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Introduction

In this dissertation we study a new method for solving partial differential equations. The
method is a generalization of the symmetry methods developed by Lie and the method of
Darboux. We call this method the projection method. Sometimes we also speak of (vector)
pseudosymmetries.

We study projections in the context of two special classes of partial differential equations.
These two classes are the first order systems in two independent and two dependent variables
and the second order scalar equations in two independent variables. The equation manifold
for a first order system has dimension 6 and the equation manifold for a second order equation
has dimension 7. For both types of equations there is a canonical rank 4 distribution that (in
the case of contact geometry) completely describes the equation. The analysis of this rank 4
distribution, or the dual Pfaffian system, is called the geometric theory of partial differential
equations and is another main subject of this dissertation.

The analysis of the geometry of partial differential equations was started in the 19th cen-
tury by mathematicians including Monge, Darboux, Lie, Goursat, Cartan and Vessiot. After
a period of relatively few developments, this branch of mathematics has seen a revival in re-
cent years with contributions from Bryant et al. [14], Gardner and Kamran [38]], Juras [44]],
Stormark [64], Vassiliou [66] and many others. The author’s thesis advisor prof.dr. J.J. Duis-
termaat was also interested in the geometric approach to partial differential equations and his
study led to the article [25] in which he analyzes the minimal surface equation. The method
used to find solutions for the minimal surface equation in the article is a special case of the
real method of Darboux in the elliptic case. The analysis of the minimal surface equation was
done by taking the quotient of the system by the translation symmetries. The projection onto
the quotient manifold is an example of the projections studied in this dissertation. In suitable
local coordinates this method corresponds to the Weierstrass representation.

Duistermaat recognized that also for other types of equations such projections could exist
and could be used in solving the equations. While for the minimal surface equation the
projection is generated by symmetries, projections not generated by symmetries also exist.
These projections can still be used to solve partial differential equations.

This dissertation has three main components. The first is the structure theory for first
order systems and second order equations. This is developed in chapters [4 5] and [} The
second component is the theory of Darboux integrability. In Chapter[8]we introduce Darboux
integrability and give a complete classification of the first order systems that are Darboux
integrable on the first order jets. In Chapter [I0] we give a geometric construction of the Lie
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algebras associated to Darboux integrable equations by [Vessiot|[69, [70]]. The last component
is the projection method that appears in various forms throughout the thesis. The projection
can be either tangent to or transversal to the contact distribution. The first case leads to
projections to a base manifold, these are studied in Chapter[7] The transversal projections are
studied in Chapter[9] Chapter[IT|contains a summary of the different projection methods.

Assumptions. We assume the reader is familiar with the basic concepts of differential ge-
ometry, such as Lie groups, vector fields, differential forms, tensors and representations. We
also assume that the reader has some basic notion of a partial differential equation. Finally we
assume the reader is familiar with exterior differential systems, integral elements, the Cartan-
Kihler theorem and the method of equivalence. An introduction to these topics can be found
in Ivey and Landsberg [43]. A more detailed analysis of exterior differential systems and
the Cartan-Kihler theorem can be found in Bryant et al. [13]. The method of equivalence is
described in more detail in Gardner [37]]. In Chapter [I| we repeat the basic definitions for the
objects used in this dissertation and give more precise references.

Notation and conventions. The end of a proof will be indicated by the symbol . The end
of a definition, example or remark by the symbol @. In the text we will use the Einstein
summation convention.

For convenience we assume that all functions and structures defined in this dissertation
are smooth (C*°). Whenever we apply the Cartan-Kihler theorem, we assume the structures
involved are analytic. We will also assume that (unless stated otherwise) all vector bundles
(distributions, Pfaffian systems, etc.) are locally of constant rank. This means we will almost
always avoid any singularities. The condition seems quite restrictive, but often we can restrict
to open subsets away from the singularities. The constant-rank assumption ensures that we
can switch between vector fields and pointwise constructions. Most constructions are local
constructions. If it is necessary (for obvious reasons) to restrict to a small neighborhood to
carry out constructions or computations, then we will not always explicitly mention this.

Computations. Almost all of the computations in this dissertation have either been per-
formed with or checked with computer algebra systems. In particular MAPLE [71]] and
MATHEMATICA [75] have been used extensively. For calculations with vector fields and
differential forms the packages JETS [7] by Mohamed Barakat and Gehrt Hartjen, the pack-
age VESSIOT [3] by Ian Anderson and the MAPLE package DIFFORMS have been used. Some
special purpose packages have been written by the author and are available on the author’s
homepage [32].

Dissertation. This dissertation is a continuation of the work in my Master’s thesis [31]]. One
of the main questions we had when I finished my Master’s thesis, was whether we could gen-
eralize the projection method for the minimal surface equation [25]] to a more general class of
equations. When I started working on this problem in 2002, I used computer algebra systems
(MAPLE) to see if there are any finite order obstructions to the existence of a projection. It
soon turned out that this is a computationally very difficult problem and the approach taken
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(brute force calculations) did not give much intuition for the problem. At that time I also met
Mohamed Barakat from whom I learned his computer algebra system JETS [7]]. I also started
reading the book on exterior differential systems by Bryant et al. [[13].

In 2003 I started working on symmetries of partial differential equations [58} 59]] and on
Darboux integrability [44} 64| 66]. Both topics are closely related to the projection method:
every system with enough symmetries allows a projection and the Darboux integrable equa-
tions provide examples of projections that are not generated by symmetries.

One of the turning points in my research was the introduction to the work of McKay [51}
52]]. McKay developed a structure theory for first order systems and one of the questions he
asked at the end of his thesis is whether a second order equation can be projected to a first
order system or not. His question is a question about possible projections! Inspired by this
question I started reading his work and learned very soon that first order systems and second
order equations have a very similar structure. I also learned that many of the structures
Duistermaat and I had found using distributions for second order equations corresponded
directly to structures for first order systems McKay had found using differential forms and
the method of equivalence.

In the first half of 2005 Barakat, Duistermaat and I tried to apply the theory of jet
groupoids (developed by Pommaret [61]) to our geometric structures. The theory works
better for first order systems than for second order equations. For first order systems the the-
ory allowed us to find the number of continuous invariants of a first order system at a given
order. In the summer of 2005 I also visited Florida, USA. Together with Robert Bryant I
developed a method for calculating pseudosymmetries of second order equations (these are
special examples of projections).

In the remainder of 2005 and 2006 we used the structure theory we have developed to
study classifications of Darboux integrable equations, generalizations of Darboux integrabil-
ity, pseudosymmetries and other topics related to our research.






Chapter 1

General theory

1.1 Notation

1.1.1 Differential ideals

The space of all k-forms on a smooth manifold M will be denoted by QX (M); the algebra of
smooth differential forms on M is denoted by Q*(M). The algebraic ideal generated by a set
of differential forms o/ will be denoted by {/ }aig; the differential ideal (see Section
generated by the same set of elements is denoted by {o’ }gitr.

If we have a set of 1-forms o/ we can form both the algebraic ideal in the algebra Q* (M)
and the ideal of 1-forms in the module Q! (M). The C%°(M)-module generated by a set of
differential forms as a module in Q' (M) will be denoted by span(a!, ..., «/). This is both
an ideal in the C*°(M)-module Q2! (M) and a subbundle of T*M.

We denote the interior product of a vector X with a k-form w by X —w.

1.1.2 Dual vector fields

The space of vector fields on a manifold M is denoted by Z (M). Given a basis of differential
fqrms 07, j = 1,...,n, we deﬁne'the dual vector fields as the vector ﬁelds' X ; that satisfy
0'(X;) = 8’].. We will write d/067 or dy; for the vector field X/ dual to 8/. Note that the

vector field 91 cannot be determined from the differential form 6! alone. We need the full

basis 6/, j =1,...,nin order to determine 9d,1.

If we have introduced local coordinates x!, ..., x" on a manifold, then we have a natural
basis of differential forms 6/ = dx/, j =1, ..., n. We will then write 9, ; for the vector field
99j = Oqyi-

Example 1.1.1. Consider the basis of differential forms on R3 given by #! = dx, 6% =
dy + 4dx, 63 = dz + xdx. The dual vector fields are given by

g1 = Oy — 40y —xB.,  Og2 =Dy, g3 = 0. %)
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1.1.3 Vector bundles

Let E, F and G be vector bundles over the base manifold M. We will write F' X p; G for the
fibered product of F and G. This is the vector bundle over M for which the fiber over x € M
is (F X G)y = Fy x Gx. If F and G are vector subbundles of E we use the notation F + G
for the vector subbundle of E defined by (F + G)y = {X+Y € Ex | X € F,,Y € G, }.
If for every point x € M the vector space Ey is the direct sum of Fy and G, we will write
E = F & G. This notation should not be confused with the Whitney sum of F and G.

1.1.4 Jet bundles

Let M and N be smooth manifolds. The jet bundle of k-jets of functions from M to N will
be denoted by J¥(M, N). The k-jet of a smooth function ¢ : M — N at a point x will be
denoted by j)’fab. If we have coordinates x', ..., x™ for M and yl, ..., y" for N, then we
can introduce coordinates x’, y¢, pi for JY (M, N). The 1-jet of a function ¢ : M — N
at x is given by (x, y9, p%) = (x', ¢ (x), (3¢?/0x")(x)). On the second order jet bundle
J2(M, N) we have coordinates x’, y%, i, pl.“/., etc.

On every jet bundle there is a natural ideal of contact forms. In the local coordinates
introduced above this ideal is generated by contact forms of the form

07 =dpj — p?’kdxk,

with I a multi-index I = (iq, ..., iy).

Every transformation of the base manifold M x N can be prolonged to a unique trans-
formation on the jet bundle J¥ (M, N) that preserves the contact ideal. This prolongation is
called the induced point transformation. The prolongation might only be defined on a subset.
In a similar way we can prolong vector fields on the base manifolds to unique vector fields
on the jet bundle that are symmetries of the contact structure on the jet bundle.

We will use the terminology base transformations for the transformations of the base
manifold, point transformations for the induced transformations on the jet bundle and contact
transformation for the general transformations on the jet bundle that preserve the contact
structure. For a more detailed discussion of jet bundles and prolongations see Olver [59,
Chapter 4] or Bryant et al. [[13} Section .3].

1.2 Basic geometry

In this section we discuss some basic topics in differential geometry. We will only give
definitions and some examples and refer the reader for proofs or more detailed theory to
other sources.

1.2.1 Lie groups

Given a Lie group G with identity element e we will denote the Lie algebra as ¢ = T,G. The
right translation and left translation by an element g € G on the Lie group will be denoted
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by R, and L, respectively. We also write g7 and gg for the Lie algebras of left- and right-
invariant vector fields, respectively. Given an element X € g there is a unique left-invariant
vector field XL that satisfies X£(e) = X. In formula:

d
X (g) = (T.Ly)(X) = 3| sewrx).
! =0

Similarly, X® is the unique right-invariant vector field with X% (¢) = X. We will identify the
Lie algebra g with the space gy, of left-invariant vector fields.

Lemma 1.2.1. The left-invariant and right-invariant vector fields act as derivatives of right-
and left multiplications, respectively. Let ®' = exp(tX*) be the flow of X after time t. Then

q)t = Rexp(tX) .

For each Lie group there is a unique right-invariant g-valued 1-form a g, the right-invari-
ant Maurer-Cartan form. This form is defined as

(@R)g(X) = (TgR,-1)(X) = (T.Ry) ™' (X).
There is also a unique left-invariant Maurer-Cartan form, defined as

(@)g(X) = (TgL-1)(X) = (T.Lg) ™ (X).
The Maurer-Cartan forms satisfy the structure equations

dap (X, Y) = —[ap (X), e (Y)],  dar(X,Y) = [ar(X), ar(Y)]. (1.1)

Matrix groups

If G is realized as a subgroup of GL(n, R), then the Maurer-Cartan forms can be written as
ag = (dg)g”", ar =g '(dg).

Example 1.2.2 (Affine group). The affine group Aff(n) is the group of affine transforma-
tions of R”. An affine transformation of R” is a transformation of the form x +—> Ax + b with
A € GL(n, R) and b € R". The affine group is the semi-direct product of GL(n, R) and R”.
A matrix representation of Aff(n) is given by the space of (n + 1) x (n + 1)-matrices

A b
<0 1)’ (1.2)

with A € GL(n, R) and b € R”". The group operation is the usual matrix multiplication.
In the case of Aff(1) we can use coordinates a € R*, b € R and the representation

¢ =(a,b) —~ (g ’i) € GL(2, R).
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The left- and right-invariant Maurer-Cartan forms are given by

— oo = al —a b\ (da db _ a'da a'db
=8 %=\ o 1 o o7\ o o )

a'da a'da+db
OR = 0 0 .

A basis for the left-invariant vector fields is
X1 =ad,, Xo=adp (1.3)
and a basis for the right-invariant vector fields is

Yi =aod, +bop, Yo =0p. (1.4)

1.2.2 Exterior differential systems

Let M be a smooth manifold. The algebra of differential forms on M is a graded algebra
Q" (M) = by, QX(M). Anideal I in *(M) is an additive subgroup of Q*(M) that is closed
under the wedge product (for « € I and 8 € Q*(M) the form o A B is in I). An ideal
is called homogeneous if the ideal is a direct sum I = P, I k with 1¥ ¢ QK(M). In this
dissertation all ideals are assumed to be homogeneous. A differential ideal is a homogeneous
ideal Z that is not only closed under addition and the wedge product, but also under exterior
differentiation. An exterior differential system on M is a differential ideal 7 C Q*(M). For
a more complete introduction to exterior algebras and exterior differential ideals see Bryant
et al. [13| pp. 6-18].

Integrable elements and integral manifolds

For a k-form w and a linear subspace E C T,y M we denote by wg the restriction w|gx. xE
of wto E.

Definition 1.2.3 (Integral element). A linear subspace E C Ty M is an integral element of T
if og = Oforall w € Z. The set of integral elements of dimension k of an exterior differential
system Z will be denoted by Vi (Z).

We define the polar space of a k-dimensional integral element E at x to be
HE)={XeTM|aX,el,...,er) =0forallw e TF}.

We define r(E) = dim H(E) — k — 1. This number is called the extension rank of E. A
maximal integral element is an integral element E for which r(E) = —1. The maximal
integral elements are precisely the integral elements that are not contained in any integral
element of larger dimension.
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Definition 1.2.4 (Integral manifold). A submanifold S of M is called an integral manifold
of 7 if for the natural inclusion ¢ : § — M we have (*w = 0 forall w € 7. o

An integral manifold is called maximal if for every point in the manifold the tangent space
at that point is a maximal integral element. Definition[I.2.4]can be given for any smooth map
from a k-dimensional manifold S to M. This would allow for instance for immersed integral
manifolds that can be used in global applications.

A k-form is called decomposable if it can be written as a monomial w = w! A ... A w
with o/, j=1,...,kall 1-forms.

k

Definition 1.2.5 (Independence condition). An exterior differential system with indepen-
dence condition on a manifold M is a pair (Z, €2) where 7 is an exterior differential ideal and
2 a decomposable n-form such that Q, ¢ Z, for all x € M. Two independence forms 2, Q'
are equivalent if and only if Q' = fQ mod 7T for some f € C*®(M).

The n-dimensional integral elements of an exterior differential system 7 with indepen-
dence condition €2 are the n-dimensional integral elements E of Z for which Q|g #0. ©

Example 1.2.6 (Independence condition). An independence condition is used often as a
transversality condition. For example the graphs of the 1-jets of functions z(x) are submani-
folds of J'(R). These submanifolds are integral manifolds of the exterior differential system

1= {dZ - pdx}diff.

The converse is not true. For example the submanifold S defined by x = z = constant is an
integral manifold of Z, but § does not correspond (not even locally) to the graph of the 1-jet
of a function z(x).

We define the independence condition 2 = dx. Then it is clear that Q|gs = 0. The
integral manifolds S of 7 that satisfy Q|s # 0 can locally be written as the graphs of 1-jets
of functions. %)

Prolongations

Let Gr,, (T M) be the Grassmannian of n-planes in T M. This is abundle = : Gr,(TM) - M
over the base manifold M. A point in the Grassmannian Gr, (7 M) is given by a pair (x, E)
where X € M and E is a linear subspace of TxM. Often we will denote a point in the
Grassmannian only by E and write x = mw(E). For every point (x, E) we define Cg =
(T(X,E)rr)’] (E) C Tix,E) Grp(TM). We define I gy = (CE)L. An equivalent definition is
Iy, gy =7*(E ). The bundle I defines the canonical contact system on Gr,, (T M).

Every n-dimensional submanifold of T M can be lifted to a unique integral submanifold
of the exterior differential system on Gr, (7T M) generated by /. For a submanifold U C M
this lift is defined as

U— Gr,(TM) :uv+ (u, T,U).

This lifting gives a local one-to-one correspondence between submanifolds of M and integral
manifolds of (Gr, (T M), I) that are transversal to the projection 7.
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Let Z be an exterior differential system on M. The n-dimensional integral elements of
7 form a subset MY = V,(7) c Gr,(TM). If the space of integral elements is (locally)
a smooth manifold, then we can pull back the contact structure on Gr, (T M) to M (M This
defines a new exterior differential system Z(!) on MV, The pair (MV, M) is called the
prolongation of (M, T). The integral manifolds of Z are locally in one-to-one correspondence
with the integral manifolds of Z(!) that are transversal to the projection M) — M.

1.2.3 Theory of Pfaffian systems

Definition 1.2.7 (Pfaffian system). Let M be a smooth manifold. A Pfaffian system I on M
is a subbundle of the cotangent bundle. The dimension or rank of the Pfaffian system is the
rank of I as a vector bundle. Our definition of the rank of a Pfaffian system is different from
the Engel half-rank and the Cartan rank of a Pfaffian system (see Bryant et al. [13} p. 45] or
Gardner [35, §3]). o

Remark 1.2.8. In the 19th century a Pfaffian system was a system of equations of the form

w) = aydxy +apdxy + ... +adx, =0,
w) = a1 dxy + axpdxy + ...+ axydx, =0,

ws = ag1dx) + agpdxy + ...+ ag,dx, = 0.

The dx; are formal expressions that have in modern times the interpretation of differential
forms. In most modern texts a Pfaffian system is defined as a subbundle of the cotangent
space or even as an algebraic ideal of differential forms. If the system is of constant rank 1,
then we can even take the dual distribution as the definition of a Pfaffian system. For most
applications the different definitions are equivalent. %)

Every Pfaffian system defines an exterior differential system generated by the sections of
the Pfaffian system. Let #/ be a basis for I. The corresponding exterior differential ideal Z is
generated algebraically by the forms 6/ and d6/. Conversely, the essential information in the
exterior differential system is already given by the 1-forms, so we can write I = Z N Q' (M)
for the Pfaffian system. An independence condition = w' A ... " for a Pfaffian system
is completely determined by the bundle J = span(l, w', ..., »"). Wehave I C J C T*M
and rank J/I = n. The independence condition 2 defines a non-zero section of A" (J/I).

Definition 1.2.9. Let I be a Pfaffian system. The exterior derivative induces a map
811 — Q*(M)/{I}ag.

The (first) derived system of I is defined as I = ker §. By induction we define the derived
flag as 1U+D = (1())D), S
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Definition 1.2.10. Let 7 be an exterior differential ideal. We define
A(Z)x = {%_x e TyM | ExJIx C Ix }1
C(T) =AD"t cT*M. o

The space C(Z) is called the retracting space or Cartan system of the exterior differential
ideal. The rank of C(Z) at a point x is the class of T at x.

The class of a Pfaffian system [/ is by definition the class of the exterior differential ideal
generated by /. The class is equal to the corank of the Cauchy characteristics of I+. Let I be
a Pfaffian system of rank s. Then [/ is called integrable if dI =0 mod 1.

Theorem 1.2.11 (Frobenius theorem). Let I be an integrable Pfaffian system of rank s.
Then there are local coordinates y', ..., y" such that the Pfaffian system I is generated by
the I-forms dy', ..., dy".

Lemma 1.2.12 (Cartan’s lemma). Let V be a finite-dimensional vector space and let
V1, ..., Vg be linearly independent elements of V. If

k
Zwi/\vi =0
i=1

for vectors wj, then there exist scalars h;j, symmetric ini and j, such that w; = Zj hijv;.

Proof. See Ivey and Landsberg [43, Lemma A.1.9] or Sternberg [63, Theorem 4.4]. There is
also a higher-degree version of the lemma in which the wy are multi-vectors; this version is a
consequence of the more general Cartan-Poincaré lemma, see Bryant et al. [[13, Proposition
2.1]. O

For Pfaffian systems generated by a single 1-form « there are normal forms. Suppose we
have the single equation « = 0. We define the rank of the equation to be the integer r for
which

(da) Aa #0, (do) ' Aa=0.

The rank r of the equation is invariant under scaling of the 1-form and is equal to the Engel
half-rank of the Pfaffian system span(c«). We also define the integer s by

(da)® #0, (do)*T'=0.

One quickly sees that either r = s or r = s 4 1. The theorem of Pfaff gives a normal form
for o depending on the invariants r, s.

Theorem 1.2.13 (Pfaff theorem). Let o be I-form for which r and s are locally constant.
Then o has the normal form

a = y0dy! + .. 4+ y>dy¥ ifr+1=s,
a=dy' +y2dy> + ...+ y¥Fdy¥ Tt ifr=s.
Here the y/ are part of a local coordinate system.
Proof. See Bryant et al. [13, Theorem I1.3.4]. O
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1.2.4 Distributions

The objects dual to (constant-rank) Pfaffian systems are distributions. We give here the basic
definitions and reformulate some of the previous results in terms of distributions.

Definition 1.2.14. A distribution on a smooth manifold M of rank k is a subbundle of the
tangent bundle T M of rank k. )

We will also use the term vector subbundle of the tangent bundle or vector subbundle
instead of the term distribution. The name distribution is more common in the literature, but
has the drawback of also having a different meaning as a generalized function. Another name
used in the literature is a vector field system. The distribution spanned by the vector fields
X1, ..., X, is denoted by span(X7y, ..., X,).

Remark 1.2.15. For a distribution V and a vector field X we say that X is contained in V
and write X C Vif X,,, € V,, for all points m. This corresponds to saying that X is contained
in V pointwise. The notation X C V is quite natural if we define a vector field as a section
X : M — TM and identify X with its image X (M). If X is not contained in V this means
that there exists a point m such that X,, ¢ V,,. This does not imply that X,, ¢ V), for all
points m. We will say that X is pointwise not contained in V if the stronger statement, that
Xm & Vy, for all m, holds.

If we write X € V), then usually X is a vector with X € V,, for some point m. %)

Let I be a constant-rank Pfaffian system. The distribution V' dual to [ is defined as
Vi={XeT:M|0(X)=0,0€el}.

We will denote the dual distribution by 7.
We say a linear subspace E C T M is an integral element of V if E is an integral element
of the dual Pfaffian system. We denote the k-dimensional integral elements of V by Vi (V).

Definition 1.2.16. Let V be a distribution. The distribution spanned by all smooth vector
fields of the form [X, Y] for X, Y C V is called the derived bundle of V and denoted by V'.

For a Pfaffian system I with dual distribution V we have IV = (1’)*. By taking re-
peated derived bundles we arrive at the completion V™! of the bundle. This completion is
integrable.

Definition 1.2.17. Given a distribution V we define the Cauchy characteristic system C (V)
as

CWVx={XxeW | X, Y CV, [X,Y]CV}

A vector field X is a Cauchy characteristic vector field for V if X € C(V). For smooth
constant-rank distributions the Cauchy characteristic vector fields are precisely the vector
fields X for which [X, Y] C Vforall Y C V. ©
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Definition 1.2.18. We say a distribution V on M is in involution if for all vector fields
X,Y C V wehave [X,Y] C V. A distribution V is in involution if and only if C(V) = V.
A distribution is called integrable if locally there are coordinates x!, ..., x™ such that the
distribution is given by V = span(9,1, ..., d,k). S)

Theorem 1.2.19 (Frobenius theorem). LerV be a smooth constant-rank distribution of M.
Then 'V is integrable if and only if V is in involution.

If a distribution is integrable, then the maximal integral manifolds have dimension equal
to the rank of the distribution. Locally these integral manifolds define a foliation of the
manifold M. The individual integral manifolds are called the leaves of the distribution.

An invariant for a distribution V is a function 7 on M such that X (/) =0 forall X C V.
This is equivalent to ¥V C ker(d/). Classically, the invariants of a distribution are called first
integrals. We say that m invariants ', ..., I" are functionally independent at a point x if the
rank of the Pfaffian system span(d/!, ..., dI"™) is equal to m at x. An integrable rank k dis-
tribution on an n-dimensional manifold has locally precisely n — k functionally independent
invariants. If 7!, ..., I" are invariants of a distribution, then we will write {1 L | 2}ﬁmc
for the set of all functions that are functionally dependent with 1!, ..., I".

Example 1.2.20. Consider the overdetermined first order system of partial differential equa-
tions for the function z of the variables x and p given by

o =—az, zp=-—Pz. (1.5)

Here o and B are arbitrary functions of x and p. The first order jet bundle J 1(R2, R) has
coordinates x, p, z, Zx, Z and contact form

0 =dz — zydx — z,dp.

