)’ ug u%)

A

—~

21This is the case even after applying elaborate simplification algorithms to the components
of the matrix to decrease the size of the expressions.
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For our computations we used MUPAD on the one hand to obtain the above

expressions and on the other hand to verify, whether % is indeed a conserved

quantity of the ODE under consideration. Substituting ug by y(z), uy by v'(z)

and uy = y"(z) in %, computing the total derivative of the arising expression
with respect to z and finally reducing this expression modulo the original ODE;,
i.e. replacing y"”'(x) by the right-hand-side of the original ODE, the expression

simplifies to 0 as desired. ©

Of course, in complex examples like the one discussed above, it is not always
possible to compute explicit representations for the solutions of the ODE
under consideration. In the case, where the solutions are given by a set of
polynomial equations in the dependent variable y(x) and its derivatives, even
simple elimination strategies or Groebner basis techniques may be used to find
explicit formulas for the solutions.

In the case, where the equations of the system characterizing the solutions of an
ODE involve roots of polynomial expressions or even more complex functions in
y(x) and its derivatives, the chances are not that good to find explicit solutions.
Nevertheless, the characterization of solutions is a completely algebraic one and
may for some classes of such systems of equations be solved by special algorithms
for the computation of symbolic solutions or even by heuristic ansatzes. Imagine,
we are only interested in finding certain classes of solutions such as exponential
functions or even polynomials. Then the set of equations, which implicitly
characterize the solutions, may be helpful to decide, whether such solutions
exist, and if so, to compute them.

1.6 Conclusions

1.6.1 Resumé

The main results discussed in this chapter are the applications of Theorem [1.26]
by B. Fuchssteiner, which allows the complete integration of ODEs admitting
sufficiently many commuting and independent symmetry generators.

We showed how the successful Lie point symmetry methods established
by Cheb-Terrab et. al. in [7], [9], [10], [I2] and [I3] can be embedded into
the framework of Theorem [I.26] Furthermore, we discussed applications of
Theorem for the cases of second order homogeneous linear ODEs and n-th
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order homogeneous linear ODEs with constant coefficients.

The Examples and illustrated that the application of Theorem [1.26
provides an implicit characterization of the solutions of the ODEs under con-
sideration in terms of conserved quantities. This is an alternative way of repre-
senting the solutions of an ODE in implicit form, which allows to draw further
conclusions concerning the structure of solutions, for which in most cases even
no explicit representation can be computed without introducing new classes of
special functiong??]

1.6.2 Open problems and perspectives

1. Using the result provided by Theorem |1.26|in the framework of a computer
algebra system to solve ODEs requires methods for determining sufficiently
many independent and commuting symmetry generators. A possible way
to determine such symmetry generators can be seen in generalizations of
the pattern matching methods introduced by Cheb-Terrab et. al. in [7],
[9], [10], [12] and [13]. Algorithms for computing the desired symmetries
without solving auxiliary ODEs or even partial differential equations for
the case of n-th order ODEs, n € N, n > 2, have to be developed.

2. Furthermore, if not sufficiently many symmetry generators can be found,
other techniques for solving the ODE under consideration or at least re-
ducing its order have to be found. An alternative approach helping to
reduce the order of an ODE is the computation of integrating factors.
Some algorithms and heuristics for finding such integrating factors are
discussed in the framework of the next two chapters.

22An example for the introduction of new functions as solutions of ODEs are the Bessel
functions, which can be defined as the solutions of a second order homogeneous linear ODE
(see e.g. [38], p. 125 and pp. 622).






Chapter 2

Integrating factors and
associated ODE families

2.1 Introduction

In this chapter we present algorithms for computing integrating factors of
certain classes of n-th order non—linear ODEs, n > 3. The results are inspired
by the former work of E. S. Cheb-Terrab and A. D. Roche published in [I1].

In [I1], the authors treat the case of second order ODEs. There exist certain
extensions of this work to higher order ODEs also done by E. S. Cheb-Terrab.
To our knowledge these results have never been published in a journal or as a
preprint on the web. The only hint we could find is a description of certain
functions of the “detools”-package included in the computer algebra system
MAPLEEI. This description can be found on the website [14] and currently gives
no precise information on the improvements for the case of ODEs of order at
least 3. In the description of the function “intfactor”] the author speaks about
“certain classes” of third and higher order ODEs for which the order can be
reduced if the integrating factor is a polynomial in a certain derivative of the
dependent variable of the ODE considered.

Our extensions of the ansatzes of E. S. Cheb-Terrab and A. D. Roche for
finding integrating factors for second order ODEs directly base on the ideas

!The computer algebra system MAPLE is currently available in version 10. Since a few
years E. S. Cheb-Terrab is a member of the symbolic computation group associated with
MAPLE. He has implemented his algorithms in MAPLE.

2This function is an essential part of the MAPLE “detools”-package.

67
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presented in [1I]. In fact we mostly do not make further assumptions on the
special form of the integrating factor to be computed except for the fact that
it does not depend on all “possible Variables”ﬂ. We rather take assumptions
into account concerning the algebraic form of the ODEs considered and find
heuristics for computing candidates for integrating factors of these ODEs.

We give a more detailed outline of these ideas in Section [2.6, First of all we
present a short overview on the ideas of E. S. Cheb-Terrab and A. D. Roche
described in [11].

2.2 Basic terminology

We consider n-th order ODEs in the independent variable x and the dependent
variable y(x) of the form

YO @) = Bl y(e), (@), .y (). (2.21)
Definition 2.1. We call (2.2.1) an ezact ODE if the expression
y" (@) = @z, y(2),y/ (), ...,y V() (2.2.2)

is a total derivative, i.e. if there is a function R = R(z,y(x), vy (z),...,y" Y (x))
such that

4 R, y(@), g @) ...y D (@) = 5 — Bz, y(a), o (@), ..,y (@)

dx
(2.2.3)

The function R(x,y(z), 9 (x),...,y" Y (x)) is called a first integral and it pro-
vides the conserved quantity

R(z,y(x),y (x),...,y" (z)) = ¢ (2.2.4)
of (2.2.1)), ¢ some constant of integration.

The notion of a general n-th order exact ODE does not seem to be a traditional
terminology in the classical literature on differential equations. The notion of
an exact ODE is more commonly known from the context of first order ODEs
of the form

Az, y(2)) +y'(x) B(z,y(z)) =0, (2.2.5)

3This rather unprecise formulation will become clear in the next part of this chapter.
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where A(z,y(z)) and B(z,y(x)) are arbitrary expressions in z and y(z). A first
order ODE of the form ([2.2.5)) is said to be an ezact ODE if the vector field

- Az, y(x
Vo) = (5ot )
has a potential, i.e. if the condition

0A(z,y)  0B(z,y)
oy Oz

holds. If R(x, y(z)) is a potential of the vector field V (2, y(z)), then the solutions
of (2.2.5)) are given in implicit form by R(x,y(z)) = ¢, ¢ a constant. Furthermore
we have

iR(ac, y(x)) = % + y/(x)aRgfyf, y)

dx
= A(z,y(z)) +y'(z) B(z,y(x)).

Hence, the right-hand-side of (2.2.5)) is a total derivative. Definition is a
sensible generalization of the commonly known notion of first order exact ODEs
also used by Cheb-Terrab et. al. in [I1].

Remark 2.2. The exactness of an ODE of the form ({2.2.1)) can be proved with-
out performing any integrations using the Euler operator, which is introduced
in Theorem 2.6 in Section 2.5

For a general ODE of the form (2.2.5)), an expression p(z,y(x)) is called an
integrating factor if

pu(z,y(z)) (A, y(2)) +y'(x) Bz, y(x))) =0 (2.2.6)

is an exact ODE. The following definition is the generalization of the notion of
integrating factors for general n-th order ODEs of the form ([2.2.1]).

Definition 2.3. An expression p(z,y(z),...,y" 1 (x)) is called an integrating
factor for (2.2.1)) if

p(x,y(@),y (), ...y (@) (¥ (@) = @z, y(x),y (), ....y" (x)) =0
(2.2.7)

is an exact n-th order ODE.
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Assume, we have found an integrating factor u(z,y(z), . ..,y™ Y (x)) for an n-th
order ODE of the form (2.2.1)). Then we know that there is a first integral, i.e. an
expression of the form R(xz,y(z),y'(x),...,y™ Y (z)), such that the solutions of

(2.2.1]) are given in implicit form by
R(z,y(x),y (x), ...,y D (2)) = cn,

where ¢, is a constant of integration. Hence, finding an integrating factor,
multiplying it by y™(z) — ®(z,y(x),y'(z),...,y"V(z) and afterwards inte-
grating the resulting expression provides a reduction of the order of by
L. If R(z,y(x),y (z),...,y""V(x)) = ¢, can be solved for "V, we obtain an
(n — 1)-st order ODE

Yy (@) = (cy, z,y(2), Y (), ...,y "),

where the right-hand-side only contains z, y(x) and derivatives of y(x) with
respect to x up to order n — 1 as well as the constant of integration ¢,. For
this ODE we search for another integrating factor fi(z, y(x), v'(z), ...,y 2 (x))
and proceed again as described above. Finally, if it is always possible to solve
the resulting first integrals for the highest derivatives and if we succeed to find
enough integrating factors, we obtain an implicit expression of the form

\I](Cla Coy...,Cn, T, y(x)) = 07

i.e. a reduction of (2.2.1) giving solutions of (2.2.1) in implicit form de-
pending on n constants of integration (whose choice depends on suitable

initial values y(z¢) = wo, ¥'(70) = y1, ... Y™ V(zo) = yn_1 for certain values
Z0,Y0, Y15 - - -, Yn—1 Of the coefficient domain under consideration) and x and
y(x), only.

The main problem in trying to solve n-th order ODEs of the form by
searching for integrating factors is that an integrating factor is in general deter-
mined by a partial differential equation. In the situation of , the deter-
mining equatio for an integrating factor of the form p(z,y(z),...,y" Y (x))
is given by

8_H_i<aH> @ <8H> dn(aH>:0, (2.2.8)

B (2
oy dx \Oy dz2 \Oy" +(=1) dxm \ Oy

4Equation (2.2.8) is obtained by applying the Euler operator to the differential expression
H (see Theorem in Section for the introduction of the Euler operator).
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where H = H(z,y(z),y' (z),...,y"™ (x)) is given by

H = p(z,y(x),y (z), ...,y (@) (" (2) — (2, y(x), ¥/ (2), ..., y" D (2))).

Equation (2.2.8]) can be written in the form

Az, y(@),y/ (), ...,y (@) + y*" 2 (@) Bz, y(2), ¢/ (z), ...,y V(z)) =0,

where A(z,y(z),y' (z),...,y?" 3 (z)) is a polynomial expression of degree n — 1
in ™ (z) and a linear polynomial expression in y*(z), n < k < 2n — 3.

Even in the case n = 2, i.e. when the ODE under consideration is a second order
ODE

y'(z) = 0z, y(x),y'(x))

for which an integrating factor u(z,y(z),y'(x)) has to be found, equation ({2.2.8))
is of the form

Az, y(2), y'()) + " (@) B(z,y(z),y (x)) = 0.

By setting A(z,y(x),y'(x)) = 0 and B(z,y(x),y' (x)) = 0, one obtains the sys-
tem of partial differential equations

0 =(Y thyry — fty + i) @ + (P + y' Py — By )+ (y') 1y +
(ﬂyq)y’ + :uy’q)y + Zﬂmy)y/ + Hy ¢, + :ux(by’ + Haz,

0 :y’uy/y + (bluy/y/ —|— //L@y/y/ + 2Iuy + 2/_Ly/®yl + /,Ly/x’

where indices denote partial derivatives. For these determining equations and
further details we refer to [11], Section 2. Cheb-Terrab et. al. remark that
solving this system of partial differential equations is in principle as hard to
solve as the original ODE.

Recall that our focus lies on methods for solving ODEs in the programming
environment of a computer algebra system, where we do not have the possibility
(or are not willing due to a loss of efficiency) to use an elaborate symbolic
solver for partial differential equations. Therefore we are interested in ways of
finding integrating factors without solving any partial differential equations or
even other auxiliary ODEs.

The main idea to reach this goal for second order ODEs of the form
y'(z) = P(z,y(x),y (x)) presented in [II] is: do not search for integrating
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factors of the most general form p = u(x,y(z),y'(x)), but try to compute
integrating factors of the form such as p = u(x,y(z)), p = p(z,v'(z)) and
w = p(y(x),y (x)), i.e. assume a more special form for the integrating factors
to be computed.

Under this special assumptions on the form of the integrating factors to be
computed, Cheb-Terrab et. al. succeeded in giving necessary and sufficient con-
ditions for a second order ODE of the form y’(z) = ®(z,y(x),y'(z)) to admit
an integrating factor depending only on two of the “variables” x, y(z) and y/(z).

The basic ideas are:

e Compute the most general class of second order ODEs of the from

y'(x) = @z, y(z),y'(2))
admitting an integrating factor of the prescribed form.

e Find a necessary condition for a given second order ODE to belong to such
a general class of ODEs.

e Read-off the integrating factor from the ODE.

Of course, “reading-off integrating factors” has to be specified in detail. In
general, we mean by “reading-off integrating factors” the fact that we do not
need to solve any system of partial differential equations nor auxiliary ODEs
to compute an integrating factor. We will describe the ideas of Cheb-Terrab
et. al. in Section 2.4, Before we come to discuss these ideas, we use the following
section to introduce the above mentioned most general class of ODEs associated
with an integrating factor.

2.3 The ODE family associated with a given
integrating factor

The basic idea used by E. S. Cheb-Terrab and A. D. Roche in [I1] to compute
integrating factors of ODEs is outlined in the following. For reasons of
abbreviation we write y for y(z), v for ¢/(z), y® for y@(z), 1 < i < n from
now on. Partial derivatives will be denoted by corresponding indices.
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Assume that u(z,y,v,...,y" ") is an integrating factor for (2.2.1) and
R(x,y,y,...,y" V) is a first integral. Then we have

0=plz,yy, ...y ) (™ — (z,9,9,...,y"" )

d
= —R oy
o (z,y,y,...,y" ")

=R, +y Ry+y'Ry+...+y" Ry,
Since ® does not depend on y™, we can conclude from the above equation that
1y, sy ) Y = R (2, y(2), v (2), .y D)y
and, hence,
W@,y sy D) = Ry (2, y(2), 9/ (2), ...,y D).

Formal integration with respect to 3"~V (we simply view y™= 1 as a symbolic
variable as if it did not depend on the independent variable x) provides the
following representation of the first integral R = R(x,,%/,...,y" V), where

G(z,y,y", ...,y %) is an arbitrary function in its arguments and plays the
role of a “constant of integration”:

R(z,y,9,...,y" ) =G(z,y,9,...,y" D)+

/u(% v,y .y ) dy™ Y,

Remark 2.4. Note, that the integral

/u(x, v, 0y dy Y

has to be understood as a “partial integral”, i.e. we view z,v,v/,...,y™ 1) as
independent variables and treat the integrand p(z,y,y/,...,y™ ) as a func-
tion of y™ 1) and — with respect to the integration — symbolic “constants”

x? y? y/7 A 7y(n72)'

Inserting the above representation for R into the equation

Ro+y Ry+y' Ry +...+y"™ Ry =0,
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we obtain

0=

/N

G(x,y’,y”,---,y(”‘z))+/u(ﬂc,y,y’,---,y(”‘”)dy("‘”> +

T

y/ <G($’ y/, y//7 o 7y(n—2)> + /N(% v, y/’ o 7y(n—1)) dy(nl))y+

y,/ <G<x’ y/7 y”’ A 7y(n_2)) + /M(x’ y? y,7 A 7y(n_1)) dy(n_1)> + A +

y/

y™ (G(w, v,y y ) 4 /M(w, v,y .,y ) dy(”‘”)

y("*1>

(/“(x’y’?/v---,y(”‘”)dy(”_l)> =z, y. 9,y )

y(n_l)

and G does not depend on 3™~V we obtain from the above equation by solving
for (™ the representation

y™ = — % [ <G + /udy(”_1)>x +y (G + /pdy("_1)>y+

v (G * /,udy("l)> oy (G * /de(n1)> ( z)]'
Y y\n-

This equation containing the general function G = G(x,9,7/,...,5"?) can
be viewed as the most general class of n-th order ODEs of the form ([2.2.1))
admitting an integrating factor u = u(z,y,v, ...,y ). We have proved:

Theorem 2.5. If an n-th order ODE can be turned into an exact n-th
order ODE by multiplication with an integrating factor = p(z,y,y', ..., y™ ")
it must be of the form

y™ = — % [ (G + /pdy(”_1)>m + 9/ (G + /,udy(”_l)>y+

v <G+/Mdy(n_l)> oy <G+/Mdy(n_l)) ( 2)]
y yn-

with some function G = G(z,y,y',...,y"Y) in its argument. The integrations
with respect to y" =Y have to be understood in the sense of Remark .

In other words: Being an element of the above class of n-th order ODFEs is a
necessary condition for the existence of an integrating factor of the from p =
pzy,ys . yY).

In the later course of this chapter we will consider numerous applications of
Theorem [2.5] Hence, we refer to the following sections for concrete examples.
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2.4 Integrating factors for second order ODEs

The application of what we here called Theorem [2.5|to the case of second order
ODEs has been done by E. S. Cheb-Terrab and A. D. Roche in [II]. The basic

ideas can be illustrated in the most simple way by considering an example from
[11].

Due to Theorem [2.5| the most general class of second order ODEs admitting an
integrating factor of the form p = p(z,y,y’) is given by

re s fo) i fra))
where G = G(z,v).

In general it seems much too complicated to decide whether a given concrete
second order ODE belongs to the class (2.4.1)).

What Cheb-Terrab and Roche did is assuming that p does not depend on x, y
and 3y, but only on x and y or x and ' or y and 3. Let us consider the case
= p(z,y), i.e. u does not contain y'.

By taking this restriction into account, the most general class of second order
ODEs admitting an integrating factor of the form p = p(z,y) simplifies (2.4.1))
to

1

(. y)
1
xr

/

y'=-

(¢t + [npay) +d (G + [nedy) ]

oy G0+ (o) £ Gl ) + 0 )]

_ _My(l’,y) ( /)2 . Gy<l’,y) + ,U/:r(x7y) r G;p(x,y)
p(z,y) pu(z,y) (z,y)

Y

i.e. the ODEs under consideration are of the form

y" = a(x,y) () +b(z,y)y + clz,y), (2.4.2)

where a(z,y), b(z,y) and c(x,y) can be determined in terms of u(z,y) and
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G(z,y) as
_ (7Y
a(z,y) = o) (2.4.3)
b(z,y) = Gl Z)(;:)“@ y), (2.4.4)
_ Gu(z,y)
c(x,y) = ) (2.4.5)

Hence, a given concrete second order ODE can only admit an integrating factor
of the form p = p(z,y), if it is a quadratic polynomial in ¢’ with coefficients in z
and y. This is an easy to verify criterion and in the case that a given ODE is of
the form (2.4.2), the functions a(z,y), b(z,y) and c(z, y) can be read—off easilyf}

Cheb-Terrab and Roche succeeded in solving the equations , (2.4.4)
and . Depending on the fact, whether 2a,(z,y) — b,(x,y) equals zero
or not, and some easy to verify integrability conditions, they could establish
closed form solutions for the searched for integrating factor p(x,y) or at
least a reduction of the problem of solving the system of partial differential
equations , and to the computation of a solution of a
second order homogeneous linear ODE. In the case, where a closed form
solution for u(x,y) could be obtained, this solution involves integrations, but it
is given only in terms of the coefficients a(z,y), b(z,y) and c(x,y) and partial
derivatives of these with respect to x and y. Especially, no further solutions of
additional auxiliary ODEs or partial differential equations need to be computed.

More precisely, in the case 2a,(z,y) — by(x,y) # 0, Cheb-Terrab and Roche
succeeded to express the total derivative

fe(,y) | py(2,9)
u(aﬁ,y)Jr w(z,y)

of In(u(x,y)), y = y(z), with respect to x only in terms of a(z,y), b(x,y) and
¢(x,y) and partial derivatives of these with respect to = and y. Once they got
this, the result for pu(z,y) is obtained by computing the integral of this total
derivative and afterwards applying the exponential function to the result. We
skip the technical details here, since we will not make direct use of the results

This is not only a theoretical statement. The determination of a(x,y), b(x,y) and c(x,y)
is easy to implement in any general purpose computer algebra system since all these software
packages offer fast and efficient routines for handling polynomial expressions.
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by Cheb-Terrab and Roche for the case of second order ODEs (we only make
use of the general underlying ideas used to find integrating factors).

In the case 2a,(x,y) — by(z,y) = 0 the situation is a bit more complicated.
Then pu(z,y) cannot be directly determined similar to the method described
above. It turns out that p(z,y) is mainly obtained by means of an integral
of a function v(z), which arises as a solution of a second order homogeneous
linear ODE. Indeed, this fact can be viewed as a simplification of the original
problem of determining u(x,y) as a solution of a system of partial differential
equations. Of course, the computation of the solution v(x) of a second order
homogeneous linear ODE is a problem in itself.

Although there is no generic formula giving the solution of such an ODE in
general, differential Galois theory provides various specialized algorithms for
the computation of such solutions (see e.g. [53] or [20]). And it has to be
emphasized that having to compute v(z) as a solution of a linear ODE is the
only case in [I1], where an auxiliary ODE has to be solved to find an integrating
factor.

As a conclusion: Cheb-Terrab and Roche established an “algebraic” criterion,
which is easy to verify, to decide, whether a given second order ODE admits
an integrating factor p = u(x,y). In nearly all cases discussed in [11] they
succeeded in solving the symbolic system of partial differential equations
([2.4.3), and for general functions a(z,y), b(x,y) and c(x,y) once
by hand, i.e. in a step of pre—processing not using a computer algebra system.
Once, the solution is found, the integrating factor is given by this solution.

The main point is that the solving of the system of partial differential equations
, and is done “once by hand”, such that the resulting
formulas for the solutions can be directly implemented in a computer algebra
system and the system does not have to solve such a system of partial
differential equations for every input ODE againﬁ.

Nevertheless, it has be to mentioned that the procedure sketched above to treat
integrating factors of second order ODEs of the form p = p(z,y) is the easiest
case among the three different cases p = p(x,y), p = p(z,y') and p = p(y,v)

6Proceeding this way it is even possible to implement the above strategy in a computer
algebra system, which does not offer any routines for the symbolic solution of linear partial
differential equations associated with the integrating factor.
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treated in [I1]. Especially the case p = p(z,y’) turns out to be far more
complicated than the above discussed case.

The aim of this part of the thesis is to present possible extensions of the ideas
used for second order ODEs for ODEs of order three and higher. For our cases
we first of all need to have a way to check whether a given n-th order ODE is
already exact or not.

2.5 The Euler Operator: Proving the exactness
of an ODE

To check, whether a given n-th order ODE of the form is exact, one can
use the so—called Fuler Operator. The following theorem is a special case of
Theorem 2.1 in [36], where the authors also propose to use the Euler operator
as an algorithmical tool for a test for exactness (see also [51], Theorem 4.4 and
Example 4.5, pp. 250).

Theorem 2.6. Let f(z,y,v,...,y™) be a function in x, y and the i-th deriva-
tives y» of y, 1 <i < n. Then f(x,y,y,...,y"™) is a total derivative if and
only if

S d 0 oy
3 -1y dxi< f(x’y’gy’(i) Y )> ~0. (2.5.1)

1=

° (Bf($7y7y’7---7y(">)) _ Of @y sy ™)

Here we use the convention 7= B0 %

Proof. A proof of a more general version of this theorem implying the above
assertion can be found in [51], Theorem 4.4 and Example 4.5, pp. 250. O

Theorem [2.6] states that a given n-th order ODE can be checked for exactness
without performing any integration.

The application of the Euler operator can be turned directly into an easy
to implement and efficient algorithm to check for the exactness of a differ-
ential equation]’| We will make extensive use of Theorem [2.6]in the next sections.

7An implementation of the Euler operator in the computer algebra system MATHEMATICA
is discussed in Section 3.6.3 and Section 3.6.4 of [3].
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Note that the determining equation for an integrating factor of an n-th order
ODE presented in ([2.2.8)) can also be obtained by application of the Euler op-
erator to the differential expression

p(x,y(x),y' (@), ...y (@) ("™ (z) — 22, y(x), ¥ (), ...,y V(2))

and afterwards setting the result equal to zero.

2.6 Integrating factors for third order ODEs

As stated in the introduction to this chapter there are extensions to n-th order
ODEs, n > 3, of the methods of Cheb-Terrab and Roche described in [I1]. As
far as we know, these extensions and the algorithmic details used to treat ODEs
of order n > 3 are not explained in detail nor published within the framework
of an article or preprint.

The only information we could find is available in the internet on the web-
site [§] by E. S. Cheb-Terrab providing the HTML-documentation of the
“detools”-package in the computer algebra system MAPLE. There the authors
of the package mention that “certain classes” of third and higher order
ODEs can be treated in the sense of the above described techniques if the
integrating factor is a polynomial in a certain derivative of the dependent
variable of the ODE considered. We think that this restriction concerning
the algebraic structure of the integrating factors considered seemed necessary
to the authors to proceed in the same or a similar way as described in Section [2.4]

As far as we can see, further restrictions of such kind must be taken into account
to be able to obtain results leading to implementable and efficient algorithmﬂ
In the following we consider third order ODEs

y"' = ®(z,y,y,y"). (2.6.1)

As in the preceding sections, we write vy, ¥”, ¥/ and y in the following instead
of y"(z), y"(x), ¥'(z) and y(z). Due to Theorem 2.5] if = p(z,y,v’,y") is an

8By “implementable and efficient algorithms” we mean that the algorithms and heuristics
established in the following part of this chapter serve to compute integrating factors not using
any auxiliary ODEs or even partial differential equations to be solved.
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integrating factor of ODE ([2.6.1)), the ODE must be of the form

y’”:—% [(GJr/udy")ery' <G+/,udy”)y+y” (G+/udy”>y/},

(2.6.2)

where G = G(z,y,7'), the “constant” of integration, is an arbitrary function in
its arguments. In the following we investigate the cases

o pn=py"),
® = f x??/ayl) (y//)m’ me 7 \ {_270}

In contrast to the results for second order ODEs published in [I1], where the
authors give necessary and sufficient conditions for the existence of integrating
factors of special classes of ODEs, we mainly give necessary conditionsﬂ. An
advantage of our algorithms for third order ODEs introduced in the next sub-
sections is the fact that they can easily be generalized to n-th order ODEs.
These generalizations are discussed at the end of this chapter.

2.6.1 Integrating factors u(z,y).
Under the assumption p = u(x,y), the class of ODEs (12.6.2]) can be written as

y" = _ He Y 1y + Gy Y — G: +y Gy

1 poo

Due to Theorem [2.5] this is the most general class of third order ODEs

admitting an integrating factor of the form pu = p(z,y). For the class of

ODEs we did not find a satisfying algorithmic approach to check, whether a

given ODE of order three belongs to the class or not. So we took into account

another simplifying assumption. We assumed that the “constant” of integration
G = G(zx,y,y’) does not depend on /.

(2.6.3)

9See also Remark of Section for more precise information on what is meant by
giving only necessary conditions.
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This assumption leads to the general family of ODEs

=t Y 1y J - Gz +y' Gy (2.6.4)

1t 1t

to be taken into accounﬂ. If G does not depend on 7/, obviously is a
linear polynomial in y”. This fact is easy to verify for a given third order ODE.
The leading coefficient of this polynomial in 3" is again a linear polynomial, but
in ¢/, since u = pu(z,y) does not depend on y' by assumption. We set:

a(z,y) = ——, b(z,y) =—=2, (2.6.5)

i.e. the leading coefficient of (2.6.4)) viewed as a polynomial in y” can be written
as a(x,y) + ¢ b(x,y). For the coefficients of the polynomial a(z,y) + v/ b(z,y)
in ¢/ the symmetry of second derivatives must hold, i.e.

ay(x,y) = bs(z,y). (2.6.6)
By
/a(m, y)dzr + b(x,y) dy

we denote the function of x and y uniquely determined up to the addition of a
constant, such that its partial derivatives with respect to x and y satisfy

(/a(x, y) dx + b(z,y) dy)m =a(x,y)

and
([ olen)ds+ o) dy) =ty
Yy
Then a candidatem for an integrating factor is obtained by

u(z,y) = exp ( - /a(:z, y)dx + b(z,y) dy). (2.6.7)

Our results can be summarized in the form of the following algorithm, which
tries to compute an integrating factor u = p(z,y) of a given third order ODE.

0Tn subsection on pp. we discuss alternative algorithms and heuristics, for which
we do not use this simplifying assumption.

1'We use the notion of “candidates” for integrating factors, since the above stated conditions
are only necessary conditions for the existence of an integrating factor of the prescribed form.
See also Remark on page where we present further explanations on the fact why our
conditions are not sufficient.
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Algorithm 2.7. (Computing integrating factors of the form p = pu(z,y)
of third order ODEs) Given a third order ODE y"” = ®(x,y, v, y") proceed
as follows:

1. Check the ODE for exactness, i.e. set

\D(ZL‘, Y, y/a y”7 y///) = y/” - (I)(:Ea Y, yla y”)
and compute

d d> d?

A=V, — —WU, — VU, — —

Yodo Y * de? % dad

If A = 0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.

\I/y/// .

2. Check, whether ®(x,y,v’,y”) is a linear polynomial in y”. If not, stop the
algorithm.

3. Check, whether the leading coefficient of ®(z,y,y’,y”) as a polynomial in
y” is itself a linear polynomial in 3. If not, stop the algorithm.

4. Determine the coefficients a(z,y) and b(x,y) as in (2.6.5) and check
whether (2.6.6)) is fulfilled. If not, stop the algorithm.

