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Abstract

Systems of linear ODEs form a monoidal category, and objects within this
category include homomorphisms, symmetric and exterior powers, as well as
dual equations.

Considering symmetries of equation we find equations that can be solved by
algebraic manipulations and quadratures. This includes a number of equa-
tions with semisimple symmetry algebras, as well as equations with solvable
symmetry algebras. Unlike most previous results, there is no requirement on
the symmetry algebras of having dimension equal to the order of the equa-
tions, in some cases even a single symmetry is sufficient to solve the equation.
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Chapter 1

Introduction

This thesis is devoted to the study of linear ordinary differential equations.
Main results are found in Chapters 5 and 6, where we obtain methods to de-
compose and solve equations with both solvable and semisimple Lie algebras
of symmetries. We prove that for a number of such equations one can obtain
solutions through combining algebraic methods and quadrature. Also, there
is no restriction on the order of an equation with respect to the dimension
of its symmetry algebra, for this to work. Given the right conditions it may
even be sufficient with a single symmetry to solve an equation through eigen-
value decomposition and quadrature.

Our starting point is to connect to systems of linear ODFEs algebraic ob-
jects which we will denote differential modules, or D-modules.

The notion of a differential module appears in differential algebra, see e.g.
[15, 16], but differential Galois theory and Picard-Vessiot theory deals with
modules over differential fields, and mainly the study of differential field ex-
tensions by solutions of ODEs. This approach may be used to state whether
solutions are algebraic with respect to the base field, study the extensions
and address inverse problems in differential Galois theory etc.

Our approach has geometrical roots, dating back to Sophus Lie, and points
in a different direction with respect to applications. Throughout this thesis
we will consider systems of linear ODEs with coefficients in the differential
R-algebra A = C*(R), with derivation being the usual derivative in the vari-
able x, 04 = %.



There is a one-to-one correspondence
System of linear ODEs < D-module (F,d) over (A, d4),
by the isomorphism of vector spaces
Solution space of the ODE <  kerd C E.

A straightforward explanation of this correspondence can be found in Section
2.1, based only on the pure algebraic definition of D-modules.

Sophus Lie initiated a geometric approach to differential equations, where
one uses symmetries of equations to study their properties and to reduce
and solve them. Viewing ODEs as submanifolds of an appropriate jet space
provides a geometrical framework which is widely used to study geometric
properties and symmetries of equations. From this framework D-modules
emerge in the following way:.

A linear ODE is a linear sub-bundle in jet space, with a linear connection
determined by the Cartan distribution. The D-module corresponding to an
equation can be identified with the A-module of sections in the linear bundle,
with derivation determined by the lifting of % by the linear connection. This
relation is accounted for in Section 2.4.

Chapter 2 is devoted to establish the relation between equations and D-
modules, and appropriate algebraic tools. In Section 2.1 we learn precisely
how to connect the two objects, and in combination with Section 2.3.

D-modules form a monoidal category, and Section 2.2 describes this cate-
gory and algebraic constructions within the category. That forms the basic
algebraic framework used to produce the results of this thesis, with the key
result being Theorem 2.2.3. It is our main tool, and allows us to lift prop-
erties and results that apply to the vector space ker d to the whole module
E. Finally, in Section 2.5, we introduce a third view on D-modules, through
differential operators. From a practical viewpoint this is an important addi-
tion to the theory, providing us with a generic way to calculate within our
D-modules.



In Chapter 3 we investigate equations with Euclidean, symplectic, com-
plex and Hermitian structures. For second order equations we determine
classes of equations with such structures. Also, we encounter D-modules
with Sp-representations due to solutions of the Yang - Baxter equation.

Chapter 4 contains results on symmetries of equations in general. Again
due to Theorem 2.2.3 we establish how to apply results from the theory of
representations of Lie algebras into vector spaces to D-modules, and whence
to equations with these symmetry algebras. Chapters 5 and 6 are based on
this observation.

In Section 4.2 we further see how to use symmetry operators when working
with D-modules. Proposition 4.2.2 determines how a symmetry operator
of an equation induces a ¢-invariant endomorphism of the corresponding D-
module, and Theorem 4.2.2 explains how it acts inside ker 9.

In Chapter 5 we investigate equations with solvable symmetry algebras
and eigenvalue decompositions of D-modules. We find conditions for when
an equation can be solved by using a single symmetry, Theorem 5.1.1. We
determine equations with solvable symmetry algebras that are solvable in
terms of quadratures, see Theorem 5.2.5.

In Chapter 6 we encounter semisimple symmetry algebras. For a semisim-
ple Lie algebra g there is an associated symmetry ring D(g), an analouge of
the the Grothendieck ring of isomorphism classes of finite dimensional vector
space representations of g, and its symmetry ring is generated by a finite
number of elements just as its Grothendieck ring is. The generators are iso-
morphism classes of D-modules with symmetry algebra g, Theorem 6.1.2.

As a consequence, any D-module with symmetry algebra g is polynomial
in D-modules isomorphic to the generators, meaning that solutions of the
generator differential equations generate all solutions of the original equation.

In particular, any equation with an sly-algebra of symmetries has solution
space spanned by powers of solutions of second order model equations of sls,
Schrodinger equations, Theorem 6.2.4. Solutions may in many cases be
obtained by algebraic methods and quadrature, and an algorithmic approach
is outlined.



Chapter 2

Equations as D-modules

The goal of this chapter is to make a connection between differential modules,
denoted D-modules, and linear ODEs. These D-modules are free modules of
finite rank over the R-algebra of smooth functions in one real variable, with

a derivation 0 over %. They form a monoidal category. We will establish a

range of results concerning D-modules, that can be directly applied to the
corresponding equations.

2.1 Connecting modules and equations

2.1.1 D-modules over a general algebra.

Fix an algebra A over a field K, and a derivation §4 : A — A. A pair (A, d4)
is called a differential algebra.

Definition 2.1.1. A D-module over (A,d4) is a pair (E,) where E is a
module over A and the map
0:E—FE

is a derivation over 04, i. e. it is (i) K-linear, and satisfies a Leibniz rule
(1) with respect to d4 :

(Z) (5(61 + 62) = 5(61) —|—(5(€2) e1,e0 € F ,
(17)  0(ae) = da(a)e + ad(e) acAeckE.

Throughout the text we will restrict ourselves to consider free D-modules,
i.e. free modules over an algebra A, that are also D-modules. D-modules
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(E, ) over a fixed pair (A,d4) constitute the objects of a category which
we will denote C, and morphisms are A-homomorphisms of modules that
commute with the respective derivations.

Proposition 2.1.1. C is monoidal with respect to the tensor product of mod-
ules with the induced derivation & over d4 as defined in Definition 2.2.1.

Note that (A,04) is a unit object in C.

Section 2.2 is devoted to the case when A = C*(R) and 04 = L, and
contains a number of constructions and results for that category. More or
less all definitions and results in that section apply to D-modules over a
gerneral (A,04), with the exception of Theorem 2.2.3, and some particular

statements involving properties of C*(R).

2.1.2 D-modules and linear ODEs.

Now let A = C*°(R), the R-algebra of smooth functions in one real variable.
The pair (A, 04 = L) is a differential ring, - being a derivation of A.

Definition 2.1.2. By a D-module over (C*(R), L) we mean a pair (E,9)

where E is a free module of rank = n < oo over C*°(R) and the map
0:F— F

is a derivation over 04 = %, i. e. it is (1) R-linear, and satisfies a Leibniz

.. . d .
rule (ii) with respect to £ :
(1) d(er+e2) = d(er) +0(e2), er,e2€F,
d
(11) d(ae) = d—a6+a5(e) , ac€Aeck.
x
From the definition we can immediately deduce a correspondence between a

D-module (E, ) of rank n and a system oflinear ordinary differential equa-
tions.

Theorem 2.1.1. Given a rank = n D-module (E, ) as in Definition 2.1.2.
Then the R-vector space E# =ker§ C E is isomorphic to the solution space
of an n X n system of linear first order differential equations.



Proof. E is a free module of rank n over A, so there is a basis {e;, ... , e,}
of E over A. The action of § on E can be written in matrix form

d(e) = Ae
where A = (a;;(z)), entries a;; € A, and e = [e1,...,e,)7. Considering a
general element
h=hi(x)ey + ... + hy(x)e, €FE, (2.3)

coefficients h;(z) € A. Then § applied to h is

0(h) = > (hei+hide)) = Y (hje;+hi Y age;)
i=1 i=1 j=1 (2'4)
= Z(h;+zazshz)€s
s=1 =1
Thus,
5(h)=0

if and only if the coefficient functions hy(x),..., h,(z) satisfy the system
W4+ ATh =0, (2.5)

where h = [hy(),..., h,(2)]T.
The map

¢ : hsolution of (2.5) — h = E hie; € kerd
i=1
is an isomorphism of vector spaces.

2.2 The monoidal category of linear ODEs

This section is dedicated to investigate the algebraic framework in which D-
modules belong, and we will establish some useful properties and construc-
tions. Throughout we may keep in mind the relation between D-modules
and systems of ODEs as described in Theorem 2.1.1, and recall that every
time we consider some D-module it corresponds to a particular equation.

10



Proposition 2.2.1. D-modules in the sense of Definition 2.1.2, over the
fixed differential algebra

d
— % )
constitute the objects of a category which we will denote LODE, linear ODFEs.

(A=C*(R), da

For objects (Ey,01), (Eq,02) in LODE, morphisms, Mor((E1,61), (Es,02) ),
are A-homomorphisms F' such that the diagram (2.6) commutes

EILEQ

5{ l@ (2.6)

E1—>E2
F

1.e. 090 F' = F od;.

Proof. The only category property of composition of D-module morphisms
we need to check is that the composition 1 o ¢ of A-homomorphisms
¢:FEy — FEy and ¢ : Ey — FEj3 really satisfies the necessary commutator
relations. But

(Yog)ody =1o(pod) =10 (doe)
= (oda)ogp=20dz0(pog),

so ¢ € Mor((Ey,01),(E2,02)), v € Mor((Ey,ds),(Es,03)) implies that
Yo¢pe Mor((Ey,d1),(fs,63)) . n

(2.7)

All tensorial constructions of D-modules belong in this category, and each
correponds to an equation. We may take the tensor product of two modules
in the category, and define a corresponding D-module with an induced ¢ as
follows.

Definition 2.2.1. The product of two D-modules (E1,61) and (Es,d2) is the
object (F1 ®4 Fs,d) where

0:E1®4 By — E1®4 By
is defined by the requirement that it is a derivation over (A,d4) and that
(5(61 X 62) = 51(61) X €2 + €1 X 52(62)

on decomposable elements, e; € E1,e5 € Fs.

11



Theorem 2.2.1. LODE is monoidal with respect to the tensor product of
modules with the induced § as defined in Definition 2.2.1.
(A, 04) is a unit object in the category.

Proof. We may take basis element 1 € A. For any object (E,d) in the
category we have the following isomorphism [ : A ® F — E defined by

1®e — e, ec &,

and requiring A-linearity. Note that [ is a morphism in the category:

(0pol)(b®e) = dge) = L(b®dp(e))
= lO((SAb®6+b®5E€) (28)
= lodagp(b®e)

Corollary 2.2.1. The unit object (A, d4) in the category LODE corresponds
to the first order equation
y =0 (2.9)

Proof. Obviously f € kerd C A if and only if f' = 0. O

We may also investigate products of morphisms.
Given D-modules (E1,0g, ), (Ea,0r,), (F1,dr ) and (Fy, 0r,) and two module
homomorphisms ¢ : £y — Fy, ¢ : Ey — F, we may consider their usual
tensor product

¢®¢ . E1®E2—>F1®F2, (210)

which on decomposable elements is
PRY 1 (e1®ex) — Pler) @ Y(ea).

Proposition 2.2.2. Given morphisms ¢ € Mor((F1,dg,), (F1,0r)) and
v € Mor((Ey,0g,), (F2,0p,)). Then their product is again a morphism,
p1 € Mor((E,dg), (F,0r)), where E = F1 @4 FEy, F' = F; @4 Fy and
0g, OF the induced derivations on the products E, F'.
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Proof. We need only check that ¢ ® i satisfies the necessary composition
property (¢ @) odp = 0po(p®1p). Writing dg = dg, ® Ig, + I, ® dg, and
0p =0p, ® Ip, + Ip, ® 0, in product notation we see that

(p@)odp = (¢®@Y)o (dp, ®Ip, + 1k @ 0g,)

= (¢06E1)®¢+¢®(¢05E2)
= (6F1 O¢)®¢+¢®<5F20w> (2'11)
= (5F1 ® IFZ + [F1 ® 5F2) © (¢ ® w)
= dro(¢p®7).
Thus, (¢ ® v) € Mor((E,65), (F,6r)). 0

Some D-modules come with a bit of extra structure, we will encounter both
algebras and Lie algebras, the D-module versions are as follows.

Definition 2.2.2. A D-algebra (E, ) is a D-module with a product
m: FE XA F—F

such that
E®QE 25 F

i E (2.12)

E®QF —— E
m
commutes, which satisfies the associativity condition
1@m

FRFEFERFE — EQFE

m®1l lm (2.13)
E®FE — E

on F.

Note: If (£,9) is a D-algebra, then kerd C E is an R-algebra.

Definition 2.2.3. A D-Lie-algebra (E,§) is a D-module with a bracket
[, ] EXE—F
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which 1s
(1)  A-linear in both arquments, skew-symmetric and satisfies the Jacobi
identity, i.e.

[Xv [Ya ZH + [Zv [X’ YH + [Yv [Z7XH = 0,

and,
(2)  the bracket operation is d-invariant, i.e.

SIX,Y] = [6X,Y]+[X,6Y].

Note: If (F,¢) is a D-Lie algebra, then the solution space ker ¢ is really a
Lie algebra over R in the usual sense, with respect to the restriction of the
bracket to kerd.

A natural construction to consider in the category LODE is homomorphisms
of modules.