Let M be the submanifold of the first order jet bundle defined by the two equations (I.5)) and
use x, z and p as coordinates on M. The solutions of the system (I.3) are locally in one-to-
one correspondence with the 2-dimensional integral manifolds of the exterior differential on
M generated by the single 1-form

0 =dz + azdx + Bzdp

with independence condition 2 = dx A dy. The integral manifolds are precisely the integral
manifolds of the distribution V dual to 8. We have

d6 = d(az) Adx +d(Bz) Adp

= (apzdp + adz) Adx + (Brzdx + Bdz) Adp

= (ap — By)zdx Adp mod 6.
The distribution is integrable at points where the compatibility condition (o, — By)z = 0 is
satisfied. Since the system is linear, z(x, p) = 0 is always a solution. Near points where
(ap — Bx) # O there are no other solutions to the system. At each point (xo, po) where
ap — Bx = 0 on a small neighborhood, the distribution is integrable. It follows from the
Frobenius theorem that there is a unique integral manifold of the system through the point
(x0, Pos z0)- @
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1.2.5 Lie brackets modulo the subbundle

Let V be a distribution on a smooth manifold M. Then the Lie brackets define a smooth
map from ['(TM) x I'(TM) — T'(T M) and by restriction a smooth map I'(V) x I'(V) —
I'(TM). The value [X, Y],, at a point m depends not only on X,, and Y;,, but also on the
first order derivatives of X and Y at m. For this reason the Lie brackets do not define a tensor,
but are a first order differential operator. However, the value of [X, Y],, modulo V,, does not
depend on the first order derivatives.

Lemma 1.2.21. The Lie brackets of vector fields on M restrict to a tensor
Ay VxuyV—>TM/V. (1.6)

We call this tensor the Lie brackets modulo the subbundle, and we often denote them as
s 1pp.

Proof. Let X, Y be smooth vector fields in VV and assume that X;, = 0. Suppose that w €
Q'(M) and @ (V) = 0. Then w(X) = w(Y) = 0 and therefore

wn([X, Y]n) = —(dw)n (Xm, Yin) + X (@Y ))m — Y(0(X)n
= —(dw), (0, Y,,) =0.

So w, ([X, Y1) is zero for all 1-forms w dual to V. This implies that [X, Y], € V), and
hence that [X, Y],, mod V,, does only depend on the value of X at m and not on the first
order derivative of X. By symmetry it follows that [X, Y], also does not depend on the
derivatives of Y. O

Since the Lie brackets restricted to V x s V take values in the derived bundle V’, the Lie
brackets modulo the subbundle even define a tensor V x 3 V — V' /V.

The Lie brackets modulo the subbundle give a simple characterization of the integral
elements of a distribution (see Section[I.2.4). A k-plane E C T\ M is an integral element for
V if and only if E C V), and the Lie brackets modulo V vanish when restricted to £ x E.

1.2.6 Projections and lifting

Let ¢ : M — B be a smooth map. If ¢ is a diffeomorphism we can define the push forward
¢+ X of a vector field X at y = ¢ (x) as (¢« X)y = (Tx¢)X,. Locally we can define the push
forward of a vector field under an immersion in the same way. If ¢ is a smooth map, then in
general there is no push forward of a vector field X. The reason is that for two points x!, x?
with ¢ (x') = ¢ (x?) = y the vectors

(Ta¢)(X) and  (T20)(X)

might not be equal. If for all points x!, x> with ¢ (x!) = ¢ (x?) these vectors are equal, we
say that X projects down to B and we write ¢, X for the projected vector field. In a similar
way, we can project distributions V on M to B if for all points x in the fiber ¢ ~!(y) the image
(T @) (V) is equal to a fixed linear subspace Wy (x) of Ty (x)B.
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Example 1.2.22. Let ¢ : R> = R x R — R be the projection onto the first component. On
R? take coordinates x, y and define the vector fields

X =xd, Y=xd +yd, Z=(+y>)o,.

The vector fields X and Y project to the base manifold, the vector field Z does not project.
The bundle Z = span(Z) does project to R. @

Lemma 1.2.23 (Lie brackets of projected vector fields). Let 7 : M — B be a smooth
map. Let V, W be two vector fields on M that project to vector fields v = n,V and w = w, W
on B, respectively. Then the commutator [V, W] projects down to B and [V, W] = [v, w].

Let M — B be a submersion. Given a vector field v on the base manifold B it is always
possible to find a vector field V on the bundle M such that V projects down to v. The freedom
we have in the choice of the vector field is precisely a section of the vertical bundle V(M). If
we have a connection on M, i.e., a distribution on M of rank equal to dim B that is transversal
to the projection, then there is a unique lift of every vector field below.

1.2.7 The frame bundle and G-structures

Definition 1.2.24. Let G be a Lie group and M a smooth manifold. A principal fiber bundle
over M with structure group G is a fiber bundle # : P — M together with a smooth right
action of G on P such that:

e G acts freely on P.
e M is the quotient space of P by the G-action, i.e., M = P/G.

e P is locally trivial. This means that for every point x € M there is a neighborhood
U of x such that 7 ~!(U) is isomorphic with U x G. More precisely: locally there
is a diffeomorphism 7 : 7~'(U) — U x G such that TTlg-1yy = 71 o T where
w1 : U x G — U is projection on the first component and t intertwines the action of
g € G on 7~ (U) with the action (x, h) — (x,hg) on U x G. O

Furthermore, one has the following theorem [28, Theorem 1.11.4]: if G acts freely and
properly on P, then there is a unique structure of a principal bundle P — M such that the
action of G on P is the one of the principal bundle.

Definition 1.2.25. Let M be a smooth m-dimensional manifold. A frame on M, or more
precisely a frame field, is an ordered set of vector fields X1, ..., X;, such that at every point
x € M the vector fields form a basis of T, M. In a similar way we define a coframe to be
an ordered set of m linearly independent 1-forms. A local frame or local coframe on M is a
frame or coframe defined on an open subset of M. )

The map X — ((x, (c!,...,c") > ¢/ X j(x)) is a bijection from the set of all
frames on M to the set of all (inverses of) trivializations of 7M.
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Remark 1.2.26. The existence of a global coframe ol ... om implies the existence of a
global non-vanishing m-form, i.e., &' A... A6™. This implies that the manifold is orientable
and has trivial tangent bundle. Hence there are global obstructions against the existence of a
global coframe on a manifold. @

Since a coframe forms a basis for the differential 1-forms at each point, we can express
the exterior derivative of the coframe differentials in terms of the coframe itself. We can write

dot = 1/22 Tj07 A 6% = erke)/ N (1.7)
j.k Jj<k

for unique anti-symmetric functions T; «- The functions T} « are called the structure functions

of the coframe.

Definition 1.2.27. Let E — M be a smooth rank n vector bundle over M and V a fixed
vector space of dimension n. The frame bundle FE of E is defined as the bundle over M for
which the fiber F, E over x is equal to the set of all linear isomorphisms E, — V. On FM
we have a right GL(V) action defined by

GxFE—)FE:(g,u)|—>g~u=g_lu.

The action is proper and free and exhibits FE as a principal GL(V)-bundle. e

The definition above is the definition of a V-valued frame bundle. When we refer to a
frame bundle without explicitly mentioning V, we will assume V = R". A pointb € FE will
often be denoted by a pair (x, u) with x € M and u € Lin(Ey, V). We will mainly use the
frame bundle of the tangent space. For a manifold M we will use the notation FM to indicate
the frame bundle F(7T M). A section of FM defines both a framing and a coframing on M.

On the frame bundle there is a natural V-valued differential form called the tautological
1-form or soldering form. For a frame bundle = : FE — M it is defined at a point b = (x, u)
by

wp =uo Tpm. (1.8)

If we choose a basis for V, then the components w/ form a basis for the semi-basic forms on
FM.

Remark 1.2.28. Some authors [[260] define the frame bundle of the tangent space analogously
as the set of linear isomorphisms f : R" — T, M (the right action is defined by g- f = fog).
Sometimes the frame bundle is also defined as a basis for the tangent space [47, Section I.5] or
as a set of equivalence classes for coordinate charts [[63]]. These definitions are all equivalent
to our definitions. The only important choice one has to make is whether to use the right or
the left action on the bundle. @

Definition 1.2.29. Let G be a closed Lie subgroup of GL(n, R). A G-structure on a smooth
manifold M is a reduction of the frame bundle FM to a principal G-bundle F C FM. Alter-
natively, a G-structure on M is defined by a section of the quotient bundle FM/G. ©
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For every diffeomorphism M — M there is a natural diffeomorphism ® : FM — FM.
For an elementin b : TyM — V € FM we define ®(b) as the composition of the inverse of
the tangent map 7TxM — T¢(x)M with b. This gives the map b= D) : T¢(x)1\7l — Vin
FM. This diffeomorphism is called the lift of ¢ or the induced identification of EM with FM.

Definition 1.2.30. Let B — M and B — M be two G-structures. The two structures B
and B are equivalent if there is a diffeomorphism ¢ : M — M such that the lifted map
® : FM — FM maps B to B.

If the G-structures B and B are defined by sections s : M — F(M)/G and § : M —
F(M)/G, respectively, then the G-structures are equivalent if there is a diffeomorphism ¢
such that ®*5 = s.

Proposition 1.2.31. The two G-structures & : B — M and 7 : B — M are equivalent if
and only if there exists amap ® : B — B such that ®*(®) = w.

Proof. If ¢ : M — M is an equivalence of the G-structures, then the lift & satisfies the
condition. Conversely, let W be a map that preserves the soldering forms. The kernel of
the soldering form is equal to the tangent space of the fibers B — M. Hence any map W
that preserves the soldering forms must induce a map ¢ : M — M such that the following
diagram commutes.

v
e

B B
in lﬁ
M2 7

Leth = (x,u) and b = W(b) = (%, it). Then
wp = (V*0)p ZJ)I;OT},‘IJ ZﬂOTI;ﬁOTb\IJ =toTypoTpm.

At the same time wp = u o Tpr and hence u = u o (Ty¢). This implies 4 = u o (Tx¢>)*l =
D (u). O

Let B — M be a G-structure. For every point b € B we define the map up : G — B :
g > g - b. The left-invariant Maurer-Cartan form on G is denoted by «; .

Definition 1.2.32. A connection form for the G-structure B is a g-valued differential form y
on B such that for all b € B, we have “Z(V) =oy. ©

A connection H on the bundle w : B — M (here we mean bundle as a fiber bundle,
without the additional G-structure) is a choice of complement H}, to the fibers of the bundle.
At every point b = (x, u) of the bundle we have H, & T,(Bx) = T,B. Suppose y is a
connection form on B. For every point b € B we can define H, = kery. This defines a
connection on the bundle B — M. Conversely, for any connection H we can define a unique
connection form by requiring that for all points b in B we have kery, = Hp and pjy = ar.
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A connection form can have the additional property that the connection form is G-equi-
variant in the sense that R;(y) = Adg-1(y). The G-equivariance of y is equivalent to the
G-invariance of the corresponding connection H. See Duistermaat [26, Section 8] for more
details. McKay [53] uses the terminology pseudoconnection for a connection and connection
for a G-equivariant connection.

Proposition 1.2.33. Let B — M be a G-structure with soldering form w. Then the structure
equations for @ can be written as

do=—-yArAo+T(wAw), (1.9)

with y a connection form for the G-structure. A g-valued form y is a connection form if and
only if the structure equation (1.9) holds for a certain choice of torsion T : A’VQ®B — V.

Example 1.2.34 (Connections). Let M = R? with coordinates x, y. Let G = SO(2) and
parameterize the elements of the group as

cos¢ —sin ¢>

singg  cos¢

g(p) = <

The left-invariant Maurer-Cartan form is given by

0 —do
o = ( d ¢ 0 ) .
Let B be the G-structure defined by G and the coframe (dx, dy)T. Then B = R? x (R/277Z)
and a point (x, y, ¢) corresponds to the coframe g ! (dx, dy)” at (x, y) € R2. The soldering
form is given by @ = g~ (dx, dy)” and the structure equations are dw = —y A w. The form
y = o is the unique torsion-free connection form. The connection is G-equivariant.

Next consider the group G of diagonal matrices
diag(a, b). The left-invariant Maurer-Cartan form is given by

o — a 'da 0
L=\ o »la)

The group defines a G-structure with soldering form given by @ = g~'(dx,dy)”. The
structure equations are dw = —y A w. Here y can be chosen as

a'da 0 N hidx 0
0 b ldp 0 hody)”

Here h1 and h are arbitrary functions. The connection form y is G-equivariant if and only
if the functions 41 and /> depend only on x and y (and not on the group parameters a, b). @
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1.2.8 The Cartan-Kahler theorem

The Cartan-Kihler theorem is a very general existence theorem for solutions of analytic ex-
terior differential systems. The theorem is explained and proved rigorously in Bryant et al.
[L3]. Some easier texts with examples are Olver [S9] and Ivey and Landsberg [43]]. There are
basically two versions of the Cartan-Kéhler theorem: a “non-linear” one for arbitrary exterior
differential system and a “linear” one for linear Pfaffian systems. The linear version has the
advantage that the difficult concepts of (regular) integral elements and integral flags can be
replaced by a more algorithmic analysis of the structure equations of the system. The main
disadvantage is of course that the linear version can only be used to analyze the linear Pfaffian
systems.

In this Ph.D. thesis we will need only the linear version (except in one example), so
therefore we present the linear version here. Another reason is that whenever we have a
general exterior differential system the first prolongation of this system is a linear Pfaffian
system. The presentation below uses the notation from Ivey and Landsberg [43]]. Its purpose
is to establish notation and to remind the reader of the different concepts involved.

Linear Pfaffian systems. Recall that a Pfaffian system / with independence condition €2
can equivalently be defined as two bundles (/, J) with rank J/I = n. If Q is defined by
Q =w!' A... A", then the corresponding bundle J is defined by J = span(/, o', ..., »").

Definition 1.2.35 (Linear Pfaffian system). Let M be a smooth manifold and (7, J) a Pfaff-
ian system with independence condition. The system (/, J) is called a linear Pfaffian system
ifd/ =0 mod J. 8]

The independence condition defines a natural affine structure in the space Gr, (T M, €2)
of n-planes E that satisfy Qg # 0. The integral elements of a linear Pfaffian system with
independence condition define affine linear subspaces of Gr, (T M, 2), hence the name linear
Pfaffian system. For a more detailed discussion see Bryant et al. [[13, Chapter IV, §2].

Example 1.2.36 (Linear Pfaffian systems).

e Let M be a system of partial differential equations given as a submanifold of the jet
bundle J¥(R”, R¥). The pull back of the contact ideal on JE(R™, R) to M defines a
linear Pfaffian system.

e Every prolongation of an exterior differential system with an independence condition
is a linear Pfaffian system. %)

From here on we will choose a basis 8¢, 1 < a < s for the Pfaffian system / and forms o',
1 <i < n that represent a basis for the bundle J/I. We will write down structure equations
in terms of these bases and define concepts such as Cartan characters and prolongations in
terms of these. A more geometric approach is also possible, but this would complicate the
theory we need in this dissertation.
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Definition 1.2.37 (Structure equations). Let (I, J) bea Pfafﬁan system with basis 6¢ for 7
and basis ' for J/I. Choose 1-forms 7 such that ¢, ', 7% forms a basis of differential
forms. The exterior derivatives of the forms 8¢ are given by

40 = 7f N o' + Tfo' Aw! + Nign® Axf mod I. (1.10)
for unique functions T = —Tj“l., ;‘ﬂ = —Nga and 1-forms 7/ = A%.7w*. The equa-
tions (1.10) are called the structure equations of the linear Pfaffian system. o

A Pfaffian system is linear if and only if Ny g = 0. The terms TZ? o' A @’ are sometimes
written as T%(w A w) and are called the torsion of the system. The torsion terms Ti“. are
not unique since we can always redefine the forms 7. For this reason the torsion is called
apparent torsion.

Example 1.2.38 (Absorption of torsion). Let M = R* with coordinates x, y, z and p. Con-
sider the Pfaffian system / generated by 8 = dz — pdx — zdy with independence condition
Q = w! A 0?, with 0! = dx, 0? = dy. Let J = span(/, w!, a)z) and 7!l = —dp. Then

d@:—dp/\a)l—dz/\wzznl/\wl—pa)l/\a)

=0 mod J.

2 mod I

Hence (Z, J) is a linear Pfaffian system. We can absorb the apparent torsion by redefining
7! = —dp 4 pw?. Then

dd=n"Aw' modl. (1.11)
%

Tableaux.

Definition 1.2.39. Let V and W be vector spaces. A fableau A is a linear subspace of
Hom(V, W) =W Q V*.

Let A C W ® V* be a tableau and assume dimV = n. A flag in V is a sequence of
linear subspaces Vo C Vi C Vo, C ... C V, = V withdimV; = i. Any choice of basis
v; for V defines a flag by V; = (v, ..., v;). Wedefine Ay = {a € A | a(Vy) =0}. We
define s1 = dim A — dim A and then by induction s1 + ... 4 sy = dim A — dim A;. The
sum s| + §2 + ... + s, is equal to the dimension of the tableau A. The numbers s, ..., s,
are called the characters of the tableau with respect to the flag chosen.

For a generic flag the values of the dim A; are minimal and hence the values of s1 +
...+ s are maximal. The values of the characters s; for a generic flag are called the Cartan
characters of the tableau A. The Cartan characters satisfy s; > s» > ... > s, and are
invariant under the action of GL(V) x GL(W)on W ® V*.

Remark 1.2.40. With respect to bases for V and W we can write the tableau A as a linear
subspace of the space of (s x n)-matrices. A tableau of dimension a can be represented by a
(s x n)-matrix with entries given by 1-forms on R?.
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For a generic choice of basis for V the first Cartan character s is equal to the number
of independent entries in the first column of the matrix, s1 + s is equal to the number of
independent entries in the first two columns of the matrix, etc. In examples this gives an
easy method to determine the Cartan characters by looking at the matrix representation of the
tableau. @

Given a tensor product V*®V * there exists a canonical splitting V*®V* = S2V*@A?V*
into symmetric and anti-symmetric parts. We use this splitting to define for any tableau
ACWQ®V*themapso : AQV - W®S*Vands: A®V — W ® A>V by

AQV — (W ® 52V*> ® (W ®A2V*) x> o () B 8(x).

The first prolongation A" of a tableau A is defined as the kernel of the map 8. We can write
this symbolically as A = A ® V* N W ® S2V*. We can use a similar splitting of higher
order tensor products ®' V* to define the higher order prolongations of a tableau.

Definition 1.2.41 (Prolongation of a tableau). Let A C W ® V* be a tableau. We define
the [-th prolongation of A by

AD = (A® @' V") N (Wesithv). (1.12)
o
Lemma 1.2.42. Let A be a tableau with Cartan characters s, $2, ..., Sy. Then
dim A < sy 4255 + ... + ns,. (1.13)
Definition 1.2.43. A tableau A is involutive if dim AWV = s 4+ 250 + ... + ns,. o

Example 1.2.44 (Tableau). Let V = R>, W = R? and define the tableau A C W ® V* by

the set of matrices
a —b
b a

for a, b € R. The Cartan characters are s; = 2 and s, = 0. @

Cartan-Kihler theorel_n. Let (I, J) be a linear Pfafﬁan_system on M with basis 67, 1 <
a < s for I, basis 6%, @', 1 <i < n for J and basis 6%, o', 7€ (1 < € < «) for the 1-forms
on M. We have the structure equations

0" = ALTE N o' + Tho' Aol (1.14)

At each point x the coefficients A?;(x) define a tableau A, C W ® V* with W = [},
V = (J/I)%. The tableau is spanned by elements of the form AZJ. dga @ w’ .
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The torsion Tg defines a section T of the bundle W ® A2V* = I* @ A*(J/I). By

redefining a form ¢ we can change the apparent torsion. If we redefine 7€ > 7€ + ¢} o',
then

A‘E‘jrre A — A‘E‘jrre Aol + Agjefa)’ Ao .

Hence the apparent torsion is changed by a term A‘:jefwi A w/. The freedom we have to
change the apparent torsion by modifying the forms 7€, is precisely equal to §(A ® V*).
Using this freedom to eliminate the apparent torsion is called absorption of torsion. See
Example for a small example. The quotient of the torsion bundle I* ® A%(J/I) by
the image of § is H % (A) = I* ® A%(J/I)/im 8 and is called the intrinsic torsion '. The
torsion 7' induces a section [T] of the intrinsic torsion bundle. At points where [T] # 0
there exist no integral elements. Hence the vanishing of the intrinsic torsion is a necessary
condition for the existence of integral manifolds.

If A, is the tableau associated to a linear Pfaffian system, then the first prolongation A,(Cl)
is isomorphic to the space V,(I), of integral elements at the point x. We say the linear
Pfaffian system is in involution at x if the corresponding tableau Ay is in involution. If the
system is in involution, then the Cartan characters of the tableau A, are locally constant and
we define the Cartan characters of the linear Pfaffian system as the characters of the tableau
Ay. Theorem [I.2.45] below shows that the involutivity of the tableau (which is an algebraic
property) together with the vanishing of the torsion implies that the corresponding system of
partial differential equation is in involution (there are no hidden integrability conditions) and
there exist n-dimensional integral manifolds. The use of Definition[I.2.43]to check whether
a linear Pfaffian system is in involution or not is called Cartan’s test.

Theorem 1.2.45 (Cartan-Kéhler theorem for linear Pfaffian systems). Let (I, J) be an
analytic linear Pfaffian system on M withrank J/I = n. Let x € M and U a neighborhood
of x such that:

e The intrinsic torsion vanishes, i.e., [T] = 0.
e The system is in involution.

Then there exist integral manifolds of dimension n through the point x that depend on s;
functions of | variables.

Example 1.2.46 (continuation of Example [1.2.38). Consider the linear Pfaffian system
defined in Example|1.2.38| with the structure equations (1.11). The tableau for this system is
given by the (1 x 2)-matrices

(7{1 0).

The Cartan characters are s; = 1 and s; = 0. The first prolongation has dimension one
and the tableau is in involution. By the Cartan-Kihler theorem the integral manifolds of the

I'The notation H©-2) (A) is inspired by the fact that the intrinsic torsion is part of the Spencer cohomology groups
of the tableau. See Ivey and Landsberg [43| pp. 180-181].



1.2 Basic geometry 19

system can be parameterized by one function of one variable. Indeed, the integral manifolds
can be given in parametric form as

z(x,y) =cexp(y) + ¢(x), plx,y) =¢'(x),

with ¢ a constant and ¢ an arbitrary function. %)

1.2.9 Clean intersections

We will formulate the regularity conditions for the equivalence of coframes in terms of clean
intersections. The terminology was introduced by Raoul Bott [[L1, pp. 194-199] and is ex-
plained in Duistermaat and Guillemin [27, p. 63].

Let X, Y, Z be smooth manifolds and f : X — Z, g : Y — Z smooth maps. We can
then form the fibered product

F={x,YeXxY|fx)=gO}

The diagram below is useful to keep in mind.

F—

T
-
Y 8

_

X
j
VA

We definethemapt : X xY — ZxZ : (x,y) = (f(x),g(y)) and the diagonal
A ={(z,2) € Z x Z}. We say that the maps f and g have a clean intersection at p = (x, y)
if F is a smooth submanifold of X x Y at p and T,F equals {(V,W) € T)(X xY) |
T, f(V) =T,g(W)}. Another formulation of this last condition is that the tangent space
T, F is equal to (T,7) "' (T(f(x) ¢(y)A). Instead of saying that f and g intersect cleanly we
can also say that t intersects the diagonal A cleanly at p. We say that f and g have a clean
intersection if f and g intersect cleanly at all points p € F.

A clean intersection is a generalization of a transversal intersection. If two maps fj :
X — Zpand go : X — Zj have transversal intersection and Zg is a submanifold of Z
embedded as ¢ : Zg — Z,thenthemaps f : X - Z =10 fopandg : X — Z :10g
have a clean intersection. Not all clean intersection have the nice structure of a transversal
intersection embedded in a higher dimensional manifold, see Example|1.2.48

Example 1.2.47 (Clean intersection). Let X =R, Y = Rand Z = R3. Let f : X — Z
and g : Y — Z be two curves intersecting at a point z, i.e., z = f(x) = g(y) for certain
xeXandy €Y. If f'(x) # 0, g(y) # 0and f'(x) # g'(y), then the curves f and
g have a clean intersection. The linear space at z spanned by T f (7 X) and Tyg(T,Y) has
codimension one in 7, Z and hence the intersection is not transversal. %)
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Figure 1.1: Clean intersection of two space curves (Example[T.2.47)

Yy O

Y

Figure 1.2: Clean intersection that is singular (Example [I.2.48)

Example 1.2.48 (Singular clean intersection). Let X = R? be a plane. We map X to a
cylinder in R3 using the map (xg, x2) +— (cos(x1), sin(x1), x2). Then we map this cylinder
in R3 to a cone in R? using the map (z1, 22, 23) +> (2123, 2223, z3). The composition gives
the map

X = R (x1,x0) > (cos(x1)xz, sin(x1)xz, x2),

that maps X to a cone and the line x, = 0 to the singular point (0, 0,0). Let ¥ = R” and
takethemap g : Y — Z : 0+ (0,0,0). Then F C X x Y consists of the product of the line
x2 = 0in X and the single point O in Y. The intersection of f and g is clean even though the
image of X is not a submanifold at z = (0, 0, 0). @
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1.2.10 Equivalence of coframes

In this section we will analyze the equivalence of coframes under general diffeomorphisms.
The notation in this section and the definition of classifying space and structure map are
taken from Olver [59, Chapter 8]. The main Theorem @] on the equivalence of coframes
is stated and proved under weaker conditions then the equivalent theorem in [59].