5. Compute ([2.6.7)) as a candidate for u.

6. Compute

d d2 d3
A= (p \Ij)y - %(N \Ij)y’ + @(M \I/)y” - @(M \11)1/""

If A=0, pis an integrating factor for the ODE. Return the result for u.
Otherwise stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.
O

In step 1 and step 6 we make use of the Euler operator to check for exactness
(see Theorem [2.6). The following example demonstrates the use of Algorithm
for determining an integrating factor of a third order ODE belonging to
the special class of ODEs under consideration.
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Example 2.8. The ODE

/

n 1 ! n y y
=—y' - - —x
y y-yy exp(z + y) exp(z + y)

is not exact, since application of the Euler operator (Theorem [2.6]) to the ex-
pression

/

m 1" o Yy Yy
+y + + +z
ST T @ y) | ep(e 1 y)

provides ex;(;g-y)’ i.e. the expression is not a total derivative. The functions

a(z,y) and b(z,y) in step 4 of Algorithm [2.7) are given by

a(xz,y) = —1, b(x,y) = —1.

Hence, a candidate for an integrating factor of the given ODE is computed by
(2.6.7)) providing

(e, =exp (= [ alay)d+ bay) dy)
— exp(z +y),

where the constant of integration can be ignored, since whenever u(x,y) is
an integrating factor, then also ¢ u(x,y) for an arbitrary non—zero constant c.
Multiplication of

/

Yy Yy
+x
exp(r +y) exp(r +y)

y/// + y// _|_ y/ yl/ +

by p and afterwards application of the Euler operator to this expression proves
that the resulting expression is indeed a total derivative and, hence,

w(z,y) = exp(z +y)

is an integrating factor for the given ODE. ¢

2.6.2 Integrating factors u(z,v').
Under the assumption u = p(x,y’), the class of ODEs (2.6.2)) can be written as

y/// Ry (y//)Q _ Ha + Gy’ y// i Gty Gy_

_ 2.6.8
[t [t I (268)



84 CHAPTER 2. INTEGRATING FACTORS

Due to Theorem [2.5] this is the most general class of third order ODEs
admitting an integrating factor of the form p = u(x,y’). As in the preceding
case 1 = p(x,y), we take into account the simplifying assumption, that the
“constant” of integration G = G(z,y,y’) does not depend on ¥’

Under this assumption (2.6.8) becomes

/ - G.+vy G
y/// . :U'_y (y//)Q _ /J“_ y// _ +y v (269)
I [ I
Since p and G do not depend on y”, (2.6.9) can be viewed as a quadratic
polynomial in 3" with coefficients depending on z, y and 3’. We define

a(z,y’) = —%, b(x,y) == —%, (2.6.10)

i.e. a(z,y’) is the coefficient of (y”)? and b(z,3’) is the coefficient y”. Again, for
these functions the symmetry of second derivatives must hold, i.e.

az(z,y') = by (z,y). (2.6.11)
If we denote by
/a(x,y’)dy/ +b(z,y')dx

the function in z and 3" uniquely determined up to the addition of a constant,
whose partial derivatives with respect to ¢’ and x satisfy

(/a(x,y’)dy’ + b(x,y’)dJI)y, = a(z,y')

and

(/a(m,y')dy' + b(x,y')dx) = b(z,y).

T

A candidatd™| for g = pu(z,y’) is found to be

w(z,y') = exp < - /a(a:, y)dy +b(z,y) dx). (2.6.12)

From the above discussion we can deduce Algorithm which tries to compute
an integrating factor of the form p = pu(z,y’).

12We use the notion of “candidates” for integrating factors, since the above stated conditions
are only necessary conditions for the existence of an integrating factor of the prescribed form.
See also Remark on page where we present further explanations on the reason why
our conditions are not sufficient.
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Algorithm 2.9. (Computing integrating factors of the form p = u(x,y’)
of third order ODEs) Given a third order ODE y"” = &(x,y, v, y") proceed
as follows:

1. Check the ODE for exactness, i.e. set

\IJ(ZE, Y, yla y”7 y/”) = y/// - (I)(QZ', Y, y/7 y//)
and compute

d d? d?
A = \:[Jy — —\I!y/ + —\Ify// — @

\I/ .
dx dz? v

If A =0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.

2. Check, whether ®(x,y,v’,y") is a quadratic polynomial in y”. If not, stop
the algorithm.

3. Check, whether the coefficients of (y”)? and y” in ®(z,y,y,y") viewed as
a polynomial in y” do not contain y. If not, stop the algorithm.

4. Determine the functions a(z,y’) and b(x,y’) as in (2.6.10) and check,
whether (2.6.11]) is fulfilled. If not, stop the algorithm.

5. Compute (2.6.12)) as a candidate for u.

6. Compute

A d d? d?
= (p W)y = — (0 W)y + o5 (0 W)yr = 5 (0T
If A= 0, pis an integrating factor of the ODE. Return the result for u.

Otherwise stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.
O

Steps 1 and 6 of Algorithm [2.9/make use of the Euler operator to decide, whether
the corresponding expression is a total derivative. Let us consider an example,
in which Algorithm [2.9| can be applied.
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Example 2.10. The ODE

/

2xy Y
" 1\ 2 " 2

= — — — — X
4 (y ) exp(x + y’) exp(x + y’)

is not exact, since application of the Euler operator (Theorem [2.6)) to the ex-
pression

/

ry i 72 Yy
exp(z + ') exp(x +v')

y/// + (y//)2 + y// +
provides

———— (2y+dzy — 7Y + 227y — 2z y+
exp(z + )

332 _$2 y/y// . 293yy”+2 exp(a:+y') y////)’

i.e. the expression is not a total derivative. The functions a(z,y’) and b(z, /)
in step 4 of the Algorithm [2.9] are given by

a(z,y) = —1, b(z,y') = —1.

Hence, a candidate for an integrating factor of the given ODE is computed by
(2.6.12)) providing

p(z,y') = exp ( - /a(lv y)dy' +b(z,y) dl’)
= exp(z +y'),

where the constant of integration can be ignored, since whenever u(x,y’) is
an integrating factor, then also ¢ u(x,y’) for an arbitrary non—zero constant c.
Multiplication of

/

2x
Yy 12 Yy

n 1\ 2 "
+ () 4y + z
y W) +y exp(z + v') exp(x +¢')

by p and afterwards applying the Euler operator to this expression proves that
the resulting expression is indeed a total derivative and, hence,

pw(z,y') =exp(z+ )

is an integrating factor for the given ODE. ¢
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2.6.3 Integrating factors u(y,y).
Under the assumption u = p(y,y’), the class of ODEs (2.6.2)) can be written as

y/// o _ﬂ (y//)z i My y/ + Gy/ y// . Ga: +y/ Gy.
fu Il I

Due to Theorem [2.5] this is the most general class of third order ODEs
admitting an integrating factor of the form u = p(y,y’). As in the treatment
of the preceding cases p = p(z,y) and p = p(z,y’), we take into account the
simplifying assumption that the “constant” of integration G = G(x,y,y’) does
not depend on /.

(2.6.13)

Under this assumption (2.6.13)) becomes

, ' G.+y G
y" = My <y//)2 _ Y Y — & (2.6.14)
I p H

As in the case p = p(z,y’'), the ODE (2.6.14) can be viewed as a quadratic
polynomial in 3", since G and p do not depend on y”. We consider

Hy HyY'
a(y,y’) == L by, y) = _yT' (2.6.15)

The symmetry conditions for the second derivatives (2.6.6) and (2.6.11)) are
slightly different in the case pu = p(y,y’) compared to the preceding cases pu =

pu(z,y) and p(z,y’). In the situation of (2.6.14])

ay(y,y') = (b(yy’,yl>>y, (2.6.16)

must hold. Similar to the former cases, where we computed candidates for
integrating factors p = p(z,y) and pu = u(x,y’), we denote by

b(y,y'
/a(y7y/)dy’+ (y, )dy

the function in y and g’ uniquely determined up to the addition of a constant,
such that its partial derivatives with respect to v’ and y satisfy

(/a(y, y)dy + % dy)y, =a(y,y)
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and

(/a(y,y’) dy' + b(yy%y/)d@ My

Yy Yy’
Then a candidatd™ for 1 = u(y,y’) is obtained to be

1w(y,y') = exp ( - /a(y, y')dy' + Myy—,y/) dy)- (2.6.17)

We summarize our results in an algorithm, which tries to compute an integrating
factor of the form u(y,y’) for a given third order ODE.

Algorithm 2.11. (Computing integrating factors of the form p = u(y,v/)
of third order ODESs) Given a third order ODE y"” = ®(x,y,v,y") proceed
as follows:

1. Check the ODE for exactness, i.e. set

Uz, y, v, y",y") =y" — &z, 9,9, y")
and compute

2 3
d\If d\Il// d

A=V, — —U, + — -
Yo dx y+dx2 Y dz3

\I’y///.
If A =0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.

2. Check, whether ®(z,y,vy,y") is a quadratic polynomial in y”. If not, stop
the algorithm.

3. Check, whether the coefficients of (y”)? and 3" in ®(z,y,y,y") viewed as
a polynomial in y” only depend on y and 3. If not, stop the algorithm.

4. Determine the functions a(y,y’) and b(y,y’) as in (2.6.15) and check,
whether (2.6.16) is fulfilled. If not, stop the algorithm.

5. Compute (2.6.17) as a candidate for p.

13We use the notion of “candidates” for integrating factors, since the above stated conditions
are only necessary conditions for the existence of an integrating factor of the prescribed form.
See also Remark on page where we present further explanations on the reasons why
our conditions are not sufficient.
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6. Compute

d d2 d3
A= (p¥), - %(M )y + @(N W)y — @Qu W)y

If A= 0, pis an integrating factor of the ODE. Return the result for u.
Otherwise stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.
O

Algorithm [2.11}]is used to find an integrating of a member of the special class of

ODEs (|2.6.14)) in the next example.
Example 2.12. The ODE

/

n 1\ 2 ! /! y y
y' == -vy - -
exp(y +y') exp(y +y')

is not exact, since application of the Euler operator (Theorem [2.6]) to the ex-
pression

/

n "\ 2 !N y y
v+ W)y Y+ +x
exp(y +v)  exp(y+v)
provides
S (—y—yy +22y" —yy" —xy) +2y-
exp(y +v')

A/

2y y" +2exply+y)y""),

i.e. the expression is not a total derivative. The functions a(y,y’) and b(y,y’) in
step 4 of the Algorithm [2.11] are given by

/

aly,y’) = —1, b(y,y') = —vy'.

Hence, a candidate for an integrating factor of the given ODE is computed by

(2.6.17) providing

1(y,y') = exp ( - /a(y, y') dy' + % dy)

= exp(y + /),
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where the constant of integration can be ignored, since if u(y, y') is an integrating
factor, then also ¢ u(y,y’) for any non-zero constant c¢. Multiplication of

/

y o y
exp(y + ') exp(y +y')

y/// + (y//)z +y/ y// +

by u and afterwards applying the Euler operator to this expression proves that
the resulting expression is indeed a total derivative and, hence,

u(yy') = exp(y +y')
is an integrating factor for the given ODE. ¢

Remark 2.13. Algorithms 2.7} and also work in the cases, where p
does not depend on two elements of the set {x,y,y'}, but only on one of them.
The special cases p = p(z), p = u(y) and p = p(y') are automatically treated by
the algorithms stated. This also implies that e.g. for computing an integrating
factor of the form pu = p(y), Algorithm or Algorithm may be used. This
fact is illustrated by Example [2.14}]

Example 2.14. The ODE

/
y//l — %y// . y2 yl (2618)

is not exact, but it admits the integrating factor p = u(y) = = (see [45], p. 602,

ODE 7.7).

1
Y

The functions a(z,y) and b(x,y) in step 4 of Algorithm are given by

1
a(x,y) = 07 b([l),y) - ;

Hence, a candidate for an integrating factor of the given ODE is computed by
(2.6.7) providing

p(e.9) = exp (= [ ae.g)do + ba,y) dy)
1

Y

Indeed, this is an integrating factor for (2.6.18|) and constants of integration
can be ignored as in the preceding examples of this section.
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Alternatively, also Algorithm can be used to determine the searched for
integrating factor. The functions a(y,y’) and b(y,y’) in step 4 of the Algorithm
2.11| are given by

/

a(y,y’) =0, bly,y') = %

Hence, a candidate for an integrating factor of the given ODE is computed by

(2.6.17)) providing

) N by
u(y,y)—exp(—/a(y,y)dy +—( , )dy)
Y
1

—

Y

i.e. application of both algorithms and leads to the same integrating
factor. ¢

2.6.4 Integrating factors u(y”).
Under the assumption p = u(y”), the general class of ODEs ([2.6.2)) reads

mo__ G+ yl Gy + y” Gy’

y . :
Due to Theorem [2.5] this is the most general class of third order ODEs admitting
an integrating factor of the form p = u(y”). Since G(z,y,y’) is an arbitrary
function in its arguments, the class of ODEs is not of such a simple
algebraic structure as the classes discussed for the cases u = p(z,y), p = p(z, )
and p = u(y,y’), where we demanded that G(z,y,y’) does not depend on ¢y’ and
found out that the class of ODEs is polynomial in 4”. In the above class

it even does not really simplify the situation if we assume that G(z,y,y’) does
not depend on ¢/, since this assumption provides

(2.6.19)

y/// — _ly// o Gr +y,Gy'

(2.6.20
u u )

At first glimpse, it seems easy to find out p as the negative reciprocal of the
coefficient of y”. But since u depends on 3", the right—hand-side of the equation
does not need to be a polynomial in ¢”. Furthermore, the problem of computing
1 from the right—hand-side of the ODE by simple means as used in the preceding
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part of this section has not been simplified by assuming that G(x,y, ') does not
depend on 3/. If we drop this assumption, the class of ODEs can be written as

"no__ Gy/ y// _ Gac + Z// Gy

(2.6.21)
T p

To read—off y from the right-hand-side of this equation is not more difficult
than to find a candidate for u in equation (2.6.20)), since G' does not depend on

y” anyway.

Hence, instead of taking into account the simplifying assumption that the “con-
stant” of integration G(z,y,y") does not depend on ¢ as in the treatment of the
preceding cases, we demand for the case u = p(y”), that pu(0) # 0. If u(0) # 0,
p cannot be of the form p = y”g(y”) for an arbitrary function g(y”), hence, %
is a proper factor of

Gy’ y//

I

and
G, +vy' Gy

i
Thus one can try to factor the right-hand-side of (2.6.21]) into the product of

a factor depending only on y” as a candidate for —i and a second factor as a
candidate for

Gyy'+G. +Gyy.
If this second factor is a linear polynomial in y” with coefficients depending
only on z, y and ¢ and a total derivative, there is at least a chance that the
negative reciprocal of the first factor depending only on y” is a candidate for
an integrating factoﬂ.

Of course, we should first investigate, if there is a term of the form g(y”)y” in

(2-6.21). If this is the case, we may assume that G(z,y,y’) indeed does not de-
pend on ¥/, i.e. we are in the situation of and the reciprocal of g(y”) is a
candidate for an integrating factor of the given ODE (in fact, the negative of the
reciprocal of g(y”) corresponds to u(y”), but constant multiples can be ignored).

10Of course, finding a common factor depending only on y” in an arbitrary expression
in z, y, ¥ and y” is a difficult problem and one cannot expect to succeed in all possible
settings. Nevertheless, modern computer algebra systems offer routines for factoring not only
polynomials, but also arbitrary expressions.
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We sum up the ideas for the case u = p(y”), u(0) # 0, in the following algo-
rithm™}

Algorithm 2.15. (Computing integrating factors of the form p = u(y”),
1(0) # 0, of third order ODESs) Given a third order ODE y"” = ®(z,y, v, y")
proceed as follows.

1. Check the ODE for exactness, i.e. set

Uy, 9" y") =y" = (z,y,9,y")
and compute

d d? d?
A = \I/y — %\Py/ + @\Pyu —_ @lllym,
If A =0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.

2. Try to find out, if ®(x,y,y’,y”) contains a factor g(y”) depending only on
y”. If this is not the case, stop the algorithm.

3. Let ®(x,y,v',y") = g(v/') h(z,y,y,y"). Compute

d d? d?

h by = =5

T:=h,— —h,+—
v dxy+d:v2

]’Ly///.
If T=0,ie h(x,y,y,y") is a total derivative and a linear polynomial in
y”, go to step 4. If this is not the case, stop the algorithm.

4. Choose p =

T 8s a candidate for an integrating factor of the given
ODE.

1
g(y”

5. Set V(z,y,v,y",y") =y" — ®(x,y,y,y") and compute

d d2 d3
A= (M \Ij)y - %(M \Ij)y’ + @(M qj)y” - ﬁ“ﬁ qj)l/"‘

If A =0, pis an integrating factor of the ODE. Return the result for u.
Otherwise stop the algorithm. A

15Tn principle it should better be called a heuristic than an algorithm, since it strongly
depends on the power of the factoring routine available, when implemented in practice.
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Proof. The correctness of the algorithm follows from the preceding discussion.
O

Note that in step 1 of Algorithm first of all the algorithms[2.7] and
should be used, since they are much more systematic. The above algorithm may

be considered as the “last hope” for finding an integrating factor depending

only on y” if algorithms 2.7} 2.9 and fail.

We apply Algorithm [2.15 in an example of an ODE belonging to the general
class of ODEs ([2.6.19)).

Example 2.16. Consider the ODE

w_cos(ety+y) cost@ty+y) o, cos(zt+y+y)
- exp(y”) D) YT el
This ODE is not a member of the classes (2.6.4)), (2.6.14)) and (2.6.9)) nor is the

expression

w cos(x+y—+1vy) ,cos(x +y+y) scos(x+y+y)
- 1/ - y 1/ - y 1/
exp(y”) exp(y”) exp(y”)

a total derivative (the expression obtained by applying the Euler Operator
from Theorem is too large to be displayed here).

Nevertheless, it is quite easy to see that the right—hand-—side of the given ODE

contains a factor depending only on 7", i.e. m. The remaining factor is

—cos(z+y+y)—y cos(x+y+y) —y" cos(z+y+y),

which is a linear polynomial in y” and a total derivative, since it equals

—4 sin(z+y+y'). Hence, Algorithm determines = exp(y”) as a candidate

for an integrating factor. Multiplying

w cos(z+y+y) eos(xty+y) ,cos(z+y+y)
exp(y’) 0 epy) 0 exp(y)
by p provides
exp(y”)y" —cos(x +y + ') —y cos(x +y+y') —y" cos(x +y+y),

which is a total derivative and, hence,

1/

u(y") = exp(y”)

an integrating factor for the given ODE. ¢
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We close this subsection with a remark on the necessity of checking for total
derivatives in the last step of Algorithm [2.7, Algorithm Algorithm 2.11] and
Algorithm [2.15]

Remark 2.17. The ODE classes (2.6.4), (2.6.9), (2.6.14)) and (2.6.19)) and the
conditions on the algebraic structure of the ODEs established in the former
part of this section are necessary conditions for the existence of integrating

factors of the form p = p(z,y), p = p(x,y'), p = wly,y') and p = p(y"),
respectively, but they are not sufficient.

In other words: It may happen that the Algorithms 2.9, and
compute a candidate for p, but p is not an integrating factor for the ODE

considered. The class (2.6.9) of ODEs considered in the case p = p(x,y’) was

y/// o _& (y//)2 N &y// _ Gﬂc + y/Gy.
7 7 7

We found a candidate for an integrating factor of the form p = u(z,y’) by
noticing that each member of this class of ODEs must be a quadratic polynomial
in y”. Then we took the coefficients of (y”)? and y” and derived a result for u,
but without taking into account the constant term

_Gm+y’Gy
L

(constant with respect to y”). By ignoring the constant term, it may of course
happen that Algorithm [2.9] computes a candidate for u, but p does not appear
in the denominator of the constant term of the given ODE or it appears in
the denominator, but the numerator is not the total derivative of a function

G =G(z,y).

The following example illustrates a case, where Algorithm finds a candidate
for an integrating factor, which is in fact not an integrating factor.

Example 2.18. The ODE

nmo__ (N2 Yy . yy/
Y ") exp(r +y) exp(r+¥)

is not exact, since application of the Euler operator (Theorem [2.6]) to the ex-
pression

Yy vy
exp(z +vy') exp(z +¥)

y/l/+(yl/)2+y/l+
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provides

yy// _ yy/ + (y/)2 _"_ y/ _ yy/ y// _"_ 2 eXp(ﬂf _"_ y/) y//// _'_ 1
exp(z +v')

Y

i.e. the expression is not a total derivative. The functions a(z,y’) and b(z, /)
determined in step 4 of Algorithm [2.9 are

a(z,y') = —1, b(z,y') = —1.

Hence, a candidate for an integrating factor of the given ODE is computed in
step 5 of Algorithm [2.9]to be

[t = exp ( - /a(l“, y)dy +b(z,y) d$>
=exp(z +v').

Multiplying

y yy'
exp(z +y') exp(z+y)
by p and afterwards applying of the Euler Operator (see Theorem to the
resulting expression provides the result 1. Hence, multiplication of the given
ODE with g does not lead to a first integral and thus Algorithm fails. ¢

y//l+(y1/)2+y//+

This shows that the test for exactness in the last step of each of the Algorithms
2.7 2.9, and cannot be removed. The same holds for the algorithms
presented in the next subsection, where we consider a more special form of
integrating factors.

2.6.5 Integrating factors f(z,y,y")(y")™.

Recall that in general for a third order ODE an integrating factor admitted
by the ODE can involve z, y, ' and y”. In the former part of this chapter,
we investigated integrating factors only depending on at most two of the
“variables” z, y, vy’ and y”. In this section we present algorithms to find
integrating factors depending on x, y, ¥’ and y”. Furthermore, in the previous
part, we always made simplifying assumptions concerning the “constant of
integration” GG appearing in class of ODEs under consideration. In the
following, we also allow the case G = G(z,y,y’) instead of G = G(x,y), but we
have to assume that %G(JJ, y,y') # 0, i.e. G must not be a constan

16The reason for the assumption will become clear in the following.
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We consider the more concrete ansatz p = f(z,y,y")(y")"™, m € Z \ {—2,0},
f(z,y,y") an arbitrary function in its arguments, concerning the form of the
integrating factoﬂ. As in the former part of this chapter, we first compute the
most general class of third order ODEs admitting an integrating factor of the
form p = f(z,y,¥")(y")™ and afterwards give an algorithm how to compute
a candidate for an integrating factor from an ODE belonging to the class of
ODEs under consideration.

In the following we treat the three cases

o = flx,y,y)(¥")", meN,

d N:f(fayay/)ﬁ, mEN,mZ&

o u=flz,9,9) 5,
separately.
The case p = f(x,y,y')(y")™, m € N. If we take into account the prescribed

form of integrating factors, the partial integrals appearing in (2.6.2]) are given
by

/ pdy' = ——— "y, ( / udy”)x - peym

m+1 m+1
</,udy"> _ 1 f (y//)m+1 (/,udy”) _ 1 f /(y//)m—H
Y m + 1 Y ’ y’ m + 1 Y '

Consequently, the most general class of third order ODEs admitting an inte-
grating factor of the prescribed form reads

Gm 'G Gy 1 T 1o Lo
mo__ f(—;iy)m y f(y”;Jm_l _ — (ny + %yy + ny(y )2> (2.6.22)

Note that f(y”)™ and f(y”)™ ! denote the multiplication of f by (y”)™ and
(y")™~1, respectively, and not the application of f to (y”)™ and (y")™ .

The right-hand-side of (2.6.22) is a rational expression in y”, since neither
f=f(z,y,y) nor G = G(z,y,y") do contain y”. Assume we are given an ODE

"The case m = 0 is excluded, since for m = 0 the integrating factors considered would not
depend on y” at all. The case m = —2 is excluded for a technical reason, which will become
obvious soon.
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of this form, i.e. neither G, + y'G, nor G,/ vanish. Then we can read-off the
highest power of 3y’ appearing in a denominator of the expressions forming the
right—hand-side of the given ODE. This gives a candidate for the power m of

y" appearing in the searched for integrating factor. Furthermore, (2.6.22) has a
polynomial part in 3", i.e. the expression

1 <fz Jy /) " L fy (y//>2.

— _+_ _— 7
m+1\f Y m+1 f
Hence, we can read-off the quantitied™
1 x 1 /
L (k) S
m+1\f f m+1 f

i.e. T} is the coefficient of y” and Ty is the coefficient of (y”)? in the polynomial
part of H Under the assumptions concerning the form of the integrating
factor, —(m + 1)(T} + y"T3) has to be the total derivative of In(f) with respect
to x and we may apply the Euler operator (see Theorem to this expression
to check, whether this is indeed the case. If —(m + 1)(T} + y"T5) is a total
derivative, we have found a candidate for an integrating factor to be

p=p(z,y,y,y") = exp (—(m+1) DN +y"Th)) ()™, (2.6.23)

where by D™YT} + y"Ty) we denote a function F(z,y,y’) uniquely determined
up to the addition of a constant of integration, such that its total derivative
with respect to z equals T + v 15, i.e.

d d

— D YT +'Ty) = —F(x,y,y) =T +y"Ts. 2.6.24
dr (17 +y"T3) dx(yy) 1TY L2 ( )

If either G, + y'G, = 0 or Gy = 0, then (2.6.22)) is an ODE of the form

H(z,y,y') 1 (f f fy
" y x I y . rn Yy "\ 2

_ _ Ja o Sy Sy ) 2.6.25
y )] Iy Yy f(y) ( )
I8Note that also in the case m = 1, these coefficients can be determined. If m = 1, then
the expression —f(y,G,ii’,'n_l in the right—hand-side of (2.6.22f) contributes a constant term with

respect to 3", but the quadratic polynomial Tyy” + T5(y”)? by assumption does not have a
term constant with respect to y”.

19 We do not have to make further case differentiations, whether 7} = 0 or T = 0. Even
if both expressions vanish, i.e. the polynomial part of (2.6.22) is the zero polynomial, the
definition of the candidate for the integrating factor 11 makes sense. If 73 = 0 and
T5 = 0, the integrating factor is — up to a multiplicative constant — a pure power of 3" and

the factor given in terms of the exponential function in (2.6.23)) also reduces to a constant
(see also Example for the application of Algorithm [2.22)).
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for some function H(x,y,y') in its arguments and [ € N, i.e. it is still a rational
expression in 3", but we cannot read—off the candidate for the power m of y”

the searched for integrating factor directly, since in the case G, + y'G, = 0 we
have [ = m — 1, whereas in the case G,y = 0 we have [ = m. Hence, if the given
ODE is of the form , we have two candidates for m. Consequently, we

obtain two candidates for an integrating factor, namely
= (@, 9,y y") = exp (=(1+2) D"H(T +y'Ty)) (y")'! (2.6.26)

and

po = po(, 9,y ") = exp (=(L+ 1) D™HT1 + y"Ty)) (y")". (2.6.27)

Since the integrand in the formulas for both candidates is the same, it is easy
to compute both candidates in practice without significant loss of efficiency.

In the case G, + y'G, = 0 = Gy, i.e. £G(z,y,y') =0, the ODE is a
quadratic polynomial in y”. This case is excluded in the following algorlthm
since there seems to be no easy way to find a candidate for the power m without
solving any auxiliary ODEs or partial differential equation@.

Algorithm 2.19. (Computing integrating factors of the form p =
flz,y, v )(y")™, m > 1, of third order ODEs) Given a third order ODE

1"

y" = ®(x,y,y,y") proceed as follows:
1. Check the ODE for exactness, i.e. set

U(z,y, 99" y") =y" = O(z,y,9,y")
and compute

d d? d?

A=V, ——V, +—=V,»— —

Y da e dzx? dx3

If A =0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.

\Ify/// .

2. Check, whether ®(x,y,9',y") is a rational expression in y” of the form

Hl(%,%?/) HQ(x7y7y/)
(y//)m (y//)m—l
2ONote that &, fi, Iy may have a common constant factor, which in general makes it
impossible to simply find a candidate for m by factoring out the constants.

+ Ti(z,y, )y + Ta(x, y,v) ("),
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where H; # 0, Hy # 0, 11 and T3 can be arbitrary functions in their
arguments. If this is the case and

d d? d?
(T + TZQN)y - %(Tl + TQ?J”)y’ + @(Tl + sz")y” - @(Tl + Tgy”)ym =0

ie. Ti(x,y,y) + Ta(x,y,y')y" is a total derivative, go to step 4.

Check, whether ®(z,y,/,y") is a rational expression in y” of the form
H(z,y,y)
(y//)l
where H # 0, T1 and T, can be arbitrary functions of their arguments. If
this is the case and

+ Ty(z,y,¥)y" + Ta(z,y,v)(y")?,

2 3

d d d
_ %(Tl —|— TQy”)y’ + E(Tl + TQyH)y// — @(TI —'— TQy”)y”’ = 0

ie. Ti(x,y,y) + To(z,y,y')y" is a total derivative, go to step 5. If this is
not the case, stop the algorithm.

Compute ([2.6.23]) as a candidate for p and go to step 6.

(Ty+ Toy"),

Compute ([2.6.26) and (2.6.27)) as candidates for p and go to step 6.

Compute

d & d?
A= (p)y = (0 W)y + 5 (1) = -5 (1)

for each candidate for p found in the previous steps. If A = 0 for such p,
1 is an integrating factor of the ODE. Return the result for . Otherwise
stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.

]

We consider an example, where we can apply Algorithm to find an inte-
grating factor.

Example 2.20. The third order ODE

R +HARY W) W) +8xy (y) 20y ()Y N
16 y3 <y//>3 + 16 $2 y2 <y//>3 + 4y2 y/ (y//)?;
4y ()P + 122y (Y)Y —4W)° — 4z (y)*
16 yS (y//)3 + 16I2 y2 (y//)3 + 4y2 y/ (y//)S
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can be written in the form

@) _ @@ te+y)y o 0)° 200 | 32 (W) +aty)
y///:_y,(y B y> >+ y Y ™ Y _
(y")? (42* +4y +y) (y")? (42> + 4y + /)
2 T y// y/ y// (y//)2

4x2+4y+y’_4x2+4y+y’_4(4x2+4y+y’)’

i.e. the right—hand-side is a rational expression in 3”. The ODE is not exact,
which is proved by Algorithm in step 1 using the Euler operator. In step 2,
m = 3 is determined as the highest power of y” appearing in the denominator
of the right-hand-side of the given ODE. The expressions

B 2¢ +y B 1
4422 +4y+7vy)

T — _ -
! 4a?24+4y+y’ 2

are determined and, again using the Euler operator, it is verified that T} + y"T5
is a total derivative. Hence, the candidate

p(x,y, 9, y") = exp (-4 DT +y'Th)) (y")°
— <4y 4 y/ +4x2)<y1/>3’

is computed in step 4 of Algorithmm (constants of integration can be ignored).
Finally, in step 6 it is proved that this is indeed an integrating factor for the
ODE we started with. ¢

Again, as in the case of the algorithms of the preceding part of this chapter for
finding integrating factors of third order ODEs, the test for exactness in the last
step of Algorithm is essential. This is demonstrated by the next example.