Proposition 2.2.3. Given D-modules (Ey,01) and (Es, ds),
then ( Homu(Ey, Es), ) with

0 HOmA(El,EQ) — HOmA(El,EQ)

defined by
0: F+ 090F —Fobd,

for F € Homyu(Ey, Es), is an object in the category LODE.

Proof. Given a € A, F € Homa(E1, E») and e € E; we see that

dF(ae) = (o0 F — Fody)(a-e)
= y(a- F(e)) — F(dala)-e+a-di(e))
= da(a) - F(e) 4+ ads(F(e)) —dala) - F(e) —a- F(di(e))
=a-(0g0o F—Fody)(e) = a-dF(e).

(2.14)

So, 0F' is an A-homomorphism. Second, we have that

d(aF)= dg0(a-F)—a-Fod
= 0qa-F+a-090F —a-Fod (2.15)
= (5ACL'F+CL'(5F.

Thus ( Homa(FE1, Es), ¢) is an object in LODE . O

14



We pause to introduce the notation
E#

for taking the kernel of § in F, i. e. E¥ = ker 01 C Eq, and E# = kerdy C
E,. Note that a d-invariant homomorphism F € ( Homa(E1, Ey))* is a
morphism in the category, with

0g0oF = Fod. (2.16)

How can we interpret morphisms at this stage? If (E4,d;) and (Es, d3) cor-
respond to ODE systems (2.17) and (2.18) respectively,

W4+ Ah =0 (2.17)
u + Asu =0, (2.18)

then the vector spaces Efﬁ C E; and E# C Ej are isomorphic to the solution
spaces of the systems (2.17) and (2.18) respectively. By requirement

F(kerd;) C kerds, (2.19)

so a morphism F' € ( Homa(FEy, Es) ) maps solutions of system (2.17) into
solutions of system (2.18). Thus solutions of the induced homomorphism
equation

(HOMA(El,EQ),5> (220)

give precisely linear maps that transfer solutions of equation E; to solutions
of Ey. If system (2.17) is an n X n system and (2.18) is an m X m system,
then the homomorphism equation is an (nm) x (nm) system.

Definition 2.2.4. For a D-module (E, ) in LODE, the ODE corresponding
to the induced D-module
(Enda(E), 0) (2.21)

we will call the Lie equation, or symmetry equation of (E,0).

The whole Chapter 4 is devoted to the study of d-invariant endomorphisms,
symmetries, but we will briefly add the following result about endomorphisms
here.

15



Proposition 2.2.4. (End4(FE),9) is

(i) an associative D-algebra with respect to composition of endomorphisms,
and,

(i1) a D-Lie algebra with respect to commutators of endomorphisms.

Proof. In (i) multiplication of endomorphisms ¢, ¢ is defined by

m($®v) = $ov. (222)
Thus
m(8(p @) =m (6 @V + ¢ @ )
=0pot+¢ody
= (0op—pod)oth+¢o(forh—1hod)
:(Sogbod}—gbol/)o(; = 5(m(¢®¢))7

and whence § om = m o d. In (iz) the bracket operation is defined by
[0, ¢] = m(¢®@Y -1 @), (2.24)

so it follows from the previous computation that the bracket operation and
0 satisfy

(2.23)

olo, v] =100, ¢v]+ [0, 0v].
O

Proposition 2.2.5. For any D-module (E, ) in the category LODE, the
dual module
(E* = Homa(E,A),d)

is also an object in LODE. The equation (E*,0) is the adjoint of equation
(E,0).

Proof. Assume (E, ) is of rank n with a basis {ey,...,e,} over A, and that
de = Ae on matrix form. Taking the dual basis {e},... e’} as basis in E*
and applying the definition of the induced 0 on basis elements ef € E* yields

(de;)(e;) = (doef)(e;) — (e od)(e)
= 6(67) — (X azes) = 0= a;b = —ay (2.25)

16



where 07 denotes the Kronecker delta. Whence
set = —Al e (2.26)
on matrix form and the corresponding system of ODEs is
N —Ah=0, (2.27)
which is the adjoint system. O]

Proposition 2.2.6. Given a d-invariant representation of a group G into a
D-module (E,J), i.e. a group representation

r:G — Endy(E)

such that § o r(g) = r(g) o9 for any g € G. Then the set of G-invariant
elements in FE,

Ya(E) = {e€ Elr(g)(e) = e, Vg € G},

is a sub-D-module of E with respect to restriction of ¢, i.e. (Xg(FE),0) €
Ob(LODE).

Proof. ¥¢(F) is obviously a sub-module of E, and we need only prove that
5(Sc(E)) C Sa(E). Let e € Sg(E). Then

d(e) = d(r(g)(e)) = r(g)(0(e))
for any g € G, thus de € Yo (F). O

There are some well-known constructions that are of this type. Both sym-
metric and anti-symmetric tensors, S™(E) and A\"(E) arise as invariant sub-
modules of E®" with respect to representations of the symmetric group
G = S,. Regarding representations of .S, we have the following general
result. Let E be a finite rank module over A. A homomorphism

7 E®? — E®? (2.28)
with the condition 72 = 1 determines a homomorphism
=L ®T®I i E¥" — E*" (2.29)

for n < 2, with 7 acting only on the ith and (i + 1)th copy of F in E®",

17



Theorem 2.2.2. 7y,...,7,_1 generate a representation of S, into E®™ iff
T satisfies the so called Yang - Baxter equation :

re)(len)(tel) = (17)(re1)(1®71) (2.30)
on E®3.

The symmetric power S™(E) = X7 (E®") consists of elements in E®™ invariant
with respect to the action of S,, given by the twist-solution of the Yang-Baxter
equation,

T(f®g) =90 f.

Note that for the twist 7

i(r(fog) =0(g®f) =g f+g@0f
= 7(0f@g+f®dg) = 7(0(f®9)),

so this 7 generates a d-invariant representation of S, into E®".
Similarly, \"(E) = E7(E®") C E®" where 7 is minus twist,

T(f®g)=-9g®f

Proposition 2.2.7. The symmetrization of the kth tensor product of E,
Sk(E) C E®*, is again an object in LODE together with the restriction of &
on E®* to

§:SHE) — S¥E).

The restriction of 6 acts on decomposable elements of S*(E) by
0. 0k)=0(01) ... Op+...4+01-...-6(0k), (2.31)
where 0; € E, and - is the symmetric product.

Proposition 2.2.8. Any exterior power A\*(E) C E®* of a D-module (E, )
is an object in LODE with & being the restriction of & on E¥F to

§: ANM(E) — A¥(E).
The restriction of § acts on decomposable k-forms by
Swi A i Awg) =0(wi) Ao Awg + oo Fwr Ao A d(wi) (2.32)

where w; € F.
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In Chapter 3 we will see examples of non-trivial representations of Sy for
second order equations.

The theorem below will end this section, and will be our most important
tool in the study of equations. It allows us to move between studying the
D-module itself, and the solution space of the corresponding differential equa-
tion. It will enable us to extend properties and structures on the R-vector
space E7 to the D-module E, and apply to D-modules. As an example,
results from the theory of representations of Lie algebras into vector spaces.

Theorem 2.2.3. For any (E,9) € Ob(LODE)
E =~ E* e A (2.33)
by an D-module isomorphism
¢p:E¥@r A — FE (2.34)
defined by ¢ : v; ® 1 — v; for any basis {v1,...,v, } of E¥.

Proof. First note that we may rephrase the statement, it is equivalent to the
following;:

For (E,0) € Ob(LODE) any basis of E# over R is a basis of E over A.

Let E be as above, rank n, with é-matrix A. Every element of E# is on
the form h = Y7 | hi(x)e; where h solves (2.5). From the theory of ODEs
we know that there exist a fundamental set of solutions of the system (2.5).

Let by = [h1(2), ... han(2) 15, . o By = [Pt (), .. o Bn(2) [T be such a set.
Then
{n= Zhu(ﬂ?)ez‘, R th'(x)ei}

is a basis of E# over R. The matrix H = (h;;(x)) is the Wronskian of the
system (2.5), hence its determinant is non-zero everywhere, and

ZzHe

constitutes a basis of E over A. Any basis of E# over R is on the form as
the set {~;} above, hence a basis of E over A.
O
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Corollary 2.2.2. Given (E,d1), (E2,02) in Ob(LODE), then,
(i) (By ©4 Ex)* = Ef @z EY, and,
(ii) (Homa(E, E>))* = Homz(EY, EY).

Proof. This follows directly by combining the theorem above with the defi-
nitions of the induced é-s on E; ® Ey and Hom4(F1, Es) respectively. O

2.3 Primitive element bases

Given an equation we wish to study, we need to know how to identify and
work with the corresponding D-module. Considering a system resolved into
single equation, a convenient way to describe the corresponding module is to
introduce the notion of a primitive element in . We will use this approach
throughout the rest of the thesis.

Definition 2.3.1. Let (E, ) € Ob(LODE), with rank(E) = n. An element
e € E with the property that

B = {es=¢c,e5="0e,e3=0%,...,e,=06""'e} (2.35)

is a basis of E over A is called a primitive element of E, and B a primitive
element basis of E.

In a primitive element basis as B above the action of § is completely described
by n functions a;(z) € A where

n

e = Z ai(r)d e, (2.36)

i=1

In this basis the matrix form of the action of § becomes

de = Ae, (2.37)
where
[ e ]| [0 1 0 0 01 [ e |
oe 0 0 10 0 oe
0 - 1 0
0 1
(0" e a1 ax .. apo an| [0" e
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The advantage of this approach is that the corresponding equation system
M+ A'h =0 (2.38)

with b = [hi(2),..., h.(x) ], may then be resolved into a single equation

n—2)

v 4 (a,) " — (@) L+ () gy =0 (2.39)

That is, h, = y(x) and hy = Hy(y) for k =1,...,n — 1 where

n—k
Hy(y) = (=" (4" > (=) (angrow) " ) (2.40)
=1

Written as an operator, with 0 = %, Hy is

n—k
H, = (_1)n—k ( on—k) 4 Z(_l)l+1a(n_k_l)an+1—l ). (2.41)

=1
We may sum up as follows.

Proposition 2.3.1. Given an equation on the form (2.39), then the corre-
sponding D-module (E, ) € Ob(LODE) has a primitive element basis

{e, be, 6%, ..., 6" e}

with 6 : B — E determined by the coefficients a; in the equation through the

relation
n

e = Z ai(z) o te.

=1

The kernel of 0 is

n

E* = {h, = Z Hi(y) 0" e | y solves (2.39) }, (2.42)

i=1
with the operators Hy on the form (2.41).

Remark: A natural concern is whether, starting with an equation on the
form

Y+ fu(@) g 4 faa (@) y " + L+ fil)y = 0, (2.43)
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it is a problem to write it on the form (2.39), in order to be able to write
down the structure of the corresponding D-module (E, J).

This is not a problem. To express the coefficients a;(z) in terms of the f;-s
and their derivatives we need only start with the highest coefficient a,, = f,,
and nest our way down to a;. At each stage a; is given in terms of derivatives
of the functions f;, fir1, ..., fn, and the formulas are recovered by performing
the derivations in the expression (2.39) and collect terms of the same degree
of derivatives of y and compare with the form (2.43). The equations are on
the form

fn = dn ,
fnfl = a; — Qp-1 ,
—1
fo—2 = (n ) )aﬁi —an_ + Gy,
fi= = a,(hb”’z) — (17(1":13) 4.+ (—1)"’1a1 )

Knowing E7, i.e. knowing solutions of the corresponding equation, means
that we can produce solutions of equations corresponding to such D-modules

as

E® SHE), A(E),
since (E®M# = (E#)®n SK(E)# = SH(E#) and N'(E)* = A/(E#) are
completely described when E# is described. We will use this repeatedly.

We may use primitive element basises to precisely describe solutions of sym-
metric powers of second order equations. We will use this later, particularly
in Section 6.2.

Let (E,§) correspond to an equation

y' 4+ (a2y) —ary =0 (2.44)

with primitive element basis {e;,es}. Let {e},es} denote the dual basis of
(E*,5). This basis generates a basis of the module S*(E*)

{og = (e (es) ,1=1,...,k+1}. (2.45)
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To find the equation S*(E*) for some k simply apply § to a general element

k+1

0 = Z a(z) o (2.46)

=1
in S*¥(E*). Recall that def = —ayef, and del = —et — agel. Thus
oy — —ap(k—1+D) oy —a(l—1)ay— (I—1)oy_y . (2.47)

Setting
00 =0

and collecting basis terms ay yields a system of k + 1 equations,
g — ar(k—s+2)gs_1 —ax(s—1)gs — Sgss1 =, (2.48)

for s =1,...,k+ 1. This system resolves into a single equation in g; = y(x).
We may conclude the following about S*(E*)#.

Proposition 2.3.2. Let (E,d) be the D-module corresponding to an arbitrary
second order equation (2.44). For each k > 1 the kernel S¥(E*)# consists of
elements

k+1
0y = yor + yor + Y aly) (2.49)
1=3
where
1
9 =79 [gf_l —as(l—2)g1 — a1 (k—1+ 3)gl_2] (2.50)

forl=2,..k+1 and g, = y solves the S*(E*) equation, i.e. the equation in
y we obtain from setting

50, = 0
for 8, on the form (2.49), with g;-s expressed in derivatives of y.

A list of symmetric powers of second order equations is easily produced, and
particular hierarchies of this sort will be investigated in Section 6.2. We
may immediately deduce the following result concerning solutions of such an
hierarchy of equations.
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Theorem 2.3.1. Given a set of fundamental solutions {u,v} of a second
order equation corresponding to a D-module (M,0). Then

{wf "o, w0 = {df P

is a fundamental set of solutions of the equation corresponding to the D-
module (S*(M),d) for any k > 2.