Definition 1.2.49. Let 6!, ..., 6™ be a coframe on M and 8!, ..., 8™ a coframe on M. The

equivalence problem for coframes is to decide whether these exists a (local) diffeomorphism
® : M — M such that

o0 =0, 1<i<m. (1.15)

S

We will write 9/ = T’:kej A 6% for the structure equations of @ and similar for . Because
the exterior derivative operator d commutes with the pullback ®*, the formula (I.15]) implies
that ®*(d6') = d@*. In terms of the structure functions for the two coframes this equation
becomes

T (@)D 7 A ©*67 = T (x)07 A6~

This implies that ©* T}k = T; - From this last equation we see that the structure functions
of a coframe are very important when determining the equivalence class of the coframe. In
particular if the frames 6! and #' are equivalent and T?k is constant in a neighborhood of
x then T;k is constant in a neighborhoog of ®(x). So if the coframe on M has constant
structure functions and the coframe on M has non-constant structure functions, then these
coframes cannot be equivalent.

Example 1.2.59. Let M = R? with coordinates (x, y) and define two cofra}mes o1 = dx,
02 = dy and 6! = dx, 6% = (1 + x?)dy. Then we have d9' = d0> = dd' = 0, d9? =
xdx A dy. From this we can read off the structure functions

1 2
T, =T =0,
- ~ 1
1 2
le = 0, le = ix.
The other structure functions follow by the asymmetry properties. The first frame has con-
stant structure functions. The second frame will have non-constant structure functions in any
coordinate system and therefore both frames are non-equivalent. @

By making a careful analysis of the structure functions of a coframe one can completely
solve the equivalence problem for coframes. Below we will define the concepts necessary to
formulate Theorem [.2.54] and Theorem These theorems are the main theorems we
need in this dissertation.

Definition 1.2.51. We define the coframe derivative 31/367 with respect to a coframe 6/ of

a function / by

Al .
dI = -6/, (1.16)
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If X is the frame dual to 6/, then 81/367 = X ;(I) = dI (X ). Note that the coframe deriva-
tives do not necessarily commute since the coframes are not always derived from coordinate
coframes. o

Definition 1.2.52. Let M be an m-dimensional manifold and 6/, 1 < Jj
M. For a multi-index o = (i, j, k,l1,...,lg) with 1 < i, j,k <m,0
structure invariant 7 as

m a coframe on

<
< s we define the

0T

00l 90L-1 ... 99l "
The integer s is called the order of . S

Te =

(1.17)

The multi-indices o with the properties described in the definition we call the structure
indices. The T, with o of order s form the most general structure invariants of order s
corresponding to the coframe. The structure invariants are invariants for the coframe just
as the structure functions. In order for two coframes to be equivalent we need the structure
invariants to be the same. The converse is also true, with some regularity assumptions on
the coframe: if all the structure invariants are the same, then the corresponding coframes are
equivalent.

There are many relations between the structure functions. The knowledge of all structure
equations T, for which s < § and

j<k, l<h<..<Il<m, (1.18)

is sufficient to determine all structure functions of order at most S. This follows from the fact
that the T}k are anti-symmetric in j, k and the commutation relations [dg;, 0y« ] = —2T;k 0gi -
The collection of structure indices of order s < § that satisfy (T.I8) is denoted by Is. The
number of structure indices in Ig is g;(m) = m>(m — (™).

Definition 1.2.53. Let M be an m-dimensional manifold with coframe 6. The s-th order
classifying space K& of M is the g, (m)-dimensional Euclidean space R9 ™). On the classi-
fying space we introduces coordinates z,, where o is a structure index in ;. The s-th order
structure map is defined as

TW M > K : x> T,(x),0 € Is.
Let ps; denote the rank of the s-th order structure map. S

Let 6 and 6 be two coframes on M and M, respectively. If 7(¢)(x) = T (%), then we
have by definition 75 = T for all structure indices o € I;. Using the commutation relations
between the coframe derivatives we can then prove that 7, = T, for all structure indices o
or order at most s. For example consider the two structure indices o = (i, j, k, 1, 2) and
T = (i, j, k,2,1). Both indices have order 2 but o € I,, while t ¢ I,. However

3°T!
jk 1y2pi 2y 1pi i
T, = YAVE =X'X T;k = XX T;k + [XI,XZ]T;k
=T, — 2T, X T};.
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So the structure function with index t has been expressed in structure functions with indices
in Ip.

The structure map of a coframe almost completely describes the properties of the coframe.
Together with some regularity conditions on the coframe we can prove the main theorem.

Theorem 1.2.54 (Equivalence of coframes). Let 0 and 6 be coframes on n-dimensional
manifolds M and M, respectively. Let Z; = K = R%™ and define

T MxM— Zg x Zg : (x, %) = (TW %), T ®)). (1.19)

In the product Zy x Z; we define the diagonal Ay = {(z,z) € Z; X Zy }.
Assume that for a certain order s the two following conditions are satisfied:

o The map ts has a clean intersection with As. In other words, the two structure maps
T and T have a clean intersection. This implies that Fy = r;] (Ay) is a smooth
submanifold of M x M.

e The manifolds Fy and Fy 1 are equal and non-empty, so there is point f = (x, x) € Fj.
Then there exists a local equivalence ¢ between the two coframes 6 and 6 with ¢ (x) = X.

Proof. Note that T, 7)(M x M) is canonically equivalent to 7, M x T M. We start with the

definition of a distribution }V on M x M. The distribution is spanned by all pairs of vectors
(V,W)in T, M x Ty M such that V and W have the same trivialization. In formula:

Vo = (V. W) € Toozy(M x M) | 6L(V) =6/ (W), 1 < j <n).

Another descr~iption of V is that V is spanned py the vector fields (X, X j)in T(M x M ).
Here X ; and X ; are the dual frames to #/ and 6/, respectively. From the definition it is clear
that ) has rank n.

We claim that at all points (x, X) € Fy the distribution V is contained in T, 1) Fy. Let o
be a structure index of order s or smaller. The condition that Fy = Fs1 together with the
remarks on page[22|on changing the order of coframe derivatives imply that

Ly, T, () = To,j(x) = To,j () = L3, To (D), (1.20)

for all o € I;. But this implies that the vector field (T(y 5 7)(X;, X j) is tangent to the

diagonal Ay in Z;. The condition that 7y has clean intersection with A implies that (X ;, X i)
is contained in the tangent space to Fj.

Since V is contained in T F this defines a rank n distribution on Fy. The commutator of
two vector fields in V is

(X, X)), Xk, Xl = (X, Xel, [X, Xi]) = (Tj, X, Tj Xo). (1.21)

On F; the values of 7 and T are equal and therefore the values of T} ¢ and T]? ¢ are equal
as well. Hence

[(Xj, X)), (Xie, Xl = Tj (Xi, Xi) C V. (1.22)
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This proves that V is integrable. The definition of V also makes clear that V is transversal to
the projections M x M — Mand M x M — M. The integral manifolds V' can be found
using the Frobenius theorem. These integral manifolds are precisely the graphs of (local)
equivalences between 6 and 6. g

Definition 1.2.55. A coframe 6 on M is regular of rank r if for some s > 0 the ranks of T®)
and T+ are equal to r and constant on M. The smallest integer s for which this condition
holds is called the order of the coframe. A coframe is called fully regular if for all orders
s > 0 the structure map 7 is regular. )

If a coframe is regular, then the image of the s-th order structure map is a submanifold of
K®) and we speak of the classifying manifold.

Example 1.2.56.

e The standard coframe 0! = dx, 62 = dy on R? is a fully regular coframe of rank 0
(and therefore of order 0).

e The coframe ' = exp(y)dx, #2 = dy on R? has structure equations
do' = —0' A6?, de* =0.
The coframe is fully regular, has rank 0 and has order 0.

e The coframe ' = dx + exp(x)dy, 6% = dy on R? has structure equations
do!' = exp(x)0' A 6%, do* =0.

The only non-zero structure function of order 0 is J = Tll2 = exp(x). To find the rank
and order of the coframe we calculate the structure invariants of order 1.

aJ aJ
agT = SXP(O), o5 = (exp(x))>.

These structure invariants are functionally dependent on J. The rank of 7(! is 1. The
coframe is fully regular with order 0 and rank 1. @

Definition 1.2.57. A local symmetry of a coframe 6 on a manifold M is a local diffeomor-
phism ¢ : M — M such that ¢*(0/) =0/, j=1,...,m. o

For sufficiently regular coframes the symmetry group is a finite-dimensional local Lie
group.

Theorem 1.2.58 (Symmetry group of coframe). If 0 is a regular coframe of rank r on an
m-dimensional manifold M, then the symmetry group of 0 is a local Lie group of dimension
(m—r).
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Proof. This is Theorem 14.16 in Olver [59]. We give a proof based on Theorem|[I.2.54]above.
We adopt the same notation as in the theorem.

Let 6 be a coframe on M and let 6 be a copy of  on M = M. The condition that the
coframe is regular implies that for some order s the structure map 7' is a regular map with
rank 7. This means the image of 7¢) is a smooth r-dimensional submanifold U of Z;.

Choose a point (x,X) € M x M with x = %. Since both T® and T® have the same
image U we can consider the map n : M x M— U: (x,%) > TOx) — TW(X). The
map 7 is a smooth submersion and hence locally the inverse image F; = n~!(0) is a smooth
codimension r submanifold of M x M. The intersection of 7, with the diagonal is a clean
intersection. This follows from the fact that 7, T (T, M) = T,U = T TG N(T; M).

From the definitions it follows that Fy | C Fj. Since by assumption 7¢+D is a regular
map of order r, also F;1 as a submanifold of dimension 2n —r and hence Fy; = F;1. Hence
all the conditions in Theorem are satisfied. The local equivalences form a group and
correspond to the integral manifolds of the distribution ). Since V is a rank n distribution on
the (2n — r)-dimensional submanifold Fj, the space of integral manifolds is a manifold of
dimension n — r. O

Example 1.2.59. Let 0 be a regular coframe of rank zero on an open subset M of R?. Then
either
do! =do> =0

and the symmetry group is the (local) 2-dimensional translation group of R?, or
do' = ab' A 6%, 9% = Bo' A6?

with (¢, B) # (0, 0) and the symmetry group has Lie algebra isomorphic to aff(1), the affine
group.

For example take ! = dx, 6> = dy + ydx. Then d9! = 0 and d9> = —6' A 62. The
infinitesimal symmetries are spanned by 0, and 0y + exp(—x)dy. @

1.2.11 The method of equivalence

In the previous section we have analyzed the equivalence of coframes. Although we could
(in principle) give a complete solution to the problem, there are many problems that cannot
be formulated as an equivalence problem for coframes. Very often a geometric structure can
be formulated in terms of a coframe and a structure group acting on this frame. If this is the
case, then we can apply the method of equivalence to solve the equivalence problem for the
structure. In this section we present an outline of the main steps in the method. The method
was introduced by Cartan, see [19] for example. The method was given a proper formulation
in Gardner [36]] and Gardner [37].

Geometric formulation

Example 1.2.60 (Equivalence of Riemannian metrics). Let ds” and d5* be Riemannian
metrics on the manifolds M and M respectively. First we note that since ds? and d§? are posi-
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tive definite, symmetric forms, we can introduce local coframes ol . o™

on M and M such that the metrics are given by

ds? = Z(wl’)z, ds? = Z(cbi)2.

i

and@!,..., oM

The local equivalence of two metrics is then equivalent to the existence of a (local) diffeo-
morphism ® : M — M such that

*(@) = g} ()’
for an (m x m)-matrix valued function g that takes values in the orthogonal group O(m). @

Example 1.2.61 (Equivalence of differential equations). Consider a first order ordinary
differential equation defined by

dZ—F( )
e X,2).

On the first order jet bundle of R2 we have coordinates x, v, p and the contact form 6 =
dz — pdx. Let M be the hypersurface in the jet bundle defined by the equation p = F(x, z).
We define the two forms

o' =dz — Fdx, 6% = dx.

The form 6! is the pullback of the contact form 6 on J 1(IR§2). Solutions of the differential
equation are in one-to-one correspondence with integral surfaces of #!'. Since the contact
form 6! can be scaled by arbitrary functions, the structure of our differential equation is
encoded in the coframe 6!, #% with structure group

o (g reero) :

In the two examples above we could describe a geometric structure by specifying a partic-
ular coframe 6 on a manifold M and a structure group G. The structure group is assumed to
be a Lie subgroup of GL(n, R). The coframe and the structure group G together determine a
G-structure on M. The set of all coframes obtained from 6 by multiplication with an element
in G forms a principal G-bundle in the frame bundle FM.

An equivalence of two geometric structures defined by a coframe 6 on M and a coframe 0
on M is an equivalence of the corresponding G-structures B and B. This is a diffeomorphism
¢ : M — M such that

¢*(0) = g, (1.23)

where g is a function valued in the structure group G.
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On B we have the pullback of the soldering form. This pullback is equal to w = g lo.
Every equivalence ¢ : M — M lifts to amap ® : B — B. Then the condition

¢*(6) = g0 (1.24)
is equivalent to

D*(®) = . (1.25)

Action on the invariants

Let B be a G-structure with soldering form w. The structure equations for w can be written
as

do=—-yAo+T(wAw).

These structure equations are very similar to the structure equations for linear Pfaffian sys-
tems. The torsion 7" depends on the structure group and we can normalize some of the torsion
coefficients. If this is possible the structure group reduces to a smaller structure group and
we can write down the reduced structure equations.

The structure group induces an action on the invariants. We can either calculate this ac-
tion directly (the parametric method), or calculate the infinitesimal action using the structure
equations. The calculation of the infinitesimal action using d>w = 0 is called the intrinsic
method (see Olver [39, pp. 358-361], Brockett et al. [[12 pp. 168—170] and Gardner [37]).

Technique of the graph

Let B be a G-structure with structure equations for the soldering form w given by
do=—-y Aw+T(w A w).

We assume the torsion 7 is constant. Then we can solve the equivalence problem using the
Cartan-Kihler theorem. Let B — M be a copy of B — M. Every symmetry of G-structures
¢ M — M lifts to a map ® : B — B that matches the soldering forms on B and B. The
graph of such a symmetry is an integral manifold of B x B for the exterior differential system
generated by 2 = w — @. The graphs of equivalences all satisfy the independence condition
that ! A w?> A ... A" # 0. The assumption of constant torsion implies that

dQQ=—yA0wo—yAd
=—(y—y)Aw mod Q.

This is a linear Pfaffian system with zero torsion. If the system is in involution, then there exist
integral manifolds by the Cartan-Kihler theorem. The involutivity condition only depends on
the structure of the Lie group G. The involutivity can be checked by calculating the Cartan
characters and the dimension of the first prolongation of the Lie algebra of G.
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Prolongation

To apply the Cartan-Kéhler theorem the system needs to be in involution. If the system is
not in involution we can prolong the equivalence problem. For details on this prolongation
(which should not be confused with the prolongation of the exterior differential system itself)
we refer to Olver [59, Chapter 12].

Example 1.2.62 (Conformal geometry). Consider a Riemannian metric on R? given by
ds> = (012 + (6%)>. We want to analyze the possible equivalences of this metric under
conformal transformations. The group CO(2, R) is the group of matrices of the form g = AS
with § € SO(2, R), . # 0. If we use A and ¢ as parameters (¢ is the usual angle of rotation
for SO(2, R)), then the left-invariant and right-invariant Maurer-Cartan forms are equal and
are given by

(D —de
“L=0aRr= ( do dk/k)'

The structure equations for the lifted coframe w = g"@ on B = R? x CO(2, R) become

dwz—(% _aﬂ>Aa),

for certain one-forms «, 8. All torsion has been absorbed by a suitable choice of «, 8, but
there are still two group parameters. The Cartan characters are s1 = 2 and s = 0 and the
dimension of the first Lie algebra prolongation is 2 (see Example [I.2.44). Therefore Cartan’s
test is satisfied and the system is in involution. We conclude that in the analytic setting all
metrics on R? are conformally equivalent. The symmetry group of a given conformal metric
depends on two functions of one variable. %)

Example 1.2.63 (Conservation of flow lines). A coframe 6 = (6!, 6%) determines a frame
on R? and this determines two vector fields (up to scalar multiples) on R2. The flow lines of
these vector fields give a double foliation of RZ. We want to know whether for every pair of
foliations there exists a diffeomorphism mapping one foliation into the other.

Our problem is encoded by our coframe and the group G = GL(1, R) xGL(1, R). Indeed,
the foliation is determined by the span (over C°°(IR)) of the vector fields determined by the
coframe and the group G leaves these invariant. We parameterize the group by matrices
diag(a, b), ab # 0. A basis for the left-invariant forms is « = a~'da, 8 = b~'db, the
structure equations for the lifted coframe after absorption of torsion are

da):—(g 2)/\60.

At first sight it might appear that s1 = so = 1, but by taking different coordinates we see that
s1 = 2 and s = 0. The dimension of the first Lie algebra prolongation is 2, Cartan’s test
is satisfied and all analytic double foliations are locally equivalent under analytic diffeomor-
phisms of the plane.
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Figure 1.3: Construction of canonical coordinates for flow lines

This conclusion is also true in the C®° setting. At a special point x, y we can parameterize
the curves Cy and C, passing through this point with parameters s and ¢, respectively. Then
we map the point (s, ¢) to the intersection of the flow curve that intersects Cq at s and the
flow curve that intersects C, at ¢. See Figure This defines a local diffeomorphism that
maps the flow lines to the standard flow lines defined by the coframe dx, dy. @

1.3 Contact transformations

A contact structure on a manifold of dimension (2n+-1) is given by the kernel of a maximally
non-degenerate 1-form «. The condition that & is maximally non-degenerate is

(do)" Aa #0.

A maximally non-degenerate 1-form is called a contact form. All contact structures are lo-
cally equivalent. This follows from the proposition below which is a consequence of Theo-

rem

Proposition 1.3.1. Let « be a contact form. Then there are local coordinates z, x', ..., x",

pl, ..., p" such that

n
o =dz — Z p jdxj .
j=1
The integral manifolds of maximal dimension of a contact structure C are integral manifolds

of dimension n. These maximal integral manifolds are called Legendre submanifolds of C,
see Arnol'd et al. [6, pp. 312-316].
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Example 1.3.2 (First order contact manifold). Let Z be a manifold of dimension n + 1.
Let P be the Grassmannian of n-planes in 7Z. Let w be the projection P — Z. The points
in P are denoted as pairs p = (z, E) withz € Z and E € Gr,(7;Z). On P we define a
contact structure C by

Cp = (Tpm) ' (E).

The pair (P, C) is called the first order contact manifold of the base manifold Z. If Z =
R2 x IR, then the first order jet bundle J (Rz, R) is an open subset of P. The contact structures
onlJ (]Riz, R) and P are identical. @

Let (P, C) be a contact manifold of dimension 2n + 1. A Legendre fibration (6} p. 313] is
a projection m : P — Z to a manifold Z of dimension n + 1 such that 7 is a submersion
and the fibers of P — Z are Legendre submanifolds of P. The manifold Z is called the base
manifold of the fibration. The first order contact manifold of a manifold of dimension n 4 1
defines a Legendre fibration. Locally every Legendre fibration to a manifold of dimension
n + 1 is equivalent to the first order contact manifold of R”*!. This is proved in Duistermaat
[24, Proposition 2.12].

1.3.1 Parameterization of infinitesimal contact transformations

Let P be a manifold of dimension 2n + 1 with a contact form « and dual plane field C. A
contact transformation is a diffeomorphism that preserves the contact structure. This implies
that if « is a contact form for the contact structure, then any contact transformation ¢ satis-
fies ¢*a = 0 mod «a. An infinitesimal contact transformation is a vector field X such that
[X,Y] Cc Cforall Y C C. Interms of the contact form « the vector field X is an infinitesimal
contact transformation if Lyo = go for an arbitrary function g. The (infinitesimal) con-
tact transformations are also called (infinitesimal) symmetries of the contact structure. The
1-parameter subgroup of transformations defined by integration of an infinitesimal contact
transformation defines a 1-parameter subgroup of contact transformations.

We will show that the infinitesimal contact transformations of a contact manifold of di-
mension 2n + 1 can be parameterized using one function of 2n + 1 variables. The idea for
the construction below is from Kobayashi [46} Section 1.7].

The quotient 7 P /C is a canonical line bundle over P. Since at all points x € P we have
a(Cyx) = 0 the contact form can be seen as a 1-form on 7 P /C. There is a unique section s of
T P/C such that a(s) = 1. Now we can define

@=saec(TP/C)®Q (P)

as a 1-form on P with values in 7 P/C. The form & is independent of the choice of repre-
sentative . The line bundle T P/C — P with the form & also encodes the contact structure
since ker &, = C,.

The form & defines a map from the vector fields on P to sections of 7 P/C by X +— a(X).
We claim that this map is an isomorphism from the infinitesimal automorphisms of the contact
structure to the sections of the line bundle 7 P /C.
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Proof. Let X be an infinitesimal symmetry for which @(X) = 0. Then X must be contained
in C. Since X is a symmetry we must have [X, Y] C C for all Y C C. But the Lie brackets
modulo C are non-degenerate, hence X = 0. This proves the map is injective.

To prove that the map is surjective we let /2 be a section of 7 P /C. We take a representative
a of the contact structure and define S to be the unique vector field satisfying

a(S) =1, Soda=0.

By multiplying S with a suitable function ¢ we can arrange that ¢(¢S) = h. We want to
construct an infinitesimal automorphism X such that &(X) = h. We decompose X as ¢S+7Y,
with ¥ C C. The condition that X is an infinitesimal symmetry is [X, Z] =0 mod C for all
Z € C. Hence

Y, Z]l= Z(¢)S mod C.

Since the Lie brackets are non-degenerate there is a unique element ¥ C C such that Z +—
[Y, Z] mod C is equal to the linear map C — TM/C : Z — Z(¢)S. O

This implies there is a one-to-one correspondence between the infinitesimal contact symme-
tries and the sections of the canonical bundle T P/C. After a local trivialization of T P/C
these sections are given by a single function of 2n + 1 variables.

Example 1.3.3. Consider the contact structure on P =J 1 (R?) = R3. We use coordinates x,
z, p for P. The contact form is given by &« = dz — pdx. The dual contact distribution C is
generated by 0y + pd; and d,,. We take S = 9, as a representative element for the section s
of TP/C. Note that «(S) = 1 and S ~do = 0. From the general theory above we know that
for every section ¢S of T M /C there is a unique infinitesimal symmetry X = ¢S + Y of C
such that @(X) = ¢S. The vector field Y satisfies (dx Adp) (Y, Z)+¢(Z) =O0forall Z € C.
Using a basis for C we can calculate the vector field Y. We find that

X = ¢0; — ¢p(3x + po;) + (¢ + p¢z)ap-

The function ¢ is an arbitrary function of x, z and p.

Take for example ¢ = —p. Then we find X = 9, and this integrates to the contact
transformation (x, z, p) — (x + €, z, p). If we take ¢ = —(1/2)(172 + x2), then we find the
infinitesimal symmetry X = pd, — x9), + (1/2)( p? — x?)d,, which generates the Legendre
transformation (x, z, p) — (—p, 7z — xp, Xx). (%)

1.3.2 Reeb vector fields and strict contact transformations

In some of the literature a contact structure is given by a contact form « on a manifold of
dimension 2n + 1. The difference with our definition is that our contact structure is defined as
the kernel of a contact form and contact forms which are proportional correspond to the same
contact structure. We will distinguish these contact structures from our contact structures
by calling them strict contact structures. From Proposition it follows that all strict
contact structures on R> are locally equivalent. The symmetries of a strict contact structure
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on R? depend on one function of two variables. This can be proved using the Cartan-Kihler
theorem.
Given a contact form « there is a unique vector field R such that

a(R)=1, R_da=0. (1.26)

This vector field is called the Reeb vector field for the contact form «.
For every Reeb vector field R we have

Lra = R -da + d(@(R)) =0 +d(1) = 0.

Hence R is an infinitesimal symmetry of the contact form « and hence an infinitesimal contact
symmetry of the contact structure C. Conversely, let R be an infinitesimal contact symmetry
of the contact structure defined by « that is pointwise not contained in C. Then we can scale
the contact form by a non-zero function such that «(R) = 1. Since R is an infinitesimal
contact symmetry we have Lro = fo for a non-zero function f. On the other hand we have
Lroe = Rodo = 0 and hence R ~da = fo. By taking the interior product with R we find
f =0. So R is an infinitesimal symmetry of « and an infinitesimal contact symmetry.

Example 1.3.4. For a contact structure on RS we can always introduce coordinates x, y, z,
P, q such that the contact form is given by @ = ¢(dz — pdx — gdy), with ¢ a function of the
coordinates x, y, z, p, g. The Reeb vector field is then given by

R = ¢72((¢ + p¢p + q¢q)az + ¢pax + ¢q8y + (¢x + p¢z)ap + (¢y + q¢z)8q)~ %)

1.3.3 Contact transformations and point transformations

Let P be the projectivized cotangent bundle of Z. We assume that Z has dimension n + 1.
We say that the bundle P — Z is the first order contact manifold of Z, since the elements
of P represent the first order contact of n-dimensional submanifolds of Z. The points in
P consist of pairs (z, E) where z € Z and E is an n-dimensional linear subspace of 7;Z.
Every transformation ¢ : Z — Z lifts to a tansformation ® on P that preserves the contact
structure. The lift @ is definedas ® : P — P : (z, E) — (¢(2), T;¢E) and is called the
prolongation of ¢.