Example 2.21. The ODE

yr= VYW@ 0 43y () + 15y )y,
3 y3 (y//)Q + 3xy2 (y//)Q + 3 y2 y/ (y//)Q
3zy () +92y(y)?y —3(y)" — 3z (y)*
3 y3 (y//)Q + 3 xT y2 (y//)Q _|_ 3y2 y/ (y//)Q

can be written as

@) (W)*+z) (y’)4((y2’)2+w) 2(y)* + 3 W) (W) +a)

y/// _ y y Y y i
W2 (x+y+y) y' (z+y+y)
y// y/ y// <y//)2

3(x+y+y) 3+y+y) 3+y+y)
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Using Algorithm in step 1 it finds that the ODE is not exact. In step 2 the
algorithm recognizes that the right-hand-side of the given ODE is a rational
expression and computes m = 2. Furthermore, T7 + 3”715 is a total derivative,
where

1+y 1

n=—-——17 @ =
' 3(x+y+y) ? 3(x+y+y)

Hence, a candidate for an integrating factor is computed in step 4 providing

w(z,y, v, y") = exp (=3D (T + y'T2)) (v')?
=(y+y +2)"),
but in step 6 it turns out that multiplication of the given ODE with p does not
provide an exact equation (constants of integration can be ignored). Hence,
Algorithm fails to compute an integrating factor.

The reason, why the algorithm fails, is in principle the same, which makes
Algorithms 2.7 2.11] and [2.15] fail (see also Remark and Example
: the “constant” of integration G = G(z,y,y’) appearing in the class of
ODEs treated above must contribute a total derivative. The concrete
ODE considered here is a rational expression in 3", but the expressions, where
y” appears in the denominator, are not of the form

G, +1G, Gy

WPty +y) Y (Etyty)

for some function G = G(z,y,y). ©

The case = f(z,y, y’)W, m € N, m > 3. The partial integrals appearing

in (2.6.2) are now given by
1 1 1 1
d "= ) (/ d ”> = T )
/M Y 1 — mf(y//)m—l Hay = 1 — mf (y//)mfl

</”dyﬂ>y: 1—1mfy (y”)lml’ </”dy”>y' - 1—1mfy/ (y”)lml'

According to (2.6.2)), the most general class of third order ODEs admitting an
integrating factor of the considered form reads

" __ & ! m+l_GlE+y/Gy n\m __ 1 & 1 & /1 Q 11\ 2
v = = = S = e (T ),

(2.6.28)
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where we first assume G,y # 0 and G, + y'G, # 0. The right-hand-side of
(2.6.28) is a polynomial expression in 3”. Its degree in y” provides a candidate
for m + 1, i.e. we take the degree with respect to y” and subtract 1 to obtain a
candidate for m. In the next step, we define T} as the coefficient of y”. Finally,
we define Ty as the coefficient of (3”)?. This provides

e I

If Ty + 9Ty is a total derivativd’!] then

p=p(z,y,y.y")=exp((m—1) D (T1 +y"Tz)) ( ! (2.6.29)

y//)m

is a candidate for an integrating factor, where the definition for D=Y(T} + y"T5)

is given in (|2.6.24]).

If either G,y = 0 or G, + y'G, = 0, then (2.6.28) reads

"o H(x,y,y’) " 1 f:c " fy ’on fy’ "
yo = f(y ) - m(?y + FYY + T(y )2> (2.6.30)

for some function H in its arguments and some [ € N, [ > 3. From ([2.6.30) we
obtain two candidates for m, since we could have [ = m + 1 or [ = m. This
gives the two candidates for an integrating factor

= pa(2,y,y,y") = exp (I = 2) D™HTy + y'Th))

=L (2.6.31)

and

1

Tl (2.6.32)

po = pia(2, 4,y y") = exp (1 — 1) DN (T4 + y/'T3))

Summing up these results, we obtain:

Algorithm 2.22. (Computing integrating factors of the form p =
f(x,y,y) ==, m > 3, of third order ODEs) Given a third order ODE

(y")m?
"

y" = ®(x,y,y,y") proceed as follows:

21 As in the discussion of the former case u = f(x,y,y’) (y")™, these definitions still make
sense, if T3 = 0 or T = 0. See also the remark in footnote [19] and Example below.
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Check the ODE for exactness, i.e. set

U,y 9,y y") =y" = (z,9,9,y")
and compute

d d? d?

A=V, ——W, — VU, — —

L * de? Y dad

If A = 0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.

\I/y/// .

Check, whether ®(x,y,v,y") is a polynomial expression in y” of the form

Hl (ZL‘, Y, y/)(y/,)m+1 + H2 ('Ia Y, y/)(y//>m + Tl (ZL‘, Y, y/)y” + T2 (ZL’, Y, y/)(y//)gv
where Hy # 0, Hy # 0, T} and T; can be arbitrary functions in their
arguments. If this is the case and

2 3

d d d
_ %(T]_ +T2y//)y/ + @(Tl + T2y//)y// — ﬁ(Tl + TQyH)y/// e O’

ie. Ti(x,y,y) + Ta(x,y,y')y" is a total derivative, go to step 4.

(Ty+Toy")y

Check, whether ®(x,y,v,y"”) is a polynomial expression in y” of the form

H(z,y, v )"+ Ti(z,y, ¢ )y + Ta(z,y,9) ()2,

where H # 0, T; and T, can be arbitrary functions of their arguments. If
this is the case and

d d? d?
(T +Toy"), — %(Tl +Toy")y + @(Tl + Ty )y — 7(T1 + Ty )y = 0,

ie. Ti(x,y,y) + Ta(x,y,y')y" is a total derivative, go to step 5.
Compute ([2.6.29)) as a candidate for p and go to step 6.

Compute ([2.6.31)) and (2.6.32)) as candidates for p and go to step 6.

Compute

d d? d3
A= (p¥), — %(M )y + @(M Uy — =5 (u W)y

for each candidate for p found in the previous steps. If A = 0 for such p,
1 is an integrating factor of the ODE. Return the result for p. Otherwise
stop the algorithm. A
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Proof. The correctness of the algorithm follows from the preceding discussion.
O

Note that we assumed m > 3, since in the case m = 2, the general class of

ODEs (2.6.28)) reads

" Gy " Gﬂc +y'G " 1 fm " f ' f’ "
y Z—fy(y):"—%(y)2 (Zy+ 2y + 2 )?)

f f f
and, hence, the definition of Tb as the coefficient of (3”)? would also involve
G4y Gy

T 1-m

, which makes the situation more complicated to find out the function
f by means of pattern matching methods as used in Algorithm [2.22, The case
w= f(z,y,y )g% is treated separately below. Before we come to treat that case,
we first consider two examples.

Example 2.23. In step 1 Algorithm recognizes that the ODE
g =3Py = 9ry W) (P + 30 ()" (")~ 9" ()" (')
992y +3x3y? + 3y3
vy y" +3y (y")° - 15y (v)' (v")° =3y (¥)° (") +3(¥)° (v")*
99?2y + 33 y? + 393
is not exact. Writing the ODE in the form
2)0 | 34D (W) Hety)

m _ _ Y Y NS
Y 34y + 3y )

1’2 + y/ " 11N\ 2
3 /y 3 / (y ) )
> +y+3y > +y+3y
it follows that the right—hand-side is a polynomial expression in 3”. The algo-
rithm computes m = 4 and proves that 17 + 3”15 is a total derivative, where

_|_

"3 "3 2 T "3
Y/ ((yy) ) ((yy; + +y)) + (yy) (y”)4+
2 +y+3y

22+ 1
S N N
2} +y+3y 2 +y+3y

Hence, in step 4 a candidate for an integrating follows to be

1

_ 1
[,L(JZ, Y, yla y”) = €Xp (3D 1(T1 + y,/TQ)) (y//)4

1
o 3 /
- (:L‘ +y+3y)(y,,)47
for which it is proved in the framework of step 6 that it is indeed an integrat-
ing factor for the given ODE (constants of integration in the computation of
wu(x,y',y") can be ignored). ©
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As for Algorithm we note that the test for exactness in the last step of
the algorithm is essential, since multiplication of the ODE with the candidate
computed may not always provide a total derivative.

Example 2.24. The ODE
g STV = 6ry W) () + 20 () (V) + 207y y"
2232 + 2y + 292 (y')*
42 (Y (v')> — 6% (v)* (") — 10y () (") +2(v)° (¥")?
21'3y2 +2y4 +2y2 (y/)4

can be written in the form

N4 2 2
w 2(%;) + 3) ((yy) +a+y) : //)4 - y (L f
vy = 2+ y? 1 (y) Yy Byt (Y
32 +yy 2(y)?
2@ 1+ )N Bt ()

@) W) (W) +aty)
( 2 )

(')’ +

i} (y//)2‘

It is not exact and the right—hand-side is a polynomial expression in 3”. In
step 2, Algorithm computes m = 3 and verifies that 77 + ¢"T5 is a total
derivative, where

T, =

32 +yy T 2(y')?
2@+ + (y)Y) 7 B2+ (Y)Y

Step 4 then provides the candidate

w(z,y, v y") =exp (2D T + y'T»))

(y//)3
1

= (@ + 9y + (y')“)w,

(constants of integration in the computation of u(z,y’,y”) can be ignored), but

again, as in Example [2.21] multiplication of the given ODE with this candidate

does not provide an exact ODEH. o

The following example demonstrates on the one hand that Algorithm also
works in the case that the expressions 77 and T5 introduced above are equal to
zero. On the other hand it gives a hint that also complete classes of (i.e. ODEs
involving further symbolic arguments than only the independent variable z, the
dependent variable y(z) and its derivatives with respect to ) can be treated.

22Gee the last part of Example for remarks on the reason for this failure.
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Example 2.25. Consider the class of ODEs of the form

3y +a

17/ Nk

where a € R and k € N, k > 4. This class of ODEs is a generalized version of
ODE 7.12 in [45] on page 603. Applying Algorithm to this ODE, we find
m=korm=k—1andT; =715 = 0. Hence, step 4 provides the two candidates

Nl(xv Y, y/7 y//) = eXp ((k - 2) D_I(Tl + y//TQ))

1
(y//)kfl

(y//)kfl

and

M?(CC) Y, ylv y”) = eXp ((k - 1) D_I(Tl + y,/TQ))
1
- (y//)k’

where we evaluated D~ (T +y"Ty) to 0 to avoid constants of integration. Indeed,
multiplication of the ODE by pu; provides an exact equation, i.e. Algorithm [2.22
succeeds in finding an integrating factor for this class of ODEs. The candidate
12 is not an integrating, as one can easily verify by using the Euler operator as
done in the last step of Algorithm 2.22] ¢

(y//)k

The case p = f(x,y,y’)g%. The case p = f(x,y,y’)W, m € N, m > 3.
Under the assumption on the form of the integrating factor, the partial integrals

appearing in ([2.6.2]) are given by
/ pdy” = fn(y"), ( / udy”> = foIn(y"),

([uar) s ([, = om0

The most general class of third order ODEs ([2.6.2)) reduces to

"o Gﬂ: + y/G " Gy " fm f / f’ n\ n "
y" = —fyy - Ty(y )2 — (7 + 7yy + Tyy )y In(y").  (2.6.33)
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The right-hand-side is a linear polynomial in In(y"), where we assume for the
further discussion that % [ # 0, since otherwise ([2.6.33) reduces to the class of
ODEs

"o_ _GI + y/Gy "n_ @( //)2
Y —f ) ¥ Yy )
for which one can easily check using the Euler operator, whether ?% is an
integrating factor”|

Taking the coefficients of In(y”) in the right—-hand-side of (2.6.33|) provides
_&y// _ &y/y// _ &(y//)?
f f f ’
i.e. the resulting coefficients must be a quadratic polynomial in y”. Define T as
the negative coefficient of y” and T; as the negative coefficient of (y”)?, i.e.

fo f

Since T} +y"T5 is the total derivative of In(f) with respect to z, a candidate for
an integrating factor is found to be

1 _
= [L(l’, Y, ?//7 y”) = ? eXp (D 1<T1 + y//TQ)) ) (2634)
where the definition for D™(T} + y"T5) is given in (2.6.24)).

We obtain:

Algorithm 2.26. (Computing integrating factors of the form p =
f(z,y, y’)g%) Given a third order ODE ¢y = ®(x,y, ', y") proceed as follows:

1. Check the ODE for exactness, i.e. set

\D(ZL', Y, y/a y”7 y///) = y/” - (I)(,I" Y, yla y”)
and compute

2 3
A::\Ify—i\lf d\II d \I’///.

dv " AR T s
If A =0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.

23Note that in this situation f is a constant. Hence, one can check, whether the ODE is a

quadratic polynomial in ¢ and whether —M is a total derivative using the Euler

operator. If this is the case, ﬁ is indeed an integrating factor.
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2. Check, whether ®(z,y,v’,y") is a linear polynomial expression in In(y")
of the form

Hi(z,y,9,y") + Ha(x,y, v, y") In(y"),

where H; and Hs # 0 can be arbitrary functions in their arguments. If
this is not the case, stop the algorithm.

3. Check, whether Hy(x,y,y’,y") is a quadratic polynomial in y” of the form

Si(z,y, ¥y + Saz,y,¥) ("),

where S; and Sy are arbitrary functions of their arguments, and

2 3

! d ! d " d "
(S1+y"S2)y = (S 44" S2)y + 75 (S1+y"S2)y — -5 (Si+y"Sa)ym =0,

ie. if Sy +y"9 is a total derivative. If this is not the case, then stop the
algorithm.

4. Define T} = —S5; and T, = —S5 and compute (2.6.34) as a candidate for
[b.
5. Compute
2 d3

d
A= (p0)y = — (0 W)y + o5 (0 P)y = 5 (W)

If A= 0, pis an integrating factor of the ODE. Return the result for u.
Otherwise stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.
O

We apply Algorithm in two concrete examples:

Example 2.27. The ODE

o 3I4 Y (y/)z (y//)Q _ :L‘4 (y/)4 y// . 5(13 (y/)ﬁ y// o 2y2 y// ln(y”)
y == 3.4 (1113 2 +
Byt (y)E +ay
523y () ()2 +32%y (V)2 (W) + 22y (v)
9:.3 y4 (yl)S + T y2
22° % (y)'y" In(y”) +32°y* (v/)* (v')? In(y”)
Byt (YY) + zy?

_|_
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is not exact. Writing the ODE in the form

y ((y’)3 B (y’)?’((y’fﬂ*y)) +&° 200 | 3(y)? (W) +a+y)

Yy Y Y

no__ "o Y y AVER
yz (y/)?’ 4 :%2 y y2 (y’)3 + x% (y )
(U2 SRR,
y2 ()3 + x% w392 ()3 +x y2 ()3 + 1_12 ’

we note that the right—-hand-side is a linear polynomial in In(y”). After recog-
nizing that the given ODE is not exact, Algorithm determines

B 2y <y/)4 y// ) y// B 3 y2 (y/)Q <y//>2
y2 (y/>3 + # 333 y2 <y/)3 +x y2 (yl)3 + x%

Hy =

as the coefficient of In(y”). Since H, is a quadratic polynomial in y”, the algo-
rithm computes
2 /\4 2 3 2 2
Sl:_zy/(:3y)1+32 N3 ’ S2:_2y/:(3y)1
VW)PR+m By y)P+e V(Y)?P+ 2

in step 3 and verifies that S; +y” S, is a total derivative. Finally, step 5 provides
the candidate

1 ~
w(z, g,y y") = 7 P (DN +y'"Ty))

= ?(y2 W)+~ )

T2

where T} = —S7 and Ty, = —S,. In step 6 it is verified that this is indeed an
integrating factor for the ODE under consideration. ¢

As in the case of Algorithms and the test for exactness in step 6 of
[2.26] is essential:

Example 2.28. The ODE
1 [ )3 v')? (9034‘14‘(2/)3) _ ()3 (z3+l+(y’)3)
" Y (y < 73 + yzy Y
r+y+y

W) &7 (++5+ ) ~ (y" Yy WI)Q) In (y")

y(x+y+y) r+y+y
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is not exact and its right—-hand-side is a linear polynomial in In(y”). The ex-
pression
v +yy + (y")?

r+y+y
determined in step 2 of the algorithm is a quadratic polynomial in 3” and in
step 3 it is verified that S; 4+ 3”Ss is a total derivative, where

Hy =

1+ 1

c+ry+y’ T rty+y

The candidate obtained in step 4 is computed to be
/ 1 1
u(xy. ' y") = (fff+y+y)y,,,

but this is not an integrating factor for the ODE under consideration®] o

In the next section we generalize the algorithms presented in this section to be
able to treat n-th order ODEs, n > 3.

2.7 Generalizations to higher order ODEs

In this section we present possible generalizations of the results described in
Section [2.6] for classes of higher order ODEs.

Consider a general n-th order ODE of the form

y" =0,y y, .y = 1), >3 (27.1)

By Theorem the most general class of n-th order ODEs of the form ({2.7.1])
having an integrating factor u = pu(z,y,v/,...,y" ) is

y™ :—%[ (G—i—/,udy(" 1) +19 (G+/udy(”_1)>y+
Yy’ <G+/udy(” 2 >y/+...+y(”_1) <G+/udy(" b )ywzj

for an arbitrary function G = G(z,y,v/,...,y™ V) in its argument. In the
following we consider the integrating factors:

24See the last part of Example for remarks on the reason for this failure.
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p(y@,y"2), 0 <i<n—3,
o p=p(x,y" ),
o 1=y

f(

y(z y9),0<i<j<n-—3,

[y ) )™ m e 7\ {-2,0}.

We do not present further examples of concrete ODEs, where the algorithms
stated in this section are applied. We refer to the examples in the preceding
section, where the corresponding algorithms for third order ODEs have been
applied, instead.

2.7.1 Integrating factors pu(y®”,y" %), 0 <i<n —3.

As in the preceding sections we first compute the most general class of n-th
order ODEs admitting an integrating factor of the prescribed form. This class
is

(1)
" Pyn=2) poyr Y+ G2y
y():_y_(y( 1))2_ Y Y y( 1)
I u
Gy Gy Gyt Yy G s
. .

Since p and G do not depend on 3"~Y, this ODE is a quadratic polynomial in
y™=Y_ Similar to the way of proceeding in the former section, we assume that
G =G(z,y,v,...,y"?) does not depend on y™=2). This provides

(i+1)

. [y, (o Ly Y .
y():_y_(y( 1)>2_y—y( 1)
7 p
B G.+vy Gy + 9 Gy/ +...+ y("_z) Gy(n—g)
,u
We define
()
D (e Moy (n—2) NG e My Y
a(y®y" )= === b0y ) = m e, (27)

i.e. the coefficients of (3™ )% and y™V of the right-hand-side of the ODE
viewed as a polynomial in y™~ Y. Note that b(y®,y 1) 4"=2) itself can
be viewed as linear polynomial in y*!) without constant term with respect
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to y*1, since p does not depend on y(+Y) by assumption. The expressions

a(y®,y=2) and b(y®, y*+H, y(=2)) must satisfy

) b(y(i) y(i-i-l) y(n—2)>
g n—2)\ __ ) )
0y (y®, D) = ( i )y(m)_ (2.7.3)

We choose

7 n— n— b<y(2)7 y(H_l)a y(n—Q)) 7
/ a(y”, y" ) dy" P + Gy dy"

by ™yt y(2))
S

does not depend on 3V since b(y®,y V) y(=2) is a linear polynomial in
y Y without constant term with respect to y(+Y) by assumption) uniquely
determined up to the addition of a constant, such that its partial derivatives
with respect to y(®=2 and y(*Y fulfill

) b(y(i) y(i—l—l) y(n—2)) ] ]
(@) (=2 gy (=2 Y (i — a(y® =2
(/a(y YT ) dyt" Y + ey dy )y(ng) a(y™,y")

to denote the function in y® and ™2 (note, that in fact

and

‘ b(y“) y@+4) y(n—2)) , b(y“) ya+4) y(n—Z))
() ,,(n—2) (n—2) ) s () _ s ,
( / aly™, g™ ) Ay YD @ )W "G ‘

Then a candidate for an integrating factor can be written in the form

i e i e n— b y(l)7y(l+1)7 y(n_z) i
p(y?, yt 2))=eXp<—/a(y(),y( 2) ayn-> + e )dy”)-

(2.7.4)

As a generalization of Algorithm [2.11] we obtain:

Algorithm 2.29. (Computing integrating factors of the form p =
py®,y™=2), 0 < i < n— 3, of n-th order ODEs) Given an n-th order
ODE y™ = &(z,y,y/,...,y™ ) proceed as follows:

1. Check the ODE for exactness, i.e. set
V(g g y™) =y =0, y,y, .y

and compute

R cd 0V (x oy y™)
A= ;(—1) da:"( Oy >

If A = 0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.
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Check, whether ®(z,y,/,...,y" ") is a quadratic polynomial in y™~b.
If not, stop the algorithm.

Check, whether the coefficients of (y™ )2 and y™ Y in
@(x,y,y’,...,y(”_l)) viewed as a polynomial in y™ Y only depend
in y®, y*+Y and y™=2). If not, stop the algorithm.

. Determine the functions a(y®, y™=2) and b(y®, y*+, y(=2)) as in (2.7.2)

and check if b(y@, y(+1 4(=2)) is a linear polynomial in y*Y with con-
stant term 0 (constant with respect to y*1). If not, stop the algorithm.

Check, if (2.7.3)) is fulfilled. If not, stop the algorithm.
Compute ([2.7.4) as a candidate for p.

Compute

i K x Loy

da Oy®

If A= 0, pis an integrating factor of the ODE. Return the result for u.
Otherwise stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.

[]

2.7.2 Integrating factors u(z,y" ).

By Theorem the most general class of n-th order ODEs admitting an inte-
grating of the form pu = p(z,y™=?) is

n Hoyn=2) Po + G-z
y( ):_y_(y( 1))2_—yy( 1)
7 7
Got+yGy+y' Gy+...+y" 2 Gyos
. .

The assumption that G = G(z,y,y/,...,y™ %) does not depend on y~2) pro-
vides the general class of ODEs

n Hy(n—-2) n— Mz (p—
y( ) :_y_(y( 1))2——y( 1)

1t 1
Gy Gy Gyt y" DG s

!
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Since p and G do not depend on y™~ 1 this ODE can be viewed as a quadratic
polynomial in 4=V, We read-off the coefficients
= —M, bz, y" ) = M (2.7.5)

(n—2))
u Y

a(x,y

For a(x,y™?) and b(z,y " ?) the symmetry of second derivatives must hold,
i.e. we have

ag(z,y"?) = by -2 (7, y" =), (2.7.6)
If we denote by
/ a(z,y™ ) dy" = + b(a, y" ) da

the function in = and =2 uniquely determined up to the addition of a constant
of integration, whose partial derivatives with respect to y~2 and z satisfy

(/ a(z,y" ) dy ™ + b(a, y" ) dw) = a(z,y"?)

y("*Q)
and
([ atwy™ )y 4 bag™?)da) = blay ),

a candidate for an integrating factor is obtained to be

p(x, y(”’Q)) = exp ( — /a(m, y("’Q)) dy"2 4 b(x, y(”’Q)) dx). (2.7.7)

We summarize our results in the following algorithm, which is a generalization

of Algorithm

Algorithm 2.30. (Computing integrating factors of the form pu =
u(:v,y(”‘2)) of n-th order ODEs) Given an n-th order ODE y™ =
O(z,y,y,...,y" ) proceed as follows:

1. Check the ODE for exactness, i.e. set

U(z,y o, y™) = y™ =0,y y, .y ")

and compute

. u . d ov(z,y,y,...,y™)
A= 2(_1) dxi< oy >

If A =0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.
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2. Check, whether ®(z,y,/,...,y" ") is a quadratic polynomial in y™~b.
If not, stop the algorithm.

3. Check, whether the coefficients of (y®™ V)2 and y™ Y in
®(z,y,y,...,y™ V) viewed as a polynomial in y™» only depend
on x and y™~?. If not, stop the algorithm.

4. Determine the functions a(x,y™= %) and b(z,y ") as in (2.7.5) and check
if (2.7.6)) is fulfilled. If not, stop the algorithm.

5. Compute ([2.7.7) as a candidate for p.

6. Compute

" d (. y ™)
A= Z;(—l) %< Dy )

If A =0, pis an integrating factor of the ODE. Return the result for pu.
Otherwise stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.

[]

2.7.3 Integrating factors u(y¥,y"), 0 <i < j <n—3.
By Theorem [2.5], the most general class of n-th order ODEs admitting an inte-
grating of the form p = u(y®,y9) is

(n) py YD+ 1,6 Yy + Gy ()
y" = Y
i
Gty Gy Gyt Y G
p .

Assuming that G = G(z,y,v, ...,y ?) does not depend on y™~? provides
the general class of ODEs

(i) (D)
n Hy) Y + Hyh Y n—
y( ) — _ Y . y y( 1)

Got+y Gy+y'Gy+ ...+ y" DG s
’ :
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This ODE can be viewed as a linear polynomial in y™ Y, since p and G do

not depend on y™~Y. Note that the case u = p(y®”,y™?) has already been
discussed in the previous Section [2.7.2] We have to find a way to compute a
candidate for an integrating factor from the coefficient

By Yy 4y yI Y
W

(2.7.8)

of ¥ 1. Our idea to find a representation for u is based on the fact that

we can determine the coefficients of 3" and yU+Y) in the above expression.
This is only possible in general and by simple means, if © + 1 < j. In the
case 1 + 1 = j, the above expression contains in fact the linear polynomial
—% yUtD) | but the term —“y% y*1) may not be a linear polynomial in 3+,

D = 4 too.

since the logarithmic derivative Ni(z‘) in general depends on y!
Hence, we assume 7 + 1 < j in the following.

In this case, (2.7.8) is the sum of the two linear polynomials —# yUth) and
—#iﬁ y(t) . We define

; . Ly () i ; Hoy ()
a(y®, y)) = _3/77 b(y®, yV)) .= — Z; ' (2.7.9)

Then the symmetry condition for second derivatives provides the usual condition
for a(y®,y)) and b(y™,y), which reads

ayo (5", y") = by (¥, y?). (2.7.10)

Again, proceeding as in the treatment of the former cases, we denote by
/ a(y D) dy® + by D,y @) gy

the function in y® and y) uniquely determined up to the addition of a constant
of integration, such that its partial derivatives with respect to y¥ and y¥) are
given by

< / a(y® D) dyD 4 b(yD, y ) dy(j)>y<i> — a(y®, y )
and

( / a(y®, y @) dy® + by, y@) dy@)) = by D, y D).

e
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Hence, a candidate for an integrating factor is obtained to be
py?,yV) = exp ( - /a(y(“,y(”) dy™ + by, y) dy(j))- (2.7.11)

We summarize our results in the following algorithm, which is a more general
version of Algorithm [2.7}

Algorithm 2.31. (Computing integrating factors of the form p =
py®, 4y, 0 <i < j<n-3,i+1 < j, of n-th order ODEs) Given
an n-th order ODE y™ = &(z,y,7/, ...,y V) proceed as follows:

1. Check the ODE for exactness, i.e. set

(n) _

U, y,y, .., y™) =y — Oz, y,y, ..,y

and compute

n Sd 0V (a,y, . y™)
A= ;(—1) dmi( Ay )

If A = 0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.

2. Check, whether ®(z,y,7/,...,y" V) is a linear polynomial in y™~ Y. If
not, stop the algorithm.

3. Check, whether the coefficient of y™~ in ®(z,y,v/,...,y" V) viewed as
a linear polynomial in y™Y is itself the sum of two linear polynomials
in Y and yU*tY, i + 1 < j, with constant terms 0. If not, stop the
algorithm.

4. Determine the functions a(y¥, y) and b(y®, y)) as in and check,
if (2.7.10) is fulfilled. If not, stop the algorithm.

5. Compute ([2.7.11]) as a candidate for p.
6. Compute

(L (z,y,y,...,y"™))
A= Z dﬂ( oy >

If A =0, pis an integrating factor of the ODE. Return the result for u.
Otherwise stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.
O
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2.7.4 Integrating factors p(y" V).

This paragraph is dedicated to present a heuristic for the case of integrating
factors of the form p = p(y™ V) for n-th order ODEs. The heuristic is an
analogon to Algorithm for finding integrating factors of the form p = u(y”)
of third order ODEs. By Theorem the most general class of n-th order
ODEs admitting an integrating factor u = p(y™) is
/ el (n—2)
g = G ey G HY G Y Gyt YT T Gyes g 2
fu [t

As in the case of integrating factors p = p(y”) for third order ODEs, we assume
that p(0) # 0. If this is the case we can conclude that i is a proper factor

of the right—hand-side of , since G = G(x,9,9,...,y"?) does not
depend on y™~Y. Thus, if £(0) # 0, we can try to factor the right-hand-side
of and check, if there is a factor g(y™V). If this is the case, we check,
whether the right-hand-side divided by g(y™~") is a linear polynomial in
y™ 1 and a total derivative. In this situation p is a candidate for an

1
(y(=1)
integrating factor of (2.7.12)).

Of course, one should first try to find an integrating factor of a given n-th order
ODE by using Algorithms [2.29] [2.30] and [2.31] since the following algorithm
is more a heuristic because of the factorization of an arbitrary expression in
step 2 (as mentioned in the context of Algorithm for third order ODEs,
the factorization of arbitrary expressions requires special heuristics, which are
offered by most of the current general purpose computer algebra systems such
as MAPLE or MUPAD).

Algorithm 2.32. (Computing integrating factors of the form pu
py™ V) of n-th order ODEs) Given an n-th order ODE ¢y =
®(z,y,y,...,y" ) proceed as follows.