Proof. We may freely choose (£, d) such that (M,d) = (E*,d) as in Propo-
sition 2.3.2. Given the solutions {u,v} we know that {6,,6,} span (E*)#,
thus

{OF, 050, ..., 0,-081 0%}

span S*(E*)# over R. Also, S*(E*)#, is closed with respect to the symmetric
product, and we need only collect the a; = (e})* term in products 6%~ - §¢
to state that

OF 1 00 = Oppiyi, (2.51)

ipk=i1k span the solution space of S¥(E*). O

hence, {u'v

2.4 Geometric image of ODEs in Jet space

Consider a vector bundle B 5 R of rank m with its A = O (R)-module of
sections C®(f) = {s € C*(R,€) | Bos = Ig}. The corresponding bundle
JE(B) 8 R of k-jets of sections of 3 is of rank m(k 4 1) over R, and is
equipped with the Cartan distribution.

A system of linear k-th order ordinary differential equations is a linear sub-
bundle
ESR c JEB) BR (2.52)

of codimension m such that the Cartan distribution on J*(3) when restricted
to &£, and denoted Cg

(i) is 1-dimensional, and
(ii) projects isomorphically to R

We denote the A-module of sections in the bundle av by C*°(«r). We have a
linear connection in the bundle «,

V :D(R) — Der(C*(a)) (2.53)
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where Der(C*(a)) denotes derivations of C*(a) over L i. e. R-linear maps

D:C*(a) — C*(«a)
such that
D(fs)=f"+s+f D(s),
for any f € A, s € C®(a).

V is defined by the requirement that it lifts % on the base R to a gener-

ator X € D(E) of Cg on €. Consider s = s(x) € C*(«)) as a curve in £.
Then, geometrically, V a4 on acts on s by

A_tosoAt:s—{—Vdi(s)-t—i—o(t) (2.54)
where A; is the flow generated by % on R, and A, is the flow generated by

X on &€. Thus, constant sections of V, i.e. sections s such that
Vy(s) =0, VY € D(R)

are precisely the integral curves of Cg on £.

The pair (C*(),d = V(<)) is a D-module over (A,d4), and we have the
correspondence.

(C®(a), Vi) & (E,08) € Ob(LODE)

dx

If we wish to study a single kth order linear equation
y B 4 fy D fly =0 (2.55)
the corresponding linear bundle is
ESR ¢ JRDBR

where

E={pr=—firke1— ... — fino} C JR(R)
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with coordinates (z, po, ..., px_1), taking standard coordinates (x, po, . .. px)
on J*(R).
Denote F(x,po, .., Pk—1) = —fePr—1 — -.. — fipo. The vector field

D =0, +p10py, + .. .Dk-10p,_, + FOp,_,

is a generator of the Cartan distribution on £, and its integral curves are on
the form

¢(z) = (2, y(x), y'(@), ..., y" V()

where y = y(x) is a solution of equation(2.55).

Here § = V%, where V lifts % on the base to D in the bundle £ 5 R.
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2.5 Differential operator view on D-modules.

There is a third way to approach D-modules that correspond to linear ODEs,
and this view is an important adding on the practical side in the study of
equations. It will be a tool for working with the modules in practice, and
important for the use of symmetries to solve equations.

Let IC be the ring of linear differential operators over R. An operator
P=0"+cp(2)0F 4+ ... +ci(w) (2.56)
where 9 = < defines a D-module (Ep,§) € Ob(LODE) with

def

Ep ¥ K/(KoP), (2.57)

and
d:Ep — Ep defined by § : [X]|— [00X]. (2.58)

Obviously this operation is well defined with respect to choice of representa-
tive X € IC modulo (K o P), and it is a derivation over 0. For P as above

{ey=e=[1], ea=6e=[0], ... ,ex =0"te=[0""]} (2.59)
is a primitive element basis of Ep over A. In Ep
[0"] = —cie — ... — 6 e, (2.60)

thus
kerd = ker P!

To return to the situation in Section 2.3, considering an equation
Ly) = (0" + ()0 '+ ... +ci(2))(y) = 0 (2.61)
we get the corresponding D-module (E,§) from taking
E = Ep (2.62)

so that
kerd = ker L. (2.63)
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Chapter 3

Classic Geometries and ODEs

Theorem 2.2.3 gives us a way to transfer the classical structures from R-vector
spaces to D-modules, and hence to ODEs. We study equations equipped with
the classic Euclidean, Symplectic, Complex and Hermitian structures.

3.1 Euclidean structures

Definition 3.1.1. By a harmonic oscillator we mean a D-module

(E,5) € Ob(LODE) equipped with an d-invariant positive symmetric 2-form

g€ (S%(E))".

Theorem 3.1.1. (1) For any linear ODE there exists a quadratic 1st in-
tegral.

(2) Any two Harmonic Oscillators (E,d,g) and (E',0',g") of the same di-
mension are equivalent in the sense that there exists an isomorphism

A:E— F
such that
(i) Aod=0"0A and
(i) ¢'(Az, Ay) = g(z,y)
Proof. (1) An ODE of degree n specifies a module F of dimension n as in
Theorem 2.2.3 , hence there exists a d-invariant basis {7} of E as described

in the proof of the theorem. Then g = (7§)? + ... + (77)? € S*(E#) and it
is obviously positive definite. g(h,h) = ¢ is our quadratic first integral, for
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h e E7.

(2) Let {v;} and {v/} be basises of E# and (E')# respectively as in Theorem
2.2.3. In these basises g and ¢’ are given by orthogonally diagonalizable R-
matrices G and G'. Let {n;} and {n/*} be basises of (E*)# and (E"*)# such
that G and G’ are diagonal. Then the map A is given by

1/2
g(ni,mi) )
A:n — ( ) n; -
g' (i, m;)

Since {n;} and {n;} are basises of E and E’ over A, expand A as an A-
homomorphism F — FE'. H

Before moving to more specific results on Euclidean structures we include
the following property of d-invariant symmetric bilinear forms.

Proposition 3.1.1. Given a D-module (E,0) in the category LODE. For
any g € S*(E*), and arbitrary X,Y € E the following are equivalent

dg = 0 & g(6X,Y) + g(X,0Y) = g(X,Y) . (3.1)

Proof. Given g = >71"._, gijej - € in S*(E*) and arbitrary X,Y € E. Then

69(X.Y) = [ giei-e; + D gigloer e + i -be)| (X,Y)
= > (gei (X) - €(Y) + gy [6(e; (X)) (V) + €7 (X) - 6(e5(Y))

=) gilei(6X) e (V) + ef(X)e;(6Y)]
= g(X,Y) — g(6X,)Y) — ¢g(X,0Y).
(3.2)

]

3.2 Euclidean equations of second order

We will take a closer look at 2nd order equations and Euclidean structures.
Consider a general equation of second order

y' + (a2(x)y) —ar(z)y = 0 (3.3)
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corresponding to a D-module (E, §) with primitive element basis {e; = e, ey = de}
where ¢ is described by
5%e = aje + asde .

We want to study the induced module (S?*(E*),d) and look for positive d-
invariant symmetric forms. Taking the dual basis {e},e5} of E* we recall
that the induced ¢ in the dual module is given by

o = |0 ol (3.4

*

Constructing a basis {(e})?, e} - €5, (€5)*} of S*(E*) by taking symmetric
products in the basis elements of £* and calculating the induced § gives us
a full description of (S?*(E*),4).

(e1)” 0 —2a 0 (1)
b : |lej-es| — |1 —ay —a e;-es| . (3.5)
(€3) 0 =2 —2a2] [(e3)?

Thus the system of equations (S?*(E*), ) is

sy — So =0
Sy — 2a181] — Ag89 — 283 =0
S5 — 182 — 2a83 =0

for
g = si(x) (e1)? + sa(w)e] - e + s3(x) (e3)* € SHE").

So, obviously, we may attack the problem directly, and see that the system
(3.6) - (3.8) can be resolved into a single governing equation

§" 4 (=3ay)s” + (2a3 — dby — 4a,)s’ + (4a1ay — 2a})s = 0 (3.9)
by setting s; = s(z). Equation (3.6) implies that
sy =38y =4",

and 1
S3 = 5(5” — ags’ — 2a,5)
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by (3.7). Then (3.8) becomes (3.9), which we will denote the 2nd symmetric
power of the equation (E*,§). We may conclude that any element g in the
kernel S?(E*)# C S?(E*) is on the form

1
g = s(e)? + s (ef-eh) + 5(5” — a8’ — 2ay5) (€3)? (3.10)
where s = s(x) is a solution of (3.9).

There is a second approach to the quest of finding d-invariant symmetric
bilinear forms of an equation; we may use Proposition 3.1.1 to deduce prop-
erties of positive, symmetric bilinear forms on a general second order equation
(3.3). Let {ef, e} be the dual basis of the primitive element basis {e, de} of
(E,9) as before. Consider g = Zij:1 gije; - €5 in S*(E*). We will require
throughout that g is positive.

Step 1 We may start with the assumption that g is normalized on the prim-
itive element, i. e.

gle;e) = gu(z) = 1.
We have the requirement that g is positive, so if g(e, e) = a?(z) > 0, a? # 1,
we may perform a change of primitive element basis

1
e = —e. 3.11
X (3.11)
Then de = —05“7;6 + éée. Writing the transformation in matrix form yields

[

The determinant of the transformation matrix is a%(m) # 0, thus this is a
change of basis. On the level of equations a transformation that changes the
primitive element by a non-zero factor as above corresponds to a change of
variable transformation of (3.3):

Yy = —u.
o

Thus we may assume that g is normalized in e, up to a change of variable in

the original ODE.
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Step 2 For g(e,e) = 1 applying Proposition 3.1.1 immediately determines
g(e, de) by
gle,0e) + g(de,e) = 2g(e,de) = g(e,e) = 0,

hence, g(e, de) = 0.

Step 3 By positivity of g we have that g(de,de) = w?(z) for some non-
zero w(z). Using Proposition 3.1.1 again we get a requirement on g(de, de)
by

g(de,de) + g(e,5%) = g(e,de) = 0.

But
gle, %) = gle,are + axde) = aig(e,e) + azg(e,de) = a;

thus we get the requirement w? = —a;.

Step 4 The last relation we are able to get from applying the proposition
determines a relation between w and as. First we have

g(de,8%€) + g(8%e, 5e) = 2g(de, 5%e) = 2g(de, are + azde) = 2asg(de, Se)
and due to Proposition 3.1.1,
2a; g(de,de) = 2asw® = g(de,de) = 2w,
that is, as = %

We may sum this up as follows. In matrix form , i. e. g = e*7Ge*, g is
given by

Proposition 3.2.1. An equation

/ /
y" + (%y) +wly = 0 (3.13)
with w # 0 has a quadratic first integral
I\ 2 /
o=l (D) 22w v (314
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Proof. The calculations above determine that equation (3.13) has an asso-
ciated positive, symmetric bilinear form g = (e})? + w?(e})? € S?(E*)¥ on
its solution space E#. That is, for any h € E#, g(h,h) = ¢, constant. But
any element h € E¥ is on the form

h = (—y — asy)e + yde, (3.15)

where y is a solution of (3.13). Thus, setting ¢ = g(h, h) gives the desired
quadratic first integral. O

There is another question to be considered here, namely, how to transform
one equation with “potential” w into another with “potential” w? Theorem
3.1.1 in the beginning of this chapter shows the existence of a transformation
between any two harmonic oscillators preserving the d-invariant Euclidean
structure. But the construction in the proof depends on knowing solutions
of our two equations, and deals only with existence. The following result for
second order equations determines a transformation independent of knowing
any solutions of the equations.

Theorem 3.2.1. Let (E,, ) be the D-module corresponding to the equation
w

" w/ / 2
v + |~y | +w'y = 0. (3.16)

The transformation of primitive element bases

e e cos 0 Lsind e
To - [56} - {55] B {—(w—l—@’)sinﬁ (wt6') cose] [56} (3:17)

w

yields an equation (Eg,0)
&\
y" + (:y> +o%y =0,
w
where W = w 4+ 0'. The associated Fuclidean structure is, in matrix form,
~ 1 0
N
and is non-degenerated for 0 = w + 60 # 0.
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Proof. The transformation can be divided into three steps. First one trans-
forms {e, de} into a basis orthonormal with respect to g.

vif |1 0f]e
ve| |0 % de
The orthonormal basis is then “rotated” by an “angle” § = 0(x)
wy| | cosf(z) sinf(x)| (v
wy| | —sinf(z) cosb(z)| |vs
Now, taking w; as new primitive element we find,by applying J that
(511)1 = (9/ +W)UJ2
The total transformation is

T — 1 0 cos sind| [1 0] cos 0 Lsing
710 w46 |—sinf cosh| |0 1|~ —(w+6)sind (Q)I—GI)COSQ

w

and has determinant (‘”:e,), which is non-zero for (w + ¢') # 0. Thus, if you

wish to transform an equation E, to another E, you need a 6(z) such that
0=0w—-w.

O
Example 3.2.1. The equation
u' =0 (3.18)
has the first quadratic integral
u® — 2zuu’ + [27 + 1)(u)? (3.19)
It is obtained by a change of variable y = uw="? from the equation
y'+ (%y)’ +wy =0 (3.20)
with ]
W= (3.21)
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3.3 3rd order Euclidean equations
Consider a third order equation
y" + (azy)” — (azy)’ + a1y = 0 (3.22)
with corresponding D-module (F, ) and primitive element basis
{e, de, 6%e},

with 6%e = aje + azde + aszdoe. Using Proposition 3.1.1 repeatedly we can de-
rive requirements for a symmetric bilinear form g € S*(E*) to be §-invariant.
Additional requirements determine the coefficients a; in terms of «, 3, as in
the step by step calculations leading to Proposition 3.2.1. Assuming that ¢
is normalized in e, written in matrix form, g has to be on the form

G=1| 0 o da (3.23)
—042 O./IO./ ﬁQ

where o« = () # 0 and 3 = f(x) # 0.