We consider infinitesimal contact transformations of P and are interested in those trans-
formations that are not prolonged base transformations. Not all contact transformations are
point transformations in local coordinates. For example consider the base manifold Z with
coordinates x, y, z and the first order contact bundle P of Z with coordinates x, y, z, p, q.
The point (x, y, z, p, g) corresponds to the linear subspace of T(,,y,;)Z spanned by the vec-
tors dy + pd; and d,4¢0,. The Legendre transformationX = p, y = ¢q,7 = z—px—qy, p =
—Xx,q = —Y is not a point transformation. On the other hand the infinitesimal contact trans-
formation defined by the vector field ad,, + b, for constants a, b is also not a point transfor-
mation, but after applying the Legendre transformation the vector field becomes ad; + bdy
which is the prolongation of an infinitesimal base transformation. We want to know which
infinitesimal contact transformations are point transformations for a suitable choice of base
coordinates.
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Theorem 1.3.5. Let (P, C) be a contact manifold with infinitesimal contact transformation
V. If Vp # 0O, then in a neighborhood of p € P there exists a projection to a base manifold
Z such that V is the prolongation of an infinitesimal base transformation in Z.

Proof. The case n = 0 is trivial, so we may assume n > 0. At the point p choose a hy-
persurface H in P such that the tangent space of H at p is generic with respect to both C
and V. The contact distribution C restricts on H to a codimension one bundle ¢ = TH N C.
Since the distribution C has rank 21 — 1, corank 1 and is as non-degenerate as possible (this
follows from the maximal non-degeneracy of C), it has 1-dimensional Cauchy characteris-
tics. Locally, the quotient of H under C(é) is an (2n — 1)-dimensional contact manifold. In
this contact manifold we can choose a foliation by integral curves. The integral curves lift
to integral surfaces of the distribution C in H. This lifting is done by taking the flow of the
integral curves by the Cauchy characteristics.

We have a hypersurface H that is foliated by integral surfaces. These integral surfaces
are contained in C and hence they define Legendre submanifolds for C. The vector field V
was transversal to T H at p. Hence we can take the flow of H by V. This defines a local
foliation of P by Legendre manifolds. The quotient of P by these Legendre manifolds is
locally well-defined and defines a projection 7 : P — Z. It is not difficult to check that Z is
a base manifold for the contact manifold P. The vector field V preserves (by definition) the
fibers of this projection and hence V projects to a vector field on Z. a

Corollary 1.3.6. Any infinitesimal first order contact transformation V without a fixed point
can be written in local coordinates as 0.

For infinitesimal contact transformations with fixed points, the construction above fails.
In general for these contact transformations there need not exist a choice of coordinates such
that the transformation is a prolonged base transformation. The author is not aware of any
general theory here (such as obstructions to the existence of such coordinates in terms of the
eigenvalues of the vector field), but we can give a counterexample to the previous theorem in
the case of fixed points.

Example 1.3.7 (Legendre vector field). Consider the first order contact manifold of R? with
coordinates x, z, p and contact form &« = dz — pdx. We define the Legendre vector field V
as

V = pdy —xd, + (1/2)(p* — xH)a,.
Since Ly () = 0 this vector field generates a 1-parameter family of contact transformations.
Explicit integration yields
x(t) = xpcos(t) + yo sin(?),
p(1) = yocos(t) — xo sin(r),
z(t) = zo + (1/2)x0yo cos(2t) — (1/4)xg sin(2t) + (1/4)y(2) sin(2t).

For t = 7/2 we find the Legendre transformation X = p,Z = z — px, p = —x. Every
foliation that is invariant under the flow of V must have the z-axis as an element of the
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foliation. But the z-axis does not define a Legendre manifold since o does not restrict to zero.
Therefore for any choice of base coordinates, i.e., a choice of foliation of the contact manifold
by Legendre manifolds, the vector field V will not preserve the leaves of the foliation through
the z-axis. We conclude that V cannot be an infinitesimal point transformation. @



Chapter 2

Surfaces in the Grassmannian

In this chapter we study hyperbolic surfaces in the Grassmannian of 2-planes in a 4-dimen-
sional vector space V. This type of surface occurs naturally in the study of partial differential
equations. See the beginning of Section[2.3|for the relation between these surfaces and partial
differential equations. The elliptic surfaces have already been described by McKay [S1} 152]
using complex numbers.

For hyperbolic surfaces we will define the equivalent of complex numbers: the hyperbolic
numbers. The hyperbolic numbers form an algebra with properties very similar to the com-
plex numbers and provide a convenient way to organize the calculations. For the compact
hyperbolic surfaces we obtain a topological classification, like the classification for compact
elliptic surfaces described in Gluck and Warner [39]. A compact hyperbolic surface is ei-
ther a torus or a Klein bottle. We also study a special class of hyperbolic surfaces called
the geometrically flat surfaces. We show that, even though the condition for a surface to
be geometrically flat is quite rigid, there exist several different classes of geometrically flat
surfaces.

We conclude the study by giving a calculation of the local invariants of hyperbolic sur-
faces under the action of the general linear transformations of the vector space V. Because
the group acting is finite-dimensional, we can give a complete description of the invariants at
all orders. We also give a geometric construction of the invariants similar to the construction
given in McKay [51} pp. 25-30]. This geometric construction of the invariants will be used
in Section[5.3|to make a connection to the invariants of first order systems.

2.1 Grassmannians

Let V be an n-dimensional vector space. The Grassmannian Gry (V) is defined as the set of all
k-dimensional linear subspaces of V. The k-dimensional linear subspaces of V are also called
k-planes in V. The group GL(V) acts transitively on V and this induces a transitive action
on Gry (V). The stabilizer group of a k-plane L is the group H = {g € GL(V) | g(L) = L }.
The Grassmannian is a homogeneous space G/H of dimension k(n — k).



36 Surfaces in the Grassmannian

Given an element L € Gri(V) we can introduce local coordinates for Gry (V) in the
following way. Select a complementary subspace M such that L& M = V. Let Grg( V,M)
be the open subset of Gry (V) of k-planes that have zero intersection with M.

Lemma 2.1.1. The space Lin(L, M) is diffeomorphic to Grg(V, M) through the map
AeLlin(L,M)— {x+Ax |x e L} € Grp(V).

The diffeomorphisms described in the previous lemma for different k-planes L, M pro-
vide coordinate charts for Gry (V). The coordinate transformations between these charts are
rational maps.

Sometimes we are interested in the oriented k-planes. The stabilizer group H of the
oriented k-planes is smaller than the stabilizer group H of the unoriented k-planes. The
manifold Gri (V) of oriented k-planes is equal to the quotient G/ H. Locally Grx (V) and
Grk(V) are diffeomorphic. The space of oriented k-planes is a 2-fold cover of the space of
unoriented k-planes.

In the case of 2-planes in V = R* there is another view of the Grassmannian. Every
2-plane can be represented by 2 linearly independent vectors v, w. Such a pair defines an
element v A w of A%(V). Since A*(V) = R the map

LA (V) > A (V) ix > x Ax

can be viewed as a homogeneous polynomial of degree 2. The elements v A w that represent a
2-plane all satisfy A(v Aw) = vAwAvAw = 0. Conversely, if an element x € AZ(V)\{0}
satisfies A(x) = O, then it can be written as x = v A w for two linearly independent vectors
v,weV.

Lemma 2.1.2. The Grassmannian of 2-planes in a 4-dimensional vector space V is isomor-
phic to

N={xeA*(V)|x#0,Arx)=xAx=0}/R* C P(A%(V)).

Let N = {x e A2(V) | x 20, x Ax =0}. So the non-zero elements of N modulo a
scalar represent 2-planes. For a point x € N the tangent space x + 7y N to N at x is a linear
subspace of A?V. The zero set of A defines a smooth quadratic hypersurface in P(A2(V)).
The description of the Grassmannian as a smooth quadratic in IP3 is due to Pliicker [60]. The
oriented Grassmannian is isomorphic to the quadratic defined by A in A%(V)/R¥.

2.1.1 Conformal quadratic form

Lemma 2.1.3. Let P be a k-plane in Gry(R"). Then Tp Gri(R") is canonically isomorphic
to Lin(P, R"/P).

Proof. We introduce local coordinates near P by choosing a complementary (n — k)-plane
Q. The linear maps Lin(P, Q) are isomorphic with a neighborhood of P in Gry (R"). Since
O was chosen transversal to P, there is a natural isomorphism from Q to R”/P. The tangent
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space of Lin(P, Q) is just Lin(P, Q) and hence we find an identification of Tp Gry (R") with
Lin(P, R"/P), depending on a choice of a transversal plane Q.

We will show that the identification of Tp Gry (R") with Lin(P, R"/P) does not depend
on the choice of a transversal plane Q. Let Q' be another transversal plane. Then Q is of
the form {x + Bx | x € Q} for a linear map B : Q — P. This also gives the identification
of Q, Q' and R"/P. A tangent vector at P is represented by a curve X (¢) in Lin(P, Q) with
X (0) = 0. The elements on the curve are k-planes defined by {z + X (¢#)z | z € P }. We can
rewrite the curve as

1+ X(M)z=U—-BX(1)z+ (X(1)+BX(1))z. 2.1

Note that for small # the map I — BX(¢) is a linear isomorphism P — P. For X (¢) near
zero we can make a different parameterization with (I — BX (¢))z = y. Then the curve is
represented by a map P — Q' given by

(X(1)+BX(®)I — BX(r))~".

The curve in the Grassmannian is given by y + (X (t) + BX (t))(I — BX (t))~'y. Differenti-
ating the both representations gives X’ (¢) for the first representation and X’(r) + BX'(¢) for
the representation (2.1). But as representative elements for Lin(P, R"/P) the forms X'(r)
and X'(¢t) + BX'(¢) are equal, since BX'(t) € P. O

On the tangent space of the Grassmannian of 2-planes in R* there is a conformally in-
variant quadratic form. In the case that n = 4 and k = 2, we can identify Lin(P, R*/P)
after a choice of basis in P and R*/ P with the space of 2 x 2-matrices. The determinant of
a 2 x 2-matrix defines a quadratic form of signature (2, 2). This gives a quadratic form on
the tangent space of Gra(R*) that depends on the choice of basis. Modulo a scalar factor this
quadratic form is well-defined and hence we have an invariant conformal quadratic form &
on the tangent space. For other introductions to this conformal quadratic form see Akivis and
Goldberg [1} pp. 19-23] or McKay [S1,, pp. 19-20].

Remark 2.1.4. Another way to define the conformal quadratic form is to use the representa-
tion of the Grassmannian as N C P(A%(V)). The conformal quadratic form A : pt = @ A
defining N is trivial on N, but since N is a not a linear space this map is not trivial on the
tangent space. Write u () = uo+ta+ O(t?) for a curve in N. Then the conformal quadratic
form on the tangent space is given by & : [t — [t A fi.

We should warn the reader not the confuse the two forms: X is a conformal quadratic form
on P(A%(V)) that defines the Grassmannian, £ is a conformal quadratic form on the tangent
space of the Grassmannian. %)

The group PGL(4, R) acts on PV and this induces a transformation of Gry(V). The
conformal isometries induced from the action of P GL(V) are given in local coordinates by

A (c+dA)(a+bA)" (2.2)

These transformations are also called Mobius transformations. In the local coordinates given
by 2 x 2-matrices A for the Grassmannian, the conformal quadratic form on the tangent
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space is given by A — det(A). From the form in local coordinates we see that the conformal
structure on the Grassmannian is equivalent to the flat conformal structure on R*.

Lemma 2.1.5. The conformal isometry group of Gra(V) is equal to P GL(4, R). The group
PGLT4,R) of orientation preserving projective linear transformations is the conformal
isometry group of Gra(V).

Proof. Every element of P GL(4, R) induces a transformation of the form (2.2). These trans-
formations are conformal and the action of A € GL(4, R) is non-trivial on the Grassmannian
if and only if A € R/. In Section we proof that every conformal transformation can be
obtained from P GL(4, R). O

A 2-dimensional linear subspace of the tangent space T Gra(R*) will be called a tangent
2-plane or just a tangent plane. For every tangent 2-plane E the conformal quadratic form on
Gr(R%) restricts to a conformal quadratic form on E.

Definition 2.1.6. A tangent 2-plane in T’ Gry(RY) is called elliptic if the conformal quadratic
form restricts to a positive or negative definite non-degenerate quadratic form. A tangent
2-plane in T Gra(R*) is called hyperbolic if the conformal quadratic form restricts to a non-
degenerate quadratic form of signature (1, 1). )

A quadratic form £ on a vector space W is equivalent to a symmetric bilinear form on W.
Any conformal quadratic form defines an isotropic cone C = {w € W C | &(w) =0}. If
W is 2-dimensional and the conformal quadratic form is non-degenerate, then the isotropic
cone consists of two distinct complex one-dimensional linear subspaces which are called
the characteristic lines of the conformal quadratic form. If the conformal quadratic form is
definite, then the intersection of the isotropic cone with W consists of the origin. If the form
is indefinite, then the intersection of the isotropic cone with W consists of two 1-dimensional
lines in W. We call these lines the characteristic lines as well.

Theorem 2.1.7. The general linear group GL(4, R) acts transitively on the Grassmannian
of 2-planes. At each point in the Grassmannian the stabilizer subgroup of that point acts
transitively on the elliptic tangent planes and also transitively on the hyperbolic tangent
planes.

Proof. Since the Grassmannian was realized as a homogeneous space it is clear that GL(4, R)
acts transitively. The action of the stabilizer group is analyzed in Appendix The orbits
of the elliptic and hyperbolic 2-planes are the only two open orbits in the tangent space to the
Grassmannian. (]

2.1.2 Pliicker coordinates

We have described the Grassmannian Gry (V') as the space of elements ¢ in AZ(V) that satisfy
g N g = 0 modulo a scalar factor. In this section we will use the eigenspaces of the Hodge
* operator to further explain the structure of the Grassmannian Gr(V) and the conformal
quadratic form &.
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Let ey, ez, €3, e4 form a basis for V. With respect to the volume form 2 = e; Aex Ae3 Aey
we have the Hodge star operator  : A%2(V) > A%(V). The operator depends on the choice
of basis and the choice of the volume form €2, but since the Grassmannian is defined as a
subspace of the projective space PA2(V) the choice of volume form is not essential.

We define

ap = (1/2)(e1 Next+ez Aes), Bir=(1/2)(e1 Nex —e3 Aey),
ar = (1/2)(e1 Nes —ex ANea), Bo=(1/2)(e1 Ne3+ex Aey), (2.3)
az = (1/2)(e1 Nes+ex ne3). B3 =(1/2)(e1 Nes —ex Ne3).

The forms o;, B; satisfy
Ol,'/\,Bj:O, Oli/\(XjZ(SijQ, ﬂi/\ﬁjZ—(SijQ.

The eigenspaces of the Hodge operator are E, = (a/), E_ = (B/) corresponding to the
eigenvalues 1 and -1 of %, respectively. We can decompose any 7 € A%(V) in terms of these
eigenspaces. Write n = X'a; + Y/ j. The coefficients X', Y/ can be used to parameter-
ize the Grassmannian and are called Pliicker coordinates. The name Pliicker coordinates is
misleading because the coefficients do not define real coordinates for Grp (V). A pair (X, Y)
only defines an element of the Grassmannian if the Pliicker form A is zero and two elements
that are a scalar multiple of each other define the same element in the Grassmannian.
The conformal quadratic form A acts on 7 as

A =nAan=X'oa+YIB)AX a+YB)
=X Xy naj + Y YIB AR =|X]P— |V,

Lemma 2.1.8. Let ST and S~ be two copies of the 2-sphere S* C R>. Then the map
ST x ST — A2(V)/RT (X, Y) > X'a; +Y/B;
defines a diffeomorphism from ST x S~ to the oriented Grassmannian.

This result is from Gluck and Warner [39]]. Since (X,Y) € ST x S~ satisfies | X |2 =
|Y|?> = 1, the image of this map is contained in N. Is is not difficult to see that the map
defines an isomorphism from ST x S~ to N.

2.1.3 Incidence relations

Let V be a vector space of dimension n and let Lo be a point in Gri (V). We define ¥, =
{L € Gr(V) | LN Lo # 0}. Locally we can describe the set X, as the subset of (n —k) x k
matrices which have non-trivial kernel. If we choose a transversal (n — k)-plane M and
use the local coordinates from Lemma then X;, N Grg(V, M) ={A € Lin(Lo, M) |
ker A # 0}. If n = 2k, then X is determined by the k x k-matrices with determinant zero.
This is a hypersurface in the Grassmannian with a conical singularity at the zero matrix.
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We consider the special case n = 2k = 4. Here we have only a singularity at L itself.
Consider the map

Yo \{Lo} — Gri(Lg): L~ LN Ly.

The map is surjective and the fiber above a point / € PY(Lg) is equalto I} = {L € Grp(V) |
I C L, L # Ly} The set I; is equal to Grp(V/[) minus the point Lg, so this is a plane R2.

2.2 Hyperbolic theory
2.2.1 Hyperbolic numbers

Hyperbolic numbers are closely related to complex numbers. In the next chapters we will use
them to write structure equations in a compact way and to organize the calculations.

Definition 2.2.1. On R? we define a multiplication by

() 6)-)
X2 » xy2)’ '

The set R? with this multiplication is an algebra I over R, which we call the hyperbolic
numbers. Multiplication of a hyperbolic number with a scalar is given by

IRix]ID—)]D:(A, (xl))H(m). o
b %) AX)

A hyperbolic number x for which x; = x» is called real hyperbolic. A hyperbolic number
for which x| = —x» is called imaginary hyperbolic, or imaginary for short. We write /1 for
the special number (1, —1)7. We can then write every hyperbolic number x as x = a + h - b,
with a, b € R. The number % has the property h> = 1 € .

The algebra D is isomorphic to the ring R[ X ]/(X 2_1)of polynomials in the variable X
modulo the ideal generated by X% — 1. The map a +hb — a+bX is an algebra isomorphism.
The complex numbers are isomorphic to R[X]/(X? 4 1). This shows that there is close
relation between I and the complex numbers. The algebra D is also known as the split-
complex numbers, double numbers or countercomplex numbers. See Wikipedia [[74] for a
complete list with references.

Definition 2.2.2. Let x = (x1, x2)7 bea hyperbolic number. The flip of x is defined as

xF = <x2>. o
X1

The flip operation is the equivalent of the conjugation on complex numbers. Note that
for all hyperbolic numbers (a + hb)¥ = a — hb and (x¥)F = x, so the flip operation is
indeed very similar to the conjugation of complex numbers. The ring of hyperbolic numbers
has zero divisors. For example (1 +A)(1 — k) = 1 — h? = 0. We will write D* for the group
of invertible hyperbolic numbers. We define the square of the norm of a hyperbolic number
by |x|?> = xx". The element |x|? is real hyperbolic, so we can treat it as a real number. The
value of |x|? can be negative, so using the name norm for |a| can be a bit misleading.
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Matrix representation of hyperbolic numbers

In the following it is useful to have several different representations of hyperbolic numbers.
The first one is the representation as elements of R?. In this section we will represent the
hyperbolic numbers as a suitable subgroup of the algebra of 2 x 2-matrices.

We write D for the space of 2 x 2-diagonal matrices. Note that D is a commutative
algebra. With a hyperbolic number x, i.e., a pair of variables x1, x, we can associate a
diagonal 2 x 2-matrix x = (x1, x2). This defines an isomorphism

x! xl 0
DQD(%)H(O x2)~

On D we have an involution which maps x to the diagonal matrix x = (x, x1). The
involution is an algebra homomorphism, i.e., for all x, y € D we have (x + y)¥ = x¥ + yF
and (xy)F = x¥yF . Define L to be the matrix

0 1
L= (1 0). 25)

Then the flip operation can also be written in terms of matrix multiplication x* = LxL~!.

Functions

The usual operations from algebra and differential geometry can be applied to D-valued func-
tions and differential forms on a manifold M. For example the exterior differential operator
d can be applied to a 1-form o = (o', )T e DR QM) as

1
do = (g&) e Do Q2(M).

The precise meaning of constructions with elements from D will usually be clear from the
context. If we have a hyperbolic variable z and a function w of z that takes values in D,
then we define dw/dz" = (dw'/8z%, dw?/9z")T. We say the function w is hyperbolic
holomorphic if dw/9zF = 0.

2.2.2 Hyperbolic structures

A hyperbolic structure is the analogue of an almost complex structure, see Chern et al. [20]
Chapter 7] or Kobayashi and Nomizu [48 Chapter IX]. Some authors also use the term
(almost) product structure.

Definition 2.2.3 (Hyperbolic structure). Let V be a 2n-dimensional real vector space. A
hyperbolic structure on V is an endomorphism K : V — V such that K> = I and the
eigenvalues £1 of K both occur with geometric multiplicity 7. )

The condition that K> = I implies that the eigenspaces V4. of K for the eigenvalues +1
span V. Hence the algebraic multiplicity will always equal the geometric multiplicity.
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Definition 2.2.4 (Alternative definition of hyperbolic structure). Let V be a 2n-dimensio-
nal vector space. A hyperbolic structure on V is a direct sum decomposition V = V. @ V_
into a positive and negative part with dim V, = dim V_ = n.

Proof. Given a direct sum decomposition of V we can define an endomorphism K : V — V
by requiring K to be the identity on V. and minus the identity on V_. It is easy to check
that K defines a hyperbolic structure. Conversely, given a hyperbolic structure on V we can
define V3 to be the eigenspace corresponding to the eigenvalue £1. ]

If V is a vector space with hyperbolic structure K, then we can multiply the vectors in V
by hyperbolic numbers. For x = a 4 hb a hyperbolic number and ¥ € V we define the scalar
multiplication by

DxV—->V:x,Y)— aY + bKY.

This turns V into a module over ID.

For a vector X we denote by X 4+ X_ the decomposition of X into eigenvectors for the
hyperbolic structure. We say a vector is generic with respect to the hyperbolic structure if
X+ # 0and X_ # 0. Another equivalent definition of a generic vector is that the vectors X
and K X are linearly independent in V.

Example 2.2.5 (Involutions). Let V = R* and consider the following three linear maps

100 0 110 0
010 0 01 0 0
Ki=loo1 o|l"®=loo0 -1 ol
000 —1 00 0 -1
10 0 0
01 0 0
Bs=10 0 -1 o
00 0 -1

All maps K1, K7, K3 have eigenvalues %1, but only K3 defines a hyperbolic structure. The
matrix K1 does not have the proper multiplicities for the eigenvalues and K5 has a nilpotent
part so that (K»)? # I. %)

Example 2.2.6 (Standard hyperbolic structure). Let V = R?". The standard hyperbolic
structure on V is given by the diagonal matrix K with entries K;; = (=D!*L, The standard
hyperbolic structure on R? is given by

1 0
K():(O —l>' %)
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Remark 2.2.7. A hyperbolic structure on an even dimensional vector space does not deter-
mine an orientation. This is in contrast with a complex structure that does determine an
orientation. Consider for example the standard hyperbolic structure on R* given by

1 0 0 0
0 -1 0 0
Ko=1o 0o 1 o
0 0 0 —1

The linear map given by the diagonal matrix A = (1, —1, 1, 1) preserves the hyperbolic
structure, i.e., AK = K A, but is orientation reversing. %)

2.2.3 Almost product manifolds

An almost product structure K on a manifold M is a hyperbolic structure on the tangent
space at every point of the manifold. The pair (M, K) is called an almost product manifold
or hyperbolic manifold. For all points x in M the almost product structure K gives T,y M
the structure of a D-module. Given an almost product manifold M with hyperbolic structure
K : TM — TM we can define the hyperbolic Nijenhuis tensor.

Definition 2.2.8. Let (M, K) be an almost product structure. The map

N=[K,K]: TM xy TM - TM
(X,Y)~ [KX,KY]— K[KX, Y] (2.6)
— K[X,KY]+ K?[X,Y]. ©

is a tensor. We call this tensor the (hyperbolic) Nijenhuis tensor.

The Nijenhuis tensor is defined for general endomorphisms K : TM — TM. See
Kobayashi and Nomizu [48] p. 123]. The cases K> = 1 and K> = —1 are the most interest-
ing.

Just like the Nijenhuis tensor for almost complex structures, the hyperbolic Nijenhuis
tensor is anti-symmetric. It also is hyperbolic anti-linear in both variables, i.e., for X, Y €
TM and a, b € D we have

N@X,bY) =a"b*N(X, V).

The vanishing of the Nijenhuis tensor in the hyperbolic case is equivalent to a (local)
direct product structure of the bundle, in the smooth category. Suppose that the hyperbolic
structure on a manifold M is givenby K : TM — T M. Since K is a hyperbolic structure
we know that K% = I and the multiplicity of the eigenvalues +1 and —1 is the same.

Let the distribution F be given by all vectors of the form X 4+ K X and the distribution G
by the vectors of the form ¥ + KY. So F corresponds to the eigenspace of K for eigenvalue
1 and G to the eigenspace of K for eigenvalue —1. Then the algebraic properties of K imply
that 7 and G are smooth vector subbundles of constant rank. We prove that F is integrable.
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Let X’ = (X+ KX) C Fand Y = (Y + KY) C F be two arbitrary vector fields in the
bundle F. The Lie bracket of X and Y is given by

Z=[X+KX, Y+ KY]=[X,Y]+[X,KY]+[KX,Y]+[KX,KY].
The condition that Z C F is given by

0=Z—KZ=I[X,Y]+[X,KY]+[KX,Y]+[KX,KY]
—K(X,Y]+[X,KY]+[KX,Y]+[KX,KY])
—[KX,KY] - K[X,KY]— K[KX,Y]+[X, Y]
—K(KX,KY]—K[X,KY]— K[KX,Y]+[X, Y]
= N(X,Y).

The vanishing of the Nijenhuis tensor is equivalent to both F and G being integrable. If both
F and G are integrable, then this defines a decomposition of M into a direct product manifold
with F and G equal to the tangent spaces of the components. If an almost product manifold
has vanishing Nijenhuis tensor we say the structure is integrable and the manifold is a direct
product manifold.