1. Check the ODE for exactness, i.e. set

U(z,y, ¢, y™) =y — B, y,y, .y ™Y)

and compute

' u Sd 0V (z oy, y™)
A=) () w0 )

If A =0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.
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2. Try to find out if (13(93 v,y ...,y V) contains a factor g(y"~1) depend-
ing only on ™~V If this is not the case, stop the algorithm.

3. Let ®(z,y,¢/,...,y" V) = gy™ ) h(z,y,v,...,y" V). Check if
h(z,y,y,...,y" V) is a linear polynomial in y™~ and if

i( 1y dt <8h(x Y, y,..).,y(”_l))> _o,

— dat oyl

ie. if h(z,y,9,...,y" V) is a total derivative. If this is not the case, stop
the algorithm.

4. Choose p =
ODE.

m as a candidate for an integrating factor of the given

5. Compute

(¥(z,y,y,....y"™))
A= Z d:ﬁ( Oy )

If A =0, then p is an integrating factor of the ODE. Return the result for
1. Otherwise stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.
O

2.7.5 Integrating factors f(z,y,y/,...,y" 2))(y~D)m

We close this section with the generalization of Algorithms [2.19] 2.22] and [2.26]
As in Section [2.6.5] we first treat the case of integrating factors of the form
w=f(z,y,y,.. .,y (y" )™ m € N, where f can be an arbitrary function
in its arguments.

The case p = f(z,9,9,...,y"" ) (y™ )™, m € N. By Theorem the
most general class of n-th order ODEs admitting an integrating factor of the
prescribed form reads

(n) G, + y’Gy +...+ y(n72)Gy(n73) Gy(n72)
y = - n— m - nfl) m—1
fly=1) fly™=D)
1 <fx fy Sfyn=2 (n—2) Sy (n—1)\, (n—1)
—— (S Ly ey Sy )y :
m+1\f f f /

(2.7.13)
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Note that f(y™ )™ and f(y™ V)™ ! denotes the multiplication of f by
(y™=1)m™ and (y"~1)™~1 respectively, and not the application of the function
f to (y(n—l))m and (y(n—l))m—l.

If G, +yGy + ... +y" 2 # 0 and Gym-2 # 0, then (2.7.13)) is a rational

expression in y"~Y. The highest power of y(®~1) appearing in a denominator
of the right-hand-side of (2.7.13) gives a candidate for the power of y™1)
appearing in the integrating factor to be found. The expression

1 (fw Jv Fyo-9 gy | Fyemd )\ e
——— (=Y + .+ Ty ey )y
m+1\f f f f
is a quadratic polynomial in ¥V, i.e. we can read-off the two quantities
1 x n— ]. n—
T — __(f_ vy Mymm), 7 - L
m+1\f f f m+1 f

i.e. Ty is the coefficient of y™ 1) and Tj is the coefficient of (y™~Y)? in the
polynomial part of the right-hand-side of 2.7.13@.

Since Ty + y™ YT, is the total derivative of ——5In(f), a candidate for an
integrating factor is given by

p=exp(—(m+1)D YTy + y("fl)Tg)) (ym=ym, (2.7.14)
where by D=1 (T} 4y~ VT}) we denote a function F(z,y,1/, ...,y ?) uniquely

determined up to the addition of a constant of integration, such that its total
derivative with respect to  equals Ty + y" DT, i.e.

d d
DTN (T +y ") = - F(a,y.y, oy ) = T4y T (27.15)

If either G, +y'Gy + ... + y(”_2)Gy(n73) =0 or Gy(nfz) =0, (2.7.13]) reduces to
the form

(n) _ H(xvyuylu ce ,y(n—Q))_

T fyn=n)!
1 <f:]c fy / fy(”_g) (n—2) fy(n_Q) (n=1)Y,,(n-1)
= (L ey B e T )y” (2.7.16)
m+1\f f / /
25Note that also in the case m = 1, these coefficients can be determined. If m = 1, then the
G (n—2)

expression —W in the right—-hand—side of (2.7.13|) contributes a constant term with

respect to ¥y~ but the quadratic polynomial T3y~ 1) + Tg(y(”_l))2 by assumption does
not have a term constant with respect to y™~1.
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for some non—zero function H in its arguments. From ([2.7.16)) we find { = m —1
in the case G, +y'Gy+...+y" 2 =0 and [ = m in the case G -2 = 0. Since
we cannot know a priori with which case we are faced with, we obtain the two
candidates

i =exp (—(1+2) D™HT, + y" VD)) (y D) (2.7.17)
and
ps = exp (—(1+ 1) D™HTy + y™ ITy)) (y" =) (2.7.18)

as possible integrating factors. As in the case of third order ODEs discussed
in Section , we exclude the case that G, + y'G, + ... + y(”*2)Gy(n—3) =
0 = G m-2), since then reduces to a quadratic polynomial in ¢~ and
the computation of a candidate for an integrating factor does not seem to be
possible without solving any auxiliary ODEs or partial differential equations.
Our results are summarized in the following algorithm.

Algorithm 2.33. (Computing integrating factors of the form u =
f,y,y, ...,y ) (Y™ m € N) of n-th order ODEs) Given an n-th
order ODE y™ = ®(xz,y,4/, ...,y ) proceed as follows:

1. Check the ODE for exactness, i.e. set

U, y,y, .., y™) =y — Oz, y,y,. ..,y

and compute

n Sd 0V (a,y, .y ™)
A= ;(_1) da:l( ay(i) )

If A =0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.

2. Check, whether ®(z,v,%/,...,y™ V) is a rational expression in 3™ of
the form

Hi(w,y.y,...y"™)  Ha(wyy,....y""")
(

yr=)m (y(-D)ym-1
Tl (‘Ta Y, yla ce ,y(n_Q))y("_l) + TQ(ZE, Y, y/, L 7y(n_2)>(y(”_1))2’

_|_
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where Hy # 0, Hy # 0, 71 and T, can be arbitrary functions in their
arguments. If this is the case and

n

Z(_l)i d’ <8(T1 +T2y(”_1))) 0

da’ Oy®

i.e. Ty + Toy™ Y is a total derivative, go to step 4.

3. Check, whether ®(z,y,7/,...,y™ V) is a rational expression in y™~V of
the form

H(:I/‘7 y’ y/’ A 7y(n72))

(y(n—l))l
Ty(z,y, 9/ y" )y 4 Ty, ) (),

_|_

where H # 0, T} and T5 can be arbitrary functions in their arguments and
[ € N. If this is the case and

 dO(T + Toy™)
;(—1) %( : 0y(2") ) =9,

ie. Ty + Toy™ Y is a total derivative, go to step 5. If this is not the case,
stop the algorithm.

4. Compute (2.7.14)) as a candidate for p and go to step 6.
5. Compute (2.7.17)) and (2.7.18)) as candidates for p and go to step 6.

6. Compute

A= g(—l) dmi( By )

for each candidate for u found in the previous steps. If A = 0 for such a p,
1 is an integrating factor of the ODE. Return the result for . Otherwise
stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.
O

Next we generalize Algorithm [2.22]
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The case = f(z,y,v/, ... ,y("*2))m, m € N, m > 3. The general class
of ODEs admitting such an integrating factor is derived from Theorem to
be

w_ _Gyon iy Gat ¥ Gyt Y G
y" = (") (¥ )
f f
1 (fx Jv Jyo9 gy | Jymmd )\
= (Ll Y ey O >y ,
L—m\f f / /
(2.7.19)

The right-hand-side of (2.7.19) is a polynomial expression in ™). If Gyn-2) #
0and Gy +y'Gy + ... + y("_Q)Gy(n_g) # 0, then a candidate for the power of
y™1) appearing in the integrating factor to be computed is obtained from the
highest power of ¥y~ minus 1. As in the discussion of the former case,
1 (fo: fy fyn—a) (n—2) fyn—2 (n-1), (n—-1)
——( =+ Ty Ty )y
L—m\f f S S

n—1

is a quadratic polynomial in y™ " and we can read—off

1 (fx fu

5 = R A —

T=—-{= —
| + 2y PR

L-m\f S f
i.e. T} is the coefficient of =1 and T} is the coefficient of (y~1))2. Then T} +
y™~ VT, is the total derivative of —ﬁ In(f) and a candidate for an integrating
factor is

Jym—9 y("’2)) 7 1 fym-2

1

W, (2.7.20)

p=exp ((m—1)DNT; +y" V)

where the definition of D™Y(T} 4y VT}) is given in (2.7.15)).

If either G, +y'Gy+...+ y(”_Q)Gy(nfa) =0 or Gym-2 = 0, then (2.7.19) reduces
to the class of ODEs

(n) _ H(l’, Y, y/7 v ’y(n—Q))

(n—1)\1
y" = (")
f
1 <fx Tuy Fyr=v 2y Fyo2 en)), e
— (T R B ) )
L—m\f f / /

(2.7.21)
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where H # 0 is an arbitrary function in its arguments. From the right—hand—
side of ([2.7.21]) we again find two candidates for m, namely [ itself and [ — 1.
This provides the two candidates

1
M1 = exXp ((l — 2) D_I(Tl + y(n_l)T2>) W (2722)
and
1
M2 = €XP ((l - ].) D_l(Tl + y(n_l)Tg)) W (2723)

for integrating factors. Summing up the results, we can state:
Algorithm 2.34. (Computing integrating factors of the form pu =

f(x,y,y’,.‘.,y(””))w,m € N,m > 3) of n-th order ODEs) Given

an n-th order ODE y™ = &(z,y,7/, ...,y V) proceed as follows:

1. Check the ODE for exactness, i.e. set

U,y y™) =y =,y Y

and compute

_ u cd OV (x,y, . y™)
A= ;0(_1) d:z:"< Oy >

If A = 0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.

2. Check, whether ®(x,7,7/,...,y™ V) is a polynomial expression in 3"~
of the form

Hl (ilf, Y y/’ e ’y(n—Q))(y(n—l))m-i-l + HQ(xa Y, y/a ce ’y(n—Q))(y(n—l))m_‘_
Ti(z, gy oy )y + T,y g™ D))

where H; # 0, Hy # 0, T} and T, can be arbitrary functions in their
arguments. If this is the case and

~ i 40T+ Ty™ )
> (=1 @( : 6y(2i) )ZO’

=

i.e. Ty + Toy™ 1V is a total derivative, go to step 4.
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3. Check, whether ®(x,%,%/,...,4" V) is a polynomial expression in y™~!

of the form
H(.ZU, Y, y/7 R y(n_2)>(y(n_1))l+
T1 (:Ea Y, yla ce 7y(n_2))y(n_1) + TQ(I, Y, y/7 L ’y(TZ—Q))(y(n—l))Q’

where H # 0, T1 and T, can be arbitrary functions in their arguments and
[l € N, [ > 3. If this is the case and

i(—l)" i(&(Tl +Tgy(n1))> o

dzt oy

7=

i.e. Ty + Toy™ Y is a total derivative, go to step 5. If this is not the case,
stop the algorithm.

4. Compute ([2.7.20)) as a candidate for p and go to step 6.

5. Compute ([2.7.22)) and (2.7.23)) as candidates for u and go to step 6.

6. Compute

S T R

for each candidate for p found in the previous steps. If A = 0 for such a p,
i is an integrating factor of the ODE. Return the result for p. Otherwise
stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.
O

The case u = f(z,9,9,...,y"?) (nl 7. We generalize Algorithm [2.26] Un-
der the assumption that p is of the prescrlbed form, the most general class of
ODEs admitting such an integrating factors is obtained by Theorem [2.5 to be

S — Gy (4" VY2 — Gy +yGy+ ...+ y(”—Q)Gy(n_?,) S
f f
fz f f (n=2) (p— n— n—
Sy )y ) 2720

As in the discussion of the situation for third order ODEs in the framework of
Algorithm the right-hand-side of ([2.7.24) is a linear polynomial in In(y"),
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where we assume for the further discussion that % f # 0, since otherwise (2.7.24))
reduces to the class of ODEs

g = Gy s GotyGyt. . +y" PGy (-1
f f ’
for which one can easily check using the Euler operator, whether ﬁ is an

integrating facto . It %f # 0, the right-hand-side of (2.7.24) is a linear
polynomial in In(y™~ ) and we can read—off

(")

L Sy Sy (o) _ fyno
Ty 7 fy+...+—f Y , 15 o
since 1y~ 4+T5(y™~ )2 can be found as the negative of the formal coefficient
of In(y™=Y). Furthermore Tyy™~Y + Ty(y"~1)? is a quadratic polynomial in
y™ 1 and, hence, T} and T, can be read—off as the coefficients of y™~ V) and
(y"=)2 respectively. Since Tj + Ty Y is the total derivative of In(f), a
candidate for an integrating factor is found to be

p=exp (D (T + y(”_l)Tg)) (2.7.25)

Y1)

where the definition of D~!(T} 4+ y"~VT}) is provided by (2.7.15).

Finally, we obtain:
Algorithm 2.35. (Computing integrating factors of the form p =
flz,y, 9. .. ,y("_Z))y(nl_l)) of n-th order ODEs) Given an n-th order ODE

Y™ = ®(x,y,9, ...,y V) proceed as follows:
1. Check the ODE for exactness, i.e. set

U, y,y, . y™) =y =,y g Y)

and compute

" ;db oY (x,y, Y, ,y™)
A= ;0(_” drt ( ay(i) )

If A =0 the input ODE is already exact and can be integrated directly.
Stop the algorithm.

26Note that in this situation f is a constant. Hence, one can check, whether the ODE is
Gz+y/Gy+~"+y(n_2)G,y(n—.'})+Gy(n—2)y(n_1)

a quadratic polynomial in y(»~1) and whether — is a
total derivative using the Euler operator. If this is the case, ﬁ is indeed an integrating

factor.
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2. Check, whether ®(z,y,/,...,y" V) is a linear polynomial in In(y™")
of the form

Hl(xa Y, yla < ’y(n—l)) + HQ(iU, Yy, y’, .. 7y(n—1)) 1n<y(”_1))’

where H; and H, # 0 can be arbitrary functions in their arguments. If
this is not the case, stop the algorithm.

3. Check, whether Hy(z,y,y/,...,y™ ) is a polynomial expression in y™~!
of the form

Si(@, sty 4 Sy oy D) (D)2,

where S; and Sy are arbitrary functions in their arguments, and if

u S d 0(S) + Spy V)
Z<_1) E( 1 ay<2z'> ) =5

=0

ie. if Sy + Soy™ 1V is a total derivative. If this is not the case, stop the
algorithm.

4. Define T} = —S; and T, = —S5 and compute (2.7.25)) as a candidate for
L.

5. Compute

(L (z,y,y,...,y"™))
A= Z dﬂ( Oy >

If A =0, pis an integrating factor of the ODE. Return the result for p.
Otherwise stop the algorithm. A

Proof. The correctness of the algorithm follows from the preceding discussion.
O

2.8 Conclusions

2.8.1 Resumé

Of course, all algorithms and heuristics presented in this chapter treat very
special classes of ODEs. It is not difficult to find examples, where none of the
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algorithms stated will return a satisfying result. Nevertheless, we think that
the simplicity and efficiency of the Algorithms .11 2.26, 2.19] and
for third order ODEs and the Algorithms [2.29] 2.30] [2.31], 2.33], 2.34] and
for n-th order ODEs stated above are good reasons for taking them into
account in a symbolic ODE solving environment.

First of all the algorithms are easy to implement. The Euler operator (see
Theorem as a computational tool to check for the exactness of an ODE can
be implemented efficiently in any computer algebra system (see also Section
3.6.3 and Section 3.6.4 of [3] for details on an implementation in the computer
algebra system MATHEMATICA).

There are not many further requirements of the algorithms. In most cases it
suffices to be able to recognize polynomial structures or rational expressions in
a certain derivative of the dependent variable of a given ODE — a feature also
available in most computer algebra systems. The candidates for the integrating
factors can be computed directly without solving any additional ODEs or
systems of linear partial differential equations. One even does not have to solve
symbolic algebraic equations. This means that the above presented heuristics
are completely independent of a computer algebra system’s symbolic solver for
such equations.

The only exceptions are Algorithms and [2.32] which require a factoring
routine for arbitrary expressions. From a truly mathematical standpoint these
two algorithms are not of that interest. Nevertheless, we did a rough—and-
ready implementation of these algorithms in the computer algebra system
MuPADlE, which worked fine and efficient in the case of simple examples.
In the case of ODEs involving large and complex expressions we cannot
expect satisfying results. Hence, an implementation of these two algorithms
should always try to find integrating factors of the other types discussed
with the help of the more systematic heuristics presented in the framework

of Algorithms 2.7, 2-9} P-11] 2.206] 219}, 2-22] 2-29] 2.30] 2-31] 2-33} 2-34] and [2-35]

In practice, for general non-linear ODEs of order at least 2, algorithms for
computing integrating factors (or at least candidates for integrating factors as
presented in this chapter) seem to be of more relevance (in the context of ODE
solvers of computer algebra systems) than Lie point symmetry methods as intro-

2TThe computer algebra system MuPAD by the company SciFace Software in Paderborn,
Germany.
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duced by Cheb-Terrab et. al. in [7], [9], [10], [12] and [13]. Indeed, according to
our knowledge, Cheb-Terrab et. al. did not publish any algorithms for solving
ODEs of order higher than 2 using Lie point symmetry methods. For ODEs
of order at least 2, integrating factor methods are preferred. In fact, even the
Lie point symmetry methods discussed in Section can be seen as methods
indirectly using integrating factors to reduce the order of the ODE under con-
sideration. The reason is that given the infinitesimal generator

0 0

of a Lie point symmetry of a first order ODE ¢ = ®(z,y), then

1
77(% y) - f(ZL’, y) (I)(.%‘, y)

is an integrating factor for ¢y = ®(z,y). This connection between Lie point
symmetries of first order ODEs and integrating factors is discussed in detail by
H. Stephani in [64], Chapter I, Section 5.1 and by P. J. Olver in [51], Chapter
2, Theorem 2.48. See also Chapter 1 and Chapter 2 of [19].

2.8.2 Open problems and perspectives

1. The main theoretical question remaining open is the question, if it is pos-
sible to modify the algorithms for third and higher order non-linear ODEs
discussed in this chapter, such that the test for exactness in the last step of
the algorithms can be removed. In other words: is it possible not only to
find necessary, but also sufficient conditions for the existence of integrating
factors of the special forms considered? The main problem is that we do
not want to use any rather theoretical sufficient conditions, but sufficient
conditions, which can be verified without solving any auxiliary ODEs or
even partial differential equations. At the current state of our research
we do not see an alternative to the application of the Euler operator to
establish sufficient conditions.

2. Another point remaining open is the question, whether even in the case
an integrating factor is found, the integrator of a general purpose com-
puter algebra system is able to compute the desired reduction of order.
Of course, it is still a step forward to know that the integral of a cer-
tain differential expression corresponding to an ODE exists and thereby a
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reduction of order can be achieved. Nevertheless, if the integration can-
not be performed, because the integrator of a computer algebra system is
not powerful enough or the expression to be integrated is very complex,
such that it is hard to find a suitable integration strategy, a reduced or-
der ODE cannot be computed in closed form. Hence, further reductions
of order using the algorithms discussed in this chapter or the symmetry
methods presented in Chapter [I, cannot be applied.

In this chapter, the focus of attention was put on special classes of third and
n-th order ODEs. In the next chapter we present new methods for finding
integrating factors of other classes of ODEs, which arise from the application
of skew symmetric differential operators. For such classes we give algorithms to
determine integrating factors, which can also be computed without solving any
additional auxiliary ODEs or partial differential equations. Furthermore, we can
state explicit recursion formulas for the symbolic computation of integrals arising
from the ODEs under consideration multiplied by their integrating factors: The
reduction of order and the computation of the integrating factors can be achieved
independent of the power of the integrator available in the computer algebra
system, where the methods are to be implemented. This is a clear advantage
to the methods presented in this chapter, where we always stated that the
computation of the integrating factors considered involves an integration, but
we did not state in detail, how to compute the integration efficiently in practice.
However, for such methods as discussed in the following chapter, a new and
extensive algebraic setup has to be developed.






Chapter 3

Skew symmetric hierarchies

In this chapter we discuss the computation of integrating factors for classes
of ODEs obtained by the application of certain skew symmetric operators.
The first part of this chapter serves to fix the notation and to introduce the
underlying algebraic structure. Afterwards we introduce the classes of ODEs,
on which we put the focus of our attention. A theoretical characterization
on how to obtain integrating factors for these ODEs is established. Then we
introduce the notion of the fundamental form of a skew symmetric operator,
which serves to establish closed formulas for the efficient computation of the
desired integrating factors. The last part of the chapter is dedicated to present
closed formulas for the efficient integration of the total derivatives obtained by
multiplication of the members of the class of ODEs under consideration with a
suitable integrating factor.

In the preceding chapter we used the Euler operator (see Theorem to
check, whether a given differential expression is a total derivative or not. This
was an essential aspect of all algorithms to find integrating factors of third and
higher order ODEs without solving any auxiliary partial differential equations
or additional ODEs. The methods of the last chapter mainly based on skillful
observation of the “form” of a third or higher order ODE and the afterwards
“extraction” of the integrating factor from the ODE under consideration.

The approaches presented within this chapter will not use pattern matching
methods to determine integrating factors in the sense of Cheb-Terrab et. al. (see
[11]). Moreover we will not have to make use of the Euler operator (see Theorem
to prove the exactness of a differential expression. We will arrange the
underlying algebraic structure in such a way that we do no longer compute

133



134 CHAPTER 3. SKEW SYMMETRIC HIERARCHIES

only “candidates” for integrating factors. In other words: in contrast to the
last chapter, where we mainly considered necessary conditions for the existence
of integrating factors, we now give necessary and sufficient conditions for the
existence of integrating factors of the class of ODEs under consideration and
directly compute them.

3.1 Basic terminology and general definitions

In the following, = denotes the independent variable and u = wu(z) the depen-
dent variable. By D = % we denote the total differentiation with respect to x.
All differentiations performed within this chapter will be total differentiations
with respect to x so that no ambiguity in the notation will arise from simply
writing D instead of %.

We consider the smallest algebra A = A(x,u, D) over some suitable number
field (e.g. the real numbers R or the complex numbers C) containing z, u = u(x)
and a fixed set F of infinitely often differentiable functions f : R — R in
the variable . The algebra A is assumed to be closed with respect to the
application of the differential operator D to its elements, i.e. D : A — A. The
subalgebra F is assumed to be closed against taking integrals.

We use the abbreviations u, = Du, uz, = Dug, Uzre = Dug, etc. for the formal
derivatives of the dependent variable u = u(x) with respect to . For n € N we
also denote the n-th derivative %u = D"u by u™. A is assumed to bear the
algebra structure of pointwise multiplication.

To our mind, the choice of the structure of an algebra of functions and variables
in the above sense seemed to fit best into the framework of a computer algebra
system. Again, as in the preceding part of this thesis, we put particular
emphasis on the fact that the methods for the computation of integrating
factors presented in this chapter are formulated as close as possible to a final
implementation in a computer algebra system. The computer algebra system
MUPAD with its object oriented domains concept provides the necessary
prerequisites for the implementation of the underlying mathematical structures
in this chaptei!]

!The MUPAD Tutorial [I8] gives detailed information on data structures and the Mu-
PAD programming language. Especially, the object oriented concept of “domains” offers an
essential basis for practical implementations of the algorithms presented in the framework of
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As an example for such an algebra, consider the algebra containing all polyno-
mials with real coefficients in z, u and the derivatives of u with respect to x.

As we know, F denotes the subset of all elements of A, which do neither
contain the dependent variable v nor any derivatives of u with respect to x. In
other words: if we view u, ug, ., etc. as formal variables, then A € A is an
element of F if and only if the formal partial derivatives of A with respect to
U, Uy, Uy, etc. vanish. Additionally, the number field (the set of constants),
over which the algebra A is to be considered, is interpreted as a subset of F.

For an element A € A\ F by ord,(A) we denote the order of the highest deriva-
tive of u with respect to x contained in A. We use the convention ord,(A) = 0,
if A does not contain any derivative of u with respect to x, but only w itself. For
arbitrary elements B € F \ {0} we define ord,(B) = —oo (B does not depend
on u or any of the derivatives of u with respect to ). For technical reasons,
which will become clear in the next section, we say that the zero element 0 has
every order. It follows that

ord, : A\ {0} — NyU {—0c0}
is a sub—additive and sub—multiplicative map, i.e.
ord, (A + B) < max{ord,(A),ord,(B)}

and
ord,(AB) < max{ord,(A),ord,(B)}

for all A, B € A\ {0}.

By N we denote the set of all total derivatives in A, i.e.
N ={Q | there is a P € A, such that Q = DP}.

By definition N O F. The set N is a linear space, since differentiation is a
linear operation, but in general the product of two elements of N is not again
contained in N. Take for example the first derivative u, of the dependent
variable. Then clearly u, € N, since u € A and u, = Du, but u? ¢ N, since
u? cannot be integrated formally.

this chapter (see also Appendix D of [50] and [37] as well as chapters 3 and 5 of [49]).



136 CHAPTER 3. SKEW SYMMETRIC HIERARCHIES

For the course of this chapter we will use the abbreviation D=1 for the symbolic
integral of an element of N with respect to z, i.e.

DA = /Adx

for all A € N. In the framework of our setting, D~! is viewed as a linear
operator N' — A. Whenever it is necessary to specify lower and upper bound
for the integration, we use the standard notation for integrals, so that no ambi-
guity in the notation will arise. In most situations D~! is treated as the formal
inverse of the differential operator D, i.e. constants of integration will be ignored.

For each element K € A\ F, ord,(K) > 0, the equation K = 0 is a differential
equation in the variable v = u(z). If K already is an element of A/, then this
means that K can be integrated and the order of the ODE K = 0 can be reduced
by 1. Note that integration of elements of N provides again an element of A,
i.e. no symbolic integrals will remain, which cannot be computed explicitly. In
the terminology of the preceding chapter, A is exactly the subset of all elements
in A, which vanish when applying the Euler operator (see Theorem to them.

On the algebra A we define the relation ~,  as follows: A ~, B holds for
A,B € Aif and only if A— B € N. This relation clearly defines an equivalence
relation on A. For A € A we denote by [A]x the equivalence class of A with
respect to ~y, i.e.

[A]N:{BEA | BNNA}.

The set of all such equivalence classes is denoted by A/N, i.e.
AN ={[Alx | Ac A}

The question, if for two given elements A, B € A their equivalence classes
coincide, i.e. [A]ny = [B]y, is reduced to the question, whether A — B € N/. To
decide this, we can apply the Euler operator presented in Theorem to the
differential expression A — B and see, if the result vanishes.

Of course, applying the Euler operator is an efficient method for testing, if a
differential expression is a total derivative. Nevertheless, it does not help to
compute the integral D~'(A — B), if A — B is contained in N/ — something
we are of course interested in when trying to reduce the order of an ODE after
multiplication by a suitable integrating factor. Hence, an alternative way to
decide, whether A — B € N and, if this is the case, to compute D~*(A — B), is
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presented in Section [3.2| of this chapter when we discuss the so—called canonical
form of such differential expressions.

With the help of the equivalence classes [A]y, A € A, we define the bilinear
form

(-, ) Ax A— A/N, (A B):=[AB|y.

The map (-, ) : A x A — A/N maps two elements of A to the equivalence
class of their product in A. Since we assume the multiplication in A to be
commutative, it follows

(A,B) = (B, A)
forall A/B e A, ie. (-,-) : Ax A — A/N is a symmetric bilinear form. It

will be referred to as density valued scalar product and we will also call the
equivalence classes from A/N densities.

This density valued scalar product can be used to give an alternative character-
ization of total derivatives in A:

Lemma 3.1. Let A€ A. Then A € N if and only if (1, A) = 0.

Proof. We have A € N if and only if [A]xr = 0 if and only if (1, A) = 0. This
proves the assertion of the lemma. O

The notion of an integrating factor for elements of A can now be formulated as
follows:

Definition 3.2. Let K € A\ F, G € A and ord,(K) > ord,(G). Then G is
called an integrating factor for K = 0, if the density valued scalar product of G
and K vanishes, i.e.

(G,K) =0.

If G is an integrating factor for K = 0, the product GK is an element of A" and
the integral D™'(GK) is an element of A. In the situation of Definition [3.2]
DY (GK) = ¢, ¢ some constant, will be referred to as a conserved quantity for
K =0 (note that ord,(D™}(GK)) < ord,(K)).

Example 3.3. Consider the elements u, u, € A. Then u is an integrating factor
for u, = 0, since D(1u?) = uu, and, hence, (u,u,) = 0. ©

We also introduce the more general notion of extended integrating factors, to
which we will come back in the later course of this chapter:
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Definition 3.4. Let K € A\ F, ord,(K) > 0, and G € A. Then G is called
an extended integrating factor for K = 0, if the density valued scalar product of
G and K vanishes, i.e.

(G, K) = 0.

The only difference between Definition [3.4] and Definition [3.2] is that the order
of an extended integrating factor may be higher than or equal to the order of
the ODE K = 0 under consideration. E.g. let K = u, and G = u,,. Then

G is an extended integrating factor of K = 0, since D™'(KG) = 1u2. Of

course, this does not produce a reduction of the order of the ODE K = 0, since
ord,(K) =1 = ord, (D" (GK)). We will come back to the notion of extended
integrating factors and their use in Section [3.3]

Finally, we need the notion of skew symmetric operators A — A:

Definition 3.5. An operator © : A — A is called skew symmetric with respect
to the density valued scalar product (-,-) or for short skew symmetric, if

(4,0(B)) = —(6(A), B).

Example 3.6. (i) The differential operator D is a skew symmetric A — N
since for any A, B € A we have

(A,DB) + (DA, B) = [AB, + A, By
= [(AB>:E]N7

ic. (A, DB) + (DA, B) = 0.

(i) The operator © : A — A, © = D*u — uD? is a skew symmetric operator,
since

(A,O(B)) + (6(A), B) = (A, g B + 2u,By) + (upp A + 2u, Ay, B)
= [2uye AB + 2u,(AB) | »
= [(2ua(AB))s]n

and (2u,(AB)), is a total derivative, i.e. [(2u,(AB)).|n = 0.