Theorem 3.3.1.
y" + (asy)” — (a2y) + a1y = 0 (3.24)

has a d-invariant symmetric bilinear form given by G as in (3.23) for

)\/
ay = _(O'/Q), - OZ?X ’
" I \/ 2
S A I (3.25)
o a A a?
o N
G =T
where
P g(v,v)*lm — (62 —Oé4 . (a/)2)71/2
for

C]5/
v = d’e+ —de+ e,
Q@

which is orthogonal to both e and de.
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3.4 Symplectic structures

We may equally study equations with symplectic structure on the solution
space.

Definition 3.4.1. A symplectic equation is a D-module (E,6) € Ob(LODE)
of even rank 2n equipped with a non-degenerated d-invariant w € /\2(E*)#.

Thus, if we seek a symplectic structure on the solution space of an equa-
tion (F,¢) we should investigate the second exterior power of E*.

3.4.1 Equations of second order.
Consider a second order equation
Y + (ay) — a1y = 0 (3.26)

corresponding to the D-module (F,¢), with the usual primitive element basis
{e1 = e,e5 = de}, 6%e = aje + azde. A general element in A?(E*) is on the
form

w=a(x)e] Ne; (3.27)
for some a € A. Applying J to w yields
dw = defNey + al(—aes) Ney + e A (—e] — azes) ] (3.28)
= (o —aga)ej Nel '
so ( \*(E*), 6) corresponds to the equation
o —aya=0. (3.29)

The 2-form is non-degenerated if and only if o« # 0. We may interpret this
as a requirement on the coefficient ao, and sum up as follows.

Theorem 3.4.1. For a(z) # 0, any ai(x) in A, the equation

/

Q
T (Ey)/ —ay =0 (3.30)

s a symplectic equation with the d-invariant 2-form
w=oa(r)e] Ne; (3.31)

determining the symplectic structure on E¥.
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Recall that an element h, € E# corresponding to a solution y of (3.30)
is on the form h, = (—y' — %y)el + yes. Given two solutions vy, yo,

/ Oé,

(0]
Walhys ) = ol (=i = —y)ye = (=y2 = —y2)y (3.32)

= a(y1y2 —ns) -
3.4.2 Symplectic 4th order equations

Denote by (F,d) the D-module corresponding to the 4th order equation

y + (ag(2) y)® = (a5(2) y)" + (a2(2)y) — ar(2)y =0, (3.33)

and let {e; = 6" 'e}?_; be the associated primitive element basis. A 4-
invariant non-degenerated form w € A\*(E*) provides a symplectic structure
on the solution space of the equation. Consider a general element in A\*(E*),

w=s1(x)e] Nes+ sa(x)e] Nes+ ...+ sg(x)es Nej, (3.34)
in matrix form w is

0 S1 S9 S3
—S1 0 S4 S5

M, = . (3.35)

To require

yields equations

s1 = s(x) (3.36)
sy =5 (3.37)
s3=35"—u (3.38)
sq = u(x) (3.39)
s5=u (3.40)

(3.41)

s¢ = U’ — aqu' — asu + a;s,
where s(x) and u(z) solve the system (3.42) and (3.43):

s® — a8 — azs’ — ags — 20’ + aqu = 0 (3.42)
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u® —2a4u" + (a? — dy, — as)u/ (3.43)

+(ag + azaq — ay)u + 2a18" + (a] — ajaq)s =0 '
We find examples of equations with a symplectic form generated by constant
solutions u, s of equations (3.42) and (3.43) simply by investigating (3.42)
and (3.43) for u,s set constant. Setting s = 1, and u = ¢ € R reveals
the conditions on the coefficients aq, ... a4 for w to be d-invariant. Equation

(3.42) becomes

—ag + cay = 0, (344)
and (3.43) becomes
(ag + azaq — ay)c+ () — aray) = 0. (3.45)
Thus,
as = cay (3.46)
whereas .
4= "M (In(c® + caz — ap))" . (3.47)

c +cas — aq

The condition for w to be non-degenerated is precisely

0 1 0 —c
o 1 0 C 0 . 2 . 2
det M, = det 0 —c 0 a1 —cas| = (¢ +caz —ay)* #0. (3.48)
c 0 —ay+cas 0

Thus we know the following, an equation

Oé, /

v+ ()P~ (aa(@)y) ey —mlay =0 (3.49)

with
a:cg—kcag—al;«éo

has an inherent non-degenerate d-invariant symplectic form

w=-¢e]Ney—ce] Ney+ces Nes~+ (ay — caz)e; Ney .
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3.5 Complex and Hermitian structure

There is a natural way to introduce a complex structure on a D-module (F, ).

Definition 3.5.1. Let (E,¢) be a D-module in LODE. A complex structure
on the corresponding equation is a §-invariant A-endomorphism J € End4(E)*
such that

J* = —Idg

We may immediately deduce the following.

Proposition 3.5.1. Denote A = CogpA. We may identify the it with smooth
complez valued functions in one real variable, C*°(R,C). Given (E,d) with
a complex structure J € End4(E)*.

(1) E is an A-module, which we may denote E, by the following definition:

[u(z) +i-v(z)e & u@) e+ v(z)- J(e) (3.50)

for u(z),v(z) € A ande € E.
(2) If J is §-invariant, i. e. 6 J = 0, or, equivalently,
doJ = Jod.

Then
J* = J|gs : E¥* — E* (3.51)

is a complex structure on the vector space E7.

As a digression we may stop to note that J is actually a symmetry of our base
equation E that satisfies the extra condition J? = —1. Symmetries and the
corresponding symmetry equations will be discussed extensively in chapter 4.

Proposition 3.5.2. Given a second order equation with complex structure

J, (E,d,J), its solution space E* is isomorphic to C as vector space, and as
a field.

Proof. We know that any basis of E7 is generated by two linearly inde-
pendent solutions wuj,us of the equation corresponding to (F,0). Written
in the primitive element basis of E the basis elements are on the form
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h, = (—u — asu)e + ude. Choose u = u;. We know that J(E#) C E7#,
thus the linear independent set {h,, J(h,)} is a basis of E#. Now,

¢ E* - C

defined by
hy—1 and J(hy,)— i

and requiring R-linearity, is an isomorphism of vectorspaces. Defining mul-
tiplication in E# accordingly by

B = hy,
o J(he) = J(h,), and (3.52)
J(h)? = —hy,

yields that ¢ is also a multiplicative homomorphism, i.e.

¢(h1-ha) = ¢(h1) - ¢(ha),

and thus

as fields by ¢. n

Definition 3.5.2. Given a D-module (E,0) with a complex structure given
by J € Ends(E)*, a Hermitian structure on E is a 6-invariant positive form
H € S?*(E*) that satisfies the compatibility condition

H(Jz,y) = —H(z, Jy) = JH(z,y)
forall x,y € E.

Recall that any Hermitian form correponds to a pair g,w of Euclidean
and symplectic forms satisfying the relation

H=g+iww.

In the next subsection we will see examples of equations with complex struc-
ture and compatible Euclidean and symplectic structures, hence Hermitian
structure.
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3.5.1 Second order equations.
We shall investigate when a second order equation
y' + (ay) — a1y = 0 (3.53)

has complex structure. Denote the corresponding D-module (F, ), with the
usual primitive element basis {e; = e,e5 = de}. We may identify End(E)
with £* ® E and write an endomorphism

J=Fi(z)e] ® e+ Fay(x)e] @ ea+ Fi(z)es @ ey + Fy(x)el @ ey,  (3.54)

or, in matrix form, J = e*" M7e,

| B3
M; = {FQ F4] ) (3.55)
Then ) ( )
F +F2 F3 F3 F1 + F4
M? = 1 . .
y [FQ (F + F) F24EF } (3.56)

Requiring M2 = —1I gives us four equations on the coefficients Fj, and one
immediate requirement is that F2 = F7. Thus, we may split the problem

into two cases and get the following classes of endomorphisms.
Class (A), characterized by F} = Fy :

J = {0 O‘} (3.57)
where a = a(z) # 0.

Adding the requirement that 6J = 0 gives four new equations, and for Fj-s
as above they are reduced to

a(r) = —a? (3.58)

and
(3.59)

J = {_S__az ﬂ}, (3.60)



where av = «(z) is any function, and 8 = f#(x) # 0. The requirement 6.J = 0
with Fj-s as above is reduced to

a(z) = ——ﬁﬁ_&?) , (3.61)
wnd g 20(8-d)
(6% —

We may sum up as follows.

Theorem 3.5.1. There are two classes of second order equations that possess
complex structure.

(A) For a(zx) # 0,

/
v () +a’y = 0, (3.63)
with complex structure J determined by (3.57).

(B) For B(x) # 0 and any a(x),

" B/ QQ(ﬁ—O/) , ﬁ(ﬁ_a/)
VGG e ) P e

ly =0, (3.64)
with complex structure J determined by (3.60).

Corollary 3.5.1. The complex structures of class (A) and (B) as above are
symmetries of the respective equations.

(i) For equation

/

y”+(% y) +a'y =0 (3.65)
of class (A), a # 0, the complex structure J acts on solutions y(x) as
follows

' (ay) 1 o
Oj:y+— ol (a)y/ + (@)y- (3.66)
(11) For equation
g 220B-a) 1  BB-o)
" -+ — —=y =0 3.67
v |5 20 (2, (3.67)
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of class (B), B # 0, any «, the complex structure J acts on solutions

y(x) as follows

aB(B—ao)+ B(1+a? 1+ a?
o) pirel, , (red,

Oy 1y — (3.68)

Note that we recognize the form of the class (A) equations, it is precisely
the same as the equations with Euclidean structure in Proposition 3.2.1. We
know that there is the notion of compatible symplectic structure, i.e. the
defining 2-form given by

w(z,y) = g(Jz,y), (3.69)

where ¢ is Fuclidean and J is a complex structure. The triple corresponds
to a Hermitian structure

H=g+iw.
Theorem 3.5.2. The equation
O[/

v (=g +a’y =0 (3.70)
where o = a(x) # 0 has Euclidean, complex, symplectic and Hermitian
structures.

g=(e1)* + a®(e3)?, (3.71)
1
J=——€e®e + ae;®e, (3.72)
o
w= —aejNey, (3.73)
H=g + iw, (3.74)
or, in matrix form,
|10
g 0 a2 ’
0 «
K
10«
YT a0



Example 3.5.1. The well known equation

y'+y =0 (3.75)
is on the form as in Theorem 3.5.2 for o* = 1. We may take o = —1 and
get the standard complex structure with matriz

0 -1
J = L ) ] |

Choosing o = 1 only alters the sign of J. The solution space is spanned by
u = cos(z), v =sin(x), which in turn determines the basis

Prcos( sin(x)e + cos(x)de

z) —
3.76
J(heos(z)) = — cos(x)e +sin(x)de = hgin(a) (3.76)

of E* over R, and of E over A.

3.6 Yang-Baxter solutions

In Section 2.2 we saw that if we have a J-invariant group action into a D-
module, then the invariant elements of this action constitute a D-sub-module,
which in turn corresponds to a new ODE. In Theorem 2.2.2 we saw that,
given a D-module (E,0), any solution 7 : F ® E — E ® FE of the Yang-
Baxter equation with the property 72 = 1 gives a representation of S,, into
E®" for all n > 2. Recall that 7 being plus and minus twist gave us sub-
modules S™(E) and A\"(E) of E®". The twist operation may be used to
construct other solutions of the Yang-Baxter equation.

Proposition 3.6.1. Given a splitting of a D-module E = Ey ® Ey, we may
introduce the following map on E®? given by a combination of + and — twisting:

f0®gz'_> gl®f07 22071
79 fi®g— go®fi, i=0,1
i®gp— - ®fi

This T is a solution if the Yang - Bazter equation (2.30), and thus induces a
representation of the symmetric group S, into E®™.
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Given a D-module (F,d) corresponding to the second order equation
Y’ + (azy) —ary = 0 (3.77)

with primitive element basis {e1, €2}, we may try to find a splitting of E by
means of an operator A : F — FE with the property

A? =1,
such that E splits into two one-dimensional modules
E=Ey®F =ker(A—1)®ker(A+1).
Ensuring that the splitting preserves the D-module structure we require that
0A=0. (3.78)

We get two classes of non-trivial splittings.
Class (1) consists of equations

/

y'+ (%y)’ —a’y =0 (3.79)
with a # 0. This equation splits non-trivially into
E = Ey@® E; = ker(A—1) @ ker(A+1)

for

* 1 *
A = a62®61+a€1®62,

with Ey =< 1y = ae; + e3 >4 and E; =< n; = —aeq + es > 4. Restricting
to Ey and E; yields

oy = (%/ +a)n, and (3.80)

om = (£ —a)n. (3.81)

«
This means that E# = {uny + vy = alu—v)e; + (u+v)ey }
where v and v solve equations

Oé/

(Eo,d): o —1—(3 +a)u=0 (3.82)
(Ey,9) : v’ —1—(%/ —a)v=10 (3.83)
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respectively, i.e. sums of solutions y = u + v give all solutions of equation F.

But we also have an action into £ ® E of the symmetric group Ss given by 7
as in Proposition 3.6.1. Invariants of this action X2(E) = ker(1—1) C EQFE
is generated over A by

M=TNX®N , Y2=MQMm+mn.

Investigating derivatives we get that

oy = (2% +20) 1 (3.84)
072 = (2%) 72 (3.85)
thus,
S2E) = My@& M, ¢ E®E,
where (M7, §) corresponds to the equation

/

v+ (2a+ 25 = 0,
o
and (My, d) corresponds to the equation

! 2—)u = 0.

u =+ ( > Ju
On the other hand, we may take —7 to generate an action of S, and
Y2 _(F) =ker(r +1) C E® E is generated over A by

Ys=mAOM, Ya="No@MN —m QMno.