Example 2.2.9 (Surfaces with an almost product structure). Consider a manifold of
dimension two with an almost product structure. The almost product structure defines two
rank one distributions on the surface. The integral curves of these distributions are called the
characteristic curves for the surface. Since the Nijenhuis tensor is anti-symmetric it must
vanish and hence the surface is (locally) a direct product manifold. The tangent spaces of the
components are the eigenspaces of the almost product structure K. The tangent spaces are
also equal to the distributions mentioned above. Just as complex surfaces, the surfaces with an
almost product structure have no local invariants. Locally all these surfaces are equivalent.@

Let M be an almost product manifold with hyperbolic structure K : TM — T M. Recall
that 4 € D is the hyperbolic number (1, —1)7. A hyperbolic holomorphic function on M is
a D-valued function f on M that satisfies & o (df) = (df) o K. A surface in M is called
a hyperbolic pseudoholomorphic curve if the tangent space to the surface is K -invariant and
the eigenspaces of K have non-zero intersection with the tangent space to the surface. The
notions of a hyperbolic holomorphic function and a hyperbolic pseudoholomorphic curve are
the equivalents to holomorphic functions and pseudoholomorphic curves for almost complex
structures.

2.2.4 Hyperbolic groups

The reader probably is already familiar with the fact that the complex groups GL(n, C) can
be embedded in GL(2n, R). We will show that in the same way we can embed the hyperbolic
groups GL(n, D) into the general linear group GL(2n, R). The D-linear endomorphisms
Lin(D", D) from D" to D" can be identified with the n x n-matrices with entries in [D. The
maps that are invertible are the D-linear automorphisms, which we denote by GL(n, D). The
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group GL(n, D) is the set of elements x € Lin([D”, D") that are invertible. The invertible
elements x are precisely the elements which have an invertible determinant.

To each hyperbolic number we can associate a 2 x 2-matrix, see Section[2.2.1] For every
element x in Lin(D", D) we can define an element of Lin(R%", R?") by replacing the entries
of x by the corresponding 2 x2-matrices. This gives an embedding of GL(#, D) in GL(2~r, R).

Example 2.2.10. Let x € Lin(D?, D?) be given by
aj an
b1) \b2
as aq
b3) \bs

This element is mapped to the 4 x 4-matrix

a 0 a O

0 by 0 b .4 4

a3 0 as 0 € Lin(R™, R™). %)
0 b3 0 by

Decomposition

Let V be R?" with the standard hyperbolic structure K, see Example There is a unique
decomposition of elements A~e Ling (V, V) into a K-linear and K -antilinear part. We can
write any 2n x 2n matrix as A = A’ + B with

A'=(A+KAK)/2, B=(A—-KAK))2.

Note that KA’ = A’K and KB = —BK. The decomposition of A into A’ and B can be
compared to the decomposition of a matrix into its complex-linear and complex-antilinear
part.

For any L € GL(V) for which L?> = [ and KL = —LK the map X +— XL is an
isomorphism from the K-linear matrices to the K-antilinear matrices. This allows us to
identify the K-linear and K -antilinear matrices. In the case n = 2 we take L to be the matrix
given in (2.5). We can write any 21 x 2n matrix as A = A’ + A” L with

A'=(A+KAK)/2, A" =BL=(A-KAK)/2)L.

The matrix A’ is called the hyperbolic part of A and A”L = (A — KAK)/2 is called the
anti-hyperbolic part of A (with respect to K). By abuse of language we will also call A”
the anti-hyperbolic part of A. The elements A’ and A” can be regarded as elements from
Lin(D", D) through the identification described in the previous section.

Example 2.2.11. Let

T (a4 b . 2 2
A_<C d)eLln(IR{,R).
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Then for the standard hyperbolic structure we have

, (a0 , (0 B, (b O
=6 a) =060

A vector x = (x', x2)7 multiplied by the 2 x 2-matrix A can be written as

OV n.F _ axy + bx;
Ax = A'x+ A"x _<dx2—|—cx1)'

2.3 Microlocal analysis

Let S be a surface in the Grassmannian. The conformal quadratic form on the tangent space
of the Grassmannian restricts to a quadratic form on the tangent space of S. For generic
tangent spaces the form is non-degenerate and is either definite or indefinite. If the conformal
quadratic form is definite this defines an almost complex structure on the surface and if the
form is indefinite this defines an almost product structure on the surface. The surfaces with
an almost complex structure or almost product structure are always integrable and have no
local invariants. So studying the surfaces itself is not very interesting.

However the surfaces are embedded in the Grassmannian and it is very interesting to study
the surfaces in the Grassmannian under the conformal isometry group of the Grassmannian.
We call the analysis of the surfaces in the Grassmannian under the conformal isometry group
of the Grassmannian the microlocal analysis. The reason for this is that we will see in the fol-
lowing chapters that first order systems and second order equations naturally define surfaces
in the Grassmannian Gr,(R*). For example a first order system is defined by a codimension
2 surface in Gr, (T B) for a 4-dimensional base manifold B. In the fiber above Gry (T, B) each
point b € B the equation defines a surface. Moreover, the base transformations that leave a
point b invariant act on Gry (7, B) by conformal isometries. Here we write down the theory
of surfaces to which the conformal quadratic form restricts to an indefinite quadratic form
(the hyperbolic case). The elliptic case was already done by McKay in [51, Chapter 4]. By
doing the hyperbolic case we can verify the results of McKay, and find differences between
the elliptic and hyperbolic cases.

2.3.1 Hyperbolic surfaces in the Grassmannian

Let S be a surface in Grz(R4). At each point s € S the tangent space 7S has dimension two
and the conformal quadratic form restricts to a conformal quadratic form on 7, S. We call the
point s elliptic if the quadratic form is positive or negative definite and hyperbolic if the form
is non-degenerate indefinite. A surface for which all points are elliptic or hyperbolic is called
an elliptic surface or hyperbolic surface, respectively.

Remark 2.3.1. In the literature the name hyperbolic surface is used for surfaces of constant
negative curvature. The hyperbolic surfaces we introduce only have a conformal quadratic
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structure, so we cannot speak of the curvature of the surface. Another name for our sur-
faces would be conformal Lorentz surface. An introduction to Lorentz surfaces is given in
Weinstein [[72]. %)

For a hyperbolic surface the conformal quadratic form restricts on the tangent space of
the surface to a non-degenerate conformal quadratic form of signature (1, 1). The kernel of
the quadratic form is given by two lines in the tangent space. The vectors in the two lines
are called the characteristic vectors. Since these characteristic vectors depend smoothly on
the point of the surface, the characteristic vectors locally define a pair of transversal rank one
distributions. The integral curves of these distributions are called the characteristic curves.

Local coordinates

Let L be the plane in Gra(R*) spanned by the two vectors (1,0, 0,0)” and (0, 1,0, 0)7.
The elements in X, (except for Ly itself) are all of the form

—psina
cos o cosa
R sina | + R P ,
cos B
0 .
sin 8

with a, B, p arbitrary. We choose M = R(0, 0, 1,0)” + R(0, 0,0, 1)7 as a 2-plane that is
transversal to Ly. We identify the open subset Grg(V, M) with the space of all 2 x 2-matrices
using the correspondence

+R

N
(SRR
QU

N——

=
o Q O =
UL = O

With this correspondence we have

Lo:(g 8), ELoﬂGrg(V,M):{Cl Z>|ad—bc:0}.

The tangent space at a point L in the Grassmannian is given in these local coordinates by the
space of 2 x 2-matrices as well. The conformal quadratic form & on T Gr,(R?) is given in
these local coordinates at a point L by the determinant

A B

SL:TLGrg(R4)—>R: (C D

)|—>AD—BC.

If we describe a hyperbolic surface in local coordinates we will often use the coordinates
introduced above. The general hyperbolic surface can be written in parametric form as

pla,b) q(a,b)
(r(a,b) s(a,b)) : 2.7
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Since the group GL(V) acts transitively on the hyperbolic 2-planes in the tangent space, we
can always find a local parameterization of the form

a q(a,b)
r(a, b) b ’

Another natural choice of local coordinates is a reparameterization of a, b such that the char-
acteristic curves are given by the lines a = constant and b = constant.

Theorem 2.3.2. Any hyperbolic surface in GI’2 (RY) = ST x S~ can locally be written as
the image of ¢ : R x R — ST x §™ : (x, y) > (s, 1) such that 3s/9x # 0 and 3t/dy # 0.

Proof. This follows from the description of the isomorphism between in Grp (V) and ST x S~
in Section [2.1.2] and an analysis of the condition of hyperbolicity similar to the analysis in
McKay [51} p. 20]. O

Hyperbolic tori

Every hyperbolic structure on a 4-dimensional vector space determines a hyperbolic surface.
Let V be a vector space and K a hyperbolic structure on V. Then we define the hyperbolic
torus as the set of all 2-planes that are K -invariant and satisfy the non-degeneracy condition
that K restricted to the 2-plane is not equal to £7. We write Gra(V, K) for the hyperbolic
torus associated to K. The elements of Gra(V, K) are called hyperbolic lines. This definition
can be compared to the definition of the complex lines for a complex structure in McKay
[S1, p. 14]. The space of 2-dimensional complex-linear subspaces for a complex structure J
on V will be written as Gra(V, J). The hyperbolic torus defined by a hyperbolic structure
is topologically indeed a torus. If we let Vo C V be the eigenspaces of the hyperbolic
structure K, then Gri(V,) x Gri(V-) — Gra(V) : (I1,») — [1 + I is an isomorphism
Gr;(Vy) x Gri(V-) — Grp(V, K).

Example 2.3.3 (continuation of Example[2.2.6). The hyperbolic lines for the standard hy-
perbolic structure are given by a torus Gro (R*, K) in the Grassmannian Gr» (R*). The hyper-
bolic lines can be parameterized using ¢, 9 as

cos 6 0

0 cos ¢
sing | TR o

0 sin ¢

Such a plane can also be represented by the bi-vector
q = (cos(@)e; + sin(B)ez) A (cos(p)er + sin(¢)es)
= cos(f) cos(p)e; A ez + cos(0) sin(¢)er A eq
— sin(B) cos(p)er A ez + sin(0) sin(p)es A es € AZ(RY).
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The Pliicker coordinates from Section [2.1.2]are equal to

X1 = cos(0) cos(¢p) + sin(0) sin(¢p) = cos(d — ¢),

Y1 = cos(8) cos(¢p) — sin(@) sin(¢p) = cos(6 + ¢),

X,=0, Y>,=0,

X3 = cos(0) sin(¢) — sin(0) cos(¢p) = sin(¢ — ),

Y3 = cos(6) sin(¢p) + sin(@) cos(¢p) = sin(0 + ¢). %)

Intersection curves

In this section we will analyze the intersection of a hyperbolic surface with the set X, for
L a point on the hyperbolic surface.

Let S be a hyperbolic surface and L a point on S. The manifold ¥;,, has dimension three
and has a singularity at Ly. We want to prove that locally the intersection of S and X, looks
like two lines intersecting transversally at Lg. First we introduce local coordinates around
the point Lg in the Grassmannian. The surface S is then given as a two-dimensional surface
in the space of 2 x 2-matrices and the point L corresponds to the zero matrix. Since the
general linear group acts transitively on the hyperbolic tangent planes, we can arrange by a
coordinate transformation that the tangent space to S is spanned at the point L by the two

tangent vectors
10 00
0=(o0) 2=(1)

In these coordinates we can parameterize the surface S using two coordinates a, b as

. 2 . a ¢(a,b)
o:UCR _)S'(a’b)'_)<1p(a,b) b ),

with ¢ and v functions that vanish up to first order in a, b.

The manifold X, is given by the 2-planes that have non-trivial intersection with L.
These planes are precisely the planes for which the 2 x 2-matrix in local coordinates has zero
determinant. Then § N X, is given by the condition ab — ¢ (a, b)Y (a, b) = 0. But the
product ¢ (a, b)y (a, b) is of order 4 in a and b, hence by the Morse lemma (Lemma@])
this set looks locally like the zero set of ab which is a cross at the origin. We call the two
curves the intersection curves of the surface S through the point L.

Example 2.3.4. Let K be the standard hyperbolic structure on R*, see Example Let
S = Gra(R*, K) be the surface of hyperbolic lines in R* for this hyperbolic structure. The
elements of S can be represented by pairs of vectors

cos ¢ 0
0 cos Y
sing |’ 0

0 sin yr
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In the local coordinates introduced above we have
0 a 0
SNGry(V, M) = { 0 d |a,d e R}.
The intersection of S and X, is easy to calculate and is given by

SﬂELoﬂGrg(V,M):{<g 2) lad =0)

={<g 8>|a€IR§}U{(8 2)|deIR§}.

So the intersection of X, with S looks like a pair of lines intersecting at L.
The induced conformal quadratic form on the tangent space to S is given by AD. It is
clear from this that the characteristic curves on S are spanned by the tangent vectors

(6 0) = (55)

For every point L on the surface the characteristic curves through L are equal to the intersec-
tion curves through L defined by ¥, N S. @

We have proved that for a general hyperbolic surface S and point Ly on this surface
the intersection Xy, N S looks locally like two curves intersecting transversally at Ly. We
can compare this pair of curves with the characteristic curves through the same point L
and this might provide us with some invariants. It can also happen that the characteristic
curves through Lo and the curves determined by X, N § are identical (see Example [2.3.4]
above). In the local coordinates introduced before, the points L in X, are determined by the
condition det(L — L) = 0. The tangent space at every point is also represented by the space
of 2 x 2-matrices. The conformal quadratic form on the tangent space is also given by the
determinant det. This shows that the characteristic vectors are those vectors in the tangent
space for which det = 0. It is then clear that the tangent vectors to the characteristic curves
and the intersection curves ¥y N S are equal at every point L on the surface.

What happens outside the point L? The set X is still determined by the condition
detL = 0. The two examples below make clear that the intersection curves and charac-
teristic curves through a point do not necessarily agree. At the point itself the curves agree
up to first order, but outside the point they might diverge.

Example 2.3.5. Take the same local coordinates as in the previous example, but take S given
by matrices of the form
a 0
¢, by b)

The characteristic curves are given by the lines a = constant and b = constant. For every
point (a, b) the union of the intersection curves through this point is equal to the set of points
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(a, l;) that satisfy

a 0 a 0 i i
det((¢(fl, b) 5) a (¢>(a,b) b)) =@—ayb-b) =0.

The points that satisfy this condition are precisely given by the union of the two lines a = a
and b = b. So for this example the characteristic curves through the point (a, b) and the
intersection curves through (a, b) are identical. Q

Example 2.3.6. We consider the surface defined in local coordinates for the Grassmannian
by the matrices

The intersection curves through the origin follow from the equation

a a* 4 3

det| >, =ab—a" " =alb—a’)=0.
a® b

Here we can explicitly factorize the equation and this gives the intersection curves a = 0 and

b = a3. The characteristic vectors at a point a, b are

1 2a 4 (00
2a 4a2) ™ \o 1)

We can integrate these two vector fields to give the characteristic curves. Integrating the
first vector field yields the characteristic curves (a(t), b(t)) = (ao + t, by + (4/3)((ap +
13 = (ao)?)). Integration of the second vector field gives (a(¢), b(t)) = (ao, bo + t). We
immediately see that the intersection curves a = constant overlap with the characteristic
curves, but the other intersection curves do not overlap with the characteristic curves. %)

Compact hyperbolic surfaces

The condition that a surface in the Grassmannian is hyperbolic implies that at each point of
the surface there are two characteristic lines in the tangent space. Locally, we can always
choose a basis of the tangent space consisting of two non-zero vector fields tangent to these
characteristic lines. We can locally make the choice of such a basis unique by choosing a
metric on the surface, an order for the two characteristic lines (so we label one of the charac-
teristics as the first and the other as the second characteristic line) and a positive direction for
each of the characteristic lines

We can also choose a global metric for the surface (for example the metric induced from
the diffeomorphism with ST x S$7), but it is not always possible to make a global choice of
order of the characteristics and directions. We can always pass to a cover of the surface on
which the basis of vector fields is globally defined. We need at most a 8 : 1 cover for this.
Firsta 2 : 1 cover for the ordering of the characteristic lined and then two times a 2 : 1 cover
for the direction of each of the characteristic lines.
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Next consider the case of a connected compact hyperbolic surface. The covering surface
is also compact and it is orientable. The covering surface has a trivial tangent space and
this implies the surface has Euler characteristic zero; topologically the surface is a torus.
The zero Euler characteristic is invariant under the cover map and hence the original surface
is a compact surface with Euler characteristic zero and must be either a forus or a Klein
bottle. The original surface is a torus if it is orientable and a Klein bottle if the surface is
non-orientable. There exist explicit examples of compact surfaces in both the oriented and
unoriented Grassmannian that are diffeomorphic to a Klein bottle, see the examples below.
The hyperbolic torus defined by a hyperbolic structure is a compact hyperbolic surface that
is homeomorphic to a torus.

Gluck and Warner [39] proved that every connected compact elliptic surface in the ori-
ented Grassmannian can be deformed through elliptic surfaces to a Riemann sphere given by
the complex lines for a complex structure on V. Also see the remarks in McKay [51, pp.
17, 23] on the relation between compact elliptic surfaces and fibrations of S° C R* by great
circles. For the hyperbolic surfaces the situation is not that simple. A compact hyperbolic
surface can be topologically a torus or Klein bottle and these different types of surfaces can
never be deformed into each other.

But even two compact hyperbolic surfaces that are both topologically a torus cannot al-
ways be deformed into each other. The oriented and unoriented Grassmannian are both con-
nected but the oriented Grassmannian (which is the product of two spheres) is simply con-
nected and hence the first fundamental group is trivial. The unoriented Grassmannian has
fundamental group 71 (Gra(V)) =~ Z/2Z. There exist compact hyperbolic surfaces in the un-
oriented Grassmannian for which one of the generators of the fundamental group of the torus
defines a non-trivial element in the fundamental group of the unoriented Grassmannian, but
also compact hyperbolic surfaces for which the generators are all trivial in the fundamental
group of the unoriented Grassmannian. Examples of both types are given in Example
The different types can not be deformed into each other.

If there are no topological obstructions against deformations (for example for the surfaces
in the oriented Grassmannian), then it is not known whether it is possible to deform two
surfaces into each other or not.

Example 2.3.7. We consider the oriented Grassmannian Gr; as the product of two spheres
St x S. A family of immersed surfaces in the Grassmannian is given by

cos(s) cos(?)
D:(s, 1) —~ 0 x | sin(as) sin(t)
sin(s) cos(as) sin(t)
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The tangent space at a point of the surface is spanned by the two vectors

9 — sin(s) 0

O, = — = 0 x | (&) cos(as) sin(z) |,
ds cos(s) —a sin(as) sin(t)
9 0 - sin(t)

O, =— =|0] x [ sin(as) cos(?)
at 0 cos(as) cos(t)

Solving the characteristic equation &£(a®; + b®;) = 0, where £ is the conformal quadratic
from on the tangent space of the Grassmannian, yields

b

a== .
V1 — a2+ a?cos2(s)

For |a| < 1 the surface has two distinct real characteristics at each point and hence the surface
is hyperbolic.

For o = 0 we have an embedded torus. The standard torus 7 = R/(27Z) x R/(2nZ) is
embedded as two great circles; the explicit parameterization is given by

cos(s) cos(t)
T —> StxS :(s,0) ~ 0 , 0
sin(s) sin(t)

For @ = 1/2 the surface is a globally defined and compact surface K; topologically the
surface is a Klein bottle. A 2 : 1 cover of the torus T = R/(4nZ) x R/(2wZ) to the Klein
bottle K C ST x S~ is

cos(s) cos(t)
T— St xS :(s,1) — 0 |, | sin(s/2)sin@) | |. %)
sin(s) cos(s/2) sin(t)

Example 2.3.8. We consider the oriented Grassmannian Gry(V) as the product ST x S~ of
two spheres. The unoriented Grassmannian Gr; (V) is isomorphic to the quotient of ST x S~
by the involution (x, y) — (—x, —y). Let T be the torus R/(27Z) x R/(2xZ) and define
the immersion

V1 —z2cos(2s) cos(t)

O:T - ST xS :(s,1) > V1 —=72sin2s) |, | cos(s)sin(®) | |, %)
z sin(s) sin(z)

with 0 < z < (1/2)+/3 a constant. The image of ® is a Klein bottle in the oriented Grass-
mannian. The map & is a 2-fold over of this Klein bottle. The projection to the unoriented
Grassmannian gives an embedding of the Klein bottle in the unoriented Grassmannian.



54 Surfaces in the Grassmannian

Example 2.3.9. Let y : R/277Z — ST be an embedding of the circle into the 2-sphere with
the properties y (s + ) = —y(s) for all s and |y'(s)| > 1 for all s. Such embeddings are
easy to construct by taking deformations of great circles and then reparameterizing by arc
length. We define T = R/27Z x R/2nZ and ® : T — Gr(V) by

DO(s, 1) = (y(s), (cos s cost, sins cost, sin t)T) .

Then
9D 9 / —asmscost—bc.oss.smt
aa— +b8_= ay’'(s), | acosscost —bsinssint
§ ! bcost

The square of the length of the first vector minus the square of the length of the second vector
equals a?|y’(s)|? — (a* cos*>(t) +b*) = a*(|y’(s)|> — cos(r)) — b>. This is an indefinite non-
degenerate quadratic form in a, b at all points. Hence the surface defined by @ is a hyperbolic
surface. The image of the torus 7 is a torus in the oriented Grassmannian. The projection
of Grz(V) to Gra (V) induces a 2 : 1 cover of the torus over a Klein bottle in the unoriented
Grassmannian. @

Example 2.3.10 (Compact hyperbolic surfaces and the fundamental group). Let T be
the torus R/(27Z) x R/(2n7Z) and let z be a constant with 0 < z < 1/2. We define two
compact hyperbolic surfaces in Gry(V) = (ST x §7)/(—1I, —1I) by

V1 —z2cos(s) cos(t)
O T - Gr(V) (s, 0) > | | VT =2ZsinGs) |, | sin@) | |,
z 0

cos(s/2) cos(t +s/2)
D2 :T - Gra(V) : (s, 1) = | | sin(s/2) |, | sin(t +5/2)
0 0

Both maps ®', ®2 are embeddings of the torus T into the unoriented Grassmannian.

Let y be the curve in T defined by s > (s, 0). Then y defines a non-trivial element [y ]
in the fundamental group of T. The embedding ®/ induces a homomorphism @, from the
fundamental group 1 (T') to 71 (Gr(V)). The image (<I>1)*([y]) is trivial in 771 (Grp(V)), the
image (@2)*([)/]) is non-trivial in 71 (Gr2 (V)). @

2.3.2 Geometrically flat surfaces

We define a hyperbolic surface to be geometrically flat if the characteristic curves and the
intersection curves are identical. From Example [2.3.4]it is clear the the hyperbolic tori are
geometrically flat. The converse is not true. For example the surfaces parameterized in Ex-
ample [2.3.5| are all geometrically flat. But these surfaces depend on the arbitrary function
¢ (a, b). The hyperbolic structures are parameterized by 8 coordinates, they are isomorphic
to GL(4, R)/ GL(2, D). The condition that a point is in the hyperbolic torus for a hyperbolic
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structure imposes two restrictions. The hyperbolic tori through a given point of the Grassman-
nian depend on 6 coordinates. So not all these surfaces can be hyperbolic tori and this proves
the class of all geometrically flat surfaces is much larger then the class of all hyperbolic tori.

To analyze the structure of geometrically flat surfaces we start with en elementary lemma.

Lemma 2.3.11. Let V = R* and let Ly, L», L3 be 2-dimensional linear subspaces such that
dimL; N Ly =dimL; NL3 =dimLy N L3 = 1. Then the L; are all contained in a 3-
dimensional linear subspace L = L1 + Ly + L3 or the three subspaces have a I-dimensional
linear subspacel = L1NLyN L3 in common. It is also possible that L1, L», L3 are contained
in a 3-dimensional subspace and have a I-dimensional line in common.

Proof. Assume that L1 N Ly, N L3 = {0}, so the subspaces have no line in common. Pick
vectors eq, ez, e3 in V such that L1 N Ly = Rey, Ly N L3 = Rey and Ly N Ly = Res.
We cannot have Re; = Re; since this would imply that Re; € L; N L, N L3. Hence
L1 = Rej + Rey. Since {0} = L1 N Ly N L3 = L1 N Rez we see that e3 is not in the span
of e1, ex. Hence the vectors ey, 2, e3 are linearly independent. From the construction of ey,
ey, ez itis clear that Ly + Lo + L3 = Rej + Rey + Res and that dim(L + Lo + L3) = 3.0

Let S be a geometrically flat surface in Gra (V). Let L1, L2, L3 be three different points on
the same characteristic curve y. Since the surface is geometrically flat, one of the intersection
curves through the point L must be identical to the characteristic curve y. Therefore both
L, and L3 must have non-zero intersection with L and for the same reason L, and L3 must
have non-zero intersection. Recall that the points Ly are elements of the Grassmannian and
hence 2-dimensional linear subspaces of V. Because the points L1, L, and L3 are different
points, the intersections must be 1-dimensional and we can apply Lemma[2.3.T1] This leads
to the conclusion that there are three types of characteristic curves y on a geometrically flat
surface.

1) All points L on y have a line /; in common and are contained in a three-dimensional
subspace /3.

2) All points L on y have a line /1 in common. The points L are not contained in a
subspace of dimension three.

3) All points L on y are contained in a three-dimensional subspace /3. The points on y
do not have a line in common.