(iii) All operators © : A — A of the form © = >"}_  D**! n € N, are skew
symmetric. ¢
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3.2 Canonical form of differential expressions

Assume, A = A(x, u, Uy, Uyy, - ..) € A. From the definitions introduced in the
last section, we know that D~'(A) is an element of A if and only if A € N.
This section is dedicated to present an algorithm to decide, whether D~1(A)
for an arbitrary element of A € A is contained in 4, and to determine the
representation of its integral.

In other words: we present an algorithm to decide, whether or not a given
element of A is a total derivative with respect to z. But the algorithm will
even accomplish more: If A € N, then it will help to compute the element
D7*(A) € A. In order to do this, we split A into a direct sum

A=NaoJ

and give an algorithm, which decomposes each element of A into these compo-
nents, and furthermore represents the integrals of elements from A by elements
of A. Since the sum is direct, the representations obtained by this method are
unique. The summand J we call the non—integrable part of A, and N is also
referred to as the integrable part of A.

Definition 3.7. Let n € N.

(i) The set J, C A is defined to be the set of all elements A =
Az, u, Uy, ..., u™) € A, n = ord,(A), with the property that when A
is expanded in a formal Taylor series with respect to u(™ (highest deriva-
tive of u with respect to z in A), then the terms of polynomial order 0
and 1 do vanish.

(ii) By Jo we denote the set of all A = A(z,u) € A, such that in the formal
Taylor series expansion of A with respect to u the term of polynomial
order 0 vanishes.

Definition 3.8. Let J, C A, k € Ny, be as in Definition [3.7] Then we define:

J = @ Tk-
k=0

Remark 3.9. Obviously, in the intersection JNN there can be no other element
than 0, since in any term of the form D(A), A € A, which is not already
contained in F, the highest derivative of u with respect to x appears linearly.
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Furthermore, any term, where there is no u contained at all, can be integrated
anyway. If in a term the highest order derivative u(™ appears linearly, then it
can be written as the sum of a derivative of a term, which contains v~ as
highest order derivative, and some terms containing only derivatives u(?, where
i < n (integration by parts).

From this remark clearly follows the decomposition and the algorithm to
compute it. The rest of this section is now dedicated to present an algorithm to
compute a canonical representation of D™!(A) for an arbitrary element A € A
using the ideas sketched above.

In the following we demand that any of the differential expressions treated is
given in completely expanded form, i.e. as a sum of terms, where each term is
a pure multiplicative expression. The sum of all terms in A depending on the

highest derivative of u with respect to x will be called the highest order term of
A.

Definition 3.10. For an element A = A(z, u, Uy, Ugg, . . ., u™) € A, the formal
integral D~'(A) is said to be in canonical form with respect to u'™, n € Ny, if
for each of its terms one of the following condition holds:

e The term does not contain any symbolic integration D=1,

e The term is of the form DY (Q(z,u, Uy, Usg, . ..,u™)), where Q =

Q(z, U, Uy, Ugg, - . . ,u™) is an element of .

e The term is of the form D' R(z,u,u,...,u" V) for some
R(z,u, Uy, ..., u" V) € A (a situation, which can only occur in the case
n>1).

In the following we give an outline of our ideas how to compute the canon-
ical form with respect to u(™ of a general expression D7'(A) for A =
A2, U, Uy, Uy, - .., u™) € A. The formal Taylor series expansion of A with
respect to u™ provides a decomposition of A of the form

A= Ag(x, U, Ug, Ugg, .., u®) + Ay (2,0, Uy, Ung, - - -, uD) u™+
terms of polynomial order > 2 in u™,
where k,l € N with k,1 < n, i.e. Ay and A; do not depend on w™. This

decomposition of A is a central ingredient for the computation of the canonical
form with respect to u(™.
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Lemma 3.11. Let A(x, u, Uy, Upy, - . . ,u™) € A and let u™ be the highest order
deriwative of u with respect to x appearing in A. Then the highest order term of

w(™) .
d;dr fO A(x7 u’ u$7 U-TI7 s 75) dé 15 u(n"_l)A(x’ u7 ux7 Ux:p; .. 7u(n))

Proof. The assertion of the Lemma follows directly from the chain rule of dif-
ferential calculus. It provides:

n)

d [
Az, u, Uy, Ugyy - -, ) dE

dz Jo

— </Ou(") A, Uy Uy Uy - - -5 E) d§) +

xT

u

ux</0u<”) AT, Uy Uy Uy -+, E) df) +

um</0u("> AT, Uy Uy Uy -+, &) df) +...+

Uz

u(”H)A(x, Uy Uy, Ugsy - - - ,u(")),

where we have used z, u, u,, etc. as indices to denote the partial derivatives

(%, a%, 8% etc. In the above sum the only term depending on the (n + 1)-st
derivative of u is u™*VA(x, u, Uy, Usg, . . . ,u™). This proves the assertion. [

With the help of Lemma [3.11| we can construct the canonical form with respect
to u(™ of a given expression D™ (A(x, u, Uy, Usg, - . . ,u™)). Before we consider
the general case, we have a look at an example.

Example 3.12. Let A = A(x, u, Uy, Upy) = T U Uy Uyy, 1.6. we consider the case
n = 2. We want to compute the canonical form of D~!(A) with respect to .
We proceed as follows: The formal Taylor series expansion of A with respect to
the highest order derivative provides the representation
A(x7 u) ul'? uil'(l') :A(‘,'U7 u? uil" 0) + uil'(l'A'ng:ac (I7 u? ul‘) O)+
(A(.ZU, U, Uy, U%:C) - uw:ltAux;t (I’, u, o, 0)_

Az, u,z)0)).
Application of D! gives

D! (A(a:,u, ux,um)) =D! (A(a:,u,ux,O)) + D’l(umAum(x,u,um,O))—l—
D™ A(@, U, Ug, Ugy) — Uz A
A(m,u,ux,O)).

(@, u, Uy, 0)—

Uz
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Finally we write D! (u,, A,,, (z,u, us,0)) in the form

D! (umA (z, u, Uy, O)) =D} <uwAum (z, u, ug, 0)—
d ["
dz J,

/uz Au (2,4, €, 0) dE.
0

Uz

Ay, (z,u,&,0) d§>+

This provides the canonical form of D7(A) with respect to ., since by these
formulas we find

D™'(A)

Y w g Uy )

d /1 1

1
ruul D (uu? + zud).

x__

D
D
1
2

o
We can generalize this example in the form of the following theorem:

Theorem 3.13. Let A = A(x, u, Uy, Ugg, . .., ™ u™) € A and u™ the high-
est order derivative of u with respect to x in A. Then the right-hand-side of

DY (A) =D (A, u, Uy, Ugg, - - - L uh) 0))-+

l)*1 (u(n)Au(n) (l‘, Uy Ugy Ugs + - - u(n—l)’ O)—
d w(m=1)

@ o Au<")(x7u7uxauzx7'"757()) d£>+

w(n—1)

/ Au(")(l'yuau:cyuxxa'--7570) d€+
0

D! (A(a:, U, Uy, Uy, - - -, w7 M) —
u(”)Au(n> (X, Uy Uy, Uy - - - ,u("’l), 0)—

ATy Uy Uy Uy - - L umh 0))

is in canonical form with respect to ul™.
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Proof. First of all, total differentiation of both sides of the above stated identity
for D7'(A) shows that the equals sign is valid. Those terms, which do not
contain (™, are in canonical form with respect to u(™. Hence, the first term

D! (A(gc, Uy Uy U+ -, w7, O))

is in canonical form with respect to (™. The same holds for

w(n—1)
/ Au(”)(x7u7uxvux:p7-"7£7O> df
0

The last term of the right-hand side is in canonical form with respect to u(™,
since by construction the formal Taylor series expansion of the integrand with
respect to u(™ only contains terms of order > 2 in (™. Finally,

_D_l <u(n)Au(n) (I, Uy Ugy Uy + - - 5 u(n—l)’ 0)_
d un—1)

% ) Au(")<x>uuux7uzzu"'7€70> df)
does not contain u(™ by Lemma O]
We now generalize Definition [3.10}

Definition 3.14. For an element A = A(z, u, Uy, Ugg, . . ., u™) € A, the formal
integral D~1(A) is said to be in canonical form if

DY A) =A+> D4,
k=0
where A € A and Aj, = Ap(x,u,ug, .., u®) € T, 0< k < n.

An algorithm to compute the canonical form is provided by a successive appli-
cation of the formula in Theorem [3.13]

Algorithm 3.15. (Computation of the canonical form) Let A =
A2, U, Ugy U, - . ., u™).

1. Set T:= D '(A),i:=n and C := 0.
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2. Use the formula in Theorem to compute the canonical form of T" with
respect to u®. This gives a decomposition of the form

T = Ao(z,u,ug, ..., u™ D)+
D7 YA (z,u,ug, ..., uV))+
DY (Ay(z,u, uy, . .., uD)),

where Ay, A; € A and A, € ;.
3. Set C:=C+ Ag+ D7 (Ay), T:= D Y(A;) and i := i — 1.
4. If i > 1 and A; # 0, go back to step 2.
5. Set C':= C 4 T and return C, the canonical form of D7'(A). A

Proof. (Correctness) The correctness of the algorithm follows directly from The-
orem [3.13] ]

Remark 3.16. For an arbitrary element A = A(z,u,u,,...,u™) € A, Algo-
rithm finds A € A and A, = Ap(z,u,uy, ..., u®) € Ji, 0 < k < n, such
that

D' (A)=A+ En: D™ (Ap).

Application of D provides the decomposition

A=D(A)+Y A
k=0

where D(A) is contained in the integrable part N of A and ) ,_, Ay is an
element of the non-integrable part J of A, more precisely of @;_, Jk.

We apply Algorithm [3.15/in the next two examples, before we return to our main
aim, the systematic computation of integrating factors, in the next section:

Example 3.17. Assume we search for integrating factors of the form n = n(z) €
F for the homogeneous linear ODE u,, + pu = 0 in v = u(z) and p = p(x)
some generic element of F. Application of Algorithm to the expression
D™ (g, + npu) to compute its canonical form provides:

D7 (e + npu) = nug — D™ (ugn,) + D7 (npu)
= Uy — uny + D7 (uny, + upn),
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i.e. the canonical form of D™'(nug, + npu) is nu, — un, + D™ (ung, + upn).
Whenever 7(x) is an integrating factor of u,, + pu = 0, the symbolic integral
D= (ung, + upn) must vanish, i.e. we obtain 7, + pn = 0, and it follows that
n(x) is an integrating factor of u,, + pu = 0 if it is a solution of u,, + pu = 0.
From a practical standpoint this fact is useless for solving the homogeneous
linear ODE u,, + pu, but it mirrors the fact that one can always find another
solution, when one solution of the ODE is already known: the solution, i.e. the
integrating factor, allows a reduction of the order of the ODE by 1 resulting
in a first order ODE, which can be solved e.g. by the well-known method of
separation of variables. ¢

Example 3.18. Assume, we want to find integrating factors of the form p =
pu(x,u,u,) = au+ bu,, a = a(x),b = b(x) € F for the homogeneous linear ODE
Uz +pu =0 in u = u(x) and p = p(x) some generic element of F. Application
of Algorithm to the expression D™ (uu,, + ppu) to compute its canonical
form provides:

D™ ptigy + ppu) =D (auaty, + apu’®+

bz Uy, + bpugu)

1 1 1
= — §axu2 + Ebui + auu, + ébpu2—|—

1 1
D—l(__b$2 2 _ Zppoul—
5 u, + apu 5 DU
1
§pbxu2 — aui + am'zf).

If © = au+bu, is an integrating factor for u,,+pu = 0, then the above integrand
must vanish. Considering the integrand as a polynomial in u,, we can make the
ansatz a = —%bx. If we insert this into the above expression, we obtain

1 1
D™ (s, + ppur) zébui + bexu2+
1 1
§bpu2 — §b$uuz+
-1 L,
D ( — 0 (Bras + 4pb, + prb))

Hence, if p = au + bu,, a = —%bx, is an integrating factor of u,, + pu = 0, we
should have

1
—Zu2(bmx + 4pb, + 2p,b) = 0.
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Again, as in the preceding example, this information does not seem to help in
finding an integrating factor for u,, + pu = 0, since computing b means solving
the homogeneous linear ODE

bmxm + 4pbﬂc + 2pacb = 07

which — considered as an ODE in b for given p — is of order 3. Hence, deter-
mining p seems to be harder than directly solving the original ODE. But the
above equation gives us some more information: If u is indeed a solution of the
original ODE u,, + pu = 0, then we obtain by ignoring constants of integration

1 1 1 1 1
0 zébui + meuz + §bpu2 — EbgcuuCC + D_1< - ZUQ(b“’"L’ + 4pb, + 2pxb)).

If we write the equation as

1 1
D! <1u2<bmxx + 4pb, + meb)> = bu?ﬁ +

1
)

4
we see that u? is an integrating factor for the third order homogeneous linear
ODE b.yr + 4pb, + 2p,b = 0. Hence, finding an integrating factor for any
third order homogeneous linear ODE of the form b,,, + 4pb, + 2p,b = 0 can
be reduced to computing powers of solutions of the corresponding second order
homogeneous linear ODE we started with. ¢

1 1
beet? + §bpu2 — Ebwuum,

3.3 Integrating factors and skew symmetric op-
erators

Assume that © : A — A is a skew symmetric operator. Then we obtain for
Ky:=0(1) € A:
(1, Ko) = (1,6(1)) = —(6(1),1)
= _<KO7 1> = _<1aK0>7

i.e. (1, Ko) = 0 and, hence, by Lemma we have Ky € N. Since Ky € N,
the integral D1Kj is an element of A. We set Gy := D 'K, and compute
K := ©(Gp). Then again K; € N, since
<1’K1> = <17@(G0)> = _<@(1>7G0>
= _<K07G0> = _<DG07 G0>

[ deb], =0
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Furthermore, GyK; is an element of A/, since

(Go, K1) = (Go, O(Go)) = —(O(Go), Go)
= —(K1,Go) = —(Go, K1),

which means (G, K1) = 0 and, henceforth, GoK; € N. By the same arguments
it follows:

<G07K0> = <G079(1)> = _<®(G0)7 1>
= —<K1, 1> — —<1,K1>

as we have already seen above. If Gy, Ky, K; € A\ F and ord,(Gy) < ord,(K)y)
as well as ord, (Gy) < ord,(K;), it follows that Gg is an integrating factor for
the ODEs Ky =0 and K; = 0.

This exemplary computations serve as a motivation for the following more gen-
eral theorem:

Theorem 3.19. (Skew symmetric hierarchy) Let © be a skew symmetric
operator A — A. We define:

Ky :=06(1), Gy := DK,
K; :=0(G;_), G;:=D'K,,
for all i € N. Then the following hold:
(i) G; € A for all i € Ny.
(ii) K; € N for all i € Ny.
(iii) G;K; € N for all i,j € N.

Proof. The assertion in (i) follows, when we have proved (ii). For (ii) we have
to show that (1, K;) = 0 for all i € Ny. In the motivation for this theorem (see
above), we already treated the case i = 0 and proved that Ky € N under the
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assumptions of the theorem. Let ¢ > 1. We have:

(1, Ki) =

(1,0(Gi- )> - —<@(1)7Gi— ) = — (Ko, Gi1)
= —(DGy, Gi-1) = (Go _1) = (Go, D(D7'K;_y))
<G07 i71>

= (Go, O(Gi2)) = —(O(Go), Gi—2) = — (K1, Gi9)
— —<DG1,G1‘_2> — <G1,DGi_2> — <G1,D(D_1Ki_2)>
= <G17Ki72>

= (Gi_1, Ko)
=(Gi-1,0(1)) = —(0(Gi-1),1) = —(K;, 1)
= _<17KZ>7

which means that 2(1, K;) = 0 and, hence, K; € N.

For (iii) we have to prove that (G;, K;) = 0 for all i, j € Ny. We have:

(Gi, Kj) =

(Gi,0(Gj1)) = —(0(Gi),Gj-1) = —(Kiy1,Gj1)
—(DGit1,Gj1) = (Gis1, DGj4)

= (Git1, K1)

= (Giy1,0(Gj2)) = —(O(Giy1),Gj2) = —(Kiy2,Gj2)
= —(DGit2,Gj-2) = (Giy2, DGj-)

= <Gi+27 K;_5)

< H—J7K0>
< 43> ( )> = —<@(Gi+j)a 1) = —<Ki+j+1a 1>
=0,

where in the last step we have used the identity, which we already proved for
(ii). This completes the proof of the theorem. ]

The elements K; and G}, 4,7 € Ny, will also be referred to as the members of
the skew symmetric hierarchy generated by the corresponding skew symmetric

operator O.

Remark 3.20. In the notation of the above theorem we assume that K; € A\ F
for some i € N and ord, (K;) > 0. Then K; = 0 is an ODE of order ord, (K;) in u.
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Since K; € N by (ii), we can compute D! K, obtaining G; and G; = ¢, ¢ some
constant of integration, which reduces the order of the ODE under consideration
by 1. Furthermore, if K; € A\ F and ord,(K;) < ord,(G;) for all 0 < j < i,
then by (iii) each of the elements K is an integrating factor for the ODE G; = c.

Here the constant of integration on the right-hand-side of the reduced ODE
is not a problem, since by the theorem K;G; € N as well as K; € N, such
that multiplication of G; = ¢ by K provides K;G; = cK; and both sides can
be integrated resulting in another reduction of the order of the ODE under
consideration.

Alternatively, we can proceed with the ODE K; = 0 as follows: if G; € A\ F
and ord,(G;) < ord,(Kj;), than by the theorem each of the G, is an integrating
factor for the ODE K,; = 0 and we can use these to reduce the order of K; =0
without reducing the order by first integrating K.

We discuss the application of Theorem [3.19|in concrete examples.
Example 3.21. Consider the skew symmetric operator
© := D+ Du’ + u*D.

Following Theorem [3.19] we define

Ky = O(1) = 3upu?,

GO = D_lKO = US,

K, = O(Gyp) = BUaett® 4+ 18Uzt + u u’ + 6u’,
3

Gy = DK, = Sugpu® + 6uiu + ~ul.

2

We do not present the results for K;, G;, ¢ > 2, since the expressions arising
from the computations become so large that it does not make sense to state
them here. We will consider some more complex examples in the last part of
the chapterﬂ. We want to consider the ODE K; = 0, i.e.

BUaett? 4+ 18Utz + uzu® + 6u’ = 0. (3.3.1)

As discussed above, Theorem [3.19| provides two different strategies to succes-

sively reduce the order of (3.3.1)):

2The expression swell — even after applying appropriate simplification algorithms to the
arising expression — makes the use of a computer algebra system indispensable.
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Strategy 1. Since K is an element of A/, we can integrate it and obtain
the reduced second order ODE G| = ¢, ¢; some constant of integration.
In the next step we use Ky, which is an integrating factor for G; = ¢; and
obtain a first order ODE, which can formally be written as D™!(Ky(Gy —
¢1)) = ¢g, ¢y another constant of integration.

Strategy 2. We do not integrate K, but use the integrating factors G
and G for to obtain two second order ODEs D™'(GyK;) = ¢3 and
D Y(G1K,) = ¢4, where c3 and ¢, are constants of integration. Then we
solve one of the equations for u,, and insert the resulting expression for
Uy, into the second equation to obtain a first order ODE, which is then

again a reduced form of (3.3.1)).

We start to compute a reduction of (3.3.1)) using Strategy 1. Integration of
(3.3.1) provides the second order ODE

3
G1 = Bugu’ + 6u?cu + §u6 =,

where ¢; is a constant of integration. Multiplication of this equation by its
integrating factor Ky and afterwards integrating the arising expression gives

1 9
§u9 + §u4u§ —qu® = c. (3.3.2)

Now using Strategy 2 we multiply both sides of (3.3.1]) first by G, integrate the
arising expression and obtain

3
u® + 3ugu’® + §u4u2 = c3, (3.3.3)

xT

c3 some constant of integration. Using (& as integrating factor for (3.3.1]) and
proceeding analogously, we find

9 9 9
—u'? 4 §u8um + 9u"u2 + §u4uix + 18U Ut Uy, + 18uul = ¢4, (3.3.4)

8

¢4 some constant of integration. From (3.3.3) we get

2u® + 3utu? — 2c3
Upy = — .
6u’

Inserting this into ((3.3.4) gives

4¢3 + desu® + 36csutu? + u'® + 18u'Pu? + 81lubug
8u’

. (3.3.5)
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In fact, both ODEs (3.3.2)) and (i3.3.5)) are reductions of giving a complete
implicit characterization of its solutions. Choosing ¢; = ¢y = ¢3 = ¢4 = 0 (i.e. we
only consider a special set of solutions by prescribing the values for the constants
of integrations), we find that provides the special reduction

u’ + 9utu =0
and from ((3.3.5) we obtain
u'? 4+ 18u"u? + 8lu*ul = 0,

where the left-hand-side of this last reduction can be obtained as the square
of u® + 9uu?, i.e. a factor of u® + 9u'u2. In fact, Strategy 1 provides an easier

representation of the reduced ODE and (3.3.2)) can be solved by the method of

separation of variables, for example. ¢

Remark 3.22. In the notation of Theorem [3.19, we consider the ODE K; = 0,
K; € A\ F, for some fixed i > 0. Assume that ord,(K;) = n > 1 and
G; € A\ F for all j € Ny. By the Theorem we know that G,;K; € N for
all j € No. Whenever ord,(G;) < n, then G; is an integrating factor for K; =0
and the order of K; = 0 can be reduced by 1.

But not only those elements G, such that ord,(G;) < n, contribute a reduction
of the order of K; = 0. Assume that G;K; € N for some fixed { > i and
ord,(G;) > n, i.e. G; is an extended integrating factor. If we can solve K; = 0
for the highest order derivative of u with respect to x, then we can compute
DY (G/K;) = ¢, ¢ some constant of integration, and reduce D7'(G/K;) = ¢
modulo K; = 0, which again gives a conserved quantity for K; = 0, i.e. a
reduction of the order of K; =0 by 1.

This procedure is illustrated by the next example.

Example 3.23. Let
© := D? + Du* +u*D.

Due to Theorem [3.19, we compute K;, G; and Ga:
K= O(Gy) = gy + OUplyy + 61 uy,

Gi= D 'K;= 2uug + 2ui + gu‘l,

5 «
Go= D 'Ky= 2utppps + SUplpps + 6uiz + 10u3u,, + 20u2ui + §u6.
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We want to reduce the ODE
Qg + BUUgUg + 6P, = 0, (3.3.6)

i.e. K1 =0, to a first order ODE using G and G5 (note that ord,(Gy) =4 > 3 =
ord, (K1), i.e. Gy is an extended integrating factor). Therefore we first integrate
K, and obtain the reduced second order ODE G; = ¢, ¢; some constant of
integration. Additionally, we use the fact that GoK; € N, i.e. we first integrate
G5 K, obtaining D71 (G5K}) = co, ¢y some constant of integration, and then
reduce D7!(G5K) modulo K; = 0 (since K is linear in u,,,, this can easily be
done). This provides another conserved quantity for , i.e. we obtain the
two second order ODEs:

3

§u4 + 2Uppu + 2uZ = ¢y, (3.3.7)
1
§u3(u3 + e ) (But + dug,u + 4u?) = ¢y, (3.3.8)

where ¢; and ¢y are constants of integration. Because of

3
3ut 4 dug,u + 4ul = 2(§u4 + gt + 2ufc>

= 2017
we find
3
§u4 + gt + 2u2 = ¢y, (3.3.9)
cru® (U + 2uy,) = co. (3.3.10)

We solve (3.3.9) for u,, and insert the result for u,, into (3.3.8) obtaining

cu? — %uG —2c1u*u? = ¢y, (3.3.11)
which is the desired reduction of (3.3.6]) to a first order ODE. Equation ({3.3.11])

can now be solved for u, and be treated by standard methods like, e.g., separa-
tion of variables. ¢

Remark 3.24. It may happen that the reductions of K; = 0, K; a member of a
skew symmetric hierarchy as introduced in Theorem [3.19] obtained by using the
elements G, are not independent, i.e. not every equation of the set of reduced
equations obtained in this way may be helpful to produce further reductions of
the order of the ODE under consideration. This may lead to the fact that the
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ODE under consideration cannot be reduced to a first order ODE or even be
integrated completely. When the elements G; computed due to Theorem m
do not produce independent conserved quantities, by which further reductions
of order can be reached, we speak of a premature recurrence. The following
examples demonstrate this effect.

Example 3.25. Consider
O := D3u + uD?® 4+ Duyp + puD,

where ¢ = () is a generic element of F, i.e. ¢ is treated as a symbolic function
depending only on x in the following. With the help of Theorem [3.19| we obtain

K, = O(Go) = UPy + PUy + Ugga,
Gy = DK, = UP + Uy,
Gy= D 'K,= gu%Q + 2005t + BUPUe + SPa U+
2yt + QUG+ U Uy + ;ug
Consider the ODE
Uy + Pl + Ugzg = 0, (3.3.12)

i.e. Ki = 0. Integration of this ODE provides G; = ¢, ¢; some constant of
integration. Furthermore, multiplication of by G, integration of the
result and afterwards reduction modulo K; = 0 (which is again no problem,
since K7 is linear in wu,,,) provides the two conserved quantities

UP + Ugy = C1,4 (3313)
1
E(USO + uzx>3 = Cy, (3314)

for constants of integration ¢; and cy. Since the left—-hand—side of is
up to a constant multiple a power of the left—hand—side of , no further
reduction of the order of can be achieved. Even when computing G3,
G4 and Gy (for which, due to the large size of the expressions, we do not present
the explicit results here) and proceeding in the same manner, we only find the
trivial conserved quantities

5
é(USO + uxa:)4 = (3,

7

g(ugp + umﬁ)S = C4,
21
1—6(ug0 + Uge)® = 5.
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These results are not unexpected, since (3.3.12)) is just the differentiated general
second order homogeneous linear ODE (|3.3.13]), for which no general closed form
solution for a generic function ¢ exists. ¢

Example 3.26. A similar situation as discussed in Example [3.25] arises from
the consideration of the skew symmetric operator

© := D? +2Du + 2uD.

Constructing the skew symmetric hierarchy in the sense of Theorem [3.19| with
the help of ©, we found no way to reduce the equation K3 = 0, which reads in
detail

140 w3 uy + 70 gy u? + 280 Uy Uty + 14 Uppppe U+

to a first order ODE only using the integrating factors G; of the skew symmetric
hierarchy. We conjecture that the reason lies in the fact that this ODE admits
further symmetries. For example, the member

Ky = 30uy u? + 10 Uy w + 20 Uy Uy + Uppzss

of the skew symmetric hierarchy generated by © is the generator of a symmetry
of the equation K3 = 0. For such cases where sufficiently many symmetries
can be detected from other members of the skew symmetric hierarchy under
consideration, Theorem by B. Fuchssteiner can be used to find an implicit
characterization of the solutions of the ODE in terms of conserved quantities. ¢

The characterization of those classes of skew symmetric operators, for which
such recurrence phenomena appear, is still an open problem (see also Subsection
on open problems and further perspectives).

Remark 3.27. Further skew symmetric hierarchies can be obtained by using
slight variations of Theorem [3.19] Assume, that © is a skew symmetric operator
A — A with ©(1) = 0. Then a skew symmetric hierarchy for © can be obtained
by choosing an arbitrary element Go € A and defining

Ko = DG(),

KZ‘ = @(Gi_1)7 Gz = D_lKZ‘,

for all ¢ € N. Then, as in Theorem [1.26] the following hold:
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(i) G; € A for all i € Ny.
(11) K, e N foralli e Np.

The proof of this statement is similar to the proof of Theorem [3.19] Assertion
(i) follows, when (ii) has been proved. To see that (ii) is correct, consider

(1, Ko) = (1, DGo) = —(D1, Go) = 0
and for ¢ > 1
(LK) =(1,0(Gi-1)) = =(6(1),Gi—1) = =(0,Gi—1) =0,

which proves that K; € N for all i € Ny. Hence, also G; = D7'K;, i € N, are
elements of the algebra A. By the proof of (iii) in Theorem [3.19, we know that

for 7,7 € N we have
(Gi, Kj) = —(Kiyj, Go).

Furthermore, we observe that

(Gi, Kj) = (Gi, DGy) = —(DG;, Gy) = —(K;, Gj)
= —(0(Gi1), Gj) = (Gi—1,0(Gy))
= (Gi-1, Kj1).

Proceeding in this manner, we obtain
<GiaKj> = <Gi717Kj+1> == <G07Ki+j> = <Ki+j7G0>7

ie. —(Kitj, Go) = (K;4+;,Go) and, hence, it follows (G;, K;) = 0. This means
G,K; e N.

Example 3.28. Remark allows to create a non-trivial skew symmetric
hierarchy using the skew symmetric operator

0 = ZD%H, n €N,
k=0

whereas using © in the construction of Theorem [3.19| only produces a set of
constants. ¢
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Remark 3.29. Whereas Example [3.28 may not have been the most meaningful
one, let us present now a related one, which is much more meaningful and which
shows that the methods developed so far open a wide avenue for generalizationﬂ.
Consider some GGy € A and two skew symmetric operators Og, 01 : A — A, such
that additionally

(1) (©9 = D)Go =0,
(2) ©o(1) =©4(1) =0.

If we consider

O = 01 + 0GoD ' GOy
and define D~!(0) = 0, then for all n € Ny the elements

K, = (6D 1)"DG,,
G, =D O©D H"DG,

are well-defined elements of A, such that
(i) K; € N for all i € Ny,

Of course, the surprising fact is that, although a lot of integral operators are
involved, we never leave A. This is surprising, because by definition © is not
an operator in A at all.

Sketch of a proof. We define
AG, = {H € A| {Go,00(H)) = 0}.

Then O is a well-defined map from A(L;O to A, because the integration within
the operator can always be carried out. Furthermore, with respect to Aéo, the
operator © is skew symmetric, i.e. for Hy, Hy € Aéo, we have

<H17 @(H2)> = _<H2> 9(H1)>,

which is easily proved by integration by parts.