Taking derivatives we get that

s = (2% —2a) 73 (3.86)

thus,
Y2 (E) = Ms® M,
where (Ms, §) corresponds to the equation
/

u' + (2a—22)u =0
oY
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and (My, d) corresponds to the equation
u + (4da)u = 0.
We may sum up as follows:
EQE = YX(E)oX? (E) = M, ® My, ® Ms ® M,,

and
(E® E)# = {may + maye + mays + maya },

where m; solves equation M.

Class (2) consists of equations

g jaB-d) 1 BB )

1
49 2 Ty = _
y' + (5+ (a2_1))y 1) 0 (3.88)
with 6 # 0, a # —1, 1. It splits with respect to the operator
(1-a?)

A = ae]®e + fe; e + €] ® es — ey @ es

5
into a direct sum F = Ey @ E; = ker(A — 1) @ E; as for class (1)-equations,
with By =< 19 = fe; + (1 — a)ey >4, and By =< g = fe; — (1 + a)ey > 4.
The corresponding equations are

B+ (5485 )u =0, (3.89)
B v+ (5+ &) =0 (3.90)

Thus
E* ={uny +vmp = Bu+v)er +[(u—v) —alu+v)ey }
so solutions of equation E are y = (u—v)—a(u+v) for solutions u, v of Ey, F.

Repeating the study of the representation of S; into £ ® E as for Class
(1) equations yields that

S2(E) = Mi®M, C EQE
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and
Y2 (E) = Ms® My C EQE,
with

EQFE = S2(E)9Y? (E) = M, ® M, ® Mz ® M,.

The modules M; correspond to the following equations

Mi:omi 42 (S5 m =0

(a+1)
My: o my 42 (5550 + 5 ) me =0
My:  ml +2((“ ) ms =0
Mi: omy =88 (S5 + 5 ) ma =0
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Chapter 4

Symmetries and
representations

In this chapter we study symmetries of equations, in particular through sym-
metry operators. Section 4.2 contains results for linear operator symmetries,
most of which is discussed in detail in [12]. The most important addition to
these results is the description on how this embeds into the category LODE,
through Proposition 4.2.2 and Theorem 4.2.2.

Symmetry operators are convinient tools for calculations with symmetries in
D-modules, and are important to ensure full applicability of solving strategies
developed in Chapters 5 and 6.

4.1 Symmetry algebras and representations

In the category LODE a symmetry of an equation (E, d) is an endomorphism
of E which is d-invariant, that is an element

X € Endy(E)* (4.1)

Such an X is simply a map of the module E into itself such that it maps
solutions to solutions,

X:E— FE such that X(E#) c E# (4.2)

We thus arrive at a natural way to introduce symmetry algebras of equations
in our picture, in terms of representation theory.
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Definition 4.1.1. A Lie algebra g is a Lie algebra of linear symmetries of
an equation (E,0) € Ob(LODE) if there is a representation

p g — Fnda(E)
such that

p(g)od = doplg) , Vgeg,

i.e. p maps g into d-invariant endomorphisms of F,
p(g) C Enda(E)* .

Proposition 4.1.1. If g is a symmetry algebra of (E,§) with associated

representation p, then
p . g — Endg(E¥)

is a representation into the R-vector space E7.

We just need to recall that taking the kernel of § commutes with the
algebraic constructions in our category, End4(E)# = Endg(E*), ref. Propo-
sition 2.2.2.

The consequences of combining Proposition 2.2.2 and Theorem 2.2.3 are
immediate, this enables us to make use of results from the rich theory of
representations of Lie algebras into vector spaces. In particular decomposi-
tion theorems from the theory concerning semisimple Lie algebras.

4.2 Symmetry operators

Most of the results in this section concerning linear differential operators are
found in [12].

Recalling from Section 2.5 that we may define our D-modules by using classes
of linear operators, we shall in this section embed the action of symmetries
in this view. Let K still denote the ring of linear differential operators over
R.

Definition 4.2.1. A symmetry operator of an equation
L(y) = y® +e(@)y® D+ . +e(x)y = 0 (4.3)
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1$ a linear operator
A = bo(x) + by ()0 + ...+ b1 (2)0F € K
with the property that there exists V € K such that
LoA=VolL. (4.4)

Note that A(ker L) C ker L, i. e. it maps solutions to solutions.

Remark: Recall the discussion in Section 2.4 on the jet space approach
to ODEs. Studying an equation (4.3) we make the following connection.
Associated to an operator A = by(x) + by (2)0 + ... + bp_1(x)0" ! is the
function

fa = bopo+bipi + ...+ bp1pp—1 € CT(E)

where £ 5 R is the linear subbundle in J*(R) corresponding to (4.3).

The function f solves the Lie equation for (4.3) and generates a shuffling
symmetry of the Cartan distribution Ce on & C J*R if and only if A is a
symmetry in the above sense. See [3] for a more detailed discussion on sym-
metries of Cartan distributions and their generating functions.

We denote the set of symmetries A by Sym(L).
Consider more generally

Y(L)y={PeK|3IQeKKsuchthat LoP=QoL}. (4.5)
Proposition 4.2.1. X(L) is
(1) an associative R-algebra with respect to composition of operators, and
Lo(PioP)=(Q10Qs) o0 L.
(2) a Lie algebra with respect to commutators of operators, and

Lo [P, Py =[Q1,Qa] 0 L.

Lemma 4.2.1. For any P € K of order I, L as in (4.3) there are uniquely
determined operators Cp and Rp in KC, of order < | —k and < k respectively
such that

P=CpoL+Rp. (4.6)
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This is proved by induction and order arguments, as done in [12].

An analougous argument shows that there are unique operators cp and rp
such that
p:LOCp—i—TP. (47)

Theorem 4.2.1. For P € ¥(L) the remainder Rp from right division by L
as in Lemma 4.2.1 is an element of Sym(L). The map

R:%(L) — Sym(L) with R(P)= Rp
mduces

(1) associative R-algebra structure on Sym(L) by

m(Ay1, Ag) = Ra,on,

(2) Lie algebra structure

[+, ]z Sym(L) x Sym(L) — Sym(L)
by [AhAQ]L = R[AI,AQ]

Proof. Let A € Sym(L) with associated operator V s.t. Lo A = Vo L.
Decompose A = Cx o L + Ra according to Lemma 4.2.1, and likewise V =
L o cy + ry by left division by L. Then the symmetry property implies

Lo(cg —Cp)oL = LoRax—ryolL.

If cg — Ca # 0 the left hand side is an operator of order > 2k, which is
impossible since the operator on the right hand side is of maximum order 2k,
whence ¢y = Ca and L o Ry = ry o L, which proves that Rn € Sym(L).
Statements (1) and (2) follow directly. O

In the category LODE we viewed symmetries of an equation E as d-invariant
endomorphisms of £. We will make the link between symmetries viewed as
endomorphisms and symmetry operators in the following way.
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Proposition 4.2.2. Let E = E;: be the factor D-module corresponding to
an equation

L(y) = 0.

A symmetry operator A € IC of the equation induces a d-invariant endomor-
phism A of E -
A:E — FE (4.8)

defined by
(X] — [X oV, (4.9)

where V € K such that Lo A=V o L.

Proof. Note primarily that right composition by V! is well defined with re-
spect to choice of representative modulo L :

(X+AoL) oV = XoV' + Ao (Vo) =
= XoV '+ Ao(LoA) = XoV'+ (Ao A" oL".

Moreover, A is an A homorphism, and obviously commutes with ¢:

(Ao d)[X] = [0oX oV = (5OZ)[X]

Thus, A € Endy(E)*.
[

Theorem 4.2.2. Given a symmetry operator A of the equation L(y) = 0 the
corresponding d-invariant endomorphism A : E — E acts as follows when
restricted to ker§ = E# C E:

A [X,] — [XA(y)]7
where [X,] € E* is generated by a solution y of L(y) = 0.

Proof. We start by noting that for a representative X of a class [X] € kerd
there is an associated operator A such that

o X = Aol (4.10)

Recall from Section 2.3 on primitive element bases that a solution y of
L(y) = 0, generates an element [X,] € E# on the form

[X,] = Hi(y)e + Hy_1(y)de + ...+ Ho(y)d* e +y e,
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that is, with a representative
X, = Hy(y) + He 1 ()0 + ... + Hy(y)O" 2 +y 0" €K,

with primitive element e = [1], de = [J] etc. For choice of representative
X, the left hand side in (4.10) is of degree k with highest degree coefficient
equal to y, whence the operator A is of degree zero, and equal to y, that is
do X, =yL'. Further we know that

X,oV'=X,+Bo L (4.11)

for some solution u of L(y) = 0, and some operator B. Again, applying J to
this representative yields

do(X,+BolL') = (u+00B)o L.
But 0o (X, 0V") = (00 X,)oV!=(yL") o V! =y Al o L', whence
u+0oB=yA",

ie. u + Bod = A oy. Collecting terms of degree zero yields precisely
that
u = Ay).

]

Remark: Certainly we wish to be able to calculate the action of A directly
for a known symmetry A, whence V' should be directly retrieved from A.
If we look to the condition (4.4) of A being a symmetry of the equation
L(y) = 0, we see the following: Recall that L = 0% + ¢, 01 + ... +¢;. Let

A = A+ A0+ ... + A0
V = B+ Byd+ ... + BLo* !

On the one hand we get

F

-1
LoA= [Ak]azkil + [Ak |+ g l(A C)]@Zk =1 —|—Z Qbk l A c)ak ¢

=1 =
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where «y,_; depends on the coefficient functions ¢;(z) of L, and A;-s and
their derivatives for j > k — [. The functions ¢;_; depend on A;-s and ¢;-s.
Likewise,

o

1 k
VoL =[Byo* '+ [Bi_i + Bri(B, )]0t + Z Vp_y(B, )"

=1 =1

where, similarly f;_; depends on the coefficient functions ¢;(x) of L, and Bj-s
and their derivatives for 7 > k — [. The functions v¢;_; depend on B;-s and
¢;i-s. Thus, by setting L o A = V o L and collecting terms of the same order
in 0 we arrive at 2k equations. The first k equations determine the B;-s in
terms of A;-s and ¢;-s:

(1) By =Ag
(’LZ) Bk—l :Ak—l + Oék_l(Ak, C) — ﬂk(Bk, C)

(l4+1) By =Ap+opi(Ak—ig1s -, Ak, €) — Brt(Br—i41, - - -, Bi, ©)

(k) Bl :A1+()51(A2,...,Ak,0)—ﬁl(BQ,.-.,Bk,C)

Starting with equation (i) and succesively substituting into the following
equations we find the B;-s in terms of the coefficients A; of A, and the
coefficients ¢; of L. Thus V, and subsequently A is derived directly from A.
The last k£ equations are the differential equations

(k+1) Yp_1(B,c) = ¢p_1(A,c)

(2k)  ¥o(B,c) = ¢o(4A,c)
that determine conditions on A,;-s for A to be a symmetry, Lie equations for
L.

4.2.1 Skew- and self- adjoint equations.

Note that the map
¢+ Sym(L) — Sym(L')
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A V! (4.12)

is an isomorphism.

Whenever L is skew- or self-adjoint, i.e L' = &L, we note that
¢ : X(L) — X(L) (4.13)

and likewise
¢ : Sym(L) — Sym(L) (4.14)

gives us an involution on symmetries, ¢? = Id. Whence the (L) and the
symmetry space decompose into

Y(L) = Yo(L) @ (L),
Sym(L) = Symo(L) ® Symi(L) ,

where

Yo(L) = {A|LoA:AtoL}, (4.15)
Yi(L) = {A|LoA = —AtoL}, (4.16)
and Symg (L) = X,(L) N Sym(L).
Theorem 4.2.3. Let L be skew- or self-adjoint. Then
Sym(L) = Symo(L) & Symi(L)
1S a Zo-graded Lie algebra, 1.e.
[Symg (L), Symyp(L)] C Symass(L)

CL,b S ZQ.

4.3 Second order equations

We will investigate in detail the symmetry equation of a second order equa-
tions, using both the operator approach and direct calculation in the module
of endomorphisms of the equation, and thus illustrate both methods. Con-
sider the equation

L(y) = y" 4+ (ay) —ary = 0 (4.17)



The corresponding module (E, 0) has primitive element basis {e; = e, es = de}
with 6%e = aje + azde. The module of endomorphisms (End4(E),d) may be
identified with (E£* ® E,0), and we may write a general endomorphism

F = Fi(z)e] ®er + Fay(x)e] ® ea + Fi(x)es @ e + Fy(r)e; @ ey, (4.18)

Thus
oF =0

if and only if the coefficient functions F; satisfy the system

(1) F] +aFy  —F3 =0
(ZZ’Z) Fé —CL1F1 —CLQF;), —|—a1F4 =0 '
(ZU) in —a1F2 +F3 =0
Adding (7) and (iv) yields
F,=—F|
Integrating, we get that
F4 = —F1 +c
for some constant ¢ € R. Denoting
Fy = p(x) (4.20)
equation (i7) implies that
1 /
F = §(c—p — asp), (4.21)
and thus,
1
Fy = 5(0 +p + asp) . (4.22)
Finally, from (i) we get that
1 /! /
F3 = 5(_]7 — (azp)’ + 2a1p) (4.23)
and (7ii) becomes
p" + (2dy — a5 — 4ay)p’ + (aly — axal, — 2a))p = 0 (4.24)
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This may be summed up as follows. In matrix form, F' is given by

1(n_ o 1 / 1
My = |2lemP —ap) ap—5((a2p) +p7) (4.25)
p 5(c+p' 4 azp)

where p = p(z) solves equation (4.24) and ¢ € R.

Note that this tells us that, as a D-module,
Enda(F) = Ey® Ey
where (Ey, dy) and (F1,d;) are the D-modules corresponding to equations
s =0
and
P+ (2ay — a3 — day)p’ + (a5 — azal — 2ay)p = 0
respectively. (Ep, dg) contributes with the trivial part of our invariant F', the

constant c¢. This part §(ej ®e; +e5®ez) only acts by multiplying an element
in £ by .