We say a characteristic curve is of type (2[) if the characteristic curve is either of type (1)) or
of type . We say a characteristic curve is of type (3) if the characteristic curve is either of
type () or of type (3). For a hyperbolic surface the type of the characteristic curves does not
need to be constant. An example of such a surface is given in Example[2.3.12}

Let S : (a,b) — x(a,b) € Gr(V) be a hyperbolic surface such that the characteristic
curves are given by the equations @ = constant and b = constant. Whenever we have a
hyperbolic surface parameterized in this way, we will call the curves defined by b = constant
the horizontal characteristic curves and the curves a = constant the vertical characteristic
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curves. For a surface with (locally) constant type there are nine possibilities: the horizontal
characteristic curves can have type (1), (2) or (3) and the vertical characteristic curves as well.
If we allow to switch the characteristic curves, then there are only six types. We will say a
geometrically flat surface if of type (i, j) if the horizontal characteristic lines are of type (i)
and the vertical characteristics of type (j).

Example 2.3.12 (Changing type). Let Py, \, (x) be a smooth bump function that is zero out-
side the region xg < x < x| and non-zero inside this region. For example we can take

0 for x < xo,
Pyy.x (Xx) = {exp <(x:xl0)2> exp <(x;lx)2> for xg < x < xq,
0 for x; < x.

We then define ¢1(a) = Po,1(a), ¢2(a) = Pr3(a), Y1(b) = Po,1(b), ¥2(b) = Pr3(b). Let S
be the surface be defined in local coordinates (see Section [2.3.T) by the matrix

A ( a P (@)Y (b))
$2(a) o (b) b '

The embedding S — Gry(V) defined by the matrix A in local coordinates is denoted by
x : (a,b) — x(a, b). The embedding x defines a hyperbolic surface and at each point (a, b)
the matrices 0A/da and dA/db are singular. This means that the characteristic curves are
given by the lines a = constant and b = constant. To show that the intersection curves
coincide with the characteristic curves consider an arbitrary point (a, b). The point x(a, l;)
is contained in Xy (4 p) if and only if det(A — A) = 0. Consider the points (a, b). For these
points we have

e a—a (@1(@) — 1 @)1 (b)
det(Afa. b) = Al b)) = det <(¢2(a) — @) (b) 0 )

= (¢1(a) — ¢1(a)) (¢2(a) — ¢2(a)) Y1 (D) Y2 (D).

Since 1 (b)y2(b) is identically zero this shows that all points (a, b) are in Xy p). This
proves that the characteristic curves b = constant coincide with the intersection curves. A
similar analysis shows that also the lines @ = constant coincide the with intersection curves.

The hyperbolic surface in this example has changing type of characteristics. We denote
the different types by (i, j). The pair (i, j) means that the horizontal characteristics (b =
constant) have type (i) and the vertical characteristics (b = constant) have type (j). In
Figure [2.1]the different regions on the surface are separated by black lines and the types are
indicated.

For example in the region 1 < a < 2,1 < b < 2 the surface has type (2} [3)). In this region
the surface is parameterized by

a 0
A= <¢2(a)1/f2(b) b) :
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Figure 2.1: Geometrically flat surface with changing type of curves

The horizontal characteristics have b constant. The points on a line » = constant are 2-
planes that all have the line spanned by the vector (0, 1, 0, )T in common. The vertical
characteristics have a constant. The points on such a characteristic are all 2-planes in the
3-dimensional subspace spanned by the vectors

SOQ_ O~
S O = O
- o O O

This single example shows that all possible combinations of type (i, j) exist for hyperbolic
surfaces. %)

Example 2.3.13 (Geometrically flat surface of type (2], )). Let y and § be two curves
in Gri(R*) and define I'(s, ) = y(s) + 8(t). Assume that y(0) # 8(0) and the tangent
map of I' at (0, 0) is injective. Then I' (locally near Ly = I'(0, 0)) defines a surface S in
Gr(R*). If the tangent plane Ty, S to the surface at L is a hyperbolic tangent plane, then §
is a hyperbolic surface near L.

This surface has the property that every point L = I'(s, o) on the curve ¢y, : s — I'(s, tp)
contains the line § (7). Hence the intersection curves through the points L on this curve are all
tangent to the curve ¢;,. Since the intersection curves are always tangent to the characteristic
curves this proofs that ¢, is a characteristic curve for the surface. In a similar way it follows
that the curves v, : t > I'(sp, t) are characteristic curves and intersection curves for the
points on Vg, .
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This surface is geometrically flat and the type is ) because the points on the charac-
teristic line ¢;, have the 1-dimensional linear subspace 6 (#p) in common and the points on the
characteristic line v, have the 1-dimensional linear subspace y (sg) in common. %)

Example 2.3.14 (Geometrically flat surfaces in local coordinates). Choose local coor-
dinates a, b such that the characteristic curves are given by a = constant and b = constant.
Parameterize the surface in local coordinates as

1 0

0 1
pla,b) q(a,b)
r(a,b) s(a,b)

The condition that the surface is geometrically flat, is precisely that for all points (a, b) and
(a, b) for which either a = a or b = b we have

P—pPE—95)—F—rG—q) =0.

One can check that the examples in local coordinates of geometrically flat surfaces in this
section all satisfy this condition. @

Type ,). Let S be a geometrically flat hyperbolic surface in Gra (V) of type (2], ). We
assume that we have introduced coordinates a, b such that the characteristic curves of type
) are given by b = constant (the horizontal curves) and the characteristic curves of type
) are given by a = constant (the vertical curves).

For every point x(a, b) € Gry(V) the points on the horizontal characteristic curve y;
through x(a, b) have a line /1 (b) in common. The points on the vertical characteristic curve
y, are all contained in a three-dimensional subspace /3(a). The lines /1(b) and the three-
dimensional spaces /3(a) satisfy the relation

Li(b) C x(a,b) C I3(a).

This relation implies that
Ju® c(is@.
b a

We use the notation ) , /1 (b) to denote the span of the elements in | J, /1 (b). Then it is clear
that )", /; (b) is a linear subspace of (), [3(a).

The lines /1 (b) and the three-dimensional subspaces /3(a) must both vary as we vary a and
b. For example if /1 (b) is constant near xo = (ao, bo), then near x¢ all points on the surface
have a single line /1 = /1 (bp) in common. But then near xq the intersection X (4 5 N S is
equal to S and this is not possible. This implies that there is a unique two-dimensional linear
subspace L such that

> L) =L=()hk@. (2.8)
b a
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The special point L is not a point on the surface. If L = Rl (b) —i—le 1 (15) then this would
imply that the two intersection curves corresponding to /1 (b) and /1 (b) both intersect L. But
the surface is of type ) so no point has two characteristic curves of type (2/).

Example 2.3.15 (Compact surfaces of type ,)). In this example we will make a con-
struction of a large class of compact hyperbolic surfaces of class (2], ). Recall that for any
surface of type (2], ) there is a unique 2-plane L that satisfies the equation (2.8). We define

Fr, ={1,02,13) € Gri(V) xGra(V) xGr3(V) | T CL, 1 Clh Cl3, LClz}. (29)

The first component /; will be related to the common line of points on the characteristics
of type (2[) and the third component /3 will be related the the three-dimensional subspace
spanned by the points on the characteristics of type (3[). The space F, is a smooth manifold
of dimension 3.

We will analyze the two projections

m Fr — Grp(V) : (L1, 1, 13) — I, (2.10)
w13 Fr — Gri(L) x Gri(V/L) : (I1, 12, 13) — (I1,3/L). 2.11)

The projection 713 : Fr — Gri(L) x Gri(V/L) is surjective. The fiber above a point
(l1,13/L) is diffeomorphic to Gry(/3/11). This shows 7j 3 is a P! bundle over Gri(L) x
Gr(V/L).

At the points I, # L in the image of 7, we have

7 () ={(, ) e FL|li=LNL, lz=0L+L}.

So m; is injective over the complement of L in Gra (V). The rank of T'w, over this comple-
ment is 3. For the special point L we have

n2_1(L) ={i,L, k) e FL |1 €Gri(L), LClz eGri(V/L)}.

This shows that 7’75 has rank one at the points in F7 that project to L. We have an isomor-
phism

nz_l(L) — Gr1(L) x Gri(V/L) : (1, L,13) — (I1,13/L).

This shows that the inverse image 7, ! (L) defines a special section of the bundle 7y 3 : F1 —
Gri (L) x Gr(V/L).

Let F; ={(l1,l2,13) € F. | I # L} and let n{’3 be the restriction of 71 3 to the bundle
F; . The fiber above a point (I1, [3) is isomorphic to Gri(l3/11) \ L = P!\ {0}. This gives
”i,3 : F| — Gr(L) x Gr{(V/L) the structure of an affine line bundle.

For any (local) section o of the bundle 71{’3 we can consider the composition 7} o o :
Gri (L) x Gr{(V/L) — Gra(V). The map is embedding since 7} : F" — Gry(V) has rank 3
and is injective. Global sections of this bundle exist. Take for example a transversal 2-plane
M suchthat V = L & M. A global section ofyti,3 is given by (I1,13) — (I1, 1 + M NIz, 13).
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This is a map from a torus to the Grassmannian. The hyperbolic surface defined by the
composition of this section with 7 is the hyperbolic torus Gra(V, K) for the hyperbolic
structure K defined by V. = L @ M. After a choice of global section the line bundle F;
becomes a rank one vector bundle over Gr (L) x Gr;(V/L). The sections of this bundle can
locally be parameterized by exactly one function of two variables. The global sections define
compact geometrically flat surfaces of type (2], [3)). %)

Example 2.3.16 (continuation of Example[2.3.5). In local coordinates the construction in
the previous example leads to a surface as described in Example For a point (a, b) on
the surface the line in common to all points on the characteristic » = constant is given by
(0, 1,0, 5)T. The 3-dimensional spaces [3(a) given by a = constant are given by the span of

SO Q_ O~
S O = O
- o O O

The unique 2-plane equal to the union of the /1 (b) and equal to the intersection of the I3(a) is
L = Re; 4+ Res. The coordinate b is a local coordinate for Gry (L) and a is a local coordinate
for Gr{(V/L). %)

Type (I, [I). We will prove that any geometrically flat surface S in Gro(V) of type (I} [I) is
locally given by the hyperbolic lines for a unique hyperbolic structure on V. Note that every
surface of this type is a special case of a surface of type ,). Locally we can make a choice
of horizontal and vertical characteristic lines. The horizontal lines are both of type (2[) and of
type (3[) and the same holds for the vertical characteristics. This means that by switching the
characteristic lines there are two ways in which we can view a surface of type asa (2,
) surface. For any point L on the surface let / fr(L) be the unique line that all points on the
horizontal characteristic curve have in common and /; (L) be the unique line that all points
on the vertical characteristic curve have in common. In a similar way let l;‘ (L) be the unique
3-dimensional space spanned by all points in the horizontal curve and /5 (L) the unique 3-
dimensional space spanned by all points in the vertical curve. Recall that the surfaces of type
, ) all have a unique 2-plane L associated to them. Since a surface of type can be
viewed in two different ways as a (2], ) surface we find two invariant 2-planes L™ and L.
To be more precise: we define L™ as the unique 2-plane such that > f' (Ly=L"= I3 (L)
and L~ as the unique 2-plane such that )/, (L) = L™ = ﬂl;r(L). It is not difficult
to see that LT N L™ = {0} and hence the two planes define a hyperbolic structure K on
V=LT®L" .

Let M be a point in the surface S. Then LY N M = llJr(M) and L™ NM = [ (M). Hence
M 1is a point in the hyperbolic torus Gra(V, K). Since S and Gr(V, K) both have dimension
two this proves that locally § = Gra(V, K).
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2.3.3 Normal form calculations

In this section we calculate a normal form for the hyperbolic surfaces at a special point.
The group acting on the surface is the group of conformal isometries of Gro (V). In the next
section we will give a geometric interpretation of this normal form calculation. The geometric
picture is needed to make the connection to first order systems and second order equations in
Chapter [5]and Chapter [6]

Zero and first order. We want to bring a hyperbolic surface S in Gry (V) into a normal form
using the group GL(V). We could also use the projective group P GL(V') since the scalar
multiplications do not act on Gr2(V). In the calculations below it is always easy to translate
the actions of GL(V) and P GL(V) into each other. Since the group acts transitively on the
points in Gro (V) and on the hyperbolic tangent spaces at that point (see Appendix [A.3), we
can always choose a basis e, ez, €3, e4 for V such that the point L € S is given by Re| + Rep
and the tangent space to the surface at L is given by the linear maps in Lin(L, V /L) that are
diagonal matrices with respect to the bases e, e> for L and e3, e4 for V/L.
In the local coordinates introduced in Section[2.3.1] the surface is given by the matrices

A= (" q). (2.12)

r S
The matrix A corresponds to the 2-plane spanned by the two vectors

0

- N O =
U -

The matrix A can also be viewed as a linear map L — M, with M = Rez + Res. In this
view the matrix A corresponds to the 2-plane spanned by vectors of the form x 4+ Ax, x € L.
The special point L corresponds to the zero matrix. If we use p, s as local coordinates, then
q and r are functions of p and s. We will bring the surface in normal form by constructing
a normal form for the Taylor expansions of g(p, s) and r(p, s). The normalization at order
zero was the choice of special point L. This normalization corresponds to ¢ (0, 0) = 0 and
r(0,0) = 0. The normalization at order one was the choice of tangent space to S at L. This
corresponds to ¢ = O(p, 5)%, r = O(p, 5)>.
The group GL(V) can be parameterized by the 4 x 4 matrices

with @, b, ¢, d all 2 x 2-matrices. The subgroup Hy = GL(V) that leaves invariant L is
given by the matrices with ¢ = 0. We compute the action of GL(V) on the tangent space
T7.S. Let

G0
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Then g acts on A as

g-A=dA@a+bA)".

Note this action might not be well-defined for all g since we are working in local coordinates
for Grg(V, M), but it is well-defined for elements g near the identity. On the tangent space
this induces the action B — dBa~'. This conformal action is transitive on the hyperbolic
planes and we can always arrange that B is a diagonal matrix.

The structure group that leaves invariant L and 77§ is the group Hy = GL(V) 7,5 of
matrices

a b
(o d)eGL(V), (2.13)

with either a, d € D or a, d both anti-diagonal, i.e., a, b € L D. This group has dimension 8§
(or dimension 7 if we are working with the projective group).

Second order. The space of second order contacts to a hyperbolic surface for which the
first order part is in normal form has dimension 6. The action of the group (2.13) induces an
action on this space by affine transformations. If we use the local coordinates (2.12)), then
the first order normalizations correspond to ¢ = g11p/2 + qi1aps + g2s%/2 + O(p, 5)3,
r=r11p*/2+ riaps + rns?/2 4+ O(p, s)3. The action on A is given by

A dA(a+bA) ' =dAa™" —dAa "bAa + O(AP).

We will calculate the action of the connected component of the group Hj. The action of the
other component can be calculated in a similar fashion. We write

_ (¢ O p_ (b b2 g (4 O

“\0 a) T \ba bn) T \O0 d)
Working out this action using p, s as coordinates and only keeping terms of order 2 and lower
yields

AHA:@ 2)
r S

-1 -2 —1 -1 _—1
_( day'p—diar p*by  diay'q —diay 'a; 'biaps o 3
“\varr — doa e b b s — doa; 2bys? ) TOPS
hay 'r — drai a; by ps hay s — dray “bys
We use p = dlal_lp — dlal_zbup2 and 5§ = dzaz_ls — d2a2_2b22s2 as new local coordinates.
Since p, § are diagonal in p, s up to first order, this preserves the normal form. We can
express ¢ and 7 in the new coordinates p, §; the final result is

g = (aD*ay'd g, G =a1dy g2 —dy b2, Goo = did; Paxgm, 2.14)
Fii = dod;arr, Fio = apdy 'rin —d; ' bar,  Fan = ay N (@2)?d5 o
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The action is indeed by affine transformations. Note that the group coefficients b1y, b2> do
not appear in these expressions so this part of the group does not act on the second order
contact. Using the group parameters b1z, b2 we can always arrange that g1 = 72 = 0. On
the remaining four coefficients the generic orbits have dimension three. There is one invariant
given by

_qur2

1 .
riqz2

(2.15)

The invariant is a rational function in the coefficients of the second order jets of a hyperbolic
surface. If r11g2> = 0 but g11r2 # 0, then we say the invariant takes the value oco. If
both g11722 = 0 and r11g22 = 0, then this invariant is not well-defined (by making small
perturbations the invariant can have any possible value).

Remark 2.3.17. We will analyze the action of the other component of H; on the second
order coefficients. Let

€ H;.

oo

|
co~o
coc o~
—o oo
o — oo

The action on a surface in local coordinates is

G B U [ [ R

If we write p = 5,5 = p,q = r, ¥ = g and assume that ¢, r are normalized and of the form

q =qup*/2+qups +quns?/2, r=rup*/2+raps +qnr’/2,

then

g =rn, qu=ri, {»n=ri,
Fll=¢q2, Ti2=q12, 72 =4q1.

The new invariant / is equal to the original invariant

-~ g 11722
11922 111922

So [ is really invariant under the full group H;. %)

Third and higher order. We will conclude the normal form calculations by showing that
for generic structures (all terms q11, g22, 711, F22 unequal to zero, or equivalently the invariant
I is well-defined, non-zero and finite) the group acts effectively. If we are at a generic point,
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then we can normalize the second order coefficients to g2 = r12 =0, ¢11 =711 = g2 =1
and rpp = I. The structure group reduces to the group Hg consisting of matrices

I b
g=9 (0 1) € GL(V),

with ¢ € R* and b € D. The scalar factor ¢ is not important since the group only acts by
projective transformations.

The action on the third order part is relatively easy to calculate because the structure group
has reduced to such a small group. The action of g on the matrix A is

g:A> A=A +bA)" = A— AbA + AbAbA + O(|AD*. (2.16)

At the special point L we have A = 0 and the first order part of A is diagonal. Therefore we
can write A = A| + Az + Az with A| € D and the second and third order parts A, and A3
anti-diagonal and homogeneous of degree 2 and 3 in Ay, respectively. We then expand the
expression (2.16) and group the diagonal and anti-diagonal terms

A=A — AbA + AbAbA + O(|AD*
= (A1 — bAT + D*A3) + (Ay 4+ A3 — (A1bAy + AsbAY)) + O(AD*.

The new diagonal part is given by A=A — bA% + bZA?. The old part can be expressed in
the new part as A| = A + b/i% + b2A3 + O(JA])*. The second order part is given by A,.
This term is homogeneous of degree 2 in A| and hence also homogeneous of degree 2 in Aj.
So the action of Hg does not change the second order part, as is required. In particular we
have § = q11p%/2 + q228%/2, 7 = r11 p?/2 + rns? /2.

The third order part is formed by three terms: A has a contribution, A3 has a contribution
and A1bA> + AbAj has a contribution. Let us assume the first order part A; was diagonal
of the form (p, s) and the second order part A, was of the form

0 qi1p?/2 + q2s?/2
rip?/2 +rns?/2 0 ’

Then the components of A; are expressed in the components of Ai:p=p+bi pP+ 00,
s = § + by5% + O(53). The contribution of A> to A3 consists of the third order terms in

( 0 au(p +b1pH?/2+ g0 + b2§2)2/2)
(P +b1p*)? /2 + 1@ 4 b5?)?)2 0 .

These are

0 qu1b1 p° + g22bo5°
riib1 p° 4 rnbss? 0 '
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The contribution of A3 to Az is given by the coefficients of A3. The contribution of AjpA; +
ArbAq to Aj follows from

_(p Oy (b1 0\ (0 a\, (0 g\ (b1 O\(p O
Ale2+A2bA1—(O S)(O b2> <r O>+<r O)(O by 0 s

_ 0 pbi1qg + qbys

“ \shyr +rbip 0

_ 0 Dpb1g + gbrs 4
= (Ebzf b 0 +0(p, 5)".

Combining the different terms we see that

5 0 qu1b1 p° + qbs5°
Az = A - -
3 3t (r11b1P3 + roob3? 0
0 pb1q + gbas
§boF + by p 0 :

For the action on the third order coefficients to be effective is necessary and sufficient that at
least two out of the four coefficients g1, 711, g22 and rp; are non-zero. For a generic point this
action is effective. Hence by normalizing two suitable third order coefficients the structure
group reduces to the scalar multiplications. The remaining six third order coefficients are
invariants for the surface.

For higher order contact at each order n there are precisely 2(n + 1) more derivatives.
Since the structure group already acted effectively at order 3 (for generic structures) we find
at each order precisely 2(n + 1) additional differential invariants.

Order of contact for characteristic and intersection curves. We already know that the
characteristic curves and the intersection curves through a point have the same tangent vec-
tors, i.e., they have the same first order contact. We will show that for every hyperbolic
surface the two curves have contact of order at least two.

Using the group action we can arrange that any hyperbolic surface can be written in the

normal form
)
r s

with g = q11p?/24q2252/2+0(p, $)3,r = r11p*/24 12252 /2+O(p, 5)* . The intersection
curves through the point 0 are determined by

0=detA =ps—(1/4) (CmrmD4 + (quirn + gori)pist + Q22V22S4> +O(p, s)°.

The intersection curve tangent to s = 0 (the horizontal intersection curve) is of the form

1
s = 1411r11P3 +0(ph. (2.17)
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The other intersection curve (vertical intersection curve) is of the form

1
p= Zqz2r2zs3 +0G™h. (2.18)

The direction of the characteristics at a point is given by the vector (P, S) that satisfies
det (P(0A/dp) + S(0A/ds)) = 0. This is equal to

o—det(p( ! aup +s 0 gus
rup 0 rpos 1

— det P quipP + gnsS (2.19)
- riipP +rypsS S

= PS — (qur11 p>P? + (r11g22 + r22q11) ps PS + rngns*S?).

We analyze the characteristic vectors along the intersection curve (2.17). The characteristic
vectors are all of the form S = cP for ¢ a small constant depending on the point p, s. We
substitute S = ¢ P in the equation (2.19). This yields

0= (C — (qurni p* + (r11q22 + r2q11) psc + 1’226122S26’2)> P2,
Hence on the first intersection curve

¢ =qurnp® +O0(pHe+ 0(p®c?
=qurip? +0(p)°.

On the intersection curve the direction of the characteristics is given by (P, S) with

S= (6111r11P2 + O(P)6) P.

The tangent vector to the intersection curve follows by differentiation of (2.17) and is equal
to the vector (P’, S") with

§' = <2an11p2 + (’)(p3)> P
The characteristic curves and intersection curves have at least second order contact. The
contact is truly second order if and only if 1111 # 0. For the vertical characteristic curves
and vertical intersection curves the contact is of second order as well, and truly of second
order if and only if g7 # 0. The second order contact and the factor 3/4 between the two
curves if the contact is truly third order can be seen in Example[2.3.6]

Example 2.3.18 (Invariants for geometrically flat surfaces).

e Consider the geometrically flat surface of type (2[,[3[) from Example and Exam-
ple The local coordinates are already suited for calculating the invariants. If
¢(a,b) = q11a%/2 + qioab + g»nb*/2 + O(a, b)3, then the second order invariant 1
is undefined since both the numerator and the denominator are zero.
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e Inlocal coordinates define the geometrically flat surface of type (2], 2]) by

P q(s)
rip) s )’
with r(p) = ri1 p2/2 + O(p?), q(s) = q22s2/2 + O(s3). The points on the character-
istic line p = py all have the line /1 (po) = R(1, 0, po, 7(po))T in common. The points
on the characteristic line s = sg all have the line /1 (s9) = R(0, 1, g(sp), s0)T in com-

mon. If the surface is generic enough, i.e., r11, go2 # 0, the invariant [ is well-defined
and equal to zero.

e In local coordinates define the geometrically flat surface of type (3[, ) by

P q(p)
r(s) K ’
with r(s) = rns?/2 + O(s)3, q(p) = quip*/2 + O(p)>. If the surface is generic
enough, i.e., 22, q11 # 0, the invariant [ is well-defined and has value co. Q

2.3.4 Moving frames

In this section we will construct a bundle over a hyperbolic surface in the Grassmannian that
describes the normalizations we have made in the previous section. The reason for introduc-
ing these bundles is that they will allow us to make a connection to the invariants of first order
systems in Section The reader can skip the remainder of this chapter until that section.
The points in the fiber of the bundle over a point L € S will provide local coordinates
for Grassmannian near L in which the surface is normalized in the way described in the
previous section. The idea for this bundle is from McKay [S1, Section 4.3] but we give a
different presentation. This presentation allows us to translate the invariants on the bundle to
the invariants in local coordinates and this allows us to calculate these invariants in examples.

Moving frames at order zero

First we choose basis e?, eg, eg, eg for V. We define By = GL(V) and define the projection
w:By - Grp(V): g g_l(]Re(l) + Reg). The left action of GL(V) on By induces an
action on Grp (V). The stabilizer group of the point Ly = Re? + Reg is equal to the group
Hj, which is the group of matrices

a b
(0 g) e GL(V), (2.20)

with a, de GL(2, R) and b an arbitrary 2 x 2-matrix. This shows By the is a Hy bundle over
the Grassmannian.

Let S be a hyperbolic surface that is embedded as ¢ : § — Gr2(V). We can then form the
pullback bundle By = ¢*By.
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B() = L*BV — BV

-

S > Gry(V)

A point in the bundle By is given by a pair (s, g) € S x By such that ((s) = w(g) € Gra2(V).
Since the map ¢ is an embedding, the point g already determines the point s and for this
reason we will denote a point in By often by the element g € By alone.