3Which however we shall not discuss here, since this would require that we leave the
transparent and simple algebraic structure, we presented so far.
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We proceed by induction: For a fixed n € N, we assume that G;, K; € A for all
Jj <mn,i <(n—1)and that (i) and (ii) from above are valid for these.

This assumption is true for n = 1, since due to the fact that ©y(Gy) = DGy, we
have Ky = DGy € N and

1
K, = 01(Gy) + 5@0((;3),
which implies

(1, K1) = (1,01(Go)) + = (1,00(G3))

N —

= —(@1(1), Go) — 5 (O0(1),G})
= 0.

The last equality comes from (2) above. Hence, Ky, K1 € N. Because of
(Go, Ko) = (Go, DGo) =0

it follows Gy Ky € N. Finally,

(Go. ) = (G, ©1(Go)) +1+ (Go, ©u(G2))
T/ 2
1 3\ 1 3
=3 (©0(Go), Gy) = —3 (DG, Gy)
=0,

which proves Gy K; € N.

By assumption we have K, € N. Hence, G,, = D'K,, is an element of A.
Furthermore,

(Go,00(Gr)) = —(Gr, B0(Go)) = —(Gn, DGY)
= <G0:DGn> = <G07Kn>
=0

by assumption and (1) above. Therefore, G, € A, and K,y = O(G,) is
well-defined. It follows

(1, Knt1) = (1,O(Gr)) = =(O(1), Gn) = 0,
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i.e. K11 €N as desired.

It remains to prove that
(Gn,Ky) =0, (Gn,Ky11)=0, (Gp1,Kp11)=0 (3.3.15)
as well as
(Gn,K;) =0, (Gi,Kn11) =0 (3.3.16)
for j <mn, i< (n—1). We observe that due to skew symmetry
(G, K,) = (G, DG,) =0

and

(G, Kni1) = (Gn, O(Gr)) = 0

as well as

<Gn—1> Kn+1> = <Gn—1a @(Gn)> = _<@<Gn—1)v Gn>
— (K, Gy = 0.

Hence, (3.3.15) is proved. And (3.3.16) also follows by skew symmetry and the
assumption (ii). We find:

<Gn7Kj> - <Gn7DGJ> = _<Kn7GJ> =0
and

(Gi, Kny1) = (Gi, O(Gh)) = —(Gn, O(G)))
= (G, Kis1) = —(Gpn, DGy 1)
= (Gis1, DG,) = (Giya, Ky)
=0.

Example 3.30. One of the examples, which can be generated due to Remark
3.29| is well-known from the theory of integrable partial differential equations.
One takes Gy = u, and

© = D3+ DGyD'GyD.

Then the elements K;, i € Ny, generated by that are the well-known vector fields
from the modified Korteweg—de Vries equation (see [25] and [26] for details).
This also is an example, where premature recurrence occurs, this for the reason
that we have additional symmetries. ¢
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The next section is dedicated to establish the notion of the fundamental form of
a skew symmetric operator © : A — A, which will later on serve as an essential
algorithmic tool for the efficient computation of the integrations, which have
to be performed on the one hand to compute the skew symmetric hierarchies
introduced in Theorem [3.19 and on the other hand to reduce the order of a
given ODE as discussed in Examples [3.21] [3.23] and [3.25]

3.4 Fundamental forms of skew symmetric op-
erators

From an algorithmical point of view, the computation of the G;’s as integrals
over the K;’s in Theorem is the most expensive (and difficult) part of
all computations involved in building the skew symmetric hierarchies. In
the following we introduce suitable quadratic forms, which facilitate these
computations considerably, and which will lead to recursion formulas for the
G;’s.

We start with some obvious but helpful fact:

Lemma 3.31. Let © : A — A be a skew symmetric differential operator and
A, B e A. Then AO(B) + BO(A) € N. In other words: there is a P € A such
that

AO(B) + BO(A) = D(P).

Proof. We have for T := A©(B) + BO(A) that
(1,T) = (A,©(B)) + (B,6(4)),

which is zero, because © is skew symmetric. O]

Independently of what we aim at with this lemma, in the context of algorith-
mic approaches this lemma also gives us new methods of constructing skew
symmetric operators:

Remark 3.32. Let us denote by (©(A)) the element of A given by the applica-
tion of © to A. Therefore, as an operator, (O(A)) is a multiplication operator.
Then the operator

AO + (O(A))

maps A into N. Hence, the formal integral operator

= (04— (6(4)))D"'(46 + (6(4)))
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is a skew symmetric operatorﬁ in A.

Proof. Since D~ is not an operator in A, we have to give a different represen-
tation for W in order to see that the operator is skew symmetric. As shown in
the Lemma above, we may find an operator I : A — A such that

A© + (B(A)) = DT
Using this we may write ¥ as
U = —(DI)*D~Y(DI') = I'* DT,

where ' denotes the transposed of I' with respect to the given scalar product.
The right—hand-side obviously is skew symmetric. O]

Definition 3.33. Let © : A — A be a skew symmetric operator. For general
elements A, B € A we define a bilinear form

Fo: AxA— A, Fo(A B):=D'(AO(B))+ D '(BO(A)).
Furthermore we consider the quadratic form
Qo A— A Qe(A)=Fo(A,A).

We call Fg the fundamental form of the skew symmetric operator © and Qg its
quadratic form, respectively.

Note that Fg : A x A — A is indeed mapping elements A, B € A to an
element of A, since Lemma [3.31] guarantees that the integrals involved can be
computed, such that no symbolic rest integrals remain.

Since Fg is a symmetric bilinear form, we can, as usual (parallelogram law),
recover this from Qg:

Fo(A,B) = %(Q@(A + B) — Qo(A) — Qo(B)) (3.4.1)

for all A,B € A. Therefore, for the computation of Fg we should make use
of an algorithm for (Qg. And for this we use, after a change of algebra, the
canonical form provided in Section [3.2]

4This way of constructing new skew symmetric operators is closely related to what we did
in Remark and Example m
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For this consider Qg(A(z)) in the formal variable A(z). We know that this is
integrable and we take that as an element in the algebra G, which is the algebra
generated in the same way as A, but where now the role of the u(x) is taken by
A(x) instead, and where the u(z) and other functions in A4 are considered as
belonging to the function set. Then, since being integrable does not depend on
this change of variable, we can now apply our algorithm, which then consists of
integration by parts of the highest derivative A™(z) of A(z) in the considered
expression. Being integrable means that this derivative can never occur as a
quadratic term (or a term of even higher polynomial order in this derivative).

The algorithm we obtain by application of the results of Section is:

Algorithm 3.34. (Symbolic computation of the quadratic form) Let
© : A — A be an operator, and let A(x) € G be a variable, i.e. an arbitrary
symbolic element of G.

1. Define
T:=2A(x)O(A(z))
and
Q :=0.
T will be the term still to be integrated, whereas ) will be the result of
integrations already performed. Both are elements of G.

2. Now repeat the following steps, until 7' = 0 or the algorithm breaks off.

e Let S be the term of T', which contains the highest order derivative
AW (z) of A(x) with respect to x. Then S is of the form

S = AW (2) A™ (2) C(x, u, g, Ugg, - . .),
and n > m, since T is integrable. We make a case differentiation:
o If n >m — 1, then we put
Q:=Q+ AP V() A () C(x, u, ug, Uy, . . .),
T:=T— D(A("’l)(x) AT (2) Oz, 1, Uy, U, - - ))

o If n=m — 1, then we put

Q= Q-+ 2AT(@) AV 2) Ol ),

1
T:=T-— §D<A("_1)(x) AP (1) Oz, u, g, Ugg, - - ))
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o If n = m, then we break off the algorithm.
3. Return @ as the result of the algorithm. A

The algorithm terminates and if © is skew symmetric, then the returned @) is

Q = D7'(2A(2)0(A(w)) = Qe(A(x))).
We briefly discuss the correctness of the algorithm.

Proof. A simple observation shows that during the algorithm we have at each
step T, Q) € G and

D' (2A(2)0(A(z))) = Q + DH(T). (3.4.2)

Hence, when © is skew symmetric, then, since the left—hand—side is integrable,
T always will stay integrable. This means that 7" never has its highest derivative
in A(x) as a quadratic term (or a term of even higher polynomial order in this

derivative). So the algorithm only breaks off, if 7' = 0, but then by (3.4.2), @
obviously returns the desired integral of

2A(2)O(A(x)).

The algorithm clearly terminates, because after each round of the steps of com-
putation summarized under 2, the order of the highest derivative of A(x) is
reduced by 1. O

The following example demonstrates, how Algorithm [3.34] proceeds to compute
the quadratic form of a given skew symmetric operator:

Example 3.35. Assume, we want to compute the quadratic form Qg of the
skew symmetric operator

© = D3 + Du? + u>D.

Using the same notation as in Algorithm [3.34] we perform the following steps
of computation:

1. We define

T:=2A(x)O(A(x))
= duu, Alx)* +4u® A(z) Ay(z) + 2 A(x) Apew (),

Q:=0.
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2. Now we are at the beginning of the first round of the steps of computations
summarized under 2 of the algorithm.

o We define
S :=2A(x) Apps(),
which is the term with the highest order derivative of A(z) with
respect to x in 7', i.e. we are in the situation n = 3 and m = 0.

o We compute
Q:=Q+2A(x) Apz(x)
=2A(z) Azz(),
T:=T—-D2A(x) Aps(x))
= duu, A(z)® + 4u” A(z) Ay(z) — 2 Ay(x) Apu().

o Now

Si=-2A,(v) Asz()

is the term with the highest order derivative of A(x) with respect to
x in T, i.e. we are in the situation n = 2 and m = 1.

o We compute
Q:=Q+ %(—2 A (z) Ap(2))
— 2 A(x) Apa(z) — Ay(2)?,

T:=T-— %D(—QAx(x)Q)

= duu, A(x)® +4u® A(z) A(2).
e At the current state of the computation,
S = 4u* A(z) Au(x)

is the term with the highest order derivative of A(z) with respect to
x in T, i.e. we are in the situation n = 1 and m = 0.

o We compute
Q:=Q+ 5 (A
T:=T- %D(élu2 A(z)?)
=0.
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3. We finally obtain

Q =2u* A(x)* + 2 A(z) Ape(7) — Ap(x)?

Indeed, @ gives the desired result for Qg(A(x)). ¢

Algorithm and application of (3.4.1) then directly leads to the following
algorithm for computing the fundamental form of a skew symmetric operator:

Algorithm 3.36. (Symbolic computation of the fundamental form) Let
O : A — A be a skew symmetric operator and A, Ay € A.

1. Compute the quadratic form Qg(A(z)), A(z) € G, with the help of Algo-
rithm 3.341

2. Compute

Fo(Ar, 42) = £ (Qe(Ar + 42) — Qo(A1) — Qo(A2))

by simply inserting the concrete elements A;, Ay and A; + Ay into the
symbolic representation obtained for Qg in step 1. A

Proof. The correctness of the algorithm follows directly from the correctness of

Algorithm and (3.4.1)). O

Example 3.37. Let us again consider the skew symmetric differential operator
© = D* + Du® +u?D.
In Example [3.35] we saw that
Qo(A(z)) = 2u? A(x)* + 2 A(x) Ape(v) — Ay(z)2.
Hence, using Algorithm to compute Fg(Aj, Ay), where A;, Ay € A, we find
Fo(Ay, As) = 2 Ay Agu® + Ay Aoy + Avge As — A1z Aoy,

which is the desired result. ¢
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3.5 Recursion formulas for symbolic integra-
tion

We now focus our attention on the computation of the elements G; introduced
in Theorem [3.19. The fundamental form Fg of a skew symmetric operator
O : A — A will help us to do so. The next example gives a motivation.

Example 3.38. We consider the situation of Theorem [3.19] i.e. © : A — A
denotes a skew symmetric operator and Ky := O(1), Gy := D7 'Ky, K1 = O(G)).
We want to compute GG with the help of the fundamental form Fg of the skew
symmetric operator ©. We have:

Fo(1,Go) = D™H(10(Gy)) + D™H(GeO(1))
= Dil(Kl) + D71<G0K0)
== G1 —|— D_l(GoK())
Because of Ky = DGy, we can compute the integral D~1(GK,) with the help
of integration by parts:
D Y GyKy) = D™HGoDGy)
= Gy — D1(DGyGy)
— Gg - Dil(GgKo),

i.e. D7Y(GoKy) = 1G3. Hence, we obtain:
1
G1 = Fo(1,Gy) — 5@3. (3.5.1)

Again, it is easy to compute K, via Ky = ©((G1), since © involves no integrations
to be computed when applying it to an element of A. For the computation of
(G5 we proceed similarly to the way we did above:

Fo(1,G1) = D*(16(G,)) + D™ HG,6(1))
== Dil(KQ) + D71<G1K0)
- G2 + D_l(GlK()).
The integral D' (G Kj) can again be computed with the help of integration by
parts, which provides:
D YG1Ky) = DG, DGy)
= GoG1 — D(D(G1)Gy)
== GOG1 - Dil(GoKl).
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The integral D~!(Gy K1) can be expressed in terms of the fundamental form Fg
applied to the pair (Gy, Gy):

F@(Go, Go) == 2D71<G0@<G0))
= 2D (GoK),
hence, D™} GoK;) = %F@(Go, Gy) and finally we have
1
G2 - F@(l, Gl) + §F@(G0, Go) - G()Gl. (352)
Equations (3.5.1)) and (3.5.2) suggest that we can compute G; in terms of Gj,

j < i, and the fundamental form Fg. ©

Before we come to a generalization of the results presented in the preceding
example, we state the following lemma, which we will need in the proof of the
theorem on recursion formulas for the computation of the elements G; of a skew
symmetric hierarchy:

Lemma 3.39. Let © : A — A be a skew symmetric operator and K;, G; € A,
i € Ny, as defined in Theorem[3.19. Then for all i € Ny:

. _ 1
(Z) D 1(G¢KZ’+1) = §F@<G“Gl)
1
(ii) D™YGK;) = 5@3.

(iii) Gip1 = Fo(1,G;) — D™HGiKy).

Proof. The assertions of the lemma follow directly from the definitions of the
K;’s and G;’s and from integration by parts:

Fo(G;,Gy) = 2D HGiO(G)))
= 2D (G K;11),

which proves (i). Furthermore, we have:
1

This proves (ii). The assertion in (iii) follows directly from the definition of the
fundamental form of the skew symmetric operator ©:

Fo(1,G;) = D™H(10(Gy)) + D™H(Gi6(1))
= D Y(Kiy1) + D (G Ky)
= Gip1 + D7HGiKy),
i.e. Giy1 = Fo(1,G;) — D7Y(G;Ky). This completes the proof of the lemma. [
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The following theorem generalizes the results of Example and provides the
basis for a more elegant and efficient algorithm for computing integrating factors
and reductions of ODEs arising from a skew symmetric hierarchy:

Theorem 3.40. (Recursion formula to compute the G;’s) Let© : A — A
be a skew symmetric operator and K;,G; € A, i € Ny as defined in Theorem

[3.19 Let Fo : A x A — A be the fundamental form of the skew symmetric
operator ©. Then G;y1 can be computed with the help of Fo and G, 0 < j <14,
for all i € Ny.

More precisely, if we formally put G_; = 1, the following recursion formula
holds:

Gipr = Z Fo(Gr,Gizig) — = ZGk ik (3.5.3)

k=—1
Proof. By Lemma [3.39] (iii) we have:
Giv1 = Fo(1,Gi) — D7H(Gi Ky),

i.e. it remains to show that
1 1 4
G Ky) == GG — = Fo(Gr, Gi—1_1).
0) =5 Z A ; o(Gr, 1—k)

Integration by parts provides:

“GiKy) = DHGiDGy)
= GoG; — D™Y(D(G;)Gy)
- G()GZ - D_l(KiGQ).

Furthermore

F@(GO,GZ-_)— ‘I(GOG(G» ) + DY (O(Go)Gi1)
“YGoK;) + DY (K,\Giy),

which shows D™ (K;Gy) = Fo(Go,Gi_1) — D™YG;_1K;). To summarize, we
have found:

_1(Gi K()) - GOGz - F@(Go, Gi—l) + D_l(Gi_lKl).

We continue proceeding this way:
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e D Y(G,_K)) is computed by integration by parts, first, and

e the remaining integral D~'(K;_,G;) is expressed by Fo(G),Gj_1-1) —
DG Kip).

Depending on the fact, whether 7 is an even or an odd number, two different
cases have to be distinguished.

We first consider the case, where ¢ is an even number. We can apply the above
procedure as long as we obtain the following representation of D~(G; Kj):

D71<GiK0) - G()Gl + GlGl’,1 + ...+ G%G%—
Fo(Go, Gi1) = Fo(Gr,Giz) = ... — Fo (G Gy ) +

By Lemma [3.39| (ii) we have D‘l(G%K%) = 3G%. Thus, it follows:

1
D™H(GiEy) = GoGi + GriGimy + ... + G2 Gz + 5GQ%—

Fo(Go, Gi1) = Fo(Gh,Giz) = .. — Fo (G2, G )
1 7 1 i—1
=3 ZGk Gi—p — 3 ZF(a(Gk,qufk)-
k=0 k=0

If 7 is an odd number, we can apply the above procedure as long as we obtain
the following representation of D~(G; Kj):

D_I(GiKo) = GOGl + GlGi—l + oot ngl GH—

1 —
2

Fo(Go, Gi1) = Fo(Gh,Gia) = .. — Fo(Gua, Gy ) -

Fo <G , G;> + D! (GHKZ-H).

2 2 2

By Lemma [3.39| (i) we have D™} (G iz1 K1) = $Fg(Giz1,Giz1). Hence, in this

2 2 2 2
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case, it follows:

Dil(GiKo) - G()Gl —+ GlGifl + ..+ ngl Gz;l -

Fo(Go,Gs1) — Fo(Gr, Gis) — ... — Fo (Gigg yepm ) _
1
§F@ ( i;l 5 G%)
1< =
=5 D GiGik—5 D Fo(Gr,Gii).
k=0 k=0
This proves (3.5.3)) and we are done. O

Example 3.41. Consider the skew symmetric operator © := D3 + 42D + Du?
and

Ky = 0(1) = 2uu,,

Go = Dil(Ko) = u2.
We now compute Gy, Gs, Gz and G4 with the help of the new recursion formula

(3.5.3). The fundamental form of © for arbitrary symbolic elements A, B € A
is given by

Fo(A, B) = 2ABu? + AByy + BAys — A, B,
which we already saw in Example [3.37] The recursion formula (3.5.3) provides:

1
G1 = Fo(1,Gy) — 5(}3

3 4
= % + 2 4 2u2,

1
Gy = Fo(1,Gh) — GoGy + = Fo(Gy, Go)

2
5u° 3 2 2 2
= B3 + 10U ugy + 20U Uy + 2Ugppatt 4 SUpgg Uy + 627,

1
Gs = Fo(1,Gs) — GoGy — §G§ + Fo(Go, Gy)

_ 35u°
-8
84u2uix + 252uu§um + 2Upprrasth + 42ui + 12Uy ppaaUs+

30Uy ppather + 20U

X’

+ 350Uy, + 1O5u4ui + 140U prrt® + 1120% U U+
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1
Gy = Fo(1,Gs) — GoGs — G1Gy + Fo(Go, G2) + EFG(GM G1)

63u!?
T8
567utu?, + 31920 Uty + 18Uspareatt® + 13020 Ui+
216Uy ppra Uy + 498U Uy Uy yrs + 318u2uim + 768uu§umm+
2820UU 4 Upp Upge + 684uu?;z + 2Upprrrcosth + 912u2umx+
19261202, + 16Usrrreeetie + 50Usprrnstie + 1120y tiaret

T0u?

TTITT"

+ 1050wy, + 420u6ui + 630 U + 756U UL U s+

These results are the same as if G1, Gy, G3 and G4 are computed directly via
integration of Ky, Ky, K3 and Kjy.

Alternatively and for comparison, Algorithm [3.15 can be used to perform the
necessary computations (these computations are just the determination of the
canonical forms of the expressions D™(K;), D7}(K5), D71(K3) and D™1(Ky)).
o

Theorem provides an efficient method to compute the G;’s with the help of
a recursion formula. This formula makes use of the fundamental form Fg of the
skew symmetric operator © : A — A. In the following we will see that we can
even give such recursion formulas to compute the integrals D~!(G; K;) with the
help of the fundamental form Fg. This means that we can integrate equations
of the form G;K; = 0 — and thereby produce reductions of the ODE K; =0 —
as efficiently as we can compute the integrating factors G; due to Theorem |3.40]
The recursion formulas to compute the integrals D~(G;K;) are summarized in
the following theorem:

Theorem 3.42. (Recursion formulas for the computation of D7'(G;K;))
Let © : A — A be a skew symmetric operator and K;,G; € A, i € Ny, as
defined in Theorem[3.19. Let Fg : A X A — A be the fundamental form of the

skew symmetric operator ©.

Then fori,j € Ny, the integrals D' (G;K;) are given by:
(i) If j =i, then D™Y(G; K;) is obtained due to Lemma[35.59 (ii).
(i1) If j > 1, then

_ 1 1
Dl(Gin):§ > Fo(Gy, Gs) = 5 Y GG, (354

r4+s=i4+j—1 r+s=i+j
i<r<j-1 i+1<r<j-1
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(i1i) If j <, then
Dil(Gi KJ) = Gl Gj - Dil(GjKi) (355)
and DY G, K;) is computed due to (ii).

Proof. We only have to prove (ii) and (iii).

(ii) For j =i+ 1, (3.5.4) gives $Fo(G;, G;), which is the correct result due to
Lemma [3.39 (i). Let now j > i + 1. We have:

Fo(Gi,Gj—1) = D"HGi©O(Gj-1)) + D™H(O(G;)Gj-1)
=D (GiK;) + D (Gj-1Ki11),

i.e. D_I(Gin) = F@(Gi, Gj,1> - D_l(ijl, KiJrl)- With the help of integration
by parts, we obtain:

D™YGj-1Kip1) = D™H(Gj-1DGiyq)
= Git1Gj-1 — DTH(D(Gj-1)Girn)
= GG — Dil(Gi+1Kjfl>7

and, hence, all in all
D71<GZK‘7) = F@(Gi, ijl) - GiJrlGj,l —+ Dil(G/L'JrlKjfl).

The above two steps can now be applied successively again and again. In general
we have for suitable n € N:

D7 GipnKjn) = Fo(Gitn, Gjn-1) = DG n-1Kisni1),
as well as
D™ NG n1Kitnt1) = Gisn1Gin1 — D HGign1 Kjn 1),
from which we obtain the representation
DY GiynKjn) = Fo(Gitn, Gjn1) = Gisn1Gjn1 + D HGipn1 Kjna).

Successive application of the above formulas provides the representation

—_

3

DY GK;) = Fo(Givk, Gj1-k) — Gitr1Gj_p—1+
0 0
1

D Y (GismKjm), (3.5.6)

3

B
B
Il
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where m = V%’J
i+

L and j —m = 52 and we have

If j — ¢ is an even number, it follows i + m = 5

|
DY (GismKjm) = D! (GiKi> =56, (3.5.7)

2

by Lemma [3.39 (ii).

If 5 — ¢ is an odd number, it follows i +m = # and j —m = % and we

have
1
D_I(Gi+ij_m) = D! (Giﬂ;l K¢+J2‘+1> = §F® (GHJQ‘A , Gi+]2'71> (3.5.8)
by Lemma [3.39] (i).

Summarizing the two cases (3.5.7) and (3.5.8) for the integral D™ (G Kj—p)
in (3.5.6), we can rewrite (3.5.6) in the compact form

1 1
—1 -
DN GikK;) = 5 Z Fo(Gy, Gs) = 5 Z G, Gy,
r4+s=i+j—1 r4+s=i+j
i<r<j—1 i+1<r<j-—-1

which proves (3.5.4)).

(iii) Let now i > j. Integration by parts provides

D7H(GiK;) = D™HGi(DGy))
- GZGJ - Dil(G](DGZ))
- GZG] - D_I(G]‘Ki),
which proves (3.5.5)). O

Example 3.43. We consider the same situation as in Example [3.41} i.e.
O := D*+u*D + Du?
and
Fo(A,B) = 2ABu* + AB,, + BA,, — A, B,.

We demonstrate the results of Theorem in order to compute D! (GoK>),
D_I(GQKg), D_1<G4K0) and D_I(G0K4).
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For the results for Ky, Go, G1, G2, G3 and G4 we also refer to Example [3.41]
According to Theorem [3.19, we obtain for K, Ky, K3 and Kjy:

Ky = ©(Gy)

3
=06Uz U + 2 Ugpg U + 6 UyUyy,

Ky, =0(Gy)
= 15u® uy + 10 Ugyy ©® + 70 Upy u? uy + 40uui + 2 Upprrs U+

10 Upgay Uz + 20 Ugy Uggs,

K3 = O(Gs)
= 35u" Uy + 35 Uy u° + 385 ut uy Uy + 42003 ui + 14 Uy W+
154 Uy U2 Uy + 280 Ugyy U2 Upy + 476 Ugppy U ui + 672 u u, uix—l—

3

K, = 0(Gy)

315 ,
= u? Uy + 10567 Uppe + 1575 U Uy Ugy + 2520 U° U2 + 63 Uppppe U+

1071 Upe u* Uy + 1890 U* Uy U + 6216 U U2 Upyy + 8652 u° 1, uZ +
18 Upwwas U° + 14784 42 ui Uz + 270 Uppwwe U2 Uz + T14 Uppppe U2 Ups+
1134 Upppn U2 Ugze + 2604w 12 + 1200 Uppppe U U2 + 5352 Upzpe U Ug Uyt
3456 Uy u2,, + 4872 U U2, Upre + 2 Upgwrrezas U + 1680 Uspgpy U2+

9408 U2 gy Ugga + 4536 Uy 1, + 18 Usgrazras Ua + 72 Uszaraze Yoot

Application of Theorem |3.42| provides for the case i = j = 2:
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1
D_I(GQKQ) - §G§

25
= 5 u'? + 25 u? uyy + 50 u® ui + 507 Upggr + 20 U Uy Upyy+

200 u° u?c U + 200 0 ui + 20 Ut Uy Uggwy + 40 U3 ui Upprs+

80 > Uy Uyy Ugye + 160 1 ui Ugppw + 120 12 ui uix + 242 uizm+
16w Uy Upgy Uppws + 12U ufm Upger + 32 ui uim + 48 u, Uix Uppr+
60 u® ul, +65uSu, + 18ul,.

Due to Theorem [3.42] we find for ¢« = 2 and j = 3:

1
D_I(G2K3) — éF@(GQ, GQ)

25 175
= u't 4 - u gy + 175" U2 + 35U Uppaet

140 u® uy Uggy + 455 u® u?w + 1050 u” ui Ugw + D Upppzzs U+
245 U8 Uy Ugzze + 280 U U2 Upgzr + 280 U Uy Uny Upge+

910 u® u?, 4 2520 u* U2 Upey + 2240 u* U2 U2, + 20 Upprpee U Upe—

3,2

20 Ut Ugpy Uppwws + 24 u? uimm + 2800 u* ui Uz + 40 Upgrprs U UL —

3 3 3.2
20U Uy Upy Uggorer + 21207 Uy Uppy Ugprsr + 524 U° Ug, Uppee+
160 u? ui Upgaze + 420 U? ui Uy Upgzw + 1264 12 ui uiw—
2 2 2.4 2 2.2

320 U UL Upgge + 1280 U US Upy Uy + 1560 wu? ul +

16 U U U Uy + 4 U Uiy U Uz + 12 Uy WUy —
40 U Uy U U + 60 U U U2 + 40 UUE L U+

320 U Uggy + 240Ul U2, + 96 U2 Upps Upeae — DO U U2, +

180 U2, Upgww — 80U, u2,, + 1400 u® ul.

Txr TIrITT

These are exactly those cases, which have already been discussed in (i) and (ii)
of Lemma [3.39

Next we compute D™ (G K,) and D~(G4K,): Formula (3.5.4) in Theorem|[3.42)
(ii) provides
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1
D™ (GoKy) = Fo(Go, Gs) + Fo(G1.Ga) — GiGs — 5G

105

= 16 u? +105u° uyy + 31548 ui + 63 67 Uggps + 630 uC Uy Uppat
630 u® u2, + 2436 u° U2 Upy + 18 Uppppas u® + 651 u' U+
180 Unppza Ut Uy + 534 U* Upy Uppee + 300u* v, + 18Ut +
480 u* ui Uppww + 2256 U2 Uy Ugy Uppe + ST2 05 uix + 7202wl +

xr TxrxxT

3 2.3 2.2 2 2
2 Uppgzarzs U+ 24007 U, Ugyy + 960 w” ul ul, — 72Uy Uy Upgr+
2 2 2
2.2 4 2
T2u .. — 480U U, Upy — 24 Upgrpgr WU, — T2 Upgpar U Uy Ugy—

144 u vy Uppr Ugger + 12U uix Uggre + S0 ug + 24 Uppwaa ui
Finally, due to (iii) of Theorem [3.42, we compute

1
D™Y(G4Kp) = G4Go + G3G1 + §G§ — Fo(Gs, Go) — Fo(Ga, G1)

1
— 1—6u12 + 105 uB u2 4 126 1S uy tgpe — 63 u8 u2 +

756 u° ui Ugy + 651 0 ujj, + 36 Upppms U Uy — 36 Ut Uy U+
18 ut uim + 28813 ui Ugpww + D64 U Uy Uy Uy —

188 u® ul + 672 u* U2 Uppy + 966 u? u2 u? +

4 Ugrrrrrocs u2 Uy — 4 Ugrrrre u2 Uz + 4 Urzzrs u2 Ugge—

2 u? uimm + 480 u ui Uz + 24 Uppgwrs U ui—i—

80 ug — 2 U US — T2UR U2+ T2, uix Uz —

x T X
4
18 u,,.

Although the computations involve rather large expressions, the time needed
to compute the above results is rather short. We did a rough implementation
of the recursion formulas presented in this section in MUPAD, which uses
Algorithm from page to compute the canonical form of © first and,
afterwards, proceeds due to Theorem [3.42 On a usual P(f] each of the above

5 We performed our computations using MuPAD Pro 4 under Microsoft Windows XP on
a PC with a Pentium 4 CPU, 2.40 GHz, 1.0 GB RAM.
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expressions is computed in less than 1 second.