We will go through calculations once more, but this time by the operator
approach. Our equation is given by

L=0*+0ay — ay .
Recall that a first order linear operator
P=P + P0
is a symmetry of the equation Ly = 0 if there is an operator

Q=01+ Q20

such that
LoP=QolL. (4.26)

Setting L o P = () o L and collecting terms of the same order gives four
equations, of which the two first determine the functions ¢); and ()5 in terms
of P, and P,, as promised in Section 4.2 :

Q: = D, (4.27)
Q1 = P1—ayQy+ 2P +ayPs, (4.28)
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thus
Q1 = P +2P (4.29)
The two last equations are

P2” +(0,2P2)/ =+ CL1P2 + 2P1/ + CL2P1 — CLQQl — alQQ — 2a/2Q2 =0 (430)
P +(axP1)" + a1 Py — a5Qy — a1Qa — a5Q1 — a1 Qs =0.(4.31)

They become

P} — (ayP,) + 2P, =0 | (4.32)
P!+ ayPl — 2a, P} — 2d,P}) — (d, + d) =0, (4.33)

of which the first may be integrated to give us
1
Py = S(aPs — Py) +c (4.34)

for ¢ € R. Setting P, = p(z) we arrive at the following. Any symmetry
operator of equation (4.17) is on the form

1
P =c+ Slap—p) + pd (4.35)

where p = p(x) solves

p" + (2a, — a3 — 4ay)p’ + (aly — agal, —2a))p = 0. (4.36)

This equation is precisely equation (4.24), which we arrived at when consid-
ering endomorphisms of our equation.

Again,
Sym(L) = Symtr S Symeq
where Symy, is the trivial part, i.e P = ¢ € R, a solution of the equation

s’ =0.

There is another property to note from the non-trivial symmetry equation
(4.24). Tt is the symmetric 2-power, S%(Ej), of the equation

Ly = &+ W(z), (4.37)
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where 1 {
W(z) = §a’2 — L—lag —ay . (4.38)

From Theorem 2.3.1 we know that if {u,v} is a set of fundamental solution
{u,v} of the equation

then {u?, uv,v?} are fundamental solutions of
S*(Lo)(p) = 0. (4.40)
Thus, we may produce symmetries from solutions of
" 1 ! 1 2
u’ 4 ( 30— 02— @ Ju =0 (4.41)

by operators Pz, P,, and P,e.

60



Chapter 5

Solvable symmetry algebras
and quadratures

It is a general opinion that to solve an ODE by quadratures with the use
of symmetries we will need a solvable algebra of symmetries of dimension
equal to the order of the equation. In [3] it is shown that knowing a solvable
k-dimensional transversal Lie algebra of symmetries of a kth order ODE one
can find the general solution by quadratures. In this geometric approach
the method consists of finding a complete set of first integrals of the Cartan
distribution of the equation by integrating closed 1-forms and solving func-
tional equations, where the solvability of the algebra is crucial to recover the
appropriate 1-forms.

Our approach here is somewhat different, and we shall see that whether
we are able to solve an ODE directly by quadratures is not dependent on the
order of the equation or the dimension of its symmetry algebra, but rather
on eigenvalues of symmetries viewed as endomorphisms of the corresponding
D-module. Thus it may happen that a single symmetry is sufficient to solve
an equation, conditions for this are stated in in Theorem 5.1.1.

In Theorem 5.2.5 we have stated a condition for an equation with a solvable

symmetry algebra to be solved directly by quadratures, with no requirement
on the dimension of the algebra.
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5.1 Decomposition of equations by eigenspaces
of symmetries

We begin this chapter with a result that should be kept in mind whenever
working with symmetries of equations. It is not limited to any particular type
of symmetry algebra, and even states that a single symmetry may be enough
to solve an equation by quadratures, regardless of order of the equation, the
only factor being eigenspaces of the action of the symmetry.

Given an equation (F,§) with a symmetry X € Endys(E)#, for A € R
denote
Ex ={heE|X(h)=Mh}, (5.1)

For a non-empty F\, we call A a eigenvalue of X.
Proposition 5.1.1. E) is a sub-D-module of E.
Proof. FE, is obviously a sub-module of E. For h € F,
X(0h) = 0(X(h)) = 6(AR) = X-0h
since X commutes with ¢, thus §(E)) C E), and E) is a D-module. O
The rank of the module E\ over A we will call the multiplicity of A.

Theorem 5.1.1. Let (E, ) be a D-module of rank n, and X a symmetry of
E. If X has n distinct eigenvalues Ay, ..., \,, all of multiplicity 1, then

E=FE\,&... ®E,,, (5.2)
and E s solvable by quadratures.

Proof. The E), are all non-empty by definition, and are sub-D-modules of
E. Since the eigenvalues are distinct, the F;-s don’t intersect, and they span
the whole of E, since there are n. Each E), corresponds to a first order
equation which is identified by applying d to an arbitrary element w; € F),.
If dw; = a;w;, then the corresponding equation is

!
u; +au; = 0

and elements e; = u;w;, where the u; solve the E) -equations span the solution
space E* C E. ]
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The Theorem describes a situation where we get a maximal decomposi-
tion of the module F by pure algebraic calculations, due to the fact that
multiplicities equal 1 for all eigenvalues. We may encounter situations where
we have eigen-module decomposition of F with multiplicities of eigenvalues
larger than 1.

Theorem 5.1.2. Let (E, ) be a D-module of rank n, and X a symmetry of
E. If X has k distinct eigenvalues A1, . .., A\, of multiplicities m; respectively,
with Y5 m; =n, then

E=E\,®..9E,,. (5.3)

Proof. The E), are non-empty, non-intersecting sub-D-modules of E. The
sum of their ranks over A equals the rank of E, thus they span the whole of
E and their direct sum equals FE. O

Note: Knowing a decomposition of £ as in Theorem 5.1.2 corresponds to
knowing a set of equations of lower order whose solution spaces span the
solution space of the original equation.

Assume that we know a decomposition of £ into modules Ey;, i.e. we know
a set of “eigenvectors” {wq, ... ,wfﬁj} in F that span E);. To identify the

equation corresponding to (E),,d), simply apply ¢ to the wlj I
Sw = Aj(x)w’

for some matrix A;(z), then the corresponding ODE is the m; x m; system
I'+Af =0 (5.4)

If E, i =1,...,m; are solutions of the respective (E},,d) systems, then E7
is spanned by

E* = Spang{ f/-w'",i=1,.,m;, j=1,.,k} C E.

5.2 Solving and decomposition procedures for
solvable algebras

We turn to study D-modules (E,J) with a solvable symmetry algebra. Fol-
lowing the nature of solvable Lie algebras, we shall describe a procedure
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whose aim is to identify a chain F; C E; ; of sub D-modules in E of codi-
mension 1 at each step so as to solve the total equation by combined algebraic
operations and quadratures.

We begin by recalling the Lie Theorem for representations of solvable Lie
algebras.

Theorem 5.2.1. (Lie) Let g be a solvable Lie algebra over a base field F,
char(F) = 0 and F algebraically closed. Given a representation g — Endp(V),
V' # 0 a finite dimensional vector space over F', there exists a non-zerov € V.
such that it is a common eigenvector for the whole action of g. I. e.

p(g)(v) = Mg)v, Vgeg
for a weight A € g*.

As seen earlier, structures on the vector space level V. = E# can be lifted
to the D-module F, due to Theorem 2.2.3. To apply Lie’s Theorem in full
generality we need the base field, F', to be algebraically closed, so if needed
we may assume that we work with C-valued smooth real functions, i.e with
Ac = C®(R,C) = C®gr A, d4. being the usual derivative in z. The analogue
of the Lie Theorem for D-modules then reads as follows.

Theorem 5.2.2. (D-Lie) Let g be a solvable algebra under the conditions in
Theorem 5.2.1, and a symmetry algebra of (E,0), a D-module over (Ac, 64, )-
Then there exists 5 € E and A € g* ® C such that

p(9)(B) = Mg)B, Vgeg.
Proof. Applying Lie’s Theorem to the representation

p:g— Endc(V),

with V = E7#, ensures that there exists an element v € V which is a common
eigenvector of the dual representation, with a corresponding A € g*®C. Any
multiple 8 = f(z)v € E, f(z) € Ac satisfies g(5) = A(g)0, the action of g
being linear in functions. O]

Definition 5.2.1. Given a symmetry algebra g of an equation (E,J) with a
corresponding representation p 1 g — Enda,(E). An element A € g* @ C
such that the associated sub-module

Ex={pBek]|plg)B)=Ng)B Vgeg} C E (5.5)
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is mon-empty, is called a weight of the representation. The rank of E\ over
Ac 1s called the multiplicity of A, and E\ the associated eigen-sub module.

Proposition 5.2.1. For a weight X\ of a representation of a symmetry algebra
g of an equation (E,¢), Ey is a sub-D-module of E.

Proof. The proof is almost identical to the proof of Proposition 5.1.1. F) is
obviously a sub-module, and 0(F)) C E) since

p(g)(8h) = d(p(g)(h)) = d(A(g)h) = Alg) - oh
for any g € g, h € E). Thus E, is a D-module. m

The next step will be to recognize that the existence of a common eigenvector
of the dual representation of g into E* ensures that there exists a sub-module
E, C F of codimension 1.

Corollary 5.2.1. There exists a« € E* and A € g* ® C such that
p'(g)(a) = Ag) o Vgeg.
If the multiplicity of X, i. e. ranka EY, is 1, then
E' =kera C E (5.6)

is a codimension 1 sub-D-module of E, which is stable under the representa-
tion of g.

Proof. The existence of a follows directly from Theorem 5.2.2. kera =
Ann(EY) is a sub-module in E, due to the Ac-linearity of o : £ — Ag.
Also,

< a,p(g)h >=< p*(g)a,h >= Ag) < a,h >, (5.7)

so p(g)(kera) C ker« for all g € g. EY is of rank 1, so «a spans Ef, with
() = f(x)a
for some f(z) € Ac. By definition
da=aod—0dou
so, combining the two yields
a(oh) = (0a)(h) +d(a(h)) = (f(x)+3)(a(h)).
Whence, h € ker a implies that §(h) € ker a, thus ker a is a D-module. [
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Theorem 5.2.3. Given a D-module (E,0) with a sub-D-module
E'CE

of codimension 1 for which we know a full set of solutions. Then we can
solve the whole of E by quadratures.

Proof. Let hy,...h,_1 € E* be a basis of E'. Pick any element h, € E \ F,
dhy, =31, fi(x)h;. For a general element s = »""" | s;(x)h; € E we get

n

0s = Z(s; + fisn)hi .

=1

Thus ds = 0 if and only if

8/1 + flSn =0

8/2 + fQSn =0

s+ fasn =0
i. e s, = —fiv where v solves the last equation, v' + f,v = 0, and
{s,h1,...,hn_1} C E* is a basis of the whole module E over A. O

So, if we have a procedure for stepwise identifying sub-modules of codi-
mension 1, starting with £y C E, we can solve the equation by quadratures.

Theorem 5.2.4. Let (E,6) be a D-module with a solvable Lie algebra of
symmetries. Then there exists a filtration of E by sub-D-modules

OCE,C...CEy,CE CE,
where E; 1 C E; is of codimension 1 at each step.
Proof. Applying Lie’s Theorem for vector spaces to the dual representation
p* g — Endc(VY)

ensures that there exists an element v* € V*, V* = (E*)# which is a common
eigenvector of the dual representation, with a corresponding A € g* ® C. It
is clear that

Vi=kerv* CcV
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is a sub-space of codimension 1 of V. Denote by E; the sub-module of F
generated by kerv* C V* over Ag,

E, = {Zfz(x)iﬂfz € Ac,v; € kerv* } .

The module Ej is in fact a D-module, since §(F;) C Ej, by

5(2 fivi) = Z(filvi+fi57)i) = Zfi/?/i € Er,

for a general element > fv; in Ej.
Moreover, F;, as well as ker v*, is stable under the action of g:

<V, p(g)(w) > =< p*(g)hv",w>= Ag) <v',w>,

so w € kerv* C V implies that p(g)(w) € kerv*, for any g € g. The
Ac-linearity of v* gives the same result for Fy, thus the representation of g
restricts to Fj. Repeating the procedure n = rank(F) times, starting with
E1, proves that the desired filtration exists.

O

Note to Theorem 5.2.4: Theorem 5.2.4 merely says something about the
existence of such a filtration, it uses the underlying vectorspace V*, which
is of course, in general unavailable to us, since knowing it corresponds to
having solved the equation in the first place. In practice we will always work
with the representation into the module E. The main obstruction in this
algorithm to reduce the problem to quadratures, is to get codimensions 1 for
the desired sub-D-modules with pure algebraic tools.

Theorem 5.2.5. Let (E,0) be a D-module of rank n with a solvable sym-
metry algebra g. If there are n distinct weights A1, ..., A\, of multiplicity 1 of
the dual representation of g into E*, then a filtration

0OCE,C...CE,CE,CE, codim(FE; CFE;_1)=1,
can be found directly, whence E can be solved directly by quadratures.

Proof. Given a filtration of sub-D-modules as above, Theorem 5.2.3 explains
how to stepwise solve E by quadratures, starting with the first order equation
E,. To find the filtration, start with an arbitrary eigenvalue A\; of the dual
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representation, find £} = {a € E*|p*(g)(a) = M(g)(a) }, and take E; to
be the annihilator of E3 in F,

By = Ann(E}) = {e€ Ela(e) =0, YVa € E}, }.

The D-module E; is of codimension 1 in E. An arbitrary remaining \; will
produce a sub-D-module £} with EY N E} = 0. We may choose Ay, and
take

E, = Ann(E},)) C By C E,

which is again necessarily of codimension 1 in E;. Repeat for the remaining
eigenvalues, and get the whole filtration. O]
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Chapter 6

Equations with semisimple
symmetry algebras

Semisimple algebras are popular in representation theory, as there is a general
theory on how to decompose representations of semisimple Lie algebras into
irreducible representations, and up to isomorphisms more or less everything
is known about irreducible representations for the classical (semi)simple Lie
algebras.