Any point g € By defines a frame e¢; = g_l(e?) for V. This frame for V introduces
local coordinates for Gr (V) in the following way. Use eq, e2 as a basis for a 2-plane L =
Re; + Rey and use e3, e4 as a basis for the 2-plane M = Re3 + Res. Recall the open
subset Grg(V, M) C Grp(V) is isomorphic to the linear maps from L to M. The matrix
representations of these maps with respect to the bases ey, e; for L and e3, e4 for M provide
local coordinates for Grg(V, M). We say that these local coordinates are induced by the
element g € By.

If g is a point in the fiber of By over the point L, then in the local coordinates induced by
g the point L corresponds to the zero matrix. Recall that choosing coordinates such that the
point L corresponds to the zero matrix is the first step in constructing a normal form for the
surface in local coordinates (see Section[2.3.3). We say that the bundle B over S is adapted
up to order zero because all points g € By induce local coordinates for S in which the surface
is normalized up to order zero in the sense of Section[2.3.3]

The next step in our construction is to construct a bundle By over S such that the points
g € Bj over L induce local coordinates near L in which the surface is adapted up to first
order. We will also see that the normalizations in local coordinates correspond to relations
between the components of the pullback of the right-invariant Maurer-Cartan on By to the
bundle B;.

Remark 2.3.19. McKay [51} Section 4.4] used the relations between the components of the
Maurer-Cartan form to define the different bundles. In contrast, we show that these relations
can be used as an alternative definition of the bundles. We use the relations to calculate value
of invariants for specific surfaces. We need the calculations in local coordinates to be able to
make a precise analysis of the action of GL(V) on the jets of hyperbolic surfaces. @

Remark 2.3.20 (Frenet frames). The construction described in this section is similar to the
construction of Frenet frames for space curves. See for example Ivey and Landsberg [43] pp.
23-26]. We start with a geometric object S that is a submanifold of the base manifold M.
The base manifold is realized as the homogeneous space M = G/H for a Lie group G. The
group H is the isotropy group of the action of G on M. The points g € G correspond to
points in M by the projection g — gH. But we want that the points g € G also contain
some information about the geometry at the point g H. For example in the case of hyperbolic
surfaces the points g € G provided local coordinates for the hyperbolic surface near the point
gH € M. The geometric object is embedded in G/H as ¢ : S — G/H. The pullback (*G is
a H bundle over S. We then find reductions of this H bundle in such a way that the reduced
bundles consist of points g that are adapted to the geometry of S near gH.
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In the case of Frenet coframes the group G is ASO(3), the semi-direct product of the
translations and rotations in R>. The elements in ASO(3) are pairs (x, R) with x € R3 and
R € SO(3) a rotation. We define the projection ASO(3) — M = R3 : (x,R) — x. The
action of ASO(3) on itself then defines a transitive action on M. The stabilizer group of the
origin in M = R3 is H = SO(3). The base space M is isomorphic to G/H. The rotation R
defines an orthonormal frame at the point x by rotation of the standard basis vectors in R3.
The geometric object is a space curve c(¢) parameterized by arc length. The pullback By is
the bundle over S for which the fibers over x = gH € § are the points { (x, R) € ASO(3) |
R € SO(3) }. A first reduction of By is the reduction to the bundle By C By for which the fiber
(B1)x over a point x = ¢(0) € Sisequal to { (x, R) € ASO(3) | x = ¢(0), R(e1) ='(¢) }.
The bundle B is a SO(2) reduction of By. If the curve is generic we can make a second
normalization. The vector ¢”(¢)/|c”(¢)| is non-zero and perpendicular to ¢’(z) and we can
arrange that Re; = ¢(t), Rey = ¢”(t)/|c”(¢)|. This defines a unique frame at the point c(¢)
which is called the Frenet frame.

In the table below the different objects for Frenet frames and our construction for hyper-
bolic surfaces are given.

Frenet frames Hyperbolic surfaces
Base manifold R3 Gr (V)
Geometric object Space curve Hyperbolic surface
G ASO(3) GL4, R)
Isotropy group H SO(3) Hy
Geometric interpretation | Frenet frame Local coordinates
Invariants Curvature «, torsiont | f, g, e

@

Remark 2.3.21. We have chosen to work with the unoriented Grassmannian and the group
GL(V). The whole theory can also be done for the oriented planes with some minor modi-
fications. We then have Gr(V) as the base space and use the group GL™ (V) of orientation
preserving linear transformations. Since we are mostly interested in the local theory the dif-
ference between the two approaches is not essential.

Another choice is related to the fact that the scalar multiplications do not act on Gra (V).
This means that we can also choose to work with the group of projective linear transfor-
mations PGL(V). We have chosen to work with GL(V) because this group has a natural
representation as matrix groups. Another option would be to choose a volume form on V.
Then the group SL(V) is isomorphic to P GL' (V) and we can use a matrix representation of
SL(V) as a representation for [P GLT (V). @

The Maurer-Cartan form

On the bundle By the right-invariant Maurer-Cartan form is defined as ag = (dg)g~'. This
is a 1-form on By with values in the Lie algebra g = gl(V). We will see below that the
normalizations in local coordinates correspond to relations between the components of the
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pullback of the Maurer-Cartan form to the bundles By and Bj. It is convenient to write the
Maurer-Cartan form as

ag = (dg)g™' = <§ 2) , 2.21)

for 1-forms &, n, ¥, ¢ valued in the space of 2 x 2-matrices. Using the decomposition of
2 x 2-matrices in Sectionwe have D-valued 1-forms ', n”, ..., ¢, ¢".

The right-invariant Maurer-Cartan form satisfies the structure equations dag = ag A aR.
This implies the following set of structure equations for the components

5/ é// A éNF + n/ AD + 77// A l?”F

%_” é//\%-//_i_é-///\E/F+n//\19//+n///\29/F
77/ s/ A 77/ +§.// A n//F + n/ A é./ + n// A é.//F
n// %_//\ 77//+§// A 77/F +77//\€//+77// A §/F

d 9 = / / / / 1" nk ” nF |- (2.22)
Y ANE A+ AET A
i O NE" A ' F Y /\E/F IO 4
/
é‘” A 77/ + 9" A n//F + {U A CNF
¢ 19//\77”_'_19”/\77/F+§//\§H+CN/\C/F

The right-invariant Maurer-Cartan form transforms under the left multiplications by the ad-
joint action. We have (Ljag); = Ad(h) o (agr)g.

Since dim By = 14 there will be relations between the 1-forms &, n, ¢, ¢ on the pullback
bundle. Later we will use the structure group Hp of Bp over S to normalize these relations.
Note that the four 1-forms #, 9%, 9", 9”F vanish on the fibers of the bundle By — S and
hence there must be relations between these forms since S is only two-dimensional.

Moving frames at order one

We have constructed the principal Hy bundle By over a hyperbolic surface S. This bundle
was adapted to the geometry of S in the sense that in the local coordinates induced by a point
g € By the point s € § is given by the zero matrix. The next step is to reduce the bundle By
to a bundle B, that is adapted to the surface up to order one.

Let the surface be given in local coordinates as

A=<P ‘1>,
r N

and assume that, at the point L given by A = 0, the coordinates are adapted up to first order.
This means that ¢ = O(p, s)> and r = O(p, 5)°. In other words the first order part of A at
L, given by dA, is diagonal.

A section of the bundle By is given by

S—)B():Al—>g0=<_IA (I)>
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Since the structure group for By is the group Hy (see (2.20)) the points in the bundle By
can be parameterized as hgo for 4 € Hy. Let us calculate the pullback of the right-invariant
Maurer-Cartan form on By to By. The Maurer-Cartan form at a point hgy € By is given by

(@R)hgo = (dhgo)(hgo) ™" = (d)h™" + h(dgo)gy 'h™"

~ ~ -1
_ o (a b 0 0\/[(a b

= (dh)h +<o a) (—dA 0) (0 g) (2.23)
—b(dA)a~! E(dA)a—15J—1>

_ —1
= [k +<—&(dA)a—1 d(dA)a'bd~!

The term (d/2)A~! has no contribution to the bottom left part ¥ of ag. Hence the action of
on the bottom left part is by a conformal action. We can always arrange by a suitable choice
of @,d that 9" = 0. The stabilizer group of #” = 0 is given by the subgroup H; consisting
of matrices

hy = (g Z) € GL(4, R) (2.24)

for whicha,d € D ora,d € LD. So either a, d are both diagonal or both anti-diagonal. We
define the bundle B; as the subbundle of By for which " = 0. The calculation above shows
that By is a H; reduction of By.

Remark 2.3.22. The condition that @va" =0if 9’ = 0is precisely thata” = d” =0
ora’ =d' =0.Indeed, let ! = k. Then

ava ' =dok =d'o'K +d" KT +d oKL +d"9 KL,

Since ¢’ and ¥’ F are linearly independent we find the two equations d’k” = 0 and d”k’ = 0.
Since a and d are invertible this implies eitherd” = k" =a”" =0ord' =k'=a'=0. @

Remark 2.3.23. McKay also defines a bundle B; for the elliptic surfaces, but does not men-
tion the fact that the full structure group that preserves the equation " = 0 has two connected
components. In McKay [51} p. 28] he defines a bundle By which is the elliptic equivalent of
one of the connected components of our bundle B;. The fact that he only uses the connected
component might be related to the orientation that he uses, but he does not explicitly mention
this. This omission also occurs in McKay [52| p. 14] (in this article the bundle has the name
B>, which is confusing with the notation in McKay’s thesis [51] and this dissertation). %)

We have defined B by the condition ¢#” = 0. If the surface is given in local coordinates
induced by g € By by the 2 x 2-matrix A and dA is diagonal at g, then equation (2.23))
shows that g € Bj. All other points g in the same fiber of B; as g are related by an element
of Hj. The local coordinates induced by g are then related to the local coordinates induced
by g by a transformation by an element of H;. From the discussion about the normal form
in local coordinates for a hyperbolic surface at order one starting on page [61] it follows that
the transformations in H; are precisely the transformations that leave invariant the condition
that dA is diagonal. Hence for all g in the fiber of B; the surface in local local coordinates
induced by g is normalized up to order one in the sense of Section[2.3.3]
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Moving frames at order two

For any point in B the pullback of Maurer-Cartan form takes values in g. Since Bj has
dimension 2 4+ 8 = 10 the image of the tangent space of B; under og is a 10-dimensional
subspace of g. The Maurer-Cartan form of the structure group Hj is of the form

- — (da d5> <a E)‘ _ <(da)a—1 —a~V(da)bd~" + (dl5)d‘1>
0 dd)\0 d 0 (dd)d™! '

The tangent space to the fiber of the projection By — S at a point is mapped by the Maurer-

Cartan form to the eight-dimensional Lie algebra fj; of Hj in g. So the tangent space of Bj is

mapped by the Maurer-Cartan form to a 2-dimensional linear subspace in g/f;. If we move

in the direction transversal to the fibers, then ¥’ # 0. Also on Bj the form " = 0. This

implies that the 2-dimensional linear space in g/h; is determined by relations

E,/Zfl?/—ke‘](l?/)F, {'/,:ezﬁ/—i-g(ﬁ/)F,

with f, g, e; and e; all D-valued functions on Bj.

We will calculate the consequences of the reduction from By to Bj for the structure equa-
tions (Z.22). Since ®»” = 0 we find directly that 0 = d” = »' A" 4+ ¢” A ®'F. By Cartan’s
lemma (Lemma[T.2.12)) we conclude that

EN_(f €\(?

é—// = —e g ﬁ/F k]
for functions f, g, h valued in the hyperbolic numbers. So e = e; = e;. This equality is a
consequence of the equality of mixed second order derivatives in local coordinates. Let /1

be the matrix from (2.24) with a, d € D. The action by left multiplication on B; acts on the
Maurer-Cartan form by the adjoint representation.

Ad(h))ag

_fa P\ (& n\[a ' —albd!

- dl\v ¢ d-!
a b E/—I-é”L n +n'L —a'ha!
0 d v o+ 'L o d-!

a€' +at"L+ b9 an +an'L +b¢' +I;§”L> (a_1 —a_lbd_l>
0

dy’ d¢’ +d¢"L d-!

( / _l—i—aé”La_l—{-bl?’a_l * )

»a! do' (—a'bd™") + cc’d ' + ct”Ld !

S/—f—aa_l S”L—}—ba‘lﬁ’ *
—119/ dl?/(—a_lbd_l)+C/+dd_1F§”L
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We have £/ = 9 + ev’" and 3’ = da='9’. The transformed components are
é// — aa_lFE” —}—b”a_lFl?/F
—aa (o e’y 4 p a1 T
= aailFfadflf}’ + aailFeaFdle(f?/)F +v'a " ad s
_ aza—le—lfg/ + (ae + b//)d—lF(é/)F’
E// — —da_lb//d_lFl?/ +dd_1F§//
— —daw'a " 4 aa " (—ho' + g9'")
— (=da~"p"a" " —daa=\" ey’ + da—" g’ "
— (=da=""a"" —aa"" eyaa ' + da=" gaFa " 3)F
— (=b"d"" —aa"" ey + da?" gat (3)F
— — " +ae)d " +aFaa?" ¢ BHF.
From this we can read off that f, g, e transform as
f a*(a Hfd~'f
a b F 30 7—2\F
o ) le]=1 fa@>re . (2.25)
e (ae + b)Y (dHF

We can recognize these transformations as the transformation rules for the second

order coefficients for a hyperbolic surface in local coordinates. We will prove that the second

order coefficients in local coordinates indeed correspond to the functions f, g and e.
Suppose a hyperbolic surface is given in local coordinates by matrices

A:(l; g).

We assume that at the origin the surface is adapted and so we can write ¢ = q11p?/2 +
qu2ps + q0s*/2 + O(p.s)*, r = riip*/2 + riaps + rs?/2 + O(p, s)>. We want to
calculate the bundle B; so that we can calculate the relations between £”, ¢ and ©%’. Since
the group Hj acts transitively on the fibers of By, it is enough to find a section of the bundle
Bj. Calculating this section exactly is difficult, but for our purposes it will be enough to find
this section up to order 2 at a special point. We will prove the equalities we need at the special
point and the result then follows from the transformation rules.
A section of By over the surface is given by

(1 0
go=(_4 ;)

We can make this into a section of B by multiplying with a suitable element of Hy. We take

_ a 0 . ~ (1 ¢ =~ (1 «c3
h—<0 J) with a—<C2 1>,d—<c4 1).
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Then g1 = hgo is a section of By. The pullback of the Maurer-Cartan form over this section
is given by

(@r)g, = d(hgo)(hgo)™" = (dh)h™" + h(dgo)gy 'h™"

B 1, (@ O\/ 0 o0)(a 0\
= (@ +<o J) (—dA o> (o ci)

P 0 0
= (dh)h +<—c§(dA)d—1 0).

The section g of By is a section of Bj if the lower 1e§t block is diagonal. The term (dh)lfl
has no contribution to the lower left block. The term d(dA)a ! is equal to

q11pdp + gasds

d —1
ddAya!' = Ia b + q12(sdp + pds) 1 3
1 r11pdp + rpsds is 1

+ ri2(sdp + pds)
q11pdp + q12(sdp + pds)

dp+O(p,s) + goosds + c1dp + c3ds
+O(p, s)?
ri1pdp +ri2(sdp + pds)
+ rposds + c4dp + c2ds ds + O(p, s)
+0(p. s)*

By taking

c1=—(qup+qi25) +O(p,$)%, 3= —(q1ap +qas) + O(p, 5)?,
ch=—@rip+rns)+0(p,s)2,  c2=—@rp+rns)+0(p,s)?,

we find a section g; = hgo of the bundle Bj.
Then the general element of Bj is given by h1g| for 1 € Hj. The Maurer-Cartan form
is given by

@R)n g = d(h1g1) (g™ = (dhDh" + hi(dg) (g DAy

Here

o da 0y
d(gn(gn = ((d&)A +d~(dA) dc?) 81

_ (daya—! 0
“\dd)Aa ' +d@dA)a! — [dd)yd 'aAat (ddyd ')
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In the origin we have A = 0 and dA = (dé’ C?S). Hence 9’ = (dp, ds)T, 9" = 0. Also

-1
- 1 — — s
—1 qi11p — 412 2
a = +O(p, s
<—712P — s 1 ) (p.5)
1 q11p + q128 2
= O 9 9
<712P + 1228 1 +OW.s5)
e 0 —q11dp — qi2ds 2
(da)a o <—r12dp — r22ds 0 ) + O(p, S) ’

The component &” of the Maurer-Cartan form is given by ((daya? )” since the term (d/ )hl_l
has no contribution and at the special point /1 is the identity matrix. Hence

" —qudp —qi2ds —q11\ o/ —q12 NF
5 (—szds) (—rlzdp> (—mz) (—712) @)

In a similar way we can calculate that

n_ (412 / —q22 NF
= (rlz) v (—m) @)

This means that at g; we the values of f, g, e correspond to the second order jets of the
surface in local coordinates.

Higher order

Since a is invertible we can transform /4 into zero by choosing a unique element b”. This
reduces the bundle B; to a new bundle, which we denote by Bg. The structure group of the
bundle is the parabolic subgroup of GL(2, D) given by matrices of the form

G <)

On Bg we have &’ = o', ¢ = g(®')F. The functions f, g are functions on Bg that
transform under the action given in formula (2.23). The functions to not descent to the surface
S, hence they are not invariants. From the action we can see that the functions f, g do define
a pair of relative invariants. The expression | f|?/|g|* is invariant under the structure group
and is equal to the invariant /.

Example 2.3.24. Let K be the standard hyperbolic structure on R*. The standard basis for
R* we denote by e? and we define Lo = Re? + Reg. The group PGL(2, D) as a subgroup
of PGL(4, IR) acts transitively on the set of all hyperbolic lines. It is not difficult to see that
G = PGL(2, D) is precisely the bundle Bg over the hyperbolic surface S = Gry(V, K). We
can introduce local coordinates a, b, ¢, d for G, where a, b, ¢,d € D and A = ad —bc € D*
and the elements in G are represented by the matrices

(¢ 2)
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The pullback of the right-invariant Maurer-Cartan form on GL(4, R) to G is

§ 0\ _ a1 (dda—cds —bda+adb
% ) ddc —cdd —bdc+add ]’

We see that for this pullback we have the relations ¢” = 0, §&” = ¢” = 0. Hence the
projection G — Gr» (R*, K) : g g_1 (Lo) is a bundle over Gr»(R*, K) that is a subbundle
of Bj. The relations £” = ¢” = 0 show that the invariants f, g and e are zero for the
surface. %)



Chapter 3

Geometry of partial differential
equations

In this chapter we introduce the two main classes of partial differential equations that are
the subject of this dissertation. The classes are the determined first order systems of partial
differential equations for two unknown functions of two variables and the second order scalar
partial differential equations in the plane. These two classes of equations have a very similar
geometric structure and this is precisely the reason that we can develop the theory for these
systems in parallel.

Small variations of these systems, such as introducing more dependent or independent
variables, considering under- or overdetermined systems or higher order equations can lead
to systems of partial differential equations for which the geometry is completely different
from the geometry in the two systems mentioned above. This makes it difficult to apply the
theory to be developed in this dissertation to these other types of systems.

3.1 Ordinary differential equations

We start with describing the geometry of ordinary differential equations to show the methods
used. Consider the ordinary differential equation

7' =F(x,z, 7). 3.1

The solutions to this equation are functions z(x) that satisfy z”(x) = F(x, z(x), z’(x)). The
graph of a 2-jet of a solution is a submanifold of the second order jet bundle J*(R). On
JZ(R) we have coordinates x, z, p = zx, i = zxx and the two contact forms ol =dz — pdx,
6% = dp — hdx. To each function f we associate the submanifold

Sp={(x, f(), f'x), f'(x)) € PR | x e R}.

The submanifolds Sy are integral manifolds of the Pfaffian system I = span(6', 62).
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If f is a solution to the differential equation (3.1)), then Sy is a submanifold of the hyper-
surface M C J*(R) defined by h = F(x, z, p). Conversely, every integral manifold of the
Pfaffian system I restricted to M for which dx # 0 is locally the graph of a solution. The
correspondence between solutions of (partial) differential equations and integral manifolds
of a Pfaffian system (or more general an exterior differential ideal) will be used many times.

3.2 Second order scalar equations

We consider a second order partial differential equation for the unknown function z and the
independent variables x, y. We introduce the coordinates x, y, z, p = 2x, ¢ = Zy, I = Zxx,
§ = Zxy, I = zyy for the second order contact bundle JZ(IRiZ, R). The use of p, g and
r, s, t for the first and second order derivatives, respectively, was introduced by Monge. The
coordinates x, y, z, p, q, 1, s, t are called Monge coordinates or classical coordinates. The
most general form of such an equation is given by

F(x,y,z,p,q,r,s,t) =0. (3.2)

We require that that (F,, Fy, Fy) # 0, so that (3.2) defines a truly second order equation. If
F,. # 0, then we can (locally) solve for r and rewrite the equation as

r=px,y,2,p,q,5,1). (3.3)

If F, = 0 at a point, then we can either solve for one of the other second order variables or
we can make a coordinate transformation x +— x +y,y — x —yorx — y, y — x such
that in the new coordinates F, # 0.

Let us analyze the geometry of such an equation. On the second order jet bundle the
equation or defines a hypersurface M. On the second order contact bundle we
have the contact forms

0% = dz — pdx — gdy,

L ) 3.4
0" =dp —rdx —sdy, 6°=dqg — sdx —tdy.

These contact forms pull back to contact forms on M, which will also be denoted by 07,
Assume that F;, # 0 and that we can solve forr asr = p(x, y, z, p, ¢, s, t). On the hyper-
surface M the contact forms are

6% = dz — pdx — gdy,

L B o B (3.5)
0 =dp — pdx —sdy, 6°=dq — sdx —tdy.

The solutions of the partial differential equation are locally in one-to-one correspon-
dence with the integral manifolds of the Pfaffian system generated by the forms (3.3) that
satisfy the independence condition dx A dy # 0.

The distribution V dual to the contact forms is spanned by

3x+Paz+,03p+S3q, ay +6]32 +S8p+t8qv

3.6
ds, 0. (5.6)
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A simple calculation shows that

C(V):span(O), V/=Span(V,8,,,aq),
C(V') = span (35, &), V" =span(V,d,) =TM.

These expressions are only expressions in local coordinates, but since p was general we can
see that all systems that come from second order scalar equations have a rank 4 distribution
V with the properties that rank )’ = 6, rank V"’ = 7, rank C(V') = 2, C(V') C V. These
conditions on V describe the entire geometry of the equation. We will see in Section[4.T] that
distributions with these properties can locally be written as a second order equation.

3.3 First order systems

Consider a first order system of partial differential equations in the independent variables

x!, ..., x"and dependent variables ul, ... u® defined by the equations

Frx,u,p)=0 r=1,...,c. (3.7)

Here pi. stands for the first order derivative du’/dx/. We can define this system in a co-
ordinate invariant way as follows. Let B be an open subset of R” x R*® and consider the
Grassmann bundle Gr, (T B) of n-planes over B. If we assume the equations are of
constant maximal rank ¢ and we can solve for the first order variables p, then the equations
define a codimension ¢ submanifold M of the Grassmann bundle and the canonical projection
7w : M — B isasubmersion. On the Grassmann bundle Gr, (7 B) we have the contact system
I, which is generated by the contact forms 6/ = du’ — pj.dx/ ,i =1,...,s. The pullbacks
of the contact forms define the contact system on M. This contact system is of constant rank
and defines the contact distribution VV = I+. Solutions u(x) of the system correspond
to integral manifolds of the contact system on M.

We will specialize to the case n = s = ¢ = 2. For such first order systems we will write
x, y for the independent variables, u, v for the dependent variables and p = uy, g = uy,r =
Uy, S = vy for the first order derivatives. The equation manifold M has dimension 6. From
this point on we adopt the convention that, unless stated otherwise, a first order system is a
first order system of two partial differential equations in two independent and two dependent
variables. The definition of such a system can be given by equations in local coordinates, in
terms of a distribution on a 6-dimensional manifold or in terms of a codimension 2 Pfaffian
system.

Any codimension 2 first order system is defined by two equations F! = 0, F2 = 0 and
can be characterized as follows. If we define w! = dx, @? =d v, then the structure equations
for the contact forms are

1 1
o = (”12 ”3) Aw mod I.
Ty T
Notice that any system satisfies d = 0 mod J, J = span(/, !, ®*). Hence the graphs
of solutions to the partial differential equation correspond to integral manifolds of the linear
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Pfaffian system (I, J). Since dw = 0 mod J, the distribution dual to J is an integrable
rank two distribution. The leaves of this distribution are precisely the fibers of the projection
M — B. The contact distribution ¥ on M is the distribution dual to I. The Lie brackets
modulo the subbundle define a tensor V xy V — TM/V. We will see later that for elliptic
and hyperbolic systems this tensor is non-degenerate (the precise definition of non-degenerate
is given in Appendix [A.T). We will use these properties to define a generalization of a first
order system in which there is no distinguished set of independent or dependent variables.

Definition 3.3.1. A generalized first order system under contact geometry is a smooth mani-
fold M of dimension 6 with a rank 4 distribution ' such that the Lie brackets modulo the
subbundle is a non-degenerate map V xy V — T M/V. A generalized first order system un-
der point geometry is a generalized first order system (M, }') with an integrable distribution

ucv.

A contact transformation of a first order system is a diffeomorphism leaving invariant ).
A point transformation is a diffeomorphism leaving invariant both V and i/.

The discussion above shows that any elliptic or hyperbolic first order system defines a
generalized first order system under contact geometry and a generalized first order system
under point geometry as well. In Section [4.6.1| we will see that any analytic generalized first
order system can be written locally as an elliptic or hyperbolic system of partial differential
equations. The parabolic first order systems can also be formulated on a 6-dimensional mani-
fold with rank 4 distribution. The author is not aware of conditions on )V that guarantee that
(M, V) is locally equivalent to a first order parabolic system. For some non-generic distri-
butions (for example if the distribution is integrable), there are no corresponding systems of
equations.