The above results may also be obtained using Algorithm |3.15] on page (143
to compute the canonical form of the expressions D™'(GyK3), D™ 1(G2K3),
D™ (G4Ky) and D™ (GyKy). The results coincide, but in the special situation
of the skew symmetric hierarchy under consideration, the recursion formulas of
Theorem [3.42] are more efficient. ¢

3.6 Conclusions

3.6.1 Resumé

In this chapter we discussed classes of ODEs arising from the application of
skew symmetric operators in the sense of Theorem [3.19} In contrast to the
results for computing integrating factors discussed in the framework of Chapter
2, we could present explicit symbolic recursion formulas for the computation
of the integrals of the total derivatives arising from the multiplication of an
ODE by a suitable integrating factor. These recursion formulas have been
presented in the framework of Theorem [3.42] The central point for the efficient
computation of integrating factors in such a way was the fact that we could
make use of the fundamental form of the corresponding skew symmetric
operator to avoid integrations.

Hence, once the fundamental form is computed using Algorithm there are
no further integrations necessary to compute integrating factors of the ODEs in
the skew symmetric hierarchy generated by the corresponding skew symmetric
operator. All other integrations to be performed in the setting of ODEs and
integrating factors in this chapter could be done basically by using Algorithm
to compute canonical forms of the elements in the algebra A. Hence, the
requirement of a powerful integrator in the computer algebra system, where
the methods of this chapter are to implemented, is not as necessary as in the
case of the methods discussed in Chapter [2|

Even in the situation, when there is no elaborate algorithm for computing
integrals available at all, the methods of this chapter should still work fine.
Additionally, even if an elaborate integrator is available in practice, it may still
be desirable to avoid its use for computing integrating factors and integrals of
total derivatives as far as possible for reasons of efficiency.
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What however is still missing is a link between these methods and the approach
via symmetry methods. This will be discussed — very briefly — in the next
two subsections.

3.6.2 Back to the symmetries

One might ask, if — in case there are not enough integrating factors found in
a skew symmetric hierarchy to achieve a suitable reduction of the ODE under
consideration — there are other ways for finding integrals with the help of
symmetries.

In fact there are two ways, where either symmetries may help to construct
additional integrating factors or where a direct integration is possible via a
variant of Theorem [[.25] and Theorem [1.26] In both cases, additional research
will be needed in order to make clear all structural aspects, to give rigorous
results and to explore the wide area of possible applications.

However, the first method, we shall briefly present here, and the second method
in the next subsectionfl

The brevity of presentation is chosen, because — to our belief — the final form
of presentation of these results has not yet been found due to the necessary
additional investigations.

In the algebra A we introduce the basics of a tensor structure, where the
densities A/N do play the role of the scalars. However, we only introduce
those notions, which are needed to present those aspects we mentioned above.

For K € A we define a map
VKI.A—>.A

by
VKQ = Q/[K]7

where Q" denotes the directional derivative as introduced earlier in (|1.3.2]).

6These preliminary results are appended here, because we already use them in some algo-
rithmic implementations and we want to give the reader an idea on how the results of this
thesis will be extended by future research.
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Remark 3.44. For any K € A the operator Vi maps N into N, i.e. if we
denote the restriction of Vi to N by Vg, then we have an operator

VK‘N’Z./\/’—M/\[.

Proof. If Q € N, then Q = D(P) for some P € A. Hence, VxQ = D(VP)
and V@ € N. ]

Hence, for Ay, Ay € A with [Aj]y = [Aa]n, it follows [V Ay = [VkAsly.
Therefore, the operator Vi may be considered as an operator mapping densities
from A/N into densities:

Vit AN — AN

Now we introduce two derivatives on A, one being the analogue of the Lie
derivative and the other one being the analogue of the exterior derivative. The
map

Ly  A— A

defined by
LgQ = QK] - K'[Q)],

we call the Lie derivative and the map
Ly A—A

defined by
L@ = Q'[K]+ K"[Q],

where K™ is the transposed of K’ (with respect to the density valued scalar
product), is said to be the adjoint Lie derivative.

Now, consider an equivalence class P = [Q]x and let 1, Q2 be two elements
from this class. Then obviously for K € A we have

<17VKQ1> = <17VKQ2>7
hence,
(1, Q1[K]) = (1, Q5[K])

or

(@7(1), K) = (1,Q5(1), K).
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Since this is valid for all K € A and since the scalar product is non—degenerate,
we must have Q7 (1) = Q5 (1). We call this element the gradient of the class P
and denote it by grad(P). Hence, we have found

VP = (grad(P), K).
We summarize:

Remark 3.45. For each density P € A/N there is a unique element grad(P) €
A, such that Vg P = (grad(P), K) for all K € A. This gradient is equal to
Q™ (1), where any element () from the class P may be taken.

As an obvious consequence we obtain:

Lemma 3.46. Let P € A/N be some density. Then for K € A\F the following
are equivalent:

(i) VP =0.
(i1) grad(P) is an integrating factor for K = 0.

Proof. The proof follows directly from the definition of an integrating factor:
grad(P) is an integrating factor for K = 0 if and only if Vg P = (grad(P), K) =
0. O

Another consequence of our definitions is:

Lemma 3.47. For G, K, Q) € A we have the following product rule:
V(G K) = (Lp(G), K) + (G, Lo(K)).

Proof. The proof is carried out by inserting the quantities as defined:

Vo(G, K) = Vo|GK]y

= (grad(GK),

(GK)™(1),

 (GK)'Q])

L EQIK) + (1, GK'[Q])

G'QLK) + (L G(K'[Q] - Q'[K])) + (G, Q'[K])

(G'QI+Q™(G)), K) + (G, LoK)

LG K) + (G, LoK).

)

Q
Q)

{
(1
{
=
{
=
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We call some S € A a genuine Lie-Bdicklund symmetry generator for K = 0, if
LsK = 0. One should observe that in case of an evolution equation this is the
same as being a generator of a Lie-Béacklund symmetry, that, however, in the
general case this is a stronger condition as being such a generator.

Now we have the following permanence principle for integrating factors:

Theorem 3.48. (Permanence principle for integrating factors) If G is
an integrating factor for K = 0 and S is a genuwine Lie-Backlund symmetry
generator for K =0, then LG also is an integrating factor for K = 0.

Proof. We have (G, K) = 0, since G is an integrating factor. Therefore
Vs(G, K) =0.
Hence, due to Lemma [3.47
0=Vs(G, K) = (LG, K) + (G, Ls K),

which implies
(LsG,K) =0,

since S is a genuine Lie-Backlund symmetry generator. O]

3.6.3 Integrating factors and symmetry generators: the
mixed case

Since we have seen that there may be skew symmetric hierarchies, where the
number of integrating factors does not suffice to integrate the equation (pre-
mature recurrence), one might ask, if in this case additional invariants, such
as symmetry generators, may help to integrate. This, theoretically, is a sim-
ple problem, as we have the following theorem, which is a generalization of the
results stated within Theorem [L.25] and Theorem [L.26k

Theorem 3.49. (B. Fuchssteiner, 2006) If for an n-dimensional manifold
a flow, n — k — 1 commuting symmetry generators and k conserved quantities
are given, such that

(i) the k conserved quantities are invariant under the symmetry generators,

(i1) the gradients of the k conserved quantities are linear independent,
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(11i) at each point of the manifold the vector fields given by flow and symmetry
generators are linear independent,

then the flow is integrable.

Theoretically, a proof is not really necessary, since for a given initial condition
we may determine the values of the conserved quantity for this initial condition,
then take the submanifold of phase space having the same values for these
quantities. This submanifold is invariant under the given symmetries and there
the situation of Theorem[1.25]and Theorem [1.26] respectively, applies. However,
this application needs a suitable parametrization of the submanifold, which
according to mathematical principles is easily determined, however the formulas
coming from that may look horribly complicated. To facilitate formulas here, an
intuitively simple and transparent domain for working with implicit functions
is needed.

3.6.4 Open problems and perspectives

1. A question still unanswered is: Given an arbitrary n-th order ODE,
n € N, how can one decide, whether the ODE belongs to some skew
symmetric hierarchy in the sense of Theorem [3.19} If this question can
be answered, the next problem arising, is the fact that a suitable skew
symmetric operator has to be determined, such that the given ODE is a
member of the skew symmetric hierarchy generated by this operator.

For recognizing, if an ODE is obtained by the application of a skew sym-
metric operator, pattern matching methods should be developed, i.e. meth-
ods, which allow to deduce the desired information from the algebraic
structure of the given ODE. As in the case of the algorithms introduced in
Chapter [2] it would be desirable that these methods work without solving
any auxiliary ODEs or even partial differential equations.

2. The cases, when premature recurrence phenomena as indicated by Exam-
ple [3.25| appear, have to be characterized. These are exactly those cases,
when the integrating factors G; in the skew symmetric hierarchy do not
suffice to reduce the ODE under consideration to a first order ODE. In
the situation of Example[3.25] the conserved quantities computed provided
powers of the general second order homogeneous linear ODE

uP + Uy = 0,
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which is not integrable in the sense that there is no closed solution
formula for a generic function .

There are also other choices for O, the skew symmetric operator for gen-
erating the skew symmetric hierarchy under consideration, which provide
recurrence phenomena. In Example |3.26| we stated that the ODE K3 =0
generated by

© = D*+ 2Du + 2uD

in the sense of the skew symmetric hierarchy introduced in Theorem [3.19
cannot be reduced to a first order ODE. The reason seems to be that it
admits symmetries, which also appear as members of the skew symmetric
hierarchy.

B. Fuchssteinelm has made the following conjecture about this phe-
nomenon: Premature recurrence occurs only in either of the following
cases:

(i) Ko cannot be integrated, or

(i) if Ko can be integrated then there are as many additional symme-
tries for the equation under consideration, such that an integration
is possible.

The arguments for this conjecture are claimed to be simple, but they need
a completely different algebraic setup in order to be proved rigorously, an
algebraic setup, which goes beyond the scope of this work.

Besides the characterization of recurrence phenomena, further and more
general skew symmetric operators (e.g. operators involving the Hilbert
transform, which is structurally similar to the differential operator; see
e.g. A. S. Fokas et. al. [22]) should be considered to construct more general
classes of skew symmetric hierarchies in the sense of the results presented
in Theorem [3.19, We have examples for such hierarchies, however, they
do not fit nicely into the theory developed so far.

With respect to subsection when looking at examples, one discovers
that application of these methods lead to essentially three cases:

"Private communication.
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(i) New integrating factors are constructed by the application of the
adjoint Lie derivative.

(ii) The application of the adjoint Lie derivative leads to trivial integrat-
ing factor (factors equal to zero).

(iii) The application of the adjoint Lie derivative reproduces the given
hierarchy of integrating factors.

Cases (ii) and (iii) seem to occur only in situations, where much additional
algebraic structure is available. Therefore a complete characterization of
these cases seems desirable. Furthermore, these cases need to be con-
nected to the symmetry approach known for integrable partial differential
equations (soliton equations).






Chapter 4

Non—local symmetries: A link to
differential (Galois theory

In Definition [1.8 we introduced various notions of groups leading to different
types of symmetries. In most cases, the generators for these notions or
their counterparts were already used: Lie point symmetries played a role in
Section [I.2] where Cheb-Terrab’s methods, in order to generalize these, were
described. Lie-Backlund symmetries where used, when Lie point symmetries
were transformed in Section in order to present a unified view including the
special notion of Lie point symmetries and more generalized ones. Autonomous
groups and time—independent groups arose when, in order to simplify the
viewpoints. A new component was introduced to have symmetry generators
independent of the independent variable and in order to formally prevent
a change of the independent variable by the corresponding transformations.
All these notions turned out to be connected to another ingredient for
finding solutions of ODEs: conserved quantities, especially those given by
integrating factors. So these and their connection to symmetries had to be in-
troduced in this thesis aiming at a unified theory for symbolically solving ODEs.

However, it remains to show that the introduction of the notion of local groups
was reasonable: so, are there non-local groups for ODEs? l.e. we are looking
for transformation groups (group parameter t) mapping a function u(z) onto
functions u(z,t), where u(z,t) not only depends on u and its derivatives at
t = 0, but on what is given as boundary value for u at t = 0. Such a situation
typically arises when partial differential equations are solved. So, are there
partial differential equations, which serve as symmetries for ODEs? And if so,
do such symmetries make sense?

185
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There is another viewpoint, which suggests that we may look out for a general-
ized notion of symmetry: why did we not present any symmetry approaches for
homogeneous linear differential equations

Lu =0,

where L is a linear differential operator? This for the simple reason that, apart
from the generator u of homogeneity, any Lie-Béacklund symmetry generator
for such an equation automatically already is a solution. So, looking for help
in symmetry generators for finding solutions does not seem to be very promising.

And indeed, in general, symmetry methods do not seem to be of much
importance for the development of algorithms for solving homogeneous linear
differential equations. This hypothesis is supported by the fact that Cheb-
Terrab et. al. do not seem to have been successful to carry their methods from
general non-linear ODEs to homogeneous linear ODE5E|. And in their paper
[52] W. R. Oudshoorn and M. Van der Put even prove that there is no obvious
connection between the Lie symmetries of a homogeneous linear ODE and its
differential Galois groupf]

Because of this situation, differential Galois theory, which has been developed
for finding solution formulas for such equations, seems to lead a life apart from
symmetry methods, a disturbing fact if one searches for unified theories for
symbolically solving ODEs. So, here the additional question arises, whether
or not these two areas need to present completely disparate approaches to the
same subject.

In this chapter we show — by example — that this need not to be so and that
a possible link between these two approaches is given by considering non—local
symmetries.

We are far away from presenting a complete theory, this for the simple reason
that the promising research in this area is just starting — and, frankly, we

L At least, we did not find any hints in the literature or the documentation of the computer
algebra system MAPLE, in which Cheb-Terrab implemented his algorithms, that homogeneous
linear ODEs are treated by Lie point symmetry methods.

2More precisely, the authors of [52] prove that the structure and the dimension of the Lie
algebra of Lie point symmetries of a linear differential equation in general does not help to
identify its differential Galois group. So there seems to be no obvious algebraic connection
between these objects.
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do not know to what new horizons it will lead. However, focussing on such
research seems to be promising. Therefore we can only present some aspects
in order to show that new perspectives may be opening. Since, when going in
even the most elementary details, we need to touch rather different subjects like
differential Galois theory and nilpotent flows. We shall present for these areas
short overviews in order to facilitate orientation for the reader and to make
it easier to follow the course of this chapter without first studying standard
textbooks on these areas. Before we present these overviews, we first introduce
that kind of non-local symmetry for second order homogeneous linear ODEs,
which is of interest for us.

4.1 Non-local symmetries for linear ODEs of
second order

We now consider second order homogeneous linear differential equations,
i.e. equations of the form

y'(2) + a(2) y (2) + bla) y(x) = O, (4.1.1)

where a(x) and b(x) are arbitrary functions. It is well-known that the transfor-
mation

y(x) — z(x) exp ( - %/m a(7) dT) (4.1.2)

transforms (4.1.1)) to the more special form
2"(z) = r(z) z(x). (4.1.3)

See for example [20], page 22. Since solutions of (4.1.1]) can easily be recovered
from solutions of the corresponding equation (4.1.3), we restrict our attention
to equations of the more special form (4.1.3)).

For these equations we explicitly introduce a non-local symmetry by relying
on the well-known method of variation of constants. Later on, when nilpotent
flows are introduced, we shall see that this can be approached more systemati-
cally. As in Chapter |3, we use the abbreviation D! to denote integration with
respect to z in the following.
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Let a solution w(x) of (4.1.3)) be given. Then by using variation of constants for
w, a second solution w; is found to be

wy = wD—l( ! ) (4.1.4)

w?

Now consider an arbitrary solution sy of (4.1.3)) and the transformation group

1
So— 5 = 50+ tsoD’1<—2>. (4.1.5)
S0
Then, by (4.1.4)), it becomes clear that this transformation group maps solutions

onto solutions. Hence, its infinitesimal generator

d /1
Ls=sD (8—2) (4.1.6)
is a symmetry group generator. Moving the s from the right—hand-side to the
left-hand-side of (4.1.6) and performing a differentiation with respect to =, we
obtain the partial differential equation

s (%%s) — <%s> (%3) =1, (4.1.7)

which obviously defines a non-local symmetry for (4.1.3)), where (4.1.6) is its

evolutionary form. The fact that this is a non—local group can formally be seen
either from its form , because an integral operator is involved, and from
, because it is described by a partial differential equation (whereas local
symmetry groups for ODEs always were flows in finite dimensional phase space.)

However, there is an important structural point to be observed: if an explicit
form S(¢,s) of a symmetry group is given (as in (4.1.5))), then, since the un-
derlying equation is linear, all t-derivatives of S(t,s) must be solutions of this
equation. So, the group S(t,s) defines a flow in a two dimensional space (so-
lution space of the equation (4.1.3))). Hence, the space of functions obtained
by taking subsequent t-derivatives of S(t,s) has dimension two, i.e. the third
derivative of these derivatives may be written as linear combination of the first
two derivatives or may even be equal to zero. Flows with this property are what
is introduced as nilpotent or recursive flows in the papers [27], [28] and [29] by
B. Fuchssteiner and M. Lo Schiavo. So, before going to applications of these
observations, we present our sketched overviews as announced above.
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4.2 Overview: Nilpotent and recursive flows

We present a summarized version of the theory of nilpotent and recursive flows
developed by B. Fuchssteiner and M. Lo Schiavo. The notation used in this
section is chosen in the spirit of [27].

We consider a manifold given by some vector space V. The typical element of
V' will be denoted by v.

Definition 4.1. A vector field G( ) on V is called nilpotent (of index N ),
N € N, if, whenever the equation 4s = G(s) defines a flow (s,t) — s(t), then

dN+1 k

WSZO and ﬁs%o

forall 0 <k <N.

Definition 4.2. A vector field G(v) on V' is called recursive (of order N) if,

whenever 45 = ((s) defines a flow (s,t) — s(t), then there are constants

ap, - - ., ay, such that (identically)

N
dN+1 ar
S = Qypy——S

dtN +1 dtr

n=0
and such a relation does not hold for any %5, 0<k<N.

Definition 4.3. A family G ( t) of vector fields on E is called weakly recursive
(of order N) if, whenever £s = G(s) defines a flow (s,t) — s(t), there are
smooth coefficients (%), ..., an(t), such that (identically)

dN-l—l B N dn
avi® = 2 onl0) g

and such a relation does not hold for any i—is, 0<k<N.

For examples, see [27], Examples 1.2, 1.3, 1.4, 1.6. Further applications are
discussed in [28] and [29].

Assume that the vector space V' consists of smooth functions in the independent
variable x. As usual, by D we denote the differential operator with respect to
x.
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Definition 4.4. Let G(s,t) be weakly recursive of order N admitting a flow
s = s(t,x). We consider coefficients a, = a,(t,z), 0 < n < N, such that the

operator
N
o = (DN“ +y anD”>
n=0

@(%Q —0

for all 0 < n < N. The linear differential operator ® is called the characteristic
operator for the flow s = s(t).

satisfies (for each t)

In the following, for reasons of abbreviation, we often write CI);TZS instead of
(Ls).

We will mainly be interested in nilpotent flows in the framework of this chap-
ter. A useful property of nilpotent flows can be characterized as follows: Let
d

&5 = G(s), s = s(t,x), be a nilpotent flow of index N and & the associated

characteristic operator of order N 4+ 1. Assume that

) N
S[t=05 (%S) =0’ (%5) it=0" "’ (2—]\73) |t=0

are linear independent functions contained in the kernel of ®. Then s(¢, x) is an
element of the kernel of ® for each ¢ € R, since the Taylor series expansion at
t = 0 provides

N tk dk
s(t,z) = ; il (ﬁ8> o

and the right-hand-side is a linear combination of elements in the kernel of ®.

Whenever the Wronskian determinant constructed with the functions jt—r;s,

n = 0,...,N, is non—zero, then the coefficients ao(t,x),...,an(t,z) in Def-

inition [£.4] uniquely exist and satisfy N + 1 independent equations. The
n—+1 m . .

replacement of jtn—ils by jt—nG(s,t) provides a representation of ag,...,ay as

functions of s and t, i.e. a, = a,(s,t), 0 < n < N. This representation may
also contain z-derivatives and z-integrals of s. Additionally, if G = G(s) does
not explicitly depend on ¢, then the a,, 0 < n < N, are independent of .

The following remark presents a practical approach for the computation of the
characteristic operator via Wronskian determinants.
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Remark 4.5. The characteristic operator ® may (formally) be computed as
follows: Take?|

N
s Ls - 45s D°
d d d d dv 1
=5 b CH LS D
dx dx dt dx dtN
Pop_(n41) = det . ) , (4.2.1)
av+1 dVt! d d"tl v . PN+l
daNFTS  GNFL S T GaNFI N
and
d dn
dS daj o d@NS
_S —_ —S PR —_— —S
dx dx dt dx dtN
(I)sub,(N) = det K . R N (4.2.2)
an dV d N aN
a5 daN @’ daN @V S

where the determinants are formally computed using minor expansion (in the
case of @, (n41), minor expansion with respect to the last column is assumed
to be used). Then

O = Dni1) = (Poun () Pop.(v+1) (4.2.3)
and the coefficients a,, are given by
an(x>t> = (_1)n(q)sub,(N))_1<I)sub,(n)7 (424)

where ®gup,_(n) is obtained from @, (y41) by eliminating the last column and
the (n + 1)-st row (i.e. by simply using minor expansion to compute the
determinant).

Note that for any n € {0,..., N} we indeed have

d" d”
P—s = (I)s b.(N 71(130 N —S
_ _(N+1
d aN dr
s s NS S
dg  ddg ... dad¥ ddn g
_ (cI) b (N))_l det dx dx dt dx dtN dx dtn
- sub._ . . .
dN+1 dN+1 d dN+1 dN dN+1 dn
drNFTS GpNFTgrS T GpNFT NS N g S
= [)7

3We adopt the notation from [27] for the following linear differential operators
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since two columns of the matrix coincide and, hence, the determinant must van-
ish. Here, @, ( N+1)§i—7;8 is evaluated by substituting the last column of ®;, (n41)
by

ar d dv aN+tt gn

TS g S N g
The following theorem gives exactly that result from [27], which is of central
importance for us:

Theorem 4.6. (B. Fuchssteiner, M. Lo Schiavo, 1993) The following are
equivalent:

(1) G(s,t) is weakly recursive of order N — 1.

(i) There exists a linear differential operator of order N of the form

N-1
© =D+ a,(s,t)D",

n=0
such that {45 | n € No} spans the solution space {¢ | ®p =0} of ®.

If either of these conditions is fulfilled, then we obtain in addition: For ® we
find the representation

1 1 1
®:w0w1-~wN,1D D D—,
WN-1 WN-2 Wo
where
Wop = S,
1 d
=D——
w Wo dts’
1 1 1 1 d*
Wp = D D D—D— S,
Wr—1 Wg—2 w1 Wy dtk
1 1 1 1 aV-t
=D D ...D—D—
N1 WN—_—2 WN-3 wp Wy dtN-1

Proof. The implication (i) = (ii) follows by taking the characteristic operator.
For the implication (ii) = (i) we refer to [27], proof of Theorem 3.9, pp. 37,
38. [l
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We apply the result of Theorem in Section [4.4]

Finally, we adopt the notion of the lowering of a linear differential operator from
[27]. Lowerings of linear differential operators are the proper generalization of
the method of variation of constants, thus reducing the order of a differential
operator by given elements of its kernel.

Definition 4.7. Let & = ZTJLO a,D"™ be a linear differential operator, a,, func-
tions of x and, possibly, further parameters. For w € V we define the lowering
O™ of & with respect to w by

dWa(z) = [CI),/I a(é) d«f}
::<I><w/$oz(§) dg)) _/ma(@ d¢ duw.

Remark 4.8. In the notation of Definition [4.7] we obtain: If dwg = 0 for
some wy € V, then w; € V is an element of the kernel of ®() if and only if
Pwo D 'w; = 0. For a proof see Example 3.1 of [27].

4.2.1 Nilpotent flows for second order linear ODEs

Here we show that application of the results in the last section for homogeneous
linear ODEs of second order leads exactly to the same transformation groups
as in Section (.1l

Let ® = D? + a1 D + ag, where a; = a;(z), 0 <4 < 1. Furthermore, let wq # 0,
wo = wo(x) be an element of the kernel of ®. Then the homogeneous linear

differential equation ®®w = 0 is of order 1. By Definition where we
introduced the lowering of a linear differential operator, we get

d
d0) = (D? + 41D 4 ag) ™ = wyD + 2d—w0 + ajwy,
x
i.e. the differential equation ®0)w = 0 is of the form

d d
Wo—W + <2—U]0 + alw())w =0
dx dx
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and can be solved for w. A solutionﬁ wy is given by

exp(—Dtay)
T R
0

Let s = s(t,x) and consider the ansatz

We solve the last equation for 4 £s and express wo and w; in terms of s. This

provides
d

dt

Whenever s is contained in the kernel of @, then the same holds for %s (see also
Remark . This flow is indeed nilpotent of index 1, since

exp(=D o))

52

—s=sD" (

d—23 _ (%S>D—1<GXP(—S€_IG1)> n sD_1< Z(dt )exig D‘1a1)>

dt?
:S(D (exp —D tay) >)
551 (exp( D al)D (exp( D~ cn)))7
and integration by parts provides
fexp(—=D7tay) g rexp(=Drag)\\ [y /exp(—Dtar)\\2
20 (SR () = (0 ()

. 2
which means %s =0.
. . . . . 2
Since any second order homogeneous linear differential equation dd?w +ay %w +
apw = 0 can be transformed to a second order homogeneous linear differential

equation of the form %w +7rw = 0 for some r = r(x) (see also ), we may

assume without loss of generality that a; = 0, i.e. the above equation for s is

reduced to p )
—s=sD" < )

52

4This solution is obtained by simply using the method of variation of constants. For details
on the method of variation of constants we refer to Chapter IV, Section 7 of [42], Chapter 2
of [56] or [27]. In [27] a formulation of variation of constants in terms of lowerings of linear
differential operators is given.
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and, hence, independent of any of the coefficients of the original ODE we
started withﬂ This is exactly the same equation we arrived at in Section .

Let us emphasize again, how the symmetry notion has been changed in this
example:

Remark 4.9. The classical view on symmetries of an evolution equation

d

@’U = K(’U),
K (v) a vector field, v = v(z), is that symmetry groups are point transformations
mapping solutions to solutions. In the case of n-dimensional phase space, the
underlying manifold M is n-dimensional, in which the orbits of £v = K(v) are
curves, the curves of solutions. That is, for each fixed zy € R, v(zy) is a point on
M. Now consider the oco-dimensional manifold M of all possible differentiable
curves in M (not only those arising as solutions of Lv = K(v)) and denote
the manifold points by s(z), where z is the parameter for the curve in M. One
should observe that M is finite dimensional, whereas M is co-dimensional. The
solutions of v = K(v) form a submanifold S of M. One parameter groups
on M now have to be parameterized by a different variable than x, say t. And
generators for such groups now correspond to partial differential equations

d d dd d&
G(S, ES7 %8, E%S, @S, .. ) = 07

where s = s(t,x) and G is some function in its arguments. A one—parameter
group of point transformations on M is now a non-local symmetry group for
Ly = K(v), if it leaves invariant the submanifold S.

Starting with a homogeneous linear ODE, the manifold M is a finite dimen-
sional space (in principle nothing more but the phase space for the ODE) and
the manifold M is the manifold of all possible orbits on M, i.e. a manifold
of functions, and S (the set of solutions of that linear ODE) is the kernel of
the linear differential operator corresponding to the homogeneous linear ODE
under consideration. l.e. § is a finite dimensional submanifold of an infinite
dimensional manifold. For second order homogeneous linear ODEs of the form
considered above, a partial differential equation corresponding to a non—local

5 Actually, exp(—D~1a1) contributes some constant of integration ¢ for a; = 0. For our
purposes it is sufficient to consider the case ¢ =1 in the spirit of [27].



196 CHAPTER 4. NON-LOCAL SYMMETRIES

symmetry group generator is just given by the above computed nilpotent flow,
which also can be written in the form

()~ () () =

4.3 Overview: Basics in differential Galois the-
ory

We give a short overview on some aspects of differential Galois theory and
concentrate on one of the important notions therein: symmetric powers of
linear differential operators. To be able to summarize some of the useful
properties of symmetric powers, we first have to state some elementary notions
from differential Galois theory and state the relevant classes of solutions of
linear ODEs. We mainly follow [48] and [53]. The reader, who is familiar with
basic notions from differential Galois theory (i.e. familiar with the notion of
differential Galois groups and classes of solutions of linear ODEs like algebraic,
exponential and Liouvillian solutions as well as with the notion of symmetric
powers), may directly switch to Section .

Let F' be a field and Dg a derivation, i.e. Dr : F — F is an additive map,
such that Dp(ab) = Dpg(a)b + aDp(b) for all elements a,b of the field F.
Then the pair (F, D) is called a differential field. We simply call a field F' a
differential field, if the derivation on F'is clear. In this case we may also write D
for reasons of abbreviation instead of Dp, if it is clear, which derivation is meant.

If (F,Dp) and (G, D¢) are differential fields and f : FF — G is a field homo-
morphism commuting with the derivations, i.e. Dg(f(r)) = f(Dp(r)) for all
r € F, then f is called a differential homomorphism. An invertible differential
homomorphism f : F — F'is called a differential automorphism.

A differential field £ with derivation D : E — E is called a differential field
extension of I, if E D F and the restriction of Dg to F equals Dp.

Fora;, e F,0<i<n—1,né€eN,n>2 we denote by L the linear differential
operator

L=D"+a, D" ' +...4aD + a, (4.3.1)
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ie. Ly = y™ + ap,_qy™ ) 4+ ...+ a;y™ 4 agy, where y = D'y denotes the
i-th derivative of y. Given a linear differential operator L with coefficients in
the differential field F', there is always a differential field extension F O F', such
that L = 0 has n independent solutions in E. Then F is called a differential
field extension of F for L. For a proof of this statement, see [48], page ix of the
Outline of Approach. The field F' plays the role of a “splitting field” for the
linear ODE: as in classic Galois theory, where one studies the set of solutions
of univariate polynomial equations, there is always a field extension containing
the roots of the equation under consideration.