By using Theorem 2.2.3 we are now ready to transfer results on represen-
tations of Lie algebras into vector spaces, to D-modules and ODEs.

We find that for a number of equations with semisimple symmetry alge-
bras we obtain solvability by algebraic methods. An algorithm to decompose
and solve equations is provided.

6.1 General results for semisimple symmetry
algebras

Some results from representation theory of Lie algebras into vector spaces
depend on having an algebraically closed base field, as seen in the chapter
on solvable algebras. This problem occurs whenever we encounter eigenvalue
calculations; to be able to say something about roots of characteristic poly-
nomials in general, we need algebraic closure of the coefficient field. And this
is certainly a crucial part of studying representations of semisimple algebras,
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where calculating roots and weights is more or less the whole trick. Thus,
we may, as in Chapter 5, choose to work with modules over complex valued
functions, Ac = C*(R,C) = C®g A, with d4. being the usual derivative in
real variable x.

Let g be a semisimple algebra (over C whenever algebraic closure of the base
field is necessary), and R(g) the associated Grothendieck ring of isomorphism
classes of finite dimensional vector space representations of g.

Definition 6.1.1. Denote by D(g) the ring of isomorphism classes of D-
modules with a semisimple symmetry algebra g. We shall refer to D(g) as
the symmetry ring of g.

Let wy,...,w, be a set of fundamental weights for g, and let I'y,...,T",
denote the corresponding isomorphism classes in R(g) with highest weights
w1, ..., wy. Recall the following result from the theory of representations of
semisimple Lie-algebras, see e.g. [4].

Theorem 6.1.1. The representation ring R(g) is a polynomial ring in the
variables I'y, ..., T,.

Combining Theorems 6.1.1 and 2.2.3 we immediately get the following.

Theorem 6.1.2. For a semisimple Lie algebra g the symmetry ring D(g)
is a polynomial ring in classes of D-modules Fy, ..., E, such that for each
1=1,...n EZ# 15 1somorphic to I'; as a g-space.

We will call D-modules Ey, ..., E, generators of D(g).

Corollary 6.1.1. Let (E,6) be a D-module with a semisimple algebra of
symmetries g. Then E is isomorphic, as a g-module, to a polynomial P(E;)
in generators Fy, ..., E, of D(g).

An equation that correponds to an irreducible representation I';, associ-
ated to a highest weight w; of g as above we will call a model equation for
this symmetry algebra.

6.2 sl, equations

Representations of the Lie algebra sly(R) has a special place in the view of
symmetric powers of second order equations, given that all irreducible repre-
sentations of sly(R) are isomorphic to symmetric powers of the standard two
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dimensional representation.

6.2.1 Schroédinger equations.

Equations on the following type we will denote as being of Schrédinger type,
with potential W (x).
y'+W(z)y =0 (6.1)

It is self adjoint, hence the corresponding module E is isomorphic to E*.
Conditions for
A= ay + CLQ@

to be a symmetry operator of (6.1) are by direct calculation found to be that
ay solves

2 AW +2W 2 =0 (6.2)

and that a; = _TQIQ Thus symmetries are given by generating functions that
solve (6.2), i.e.

!/

A, = —% +ad, ac Sol(6.2)

In Section 4.3 we studied the symmetry equation of general second order
equations in detail. Recall that the non-trivial symmetries of an equation
Ly = 0 were generated by solutions of the equation S?(Lg) where

1 1
LO:82+(§Q’2—Za§—a1)

For a Schrodinger equation (6.1) ay = 0, a; = =W (z), so
Ly =0"—a = *+W =L (6.3)
Theorem 6.2.1. For a Schridinger equation
Lly) = y"+Wy =0 (6.4)

the symmetry equation is its second symmetric power, i. €.

/

Sym(L) = {A, = —%+a@| a solves S*(L)(z) =0}

where
S?(L) = &° + AW o + 2W' (6.5)
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Moreover,
Sym(L) = sly (6.6)

as Lie algebras, where the Lie bracket operation in Sym(L) is the commutator
of symmetry operators.

Proof. The calculations in Section 4.3 and discussions above prove that

Sym(L) & S?(E)# = Sol(6.2). Sym(L) is a Lie algebra with respect to com-
mutators of operators, as discussed in Section 4.2, on symmetry operators.
To prove that it is isomorphic to sly(R) one may calculate symbolically with
a set of fundamental solutions of (6.2), using differential relations, and get
the desired result. However, the proposition that follows enables us to prove
this in yet another way. O

Proposition 6.2.1. The commutator of symmetry operators in Theorem
6.2.1 corresponds to the following Lie bracket (-,-) on the solution space of
the symmetry equation (6.2), given by

[Aaa Ab} = A<a,b> (67)

which yields simply
(a,b) = abl —d'b

for a,b € Sol(6.2). Denote the equivalent Lie bracket on S*(E)*
[, ]« S3E)* x S*(E)* — S*(E)* (6.8)

where
(00, O] = Oy (6.9)

for elements 0,0, € S*>(E)* generated by solutions a,b of (6.2). The solution
space of (6.2) is isomorphic to sly(R) with respect to this bracket.

Proof. Calculating the commutator [A,, Ap] directly gives precisely the for-
mula (a,b) = abl — a’b. Theorem 2.3.1 asserts that solutions a,b of the
S?(E)-equation are linear combinations of solutions u?, uv, v* where u, v are
linear independent solutions of the Schrodinger equation. Whence, we may
calculate all brackets of elements from a basis {u? uv,v?} of the solution
space of the symmetry equation (6.2), and will find that as a Lie algebra it
is isomorphic to sly(R). O
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Corollary 6.2.1. The Lie bracket [- , -] on S*(E)¥ in Proposition 6.2.1
extends by A-linearity to a bracket

[+, -] : S*(E) x S*(E) — S*(E) (6.10)
with respect to which (S?(E),d) is a D-Lie-algebra.

Proof. Theorem 2.2.3 states that S*(E)# spans S%(E) over A, thus the
bracket extends in a well-defined way by A-linearity to S?(FE), with the Lie-
bracket properties intact. We need only check that [-, -] commutes with &
in accordance with Definition 2.2.3. Let X = f101,Y = f505, with f; € A,
0; € S*(E)*. Then

S[ X, Y] = 6[f101, fab2] = O( fif2[01,02])

(fifo) [01,02] + f1f20[01,05]

= (fifo+ fifs) [01,02] = [fi01, foaba] + [ f161, f302]
[6(f101), f202] + [ f101,6(f200) ]
[0X,Y ]|+ [X,0Y]

whence S*(F) is a D-Lie algebra. O

6.2.2 Symmetric powers of a Schrédinger equation.

We shall see that the Schrodinger equations have special properties. From
our basic equation we can derive a whole hierarchy of new equations S*(E).
Throughout this section we will work with S*(E*), choosing to work with
the dual module E* merely simplifies calculations, and generates exactly the
same equations as the module F.

In Section 2.3 symmetric powers of second order equations were discussed
in some detail. Let (E,d) be the D-module corresponding to

y' +Wy=0 (6.11)

with basis {e7, e5} dual to the primitive element basis of E. As before, denote

the induced basis of S*(E*)

{ap = () (e) 1=1,...,k+1} (6.12)
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For Schrodinger equations with a; = —W(x), az = 0 we get that

0 : Q) — (k —1 + 1)W a1 — (l — 1) (7] (613)
forl=1,...,k+ 1. For a general element
k41
0 = Z a(x) (6.14)
=1

in S¥(E*), the requirement 66 = 0 results in the system of k + 1 equations
g+ (k—s+2)Wgs 1 — 8gsy1 = 0 (6.15)

s =1,...,k+ 1. Thus, for Schrédinger equations Proposition 2.3.2 has the
following form.

Proposition 6.2.2. For each k the kernel S¥(E*)# consists of elements

k1
0, = you + y'as + Z a(y)ay , y e Sol(k) (6.16)
=3
where )
g = l_—l[(k—l+3)W'91—2 + 911 (6.17)

forl=2,..k+1, where g = y solves the S¥(E*) equation, i.e. the equation
iy we get from setting

50, = 0
for 8, on the form (6.16), with g;-s expressed in derivatives of y.

Fix (k) below to denote the equation S*(E*). They are on the form

(i) y'+Wy =0
(it) Y+ AWy +2W'y =0
(iii) y™W + 10Wy" + 10W'y + (W2 + 3W" )y =0
(iv)  y® +20Wy” + 30W'y" + [64W? + 18W"]y/ + [6AWW' +4W" ]y = 0
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and so on.

Focusing on the hierarchy of symmetric powers of Schrodinger equations we
shall now see that the bracket operation on S?(E*) extends to the whole
hierarchy.

The bracket in Corollary 6.2.1 can be obtained in a different way.

Proposition 6.2.3. Let (E, §) be the D-module corresponding to the Schrédinger
equation (6.11). The equation corresponding to its second exterior power,

(A*(E7),0), is

v = 0.

that is, Q@ = ey A ey is d-invariant. Here {e1,ex} is the standard primitive
element basis of E. Moreover, 2 determines a d-invariant skew-symmetric,
A-linear bracket operation on E* defined by

[01,62] = (01 N By, Q)
for 01,0, € E*.
Proof. The skew-symmetric form Q = e; A e; € A*(E), is in the kernel of 4
0 = ea Nea+ e A (arey + ages) = aze; Aeg =0

since a; = —W, as = 0. The bracket is thus d-invariant and obviously skew-
symmetric and A-linear, due to the properties of €. n

Proposition 6.2.4. Given a D-module (E, ) corresponding to an equation
of Schrodinger type as in Theorem 6.2.1, there is a unique skew-symmetric
bracket

[, -]:S™(E*) x S"(E*) — S™"2(E*)
for all m,n > 1 which is
(i) A-linear.
(i) [f-g,h]=f-1g. h]+g-[f. h] VfgheSE)

(11i) For n = m = 1 the bracket coincides with the bracket in Proposition
6.2.5.
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Proof. Given the bracket operation in Proposition 6.2.3 the properties (i) —
(1) determine its extension to symmetric powers S™(E*) x S"(E*). O

We immediately observe that €2 being d-invariant implies that so is the ex-
tended bracket [, -]. Thus, it restricts to kernels of d-s as follows.

Proposition 6.2.5. The bracket operation in Proposition 6.2.4 restricts to
kernels (S*(E*))# = S¥(V), where V = (E*)#. The bracket

[+ ] S™V) x S™(V) — S™E(V)
has the properties
(i) R-linearity

(i) [f-g,h]=f-lg.h]+g-[f, h], VfgheS{V)

This is obviously equivalent to a bracket on the solution spaces of the sym-
metic power equations,

[+, -] :Sol(m) x Sol(n) — Sol(m +n — 2)

with
[ va 0. ] = 0[2/73}

for solutions y, z of S™(E*) and S™(E*) equations repectively. This means
that solutions of the S?(E*) equation (6.2) produce symmetries of all equa-
tions S¥(E*), and not only E*.

Theorem 6.2.2. Any solution a € Sol(S%(E*)) produces a symmetry
Op = [0a, ]+ S™(E) — S™(E)
The corresponding symmetry operator is
O = OF : Sol(m) — Sol(m) (6.18)
with the correspondence

Op. (By) = Bopy)
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The precise expression is
m 1 /
or = 5( —ma' 4 2a0) (6.19)
for any m > 1,a € Sol(S?*(E*)).
Due to Theorem 2.2.3 we know that two linearly independent solutions
u,v € Sol( E*) = basis {0,,0,} CV of E* over A (6.20)
Hence, for any k > 1,
{Op1 = 0800} c SHV), 0<Ii<k (6.21)

is the basis of S*(E*) over A corresponding to the fundamental set of solu-
tions
uF !t € Sol(k), 0<I<k

It is now easy to calculate the action of the symmetries

Ok =0k, 0k =0k

uv

oF = Oh, (6.22)
on basis elements 0,1-1,: just in terms of brackets of the generating functions.

Theorem 6.2.3. For any k > 1 the symmetries of S*(E*)
1 1 1
XJr = —%Oéc, X_= %Olf and H = EOS

where ¢ = (u,v) € R constitute a basis of the sly(R)-algebra of symmetries
= Sol(ii) with commutators

(X, X_]=H, [H X,]=2X,, [H X_]=-2X_

Hence, S*(E*) decomposes into rank 1 sub-D-modules corresponding to dif-
ferent eigenvalues of H

Sk(E*) = <9uk>A ) <9uk—1v>A D ... D <9vk>A

k k2, k—2k
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Proof. The commutator relations are calculated directly in terms of the
brackets

[0, u?] = —dcuv ,  [uv,v?] =2c0?,  [ww,u?] = —2cu?

and knowing the form of the operators OF from (6.19). Furthermore,
H(eukflvl) = (2[ - k)eukfzvz
for 0 <1 < k. Certainly

Xy ¢ Eigh(H) — FEigx2(H)
X_ : Eigy(H) — Eigx-—2(H)

where Figy(H ) denotes the eigen-submodule of H corresponding to the eigen-
value \. It is generated over A by the eigenspace in S¥(V') of H. O

Theorem 6.2.4. A D-module (E,0) with a representation of symmetries
sly(R) — End4(F)

s decomposable into a direct sum of D-modules

where each E; is an irreducible subrepresentation of E. Moreover, each Ej; is
isomorphic to S™(M;) as a D-module and as an sly(R)-module, for a rank 2
D-module M;.

Proof. The representation of symmetries into F restricts to a representation
of sly(R) in the R-vector space V = E# C E, hence it decomposes into a
direct sum of representations

where the V; are subspaces of V' such that restricted to V; the representation
is irreducible. But any irreducible representation of sly(R) into a vector space
of dimension n; (< o0) is isomorphic to the (n; — 1)th symmetric power of
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the standard two dimensional representation, i.e. each V; = S™~1(W;), where
dimg (W;) = 2 for all i. Recall that the symmetries commute with § in F,
hence FE; = A -V, the A-module generated of V; over A. Due to Theorem
2.2.3 the vector space isomorphism V; = S™~1(1¥;) lifts to an isomorphism
of D-modules E; = S™(M;), where S™(M;) is generated of S™ (W;) over A.