An element a € F with Dp(a) = 0 is called a constant of F. The subfield of
constants of a differential field F' will be denoted by Cr or simply by C| if the
underlying differential field is clear.

E D F is called a Picard-Vessiot extension of F' for L if E is generated over F'
as a differential field by solutions of L = 0 in £, Cg = Cr and L = 0 has n
solutions in F linear independent over the constants.

Any two Picard-Vessiot extensions of the differential field F' for L are isomorphic
over F'. For a proof see [48], page xi of the Outline of Approach and pages 29
and 30, proof of Theorem 3.13.

Let E O F a differential field extension of F. The group (with respect to
composition) of differential automorphisms F — E, whose restriction to F' is
the identity map, is denoted by G(E/F), i.e.

G(E/F)={o: E — E | o is a differential automorphism, o(a) = aVa € F'}.

If £ is a Picard-Vessiot extension of F' for L, then G(E/F) is called the
differential Galois group of L = 0. We also use the customary notation G(L)
instead of G(E/F).

We now deal with second order homogeneous linear differential equations,

i.e. equations of the form (4.1.3). Let n(x) be a solution of (4.1.3). The fol-
lowing classes of solutions are of interest}

o 1)(z) is called rational, if n(x) € F.

SFor more details on the classes of solutions see [53], Chapter 1, and [16], Paragraph 2.
The definitions of the classes of solutions are also valid for the case of third and higher order
homogeneous linear ODEs.
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e 7(x) is called algebraic, if it is the solution of a polynomial equation over
F.

e n(x) is called primitive, if its derivative n'(x) is an element of F i.e.

ow) = [ f)ar

for some f(z) € F.

e 7(x) is called exponential or exponential of a primitive solution, if % is

an element of F'| i.e.
a) =exp ([ 5ir)ar)

for some f(z) € F.

e 7(x) is called Liouwillian if there is a tower of differential fields
F=FE,CE,.CEC..CE,1CE,=F,

such that n(z) € F and for each i € {1,...,m} we have E; = E;_;(n;(z)),
where 7;(x) is either algebraic, primitive or exponential over E; ; and

M () = 1(2).

The computation of rational solutions is discussed e.g. in [5] by M. Bronstein
and [59] by M. F. Singer. In [24] L. Fuchs and in [58] M. F. Singer present
algorithms for the computation of algebraic solutions. Methods for finding
primitive and exponential solution are presented by M. Van der Put and
M. F. Singer in [53]. The computation of Liouvillian solutions is closely
connected to symmetric powers as we will see below.

Note that for an algebraic solution n(x) of one can find a min-
imal polynomi:&n]ﬂ7 i.e. a monic univariate polynomial of minimal degree
pn(X) = ao(z) + a1(x)X + ax(2) X2+ ... + ai_1 () X" + X', a;(x) € F for
0 < <, such that p,(n(z)) = 0. In [20] the author discusses ways to compute
such minimal polynomialsﬂ

"For details, see also [39], Chapter V.

8In [20], W. Fakler gives explicit formulas for the computation of such minimal polynomials
according to a classification of the differential Galois groups appearing among homogeneous
linear ODEs of a fixed order. See section 3.1 of [20] for details.
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To give a rough and compact summary of the use of symmetric powers considered
in the next section, the above stated well-known terminology from differential
Galois theory will be helpful.

4.3.1 Symmetric powers

Let I be a differential field of functions in the variable x and C' its field of
constants. Let D : F' — F denote the differential operator performing differ-
entiation with respect to the x. Let m € N, m > 2, and L = ", a;(x)D"
be an m-th order linear differential operator, a;(x) € F, 0 < i < m. Let
{wi(x),wa(x), ..., wy,(z)} be a basis over C' of the solution space of L.

Definition 4.10. For n € N the n-th symmetric power L®" of L is defined as
the monic linear differential operator of smallest degree over F', such that

{wi@) wa(@) - wn (@) | byl €N, 3l =n
=0

is a C-basis of the solution space of L®".

In other words: L®" is the monic linear differential operator of smallest degree
with coefficients in F', such that a C-basis for the kernel of L is given by all
monomials in wy (z), ws(x), ..., wy,(x) of degree n.

Example 4.11. Let L = D? — u(x) for some u(z) € F. Then the second
symmetric power of L is

L®? = D — 4u(z)D — 2u'(z).
Assume that w(z) fulfills w”(z) — u(z)w(z) = 0. Then
L (w(2)?) = 2w(z)w" (z) + 6w'(z)w"(z) — 2w(z)*u'(z) — Su(z)w(z)w' ().
Inserting w”(x) = wu(x)w(x) and w”(z) = v'(z)w(z) + u(x)w'(z) provides
L#?(w(z)?) = 0 as desired.
The fifth symmetric power L®® of L is given by:
L® =D% — 35u(x) D* — 700/ () D?® 4 (259u(z)? — 63u” (z)) D*+
(518u(z)u'(x) — 28u" (x)) D+
155u(z)u” () + 130u” (z) — 225u(x)® — 5u”"(x).

As the result for L®° already suggests, the computation of high symmetric
powers even in the case of second order linear differential operators may lead to
a large expression swell for the coefficients of the operator to be computed. ¢
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Remark 4.12. The n-th symmetric power L®" of L, n € N, n > 1, is a linear
differential operator over the same coefficient field as L. To see this, we take
an element w of the kernel of L, i.e. w is a solution of the homogeneous linear
ODE associated with L. We define Y := w™ and consider the equations

Y =w",
DY = nw" ' Duw,
D?Y = n(n — Dw" (Dw)* + nw" ' D*w,

DY = Zk: (kl, . k , k:n> (DFw) - (DFrw),

kqseeeskn=0
ki+...A+kn=Fk

where (kl k k ) denotes the usual multinomial coefficient. On the right-hand-

side of the equations we can always express derivatives D¥w for k > n in terms of
the derivatives D'w, 0 < i < n—1 by using the fact that Lw = 0 (i.e. we simply
reduce the right—-hand—sides of the equations by the m-th order homogeneous
linear ODE associated with L). Hence, there must be a integer [, such that the
set {Y, DY, D?Y,..., D'Y} is linear dependent over the coefficient field F' of L.
Assume that

aY + a1 DY + a,D*Y + ...+ D'Y =0,

ap, € F, 0 < k <[, af # 0, is the first non—trivial linear dependence of
Y,DY,D?Y, ... over F. Then

-1
ag
L¥"=D'4 » —=DF

is the n-th symmetric power of L.

For second order linear differential operators L, i.e. in the case m = 2, the degree
of L®" is n+ 1 (see also Example ; L®5 has order 6). For linear differential
operators of order m > 3, one can prove the upper bound (m;ﬁl) for the
degree of the n-th symmetric power, which may not be reached by every n-th
symmetric power of an m-th order linear differential operator, but which cannot
be improved (i.e. there are m-th order linear differential operators, m > 3, such
that the n-th symmetric symmetric power has degree (m;;ffl)) For details we

1
refer to [60].



4.3. OVERVIEW: BASICS IN DIFFERENTIAL GALOIS THEORY 201

4.3.2 Applications of symmetric powers

For second and third order linear differential operators L the symmetric powers
L®" n € N, as defined above are used by M. F. Singer et. al. in [60] to
characterize necessary and sufficient conditions for the existence of Liouvillian
solutions of the homogeneous linear ODE L(y) = 0. By inspecting factors of
L®™ M. F. Singer et. al. present results, which allow to determine the structure
of the differential Galois group of L = 0.

Let L(y(z)) = y"(x) + r(x)y(z) = 0 be a second order homogeneous linear
ODH'| over F with unimodular differential Galois groupf®] Then L(y(z)) = 0
has Liouvillian solutions if and only if the sixth symmetric power L®® of L is
reducible over F, i.e. L®% can be written as a producﬂ of linear differential
operators over F'. For a proof and further details we refer to [60].

Furthermore, differential Galois groups appearing among second order homo-
geneous linear ODEs can be classified by considering symmetric powers of the
associated linear differential operator. For the second order case, Proposition
4.3 in [60] gives such a classification, where the differential Galois group can
be determined explicitly with the help of properties of certain symmetric powers.

In his paper [6], M. Bronstein states that the Liouvillian solutions of second and
third order homogeneous linear ODEs are closely connected with the algebraic
solutions of symmetric powers of the linear differential operator associated
(see also [61]). Indeed, first of all, certain differential semi-invariant{™ of

9Note that the special form of the homogeneous linear ODE is not a restriction of the
generality, since any homogeneous linear differential equation can be transformed to such a
form.

10The fact that the differential Galois group of L has been assumed to be unimodular can be
viewed as a technical detail not restricting the generality of the statement. By Theorem 3.2 of
[60] or Theorem 1.2 of [61] one knows that any homogeneous linear ODE can be transformed
to a homogeneous linear ODE, such that the differential Galois group of this new equation is
unimodular. The explicit transformation for a monic linear ODE inyisy = z- exp(—%)7
where m is the order of the linear differential operator associated with the homogeneous linear
ODE and a,,—; the coefficient of the (m—1)-st power of D in the operator. In fact, if a second
order homogeneous linear ODE is of the form y” (x)+r(x)y(x) = 0, its differential Galois group
is automatically a unimodular group.

T An introduction to the factorization of linear differential operators can be found in the
framework of chapter 4 of [53]. State of the art methods for computing factors of linear
differential operators are discussed e.g. in [40], [41] and [23]. Tests for the reducibility of
linear differential operators are presented by M. F. Singer in [62].

12For a precise definition we refer to [65], Definition 4. We do not need the details in the
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homogeneous linear differential equations L(y(z)) = 0 with finite differential
Galois group can be computed as non—trivial rational solutions of symmetric
powers of L. Furthermore, the main role of the symmetric powers in the context
of the work presented in [61] is in fact that the coefficients of the minimal
polynomials of certain classes of solutions of a irreducible homogeneous linear
ODEs can be determined as solutions of symmetric powerd™|

F. Ulmer et. al. note in their paper [65] that differential invariants of the
differential Galois group are rational solutions of certain symmetric pow-
ers of the linear differential operator associated. In the case of second
order homogeneous linear ODEs L(y(x)) = y"(z) + ai1(x)y () + ao(x) the
authors investigate solutions of the associated Riccati equation given by
Ri(u(z)) = u'(x) — ag(x) — a1 (x)u(z) + u(z)* = 0. Although Riccati equations
cannot be solved in general in closed form, there are methods to compute
special solutions, e.g. rational solutions, of this type of ODEs (see for example
[53], Chapter 4 on Algorithmic Considerations).

Furthermore, the authors of [65] state that to compute Liouvillian solutions of
L(y(z)) = 0, one can compute the minimal polynomial P(u) of an algebraic so-
lution of Ri(u(z)) = 0. One of the main results presented in this context in [65]
is: Let L(y(x)) = v"(z) + a1(z)y(z) + ao(z)y(z), a;(x) € F, F some differential
field. Then all zeroes of the polynomial P(u(z)) = u(x)™ + S7," bi(x)u(x)’
with b;(z) € F are solutions of the associated Riccati equation Ri(u(z)) = 0
if and only if b,,—1(x) is the logarithmic derivative of an exponential solution
(over F) of L®™(y(x)) = 0. This means that there is a bijection between the
set of monic polynomials of degree m over F', whose roots are solutions of the
associated Riccati equation, and exponential solutions of L®"(y(z)) = 0. For a
proof of this result see [65], proof of Theorem 5.

Additionally, in [65] F. Ulmer et. al. present an algorithm, which uses rational
solutions of symmetric powers of second order linear differential operators to find
Liouvillian solutions of second order homogeneous linear ODEs. This algorithm
is presented and discussed in detail in the framework of section 3 of [65].

framework of this chapter.
13Section 5 of [61] summarizes the algorithmic ideas to determine solutions out of minimal
polynomials, which themselves are computed with the help of symmetric powers.
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4.3.3 Computation of symmetric powers

In Remark on page 200, we proved the existence of symmetric powers
of linear differential operators with coefficients in some differential field. The
proof is constructive and, hence, can be used as a recipe for the computation of
symmetric powers (at least, if one knows an element of the kernel of the linear
differential operator associated). Recall that — in the terminology of Remark
4.12| — the desired symmetric power was found with the help of the first linear
dependence over the differential field under consideration among the elements
Y, DY, D?Y,.... The test for linear dependence can be done in principle using
Wronskian determinants. When the first linear dependence is found, the non—
trivial linear combination of the elements Y, DY, D?Y,... over the considered
differential field gives a representation for the symmetric power to be computed.

In their paper [6], M. Bronstein, T. Mulders and J.-A. Weil presented algorithms
for the determination of symmetric powers of linear differential operators.
M. Bronstein et. al. even treat a more general situation, where the coefficients
of the linear differential operator are elements of some differential ring R,
which is an integral domain of characteristic 0. In this situation, a special
treatment for non—monic linear differential operators becomes necessary, since
the leading coefficient might not be a unit (i.e. not invertible with respect
to the multiplication in R) of the ring R. Since we are only interested in
the case, where the underlying coefficient domain is a differential field, only
Theorem 1 of [6] is of interest for us. This theorem presents an explicit iteration
formula to compute the n-th symmetric power of a linear differential operator
L = D? + a(z)D + b(z), where a(z),b(z) € F, F some differential field. We
skip the details here, but we note that the recursion formula by M. Bronstein
et. al. provides an algorithm, which allows the direct computation of symmetric
powers without having to check for the first appearance of linear dependencies
as mentioned above. The number of steps needed to compute the desired
symmetric power is known a priori.

For third and higher order linear differential operators the algorithmic ap-
proaches for the computation of symmetric powers presented in [6] mainly base
on the idea of Remark [4.12] i.e. they base on the search for a first appearance
of a linear dependency¥] The main advantage of the methods for computing
symmetric powers of operators of order higher than 2 discussed in [6] can be

140Of course, there are some more technical details involved in the algorithms presented in
[6], which we do not mention here, since this would overstep the framework of this thesis.
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seen in the fact that they are fraction free methods, i.e. work in a more general
coefficient domain.

Another algorithmic approach for the computation of symmetric powers of
second order linear differential operators is sketched by W. R. Oudshoorn and
M. Van der Put in [52]. But this approach is very similar to the one proposed
by M. Bronstein et. al. in [6].

In the following we discuss an alternative approach to compute symmetric pow-
ers of second order linear differential operators based on nilpotent and recursive
flows as well as on non-local symmetries for homogeneous linear ODEs.

4.4 An alternative algorithm for computing
symmetric powers in the second order case

We now describe how to compute symmetric powers of second order linear dif-
ferential operators using non—local symmetries, i.e. using those facts, which we
know from the theory of recursive and nilpotent flows given by these non—local
symmetries. We consider only second order linear differential operators of the
form L = D? + u, u = u(x).

Recall that any second order linear differential operator D? 4+ a; D + ag can be
transformed to an operator of the form L = D? + u. Of course, the kernels
of D* + a1D + ay and L = D? + u differ, but it is easy to transform any
solution of the homogeneous linear differential equation (D* + u)w = 0 to
a solution of (D?+a; D+ag)w = 0 (see also the footnotes [J| and [10] on page [201]).

In the former part above, we saw that the flow in s = s(¢, x) with characteristic
operator L = D? + u is given by

d 1

—s=sD""! <—>

dt 52
Now we make use of the flow for L to compute the m-th symmetric power L&™
of L. Therefore we consider the ansatz

o:=o(t,x) = s(t,xz)™.

It follows:
d d 1 1
_dta =msm! _dts =ms™lsD™! <—> =moD™! <a2/m>’
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1.e.

d 4/ 1
Ea:maD <02/m>

is a nilpotent flow (as we will see below) associated with a characteristic

operator denoted b E, whose kernel contains the m-th powers of the elements
of the kernel of In the following, we show that L = L®™.

We claim that

d* Y
for k=1,...,m and %0:0'

We prove the assertion by induction on k: Assume that the assertion is true for
some k € {1,...,m — 1}. Then

- () ()

=100 () (- 20 e ()

1\ k+l
:m~~-(m—k+1)maD_1< ) +

o2/m
1 1 1 k-1
m---(m—k+1)c D ( 202/mD (ag/m)> kD <02/m)

[ J/
-~

:_D—1(1/02/m)2

= m(m k4 1) (m— K)o D ( ! )k“.

o2/m

Hence, it also follows that j;;—fla =0.

Now we assume that s(0,z) and (£s(¢,2))—o are linear independent elements
of the kernel of L (in fact, (£s(t,z))—o is already contained in the kernel of
L if this is true for s(0,x), because the flow associated with L is nothing more
but variation of constants providing a linear independent solution to a given
solution). If s(0,z) is an element of the kernel of L, then ¢(0,z) = s(0,2)™ is

150One way to compute L explicitly is to use the formulas presented in Remark for com-
puting characteristic operators due to [27]. We choose an alternative way for the computation

of L in the following.
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an element of the kernel of L®™. Hence, it follows that L®m( 0)jt=0 = 0 for
all 0 < k < m, since

(559) oy = (s On =k 20—k s (s0(5)))
e (m— k4 2)(m— 1)3(0,3;)“((23(15 x))|t:0)k.

Since the order of L®™ is m+1 (see for example [60], Section 3.2.2 on symmetric
powers of a differential equation), L®™ is completely determined by the m + 1
independent solutions (%U)‘tzo, 0<k<m.

Using the formulas of Theorem [£.6] to construct the characteristic operator as-
sociated with a recursive flow, We can compute a representation for the charac-
teristic operator L in terms of 2 tka 0 < k <m. It follows that

~ 1 1 1
T = wowy - - - wyyD——D—— .. D—,
Wm—1 W, Wo
where
Wo = O,
1 d
= D——
w Wo dto-’
1 1 1 1 d*
Wg—1 Wk—2 wy Wy dtk
1 1 1 1 dm
Wy, =D D -D—D——o0.
Wm—-1 Wm—2 w1 Wo dtm

Now we insert the representations 1} for ;TI;U’ 0 < k < m. Using integration
by parts, we find that

1

wo =0 and wk:ck(m)m

for 1 < k < m, where the ¢;(m) are constants, which can be ignored, since they
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cancel in the below computation. Hence, it follows that

2= () i )0y ™) 2 o)

1 1
- _pg2/m e Daz/”"jD—
o N g
m-times
1 1
= —Ds?...Ds>D—.
M N et g

m-times

Thus, the “expanded form” of Lis given by
f:Dm“—i—igpk<s is )Dk
2 SraCIONE

for some polynomial expressions (s, %s, ...) depending only on s and deriva-
tives of s with respect to x. Since the original linear differential operator we

started with was L = D? +u, we may substitute all derivatives %s, 2<k<m,

dk—2 . . d . . .
by — 5= (su) successively, until only s, S U and derivatives of u with respect

to x are contained in the representation of L. Then we can write

~ ~ —ds ~ —dS 2 .
= dz dz”
L—L0—|—< . >L1+( . ) Lo+ ...,

where Zo,fl,fg,... are linear differential operators, whose coefficients only
contain u and derivatives of u with respect to « and Lg is of order m + 1,
whereas L1, Lo, ... are of order at most m.

Note that the evolution equation %0 = maD‘l(ﬁ) constructed for o is
invariant under the automorphisms of the differential Galois group G(L) of the
homogeneous linear differential equation Lw = (D? + u)w = 0. For T € G(L)
we obtain that, whenever s(0,z) is an element of the kernel of L, then the
same holds for T'(s(0,x)), since any automorphism of G(L) maps solutions of
Lw = 0 to solutionﬂ The construction of the nilpotent flow for s and o is
independent of the fact, which elements of the kernel of L are chosen as initial

values s(0, z).

To see this, we consider an arbitrary 77 € G(L). Then we construct the
above operator L using the flow for s and in the same manner compute the

16See also page for details on the differential Galois group.
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linear differential operator L using the flow for 7'(s) instead of s. Then L
and L are both linear differential operators of order m + 1 and the kernels
of both of them consist of all m-th powers of the elements of the kernel
of L. Hence, we can conclude L = L and the application of any T € G(L)
to an element s of the kernel of L does not change the nilpotent flows for s and o.

dg o dg -~
The application of T' to 4=, (4=)2 ... does not change the operator L. In G(L)
there is at least one automorphism, for which

d d
-—3S8 -—3S
T(dz ) dx ’
S 7& S

d d d d
T(s) — T(s)

provides that T'(s) = ¢s for some constant ¢. But there is at least one transfor-

mation (variation of constants), which provides a linear independent solution to

since otherwise

y) a
a given solution and which is not the case for transformations with 7°(4>) = ==,

Now choose an element 7' € G(L) for which T’ (%) # di;'s holds. Then T leaves
invariant the operator L if and only if 21,2/\2, ... are equal to zero. Thus, it
follows L = Lg. Since the kernel of L is spanned by all m-th powers of the
elements of the kernel of L, it follows

-~

L=1,=L%
and we are done.

We sum up the results and close this section with the following algorithm to
compute symmetric powers of second order linear differential operators:

Algorithm 4.13. Let L = D? + u(z) and m € N. We compute L®™ f(x) for
some arbitrary symbolic elements f(z) as follows:

1. Define s(z) := w(z)™ and r(z) = L (L)),

2. For ¢ from 1 to m repeat the following steps:

e Compute
d

r(z) = %(s(x)wmr(w)).
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e Substitute %w(z) by —u(x)w(x) in r(z), i.e. reduce r(z) by the
homogeneous linear ODE %w(m) = —u(z)w(x).

3. Replace ZLw(z) by 0 and w(z) by 1 in r(x).
4. Return r(z) = L f(z). A

Algorithm in the above form can be used to obtain the symmetric powers
given in Example [4.11]

4.5 Conclusions

4.5.1 Resumé

We did a rough implementation of Algorithm in the computer algebra
system MUPAD. We compared our implementation with the algorithm to
compute symmetric powers of second order linear differential operators already
implemented in MUPAD, which is based on the algorithms in [6].

In practice, even the rough implementation of Algorithm is slightly more
efficient than the one already implemented in MUPAD. For example, the com-
putation of L®M where L = D? + u(z) for some arbitrary symbolic function
u(z), using Algorithm takes about 4 secondﬂ. The same computation
using the already implemented version of the algorithm in MUPAD to compute
symmetric powers takes with about 9 seconds more than twice as long.

4.5.2 Open problems and perspectives

We applied the results from [27] for nilpotent and recursive flows to give an
alternative approach to compute symmetric powers. For third and higher
order homogeneous linear ODEs, the computation of symmetric powers is
more difficult for at least two reasons: On the one hand, the computation of
symmetric powers for higher order linear differential operators involves a large
expression swell®] On the other hand, the degree of the symmetric powers of

1"We performed our computations using MuPAD Pro 4 under Microsoft Windows XP on a
PC with a Pentium 4 CPU, 2.40 GHz, 1.0 GB RAM.

8For further remarks on the problem of the expression swell involved with the computation
of symmetric powers and approaches to avoid it see [6].
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linear differential operators of order at least 3 is not known a prioriﬂ

The question arising is, whether the approach for the computation of symmetric
powers of second order linear differential operators discussed in this chapter
can be generalized to higher order linear differential operators. The central role
in our approach plays a nilpotent flow associated with a general second order

homogeneous linear ODE and which serves as a non-local symmetry for the
ODE.

In fact, in a similar way as discussed in Subsection on pp. [193] one can
associate nilpotent flows with general higher order homogeneous linear ODEs.

The nilpotent flow for general third order linear homogeneous ODEs with uni-
modular differential Galois group readd”

d? -1 % -1 1
fan((pE)oL)

ds
S3(D%>2

The nilpotent flow for general fourth order linear homogeneous ODEs with uni-
modular differential Galois group reads

d3 ds 1 % 1
gt =0 ((p2) o7 ((0—g D2 )07 (— =)
S D& 8 s{(DL)3(D—L_pa )2

2
pdt ®
S

As in the case of the nilpotent flow associated with a general second order ho-
mogeneous linear ODE, these nilpotent flows are independent of the coefficients
of the corresponding linear ODE{]

The main problem one is faced with in the situation of these flows is the fact
that the right-hand-sides involve derivatives of s with respect to t. This makes
the situation more complicated and the question, whether these flows can be
used to give alternative approaches for the computation of symmetric powers of

9The degree of certain symmetric powers of linear differential operators of order at least 3
gives information concerning the existence of Liouvillian solutions of the associated homoge-
neous linear ODE (see [60] for details).

20The following two equations become nilpotent flows in the strict sense of Definition
when a suitable phase space is introduced.

21'We verified this also for general n-th order homogeneous linear ODEs, n € N, n > 3, as
long as the ODEs under consideration have a unimodular differential Galois group.
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linear differential operators of order at least 3 remains unanswered in this work,
but gives a perspective for further research in this area.
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List of some notation

Chapter 1
y®) (z) k-th derivative of y(z) with respect to x
%k:o Derivative with respect to € at € = 0
R A one-parameter group of transformations

H(x7 y? y’? AR 7y(n)> = O

(L, 2(t), y(t))

X
XH=0 mod H=0

M
K(u)
[K(u), G(u)]

Curve functions forming the infinitesimal
generator of a one-parameter group of
transformations

An ODE of the form
y(n) - ¢(l’7 y’ y/’ R 7y(,n71)) = 0

k-th prolongation of the curve function
(L, (t), y(t))

The infinitesimal generator of a symmetry

Way of saying that the expression X H has to
be zero on the submanifold given by H = 0

Some C*°-manifold
The manifold variable
Some vector field on the manifold M

Commutator of the vector fields K (u) and
G(u).

A vector space

The set of all vector fields on the vector space

v
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E(V) The set of all covector fields on the vector space V
F(V) The set of all scalar fields on the vector space V
(I', K) Application of the covector field T" to the vector field K

Tinm) (V) | Set of all n-times-covariant and m-times-contraviant tensors on V'

d Exterior derivative
grad Gradient of a scalar field
Chapter 2
®(z,y,y,...,y™Y) | Right-hand-side of an n-th order ODE of the form
y(n) = @(I‘, y? y,7 R 7y(n_1))

1 An integrating factor

y®) (z) k-th derivative of y(z) with respect to x

D1 Integral of a function; formal integration with respect

to x
E(x,y),n(z,y) Infinitesimals of a Lie point symmetry generator
Chapter 3

D Differential operator; differentiation with respect to x

D~! | Integral of a function; formal integration with respect to x

A Algebra containing z, u = u(z) and a fixed set of infinitely often
differentiable functions being closed against the application of D to its
elements

F Subset of A, whose elements do not contain u or any of its formal
derivatives

ord, | Order of the highest derivative of u with respect to = of an element
of A
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N Set of all total derivatives in A; also referred to as the
integrable part of A

A~y B | Equivalence relation on A; holds if A — B € N

[A]n Equivalence class of A € A with respect to ~

A/N Set of all equivalence classes of elements of A with respect to N/

(A, B) Density valued scalar product on A x A; the equivalence class
[AB]x

S} Skew symmetric operator A — A

Jo Elements A = A(z,u) € A with the property that in their formal
Taylor series expansion with respect to u the term of polynomial
order 0 does vanish

Jn, n € N | Elements A = A(z, u, u,, ...,u™) € A with the property that in
their formal Taylor series expansion with respect to (™ the
terms of polynomial order 0 and 1 do vanish

J The direct sum of all J;, k € Ny; also referred to as the
non—integrable part of A

Fo Fundamental form of the skew symmetric operator ©; a map
Ax A— A

Qo Quadratic form of the skew symmetric operator ©; a map
A— A

A The n-th derivative of an element A € A with respect to x

Chapter 4

F A differential field

Dpr A derivation on F

L A linear differential operator

G(E/F) | Differential Galois group of the Picard-Vessiot extension £ O F'; E

and F' are differential fields
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Lem m-th symmetric power of the linear differential operator L
(klk kn) Multinomial coefficient ®

A linear differential operator

®(n+1) | The characteristic operator for a weakly recursive flow

o) Lowering of the linear differential operator ® with respect to w

det The Determinant of a square matrix




Glossary of Algorithms

Algorithm

Algorithm

Algorithm
Algorithm
Algorithm
Algorithm
Algorithm
Algorithm
Algorithm

Algorithm m

Algorithm

Computing integrating factors of the form
p = p(z,y) of third order ODEs, (82

Computing integrating factors of the form
p = p(z,y") of third order ODEs, |85

Computing integrating factors of the form
= p(y,y’) of third order ODEs, (88

Computing integrating factors of the form
= u(y"), 1(0) # 0, of third order ODEs, |93

Computing integrating factors of the form

w= f(z,y,y)(y")™, m > 1, of third order ODEs,

Computing integrating factors of the form

w= f(z,v, y)( iy, 2 3, of third order ODEs, (103

Computing 1ntegrat1ng factors of the form
w= f(z,v, y) - of third order ODEs, (108

Computing integrating factors of the form
p=puly®,y

Computing integrating factors of the form
p = p(x, ") of n-th order ODEs, [115

Computing integrating factors of the form
p=pyD yi), 0<i<j<n-—3,i+1<j,of nth
order ODEs, (118

Cornputing integrating factors of the form
p = p(y™ ) of n-th order ODEs, [119

n=2) 0 <i<n— 3, of n-th order ODEs,

113
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Algorithm m Computing integrating factors of the form
p=fleyy .y )y m e N,
of n-th order ODEs, [122
Algorithm Computing integrating factors of the form

= f(x,y,y’,...,y("”))m,m e N,m > 3,
of n-th order ODEs, 125

Algorithm w Computing integrating factors of the form
w= flx,y,9y,... ,y("*2))ﬁ) of n-th order ODEs, |127

Algorithm |3.15| | Computation of the canonical form in the algebra A,
143

Algorithm |3.34| Computation of the quadratic form in the algebra A,
143

Algorithm |3.36| Computation of the fundamental form in the algebra
A, [164

Algorithm 4.13| | Computation of symmetric powers of second order linear
differential operators, 208
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