]

Corollary 6.2.2. Let (E,§) be a D-module with an sly(R) algebra of sym-
metries as in Theorem 6.2.4. If the irreducible sly(R)-modules E; in its de-
composition are of distinct ranks, then the equation corresponding to E can
be solved by algebraic operations and quadrature.

Corollary 6.2.3. Let (E,§) be a D-module with an sly(R) algebra of sym-
metries as in Theorem 6.2.4. If there are irreducible sly(R)-modules E; with
ranks of multiplicity mq, ..., my > 1 in its decomposition, then the obstruc-
tion to solve the equation corresponding to E by algebraic operations and
quadrature is k first order systems of ODEs, with size mq X mq, ..., Mg X my,
respectively.

See Subsection 6.2.3 for a detailed account on how to decompose and
solve sly(R)-equations.

Example 6.2.1. A Schridinger equation
y' +W(z)y=0

is a model equation of sly(R).

6.2.3 Algorithm to solve sl;(R)-equations.

The calculations preceeding Theorem 6.2.4 tell us how we should approach
sly(R)-modules in order to find its complete reduction, identify sub-D-modules
M; as in Theorem 6.2.4, and eventually solve the original equation.

Theorem 2.3.1 tells us that
Solutions of M; = Solutions of S%(M;) = Solutions of F

An outline of the algorithm is as follows.
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Step 1 Given an sly(R)-D-module (F,9) as in Theorem 6.2.4, find a
basis { X, X_, H} of its sly(R)-algebra of symmetries that satisfies the com-
mutator relations in Theorem 6.2.3. Calculate the eigen-sub-modules F), in
E corresponding to weights {A,..., A\x} of the diagonal element H. This
yields a decomposition

E= @leEAi
such that

Xy @ By, — B, and

The rank of E), over A is the multiplicity of the weight \;, which we denote
m;. Given a decomposition of E as in 6.2.4, then the values of the weights
are precisely integers \; =2j —n;, 0<j<n;, i=1,...,m.

Step 2 Identify all A\;-s of multiplicity m; = 1. For each weight \; of
multiplicity 1 any non-zero w € E,, with X, (w) = 0 generates an irreducible
sl(R)-module in £

(X" (w)) @ ... 8 (X_(w)) ® (w), (6.23)

where n; is the smallest integer such that X" (w) = 0.

Moreover, this is a sub-D-module in £, and it is isomorphic to S™(M;),
for a rank 2 “Schrédinger” module M; as a D-module and a sly(R)-module.

Recall from Theorem 6.2.3 the structure of symmetric powers of a Schréodinger
equations:

SM(Mz) = <0unz>A © <0u"i_lv>./4 D ... P <9v”i>A,

for a fundamental set of solutions w,v of the Schrodinger equation corre-
sponding to M.
To identify M; take the “fraction” w/X_(w). Its last coefficient is a fraction

v
= — 6.24
o=t (624

of fundamental solutions of the M;-equation. Denote the potential of that
equation by W (x). Differentiating and using the differential relations

W+ W@ =0, V+WEw =0 (6.25)
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yields the following expression for W
W =+ (6.26)

where

_ In(a)” — (Ino/)?

2 Inao’

(6.27)

For w = f(z)0,, dw = f'(x)w, so from dw/w we get n = (In f)’. Integrating,
we get ‘
f=elm= (6.28)

and the last coefficient of w/ f is v*, from which we deduce v. Then, u = v/a.

Step 3 “Remove” the irreducible sl (R)-modules in Step 2 from the module
FE, i.e. work in their complement in £. For each weight A denote the comple-
ment in £y of these sub-modules by E. If there are weights of “remaining”
multiplicity 1, i.e. rank(E)) = 1, repeat Step 2 for those weights.

Identify the weight with highest integer value, denote it A, and its remaining
multiplicity m > 1. We still have that a non-zero w € E, with X, (w) =0
generates an irreducible sly(R)-module in E, but we are no longer guaranteed
that this is also a sub-D-module. If w in addition satisfies the condition

ow = f(r)w, (6.29)
then it generates a sub-D-module in E as in Step 2.
Given a basis {w1, ..., w,} of Ey , applying ¢ yields
w=Aw (6.30)

for some matrix A; with coefficients in A. Solving the corresponding first

order system
W+ ATh=0 (6.31)

is the obstruction to identify the sub-D-modules that are irreducible sly(R)-
modules, as obtained in Step 2 above.

Repeat for highest value weights succesively to get the decomposition of E.
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6.2.4 Schrodinger equations with shared symmetries.

Returning to a base equation with potential W (z)
Y +W(x)y =0 (6.32)

we may discuss, as is done in [12], which potentials share a symmetry A, =
—%, + 20, z being a solution of the symmetry equation (6.2). Let Wy(z) be a
potential of an equation with symmetry A, fixed z. Then W, is a particular
solution of the symmetry equation viewed as a first order equation for W (zx):

AW +2W =0 (6.33)

Integrating the separable homogeneous equation yields that equations with
potentials on the form

W(z)=Wo(z) +—, ceR (6.34)
z

share the symmetry A,. Recall also that a fundamental set of solutions {u, v}

of the base equation (6.32) with potential Wy(z) generate a fundamental set

of solutions {u?, uv,v?} of the symmetry equation (6.33), hence all equations

with potentials

C

W(z) = Wo() + (6.35)

(c1u? + couv + c3v? )2

where ¢, ¢; € R such that the denominator in the fraction is non-zero, are
integrable (by quadratures).

Example 6.2.2. Let Wy =0, {u = aj +asx, v=">0b +bsx}. Then equations

with potentials
c

~ (cu? + couv + c302)?
are integrable in quadratures, symmetries N2, Dy, and A,z.
Example 6.2.3. Let Wy = w?, with {u = cos(wz), v = sin(wz)}. Then
equations with potentials

W=uw?+ ‘

(1 cos?(wx) + ¢o cos(wr) sin(wz) + ez sin’(wx))?
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are integrable in quadratures, symmetries

Acos2 (wzx)s Acos(w:v) sin(wx) and Asin2 (wz)

or, equivalently
Al? ACos(2w:v) and Asin(2wac)

This is a way to generate new integrable base Schrodinger equations from
simpler ones, with shared symmetries, which we may in turn take symmetric
products and direct sums of and arrive at new solvable higher order equations.

6.3 Model equations for sl;

Recall that Schrédinger equations are precisely the equations of order two
that have the standard d-invariant “volume form” Q = e; A ey € A?(E)#,
which in turn corresponds nicely to the fact that sly(R) is connected to the
preservation of a volume form on a two dimensional space.

We may expect that the geometric properties of the classic Lie algebras are
reflected in the associated model equations. A search for model equations
for sl3 should thus point us towards third order equations with a J-invariant
standard volume form.

A third order equation

y" + f3(2)y" + fol2)y' + fi(z)y =0

with associated D-module (F,§) has invariant volume forms on the form
g(z)Q € N3(E*), Q = e} Aeb Aes, for any g(z) € A that solves

9 = filz)g =0

Hence any third order equation on the form

y" + f(x)y +g(z)y =0

has an invariant standard volume form Q = e} A e} A e} € A3(E*).
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A sub-example of the above third order equations is a general skew-adjoint
equation

" / 1 !/
"= Fan @ =0 (6.6
For L = 9% — f(x)0 — % f'(z) Sym(L) decomposes into
Sym(L) = Symy & Symy

thus we may split calculation of symmetries to consider Symg and Symy
separately. The symmetry equations separate into

!/

p" = fp— 5P =0 (6.37)

mo_ E

SO 55— DS (4f = S AR~ s =0 (6.38)

in the sense that

Symo(L) = {A) = —p' +pd | psolves (6.37) }, and (6.39)
1/ 2 /
Symy (L) = { Al = (% — ?) — %3 + 50 | ssolves (6.38) } (6.40)

We recall the graded structure of Sym(L) from Section 4.2, and note that
the commutators

[Ag’ Ag] = A?p,q}oo (6'41)
[A;’ Ag] - A%S,p}m (6.42)
[Ai7 A’l];)] = A?s,w}u (643)

induce the following structure on the solution spaces of the symmetry equa-
tions:

{p.q}oo = ¢’ —1'q (6.44)
{s,p}or = 2sp’ — &'p (6.45)

1 1 2
{s,w} = 6(3’”10 —w"s) + Z(s’w” —s"w') + gf(su/ — s'w) (6.46)

where

{+, }ap + Sol, x Sol, — Soly .

84



The Symg-equation (6.37) is equal to the original equation Ly = 0, which is
again the second symmetric power of the Schrédinger equation (6.47)

Bly) = y" - ify =0, (6.47)

whereas the Symi-equation (6.38) is both the second symmetric power of
(6.37) and the fourth symmetric power of (6.47). This observation makes
calculations of the symmetry algebra easier, as we may do them in terms of
powers of solutions to the basic Schrodinger equation (6.47).

For any set {u,v} of independent solutions of (6.47)

{u?, uv,v*} and {u*,vv,u?v? w? v*}

are independent solutions of (6.37) and (6.38) respectively, and generate a
full basis of Sym(L). Considering the commutators of functions asserts that

Sym(L) = sl

and that the subalgebra Symg(L) C Sym(L) is isomorphic to sly(R). Its
action on Sym, is precisely as described in section 6.2 on sly(R)-equations,
of S?(B) into S*(B).

For g = sl3 the representation ring R(g) is generated by V and A*(V) = V*,
where V' = F? F =R or C denotes the standard (matrix) representation.

Theorem 6.3.1. Equation (6.36) with corresponding D-module (E,0) is a
model equation for the standard representation of sls. (E*,8) = (N\*(E),0)
also correspond to equation (6.36).

6.4 Invariant volume forms
Let the D-module (E,0) correspond to an n-th order equation
'+ (@) = (@) 4+ (D) ay =0,

and let {e; = e,...,e, = 6" e} be the standard corresponding primitive
element basis. Any element in A" (E*) is a functional multiple of

Q=e]AN...N¢), (6.48)
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By direct calculation we get

n

02 = Y el A AS(e) A A€,

N " (6.49)
+ ZGIA---AQ:—1A(€f—1 —aien ) Nej AN Ney

1=2
= —ay,f)

The equation corresponding to the nth exterior power of E*, (\"(E*),d),
is

v —au=0 (6.50)

Thus, any equation with zero highest coefficient,
Y — ()" D+ (=)l =0,
has an inherent d-invariant n-form Q2 =ej A... Ael.
As comparison, in (A"(FE),d), applying § to the n-form
Q=e AN...Ne,

yields
ol = a,,

corresponding to the dual equation of (6.50),

w +a,w=0.

86



Bibliography

[1]

J.G.F Belinfante and B. Kolman. A survey of Lie groups and Lie algebras
with applications and computational methods, volume 2 of Classics in
applied mathematics. STAM, Philadelphia, 1972, ISBN 0-89871-243-2.

A. Borel. Algebraic D-modules. Academic Press, 1987, ISBN 0-12-
117740-8.

S. V. Duzhin and V. V. Lychagin. Symmetries of distributions and
quadrature of ordinary differential equations. Acta Applicandae Mathe-
maticae, 24:29-57, 1991.

W. Fulton and J. Harris. Representation Theory. A First Course, volume
129 of Graduate Texts in Mathematics. Springer, New York, 1991, ISBN
0-387-97495-4.

J. E. Humphreys. Introduction to Lie algebras and representation theory,
volume 9 of Graduate Texts in Mathematics. New York, Springer-Verlag,
1972, ISBN 0-387-90052-7.

N. Jacobson. Lie algebras, volume 10 of Interscience tracts in pure and
applied mathematics. Interscience, New York, 1962, ISBN- 0-470-43593-
3.

C. V. Jensen. Geometric structures on solution spaces of integrable
distributions. In Differential Geometry and Its Applications, Proceedings
of 8ICDGA, pages 175-185. Silesian University, Opava, 2001.

C. V. Jensen. Decomposition of ODEs with an sl;-algebra of symme-
tries. In Proceedings IWGA 2004, K. Tas, D. Baleanu, D. Krupka,

87



and O. Krupkova, editors, Global analysis and applied mathematics, vol-
ume 729 of AIP conference proceedings, pages 193-200, New York, 2004,
http://proceedings.aip.org/proceedings. AIP.

I. Kaplansky. Differential Algebra, An Introduction to. Hermann, Paris,
2nd edition 1976, ISBN 2-7056-1251-3.

E. R. Kolchin. Differential algebra and algebraic groups, volume 54 of
Pure and Applied Mathematics. Academic Press, New York, 1973.

. S. Krasil‘shchik, V.V. Lychagin, and A. M. Vinogradov. The Geometry
of Jet spaces and nonlinear Partial Differential Equations. Gordon and
Breach Science Publishers, 1986, ISBN 2-88124-051-8.

A. Kushner, V. V. Lychagin, and V. Roubtsov. Contact geometry and
non-linear differential equations. Cambridge University Press, To ap-
pear, 2005.

M. Sato. D-modules and nonlinear systems,. Adv. Stud. Pure Mathe-
matics, 19:417-434, 1989.

J.-P. Serre. Lie Algebras and Lie Groups. 196/ Lectures at Harvard
University. Springer, Berlin, 1992, ISBN 0-387-55008-9.

M. van der Put. Galois theory of differential equations, algebraic groups
and lie algebras. J. Symbolic Computation, 28:441-473, 1999, Article
No. jsc0.1999.0310, Available online at: http://www.idealibrary.com.

M. van der Put and M. Singer. Galois theory of linear differential equa-
tions. Springer, Berlin, 2003, ISBN 3-540-44228-6.

88