The definition (3.3.1) of a generalized first order system under point geometry is very
similar to the definition in McKay [51} p. 37] of almost generalized Cauchy-Riemann equa-
tions. The only differences are that McKay only defines the systems for equations of elliptic
type (for the type of first order system see Section and that he introduces an orientation
for the manifold M.

Remark 3.3.2. A structure theory of first order systems in terms of vector fields was already
introduced by Vessiot [67]. Dual to the formulation in vector fields there is a formulation
in differential forms. For first order elliptic systems McKay [51] has developed the struc-
ture theory in great detail. The structure theory using differential forms and vector fields is
developed by Vassiliou for hyperbolic systems [65} 166]. %)



Chapter 4

Contact distributions for partial
differential equations

In this chapter we will formulate the structure theory of second order scalar partial differential
equations in the plane in terms of contact distributions. Vessiot [67, p. 307] already gave a
beautiful geometric characterization of these equations, see Theorem The papers by
Vessiot have been summarized by Stormark [64, Section 5.2, Chapter 11] and Duistermaat
[25, Section 3.6]. Here we give our own formulation and extend the structure theory given
by these authors.

The theory for first order systems is very similar, but we will not explicitly derive the
results for these systems. In Section [4.6|the theory for first order systems is discussed. As an
application of the theory we will construct a framing on the equation manifold of a first order
system that is invariant under general contact transformations. This framing can then be used
to define invariants for the system. This section is complementary to the theory in Chapter [3]
and[6] In those chapters differential forms and the method of equivalence are used to develop
a structure theory.

4.1 The contact distribution

Let F(x',z, p', h'/) = 0 be a second order scalar partial differential equation in n indepen-
dent variables x!, ..., x". The function F defines a hypersurface in the second order contact
bundle Q. This second order contact bundle has local coordinates x', z, p’, h'/. The contact
forms on Q are generated by

60 =dz—pjdxj, o' =dpi —hidx!, i=1,....n.
The distribution V' dual to the contact forms has dimension n + n(n + 1) /2.

Definition 4.1.1. Let M be a smooth manifold and V a smooth distribution on M. The pair
(M, V) is called a Vessiot system in n variables if it satisfies the following conditions:
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e The codimension of Vin TM isequal ton + 1.

For every m € M the Cauchy characteristic space C(V),, of V at m is equal to zero.

For every m € M the derived bundle V), has codimension one in 7, M.

For every m € M, C(V'),, is contained in V,, and has codimension equal to 2 + 1 in
.M. ©

Theorem 4.1.2. Let (M,V) be a Vessiot system in n variables. Then locally the system
is isomorphic to the system defined by a smooth hypersurface in the second order contact
bundle for a manifold of dimension n + 1.

Proof. This theorem is Proposition 3.8 in Duistermaat [24]]. The theorem for the case n = 2
is given in Stormark [[64, Theorem 11.1]. The original for n = 2 is due to Vessiot [68].
Locally the characteristics C(}’) define a projection 7 : M — P = M/C(V'). The
bundle V'’ projects to a codimension one bundle C C T P. The pair (P,C) is a contact
manifold of dimension 2n + 1. For every m € M the subspace V), projects to a codimension
n+ 1 (dimension n) subspace W, C C, p = m(m). The subspace W,, defines a point in the
second order contact bundle Q over P. The fibers of O — P have dimension n(n + 1)/2. If
we vary m along the ﬁbern_l(p) then W, will varyinCp. Lett : M — Q :m — W, € Q.
We will prove that ¢ is an immersion and hence locally ¢ defines an embedding M — Q.
Let o be the projection Q — M. Since mg ot = m, the kernel of T is contained in
ker(Tw) = C(V'). Suppose that X,, € kerT,,0 C C(V’). Extend X to a smooth vector
field contained in C (V). Since Tyt (V) = W, and T,,0(X,,) = 0, it follows that [X, Y] C
V+CO)=VforallY C V. Butthen X C C(V). Since C(V) = 0 this implies X = 0.
The image of M, under ¢ defines a hypersurface in the fiber Q, over p. Hence M is
mapped to a hypersurface in the second order contact bundle Q that is transversal to the
projection Q — P. a

The Vessiot theorem says that locally the study of Vessiot systems (M, V) is equivalent
to the study of partial differential equations. The transformations that leave invariant the
distribution V are the contact transformations of (M, V). In the sections below we will study
the geometry of Vessiot systems (M, V).

4.2 Structure on YV

We continue our analysis of second order equations. We define a generalized second order
equation to be a Vessiot system (M, )) in 2 variables. Since locally the generalized second
order equations are equivalent to second order scalar partial differential equations by the
Vessiot theorem, we will often omit the adjective generalized.

We will use the contact distribution ) and the Lie brackets modulo the subbundle to create
more structure on the equation manifold. We specialize to the case n = 2, hence rank V = 4,
rank V' = 6 and rank V" = rank(T M) = 7. The Lie brackets restrict to a bilinear form
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A=1[,1y :VxyV — V/VonV tothe derived bundle V'/V which is called the Lie
brackets modulo the subbundle. For any form & € (V'/V)* we can make the composition
& o A which is a 2-form on V. Then (£ o A) A (£ o A) defines a 4-form on V. After a choice of
a volume form voly on V we can define a quadratic form Q on (V'/V)* by

(o) A(Eod)= Q(&)voly. 4.1)

The form Q modulo non-zero scalar factors is an invariantly defined conformal quadratic
form. The definiteness of this quadratic form is contact invariant and determines the type
of the equation. We say the system is elliptic, hyperbolic or parabolic in the case that Q is
definite, indefinite or degenerate, respectively. Note that the positive definite case is identified
with the negative definite case by means of multiplication of the conformal quadratic form by
a factor -1. In the elliptic and hyperbolic case the map A : V x 1V — V'/V is non-degenerate
in the sense of Appendix

Our definition of the type of a Vessiot system agrees with the classical definition of the
type of a second order equation, see the example below. Since our definition is contact
invariant, this shows immediately that the classical definition is contact invariant as well. A
contact invariant definition of the type of a second order scalar equations was also given by
Gardner and Kamran 38| p. 63]. Their definition is equivalent to our definition. They make
the remark that their definition is contact invariant, but do not compare the definition to the
classical definition in terms of the symbol of a partial differential equation.

Example 4.2.1 (Symbol of a second order partial differential equation). In classical
theory a second order partial differential equation is a hypersurface in the second order con-
tact bundle of a 3-dimensional manifold that is transversal to the projection to the first order
contact manifold. If x, y are two independent coordinates and z the dependent coordinate,
then the equation is given by

F(x,y,2,2x, 2y Zaxs Zays Zyy) = 0. 4.2)

The type of the equation is defined using the symbol of the equation. At a point we can
linearize the equation with respect to the highest order variables. The result is a linear partial
differential operator and we define the symbol of the equation at the point m to be the symbol
of the linearization. The linearization of at a point m is given by

2 2 2

Lz = Fym 2 4 Fym) == 4 Fym) 22
¢ T ax2 S ax0y !

ek 4.3)

We write X for the manifold with coordinates x, y. The symbol is given by the quadratic
form on T*X

(Er, &) € T*X > Fo&% + Fi&cky + &% 4.4)

The type of the equation is elliptic or hyperbolic if this quadratic form is definite or indefinite,
respectively. We will show that the classical definition of the type of the equation (4.2)
corresponds to the type of the Vessiot system defined by this equation.
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The second order contact bundle has local coordinates x, y, z, p, ¢, r, s, t. The contact
forms are

00 =dz — pdx — gqdy,
ol = dp — rdx — sdy, 4.5)
0% = dg — sdx — rdy.

The equation defines a hypersurface M in the second order contact bundle. The contact
forms 6/ pull back to contact forms on M. The contact distribution V on M is equal to
span(@o, 61, 62)+. We choose e5 = 0p, e6 = 4. The vector fields es, eg define a basis for
V'/V. Define £ : V'/V — R by &1€5 + &¢°. So &(ad, + bd,) = a&) + bé.

Recall that A : V xy V — V'/V was the Lie brackets modulo the subbundle. The
composition £ o A : V X V — R is equal to the restriction of the 2-form

£1d0" 4 £,d0% = £ (dx A dr +dy A ds) + & (dx Ads +dy A dr)
to)V Xy V and (§ o A) A (§ o A)/2 equals the restriction of the 4-form
(ED%dr Adx Ads Ady 4 (£16)dr Adx Adt Ady + (&)%ds Adx Adr Ady.

We assume that F, # 0. If F, = 0, then either F; # 0 or F; # 0 and we can carry
out a calculation similar to the one below leading to the same conclusions. The form 2 =
dx Ady A ds A df restricts to a non-zero volume form on V and on V the contact forms {.5)
vanish. Since the hypersurface M is defined by F = 0, the form F,dr + Fyds+ F;dt+ F,dp+
F,dg + Fydx + Fydy + F,dz is zero on M. We can use this to calculate that restricted to
y XM V

Frgon A€ on) = (—F@)* +aak - FE@?) 9.
Since F, # 0 the conformal quadratic form defining the type of the Vessiot system is

£ > —F(5)* +616F — F (&)

If we compare this form to the conformal quadratic form (4.4)) then we see that the discrim-
inant of both quadratic forms is (F,)> — 4F, F,. Hence the two definitions of the type of a
second order equation agree. @

If Q is non-degenerate then the isotropic cone (see page(38)) consists of two distinct lines.
We can choose two non-zero points {1, ¢» such that each point is contained in a different line
of the isotropic cone. In the elliptic case these points are complex. The isotropic elements &
and ¢, are forms on V'/V and we can define the characteristic 2-forms

CipoAr:VxyV —R.

(in the elliptic case the quadratic forms are complex valued). Since ({; o A) A (¢ oA) = 0 the
characteristic 2-forms are decomposable. We can then define the characteristic distributions
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F =ker(¢ o A) and G = ker(¢p o A). The distributions F and G are called Monge systems in
the classical literature (see Stormark [64]]). For X C F,Y C G and Z C V we have

(1o)X, Z2) =0, (201)(Z,Y)=0.

This implies that (£] o A)(X,Y) = (& 0o M) (X, Y) = 0. But then (¢ o A)(X,Y) = 0 for all
¢ € (V'/V)* and therefore A(X, Y) = 0. Classically this property of the Monge systems is
written as [F,G] =0 mod V.

Example 4.2.2 (Wave equation). The second order scalar equation zyy, = 0 is called the
wave equation. We use the classical coordinates x, y, z, p, ¢, r, t as coordinates on the
equation manifold. The Monge systems for the wave equation are given by

F = span (8x + pd; + 1oy, ar) , G =span (8), +qd; +roy, 8,) .
The derived sequence of F is given by
F' = span (3 + pd, 0y, 9p), F' =span (0y, 9, 0p, 0;)
and 7 = F”. The distribution F has three invariants: y, ¢ and r. @

Example 4.2.3. We consider the hyperbolic second order partial differential equation r +
s = 0. We use the variables x, y, z, p, g, r, t as coordinates on the equation manifold. The
contact distribution V is given by span(Dy, Dy, 9, 9;) with Dy = 0y + pd, +rd, — 1oy,
Dy = 3,4+qd; —rd,+1d,. The derived bundle is V' = span(}’, 9, 9,). We define e5 = 9,
eq = 9. The projections of es and e in V'/V we denote by és and ég, respectively.

The equation is already linear in the highest order variables. Hence at every point the
symbol of the partial differential equation is given by

£ (807 + E&. (4.6)

With respect to the basis e = Dy, e2 = Dy, e3 = 9;, e4 = 9, for V introduced above,
the Lie brackets modulo the subbundle are given by the matrix

0 0 —es+e O

0 0 es —eé6
es —eq —es 0 0

0 e 0 0

Let £ € (V'/V)* be given by &8 + £&°. Then & o A has the matrix representation

0 0 —-&+& O

0 0 3 —&
& —-& & 0 0

0 & 0 0
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As a two-form restricted to V x s V we can represent £ o A as
(—&1 + &)dx Adr + &1dy Adr — &dy Adr.

Then (£ o 1) A (€ o X)) € A*(V*) is equal to 2(—&| + £)& dx Ady A dr A dt. The conformal
quadratic form defining the type of the equation is (§; — &>)&>. This quadratic form and the
quadratic form in (4.6) both have positive discriminant so the equation is indeed hyperbolic.
As isotropic elements we can choose {1 = (1, 0), {&» = (1, 1). The characteristic 2-forms on
YV xp Vare

CiodA=(dx —dy)Adr, & oi=dyA(dr—dr).
The Monge systems are
F = span (Dx + Dy, 8[) , G =span(Dy, 9, + 9;) .
We leave it to the reader to check that the Monge systems satisfy [, G] =0 mod V. @

For hyperbolic systems we can use the Monge systems to define an operator J on V by
Jlr =1id, J|g = —id. Note that V = F @ G so J defines a hyperbolic structure on V.
The operator J is invariantly defined up to a minus sign, i.e., up to a choice of one of the
two characteristic systems. Since [F, G] C V and the Lie brackets modulo the subbundle are
non-degenerate, the derived bundle of F has rank 3. The same is true for G. It follows that
V=F &G and V')V = (F'/F) ® (¢'/G). There is a unique hyperbolic structure Jy» /)
on V'/V such that the Lie brackets modulo the subbundle define amap V xy V — V'/V
that is linear with respect to the hyperbolic structures J and Jy» ). This hyperbolic structure

is defined by Jyp|F/7 = id, Jyryplg/g = —id. An alternative definition would be
SV ylkere; = id, Jyr ylkere, = —id. The hyperbolic structure J on ) can be extended to a
hyperbolic structure J on V' by J|# = id, J|g: = —id. Note that J?> = id on V'. Since V

is invariant under J, the extension J : V' — V' induces amap J : V'/V — V'/V. This map
is equal to Jy ). Because of the definition of J we will write V; = F and V_ = § for the
Monge systems.

In the elliptic case we have complex Monge systems and we can define J as an operator
on ¥V ® C. We define J|r =i and J|g = —i. Since J? = —1onV ® C this indeed defines
a complex structure on V ® C. Let us proof that the restriction of J to V defines a complex
structure on V. We can write any vector X € YV ® Cas X = X4 + X_, with X and X_ the
components of X in the characteristic systems F and G, respectively. The isotropic elements
1 are ¢ can be chosen to be complex conjugated. This implies that (1 o A) A (¢ o A)
and ({2 o X) A ({2 o A) are complex conjugated as well and hence F and G are complex
conjugated. If X € V, i.e., X isreal, then X = X and hence X4 + X_ = X, + X_. It
follows that X, = X_and X = X, +X,. Then JX =iX, —iX_ =iX, —iX, and hence
JX = JX. So JX is in V again and J defines an operator J : V — V with J2X = —X.
Again there is a unique extension of J to V'’ such that J defines a complex structure on )’
and X is complex-bilinear.

Remark 4.2.4. In the analytic setting we can complexify any elliptic system and arrive in
this way at a hyperbolic system for complex variables. %)
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4.3 The integral elements

The structure of the integral elements at a point x € M is completely determined by the
type of the equation. We will give a geometric picture of the space of 2-dimensional integral
elements V»()),, depending on the type of the equation. Recall from Section [I.2.4] that a
2-plane E is an integral element for the distribution V if and only if £ C V and the Lie
brackets modulo V vanish on E. The 1-dimensional integral elements are the 1-dimensional
linear subspaces of V. The distribution V has no 3-dimensional integral elements.

Proposition 4.3.1. Let (M, V) be an elliptic or hyperbolic first order system. A linear sub-
space E of V of dimension two is an integral element if and only if J(E) = E, i.e., E is
J-invariant.

The proof of the proposition follows from the definition of J using the Monge systems and
the fact that a linear subspace E of a distribution is an integral element if and only if E C V
and the Lie brackets modulo the subbundle vanish when restricted to E x E. Proposition[4.3.1]
leads to the following geometric description of the space of 2-dimensional integral elements.

Elliptic case The complex Monge systems define a unique complex structure on V. The
integral elements are precisely the complex 1-dimensional complex-linear subspaces
in V. So V,(V),, is the complex projective line for the complex vector space (V,,, J)
and therefore can be identified with the Riemann sphere.

Hyperbolic case Every integral element E has 1-dimensional intersections £y = E N F,
E_ = ENG with the Monge systems. The mapping (X, Y) +— X +7Y from PF x PG
to V»(V) is bijective. Because PF,,, and PG, are both diffeomorphic to a circle, Vo (V)
is diffeomorphic to a torus.

Parabolic case For a parabolic equation the two Monge systems coincide and hence there
is only one (rank two) characteristic system . A 2-dimensional subspace of V is an
integral element if and only if the intersection of E and F is non-zero. The space of
integral elements has a cone-type singularity at the integral element E = JF and looks
like a constricted torus (see Figure .I). The constricted point is equal to the integral
element E.

Integral manifolds. Using the Cartan-Kihler theorem one can prove in the analytic setting
that for each integral element E at x there exists an integral manifold through the point x with
tangent space equal to E. These integral manifolds can be parameterized using two functions
of one variable. See Theorem [6.1.6]

The 2-dimensional integral manifolds of V have at each point a tangent space that is
equal to a 2-dimensional integral element E. The 2-plane E is J-invariant and hence each
element E has a complex structure or a hyperbolic structure depending on the type of the
equation. On the integral manifold this defines an almost complex structure or almost product
structure depending on the type of equation. Since the dimension is two this structure is
always integrable. This means that the 2-dimensional integral manifolds of a hyperbolic
equation have a double foliation by characteristic curves (see Example[2.2.9).
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Figure 4.1: Space of 2-dimensional integral elements for the parabolic equations

4.4 The Nijenhuis tensor

Until this point the structure for elliptic, hyperbolic and parabolic cases were very similar and
we could use the same constructions. From this point on we will assume that the system is
either elliptic or hyperbolic. These two cases are very similar and although the proofs and
constructions in both cases are not identical, they closely related.

In the elliptic case we have constructed a complex structure Jy, on V and a complex struc-
ture Jyr,y on V'. In the hyperbolic case we have a hyperbolic structure on V and V'/V. We
have given an extension of the complex structure to V' using the derived bundles of the Monge
systems. To give additional motivation for this extension of J we will consider the Nijenhuis
tensor. For convenience the analysis below will be done for the elliptic case. However, in the
hyperbolic case everything will be the same with complex replaced by hyperbolic.

Recall that the Nijenhuis tensor for an almost complex structure or almost product struc-
ture J is given by the expression

NX,Y)=[J,JIX,Y)=[JX,JY)— J[JX,Y]— J[X,JY]+ J*[X, Y] “@.7

Since J is only defined on V' this expression is not well-defined for all vectors X, Y. But for
X,Y c Vwehave JX,JY,[X,Y],[JX, Y], [X, JY] C V' sowe can define the map

N:VxyV—>TM.

We will call this map the Nijenhuis tensor as well. We will consider extensions of the complex

structure on V to a complex structure on )’ such that the induced structure on V’/V makes

the Lie brackets modulo the subbundle complex-linear. We will see that there is a unique

extension of the complex structure to V' such that the Nijenhuis tensor vanishes on V x p V.
By choosing a splitting s of the exact sequence

0>V >V SV/V-0
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we can identify V' with Vx 3, V'/V. Any such identification will extend our complex structure
to a complex structure J : V' — )’ such that

Jly =Jdy, Jlyyy=Jdywy.

The complex structure J has the property J(V) C V. Let K be another complex structure
on V' for which the restriction to V and V'/V equals Jy and Jy)y, respectively. Write
D = K — J. Then for X € V we have

D(X) = K(X) — J(X) = Jp(X) — Jy(X) = 0.
Hence D(V) = 0. Since D(V) = 0 and D is a map from V' to V' it induces a map Dlyy :
V'V — V'/V. But Dlyy = Kyyy — Jyy = 0,50 D(V') C V. This implies D? = 0,
hence D acts as a boundary operator. Finally we have

0=K>—J>={J+D)?>-J?

) y o (4.8)
=J24+JD+DJ+D*—J*=JD+DJ.

Hence D is complex-antilinear with respect to the complex structure J (and complex-antilin-
ear with respect to the structure K as well). The complex-antilinear maps D : V' — V' with
the properties

DV)=0, DV)cCV, 4.9)

can be described in the following way. Choose a complex-antilinear form v : V'/V — C
with v # 0; such a form is unique up to a complex scalar factor. We can regard v as a
complex-antilinear form on V' that is identically zero on V. The map

8> (Ds:V =V : X > v(X)8)
from V to the space of complex-antilinear maps D : V' — V' with the properties {@.9) is
bijective.

To make our extension to J to V' unique we will consider the Nijenhuis tensor. It is clear
that N restricted to V x 7 V takes values in V'. From the J-linearity of the Lie brackets
modulo V it follows that in fact N(V,V) C V. So the Nijenhuis tensor defines an anti-
symmetric bi-J-antilinear V-valued form on V. By counting dimensions we can easily see
that such a form is uniquely determined by the value on a pair X,Y € V. We can write
N(X,Y) = w(X,Y)v forv € V and w an anti-symmetric bi-antilinear C-valued form (or
ID-valued form in the hyperbolic setting).

Let K = J + D as above and assume D = Dg for a certain § € V. Thenfor X, Y C V

[K,KI(X,Y)=[(J+ D)X, (J+D)Y]—(J+D)[(J+ D)X, Y]
—(J+D)[X,(J +D)Y]+ (J + D)*[X, Y]
=[JX,JY]—(J+D)JX,Y]—(J + D)X, JY]+ J*[X, Y]
=[J,JI(X,Y)— D[JX,Y]— D[X, JY]
=wX,Y)v—v(JX, Y]+ [X, JY]S
=w(X,Y)v —vJ[X, Y])S.
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The map (X, Y) — v(2J[X, Y]) is an anti-symmetric bi J-antilinear C-valued form, just as
w. Such a form is determined up to a scalar factor. Hence there is a unique § € V such that
w(X,Y)v —v2J[X, Y])§ = 0 and hence the Nijenhuis tensor [K, K] for K vanishes on V.
We have proved

Proposition 4.4.1. For an elliptic (hyperbolic) system there is a unique almost complex struc-
ture (almost product structure) J on'V' such that the Lie brackets modulo V are J-linear and
the Nijenhuis tensor N = [J, J] vanishes on'V Xy V.

Finally we will show that the almost complex structure defined in the proposition above
using the Nijenhuis tensor and almost complex structure defined in the previous section using
the derived bundles of the Monge systems are identical. Let J be the almost complex structure
defined by the Monge systems. Assume that X is a vector field in F and Y a vector field in
G.Then JX =iX, JY = —iY and therefore

NX,Y)=[JX,JY]—J[JX,Y]— J[X,JY]+ J?[X, Y]
=[X,—-iY]-J[iX, Y]-J[X,-iY]-[X,Y]
=[X,Y]-iJIX,Y]+iJ[X,Y]-[X,Y]=0.

In a similar way we can prove that for X, Y € F and X, Y € G we have N(X, Y) = 0. This
shows that the Nijenhuis tensor vanishes on V x s V for this almost complex structure and
hence must be equal to the almost complex structure from Proposition [4.4.1]

There is no complex structure or almost product structure on the equation manifold since
the equation manifold is of dimension 7. The operator J is only defined as a map V' — V'
and therefore we cannot define N on the whole tangent space. Can we extend J or N in a
natural way to a larger domain?

Let us start with an analysis of the Nijenhuis tensor. We could define the Nijenhuis tensor
onV Xy V because for all X,Y C V we have [X,Y] C V' and J is defined on V'. We
can in fact define N (X, Y) for all vector fields X, Y C V' for which [X, Y] C V. Note that
this condition only depends on the values of X and Y at a point and not on the first order
derivatives of X and Y. The Lie brackets modulo )’ define an antisymmetric bilinear map
Kk :V xyV — TM/V' . ThesetT' = {(X,Y) e V xy V' | k(X,Y) =0} is the largest
set on which we can define the Nijenhuis tensor using the complex structure J : V' — V.
The structure of the set I';, can vary with the point m € M and also depends on the system
(M, V). For this reason we will restrict ourselves to a subset of T".

The condition [X,Y] C V' forall Y C V' is precisely the definition of the Cauchy
characteristic subspace C()’). We can therefore define

N:V xyCWV)—=V:(X,Y)— [J,JIX,Y).

This gives an extension of the tensor N defined in the previous section at each point m € M
to the set (V,, X Vi) U (V), x C(V')). If we use the Nijenhuis tensor in the context of
second order partial differential equations we will mean this extension, unless stated other-
wise. We will use this extension later to characterize the Monge-Ampere equations. Since
N is identically zero when restricted to V' x s V the interesting properties of the Nijenhuis
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tensor are determined by the restriction to V' x 3 C(V'). The extension satisfies the prop-
erty N|yx,,cvy = 0 and therefore is completely determined by the restriction of N to
V' /V) xp C(V'). Both V'/V and C (V') are complex one-dimensional. This together with
the complex-antilinearity of N implies that the tensor N is completely determined by its value
on a pair of non-zero vectors X € V'/V, Y € C(}'). For hyperbolic equations the Nijenhuis
tensor is determined by its value on a pair of vectors X € V'/V, Y € C(V') that are generic
with respect to the hyperbolic structure. For any generic element ¥ € C(V’) we can define
the map

A=A0):V -V : X+~ NX,Y).

The image of A equals the image D of N. For an elliptic system the image of N can have
complex rank O or 1. For a hyperbolic system the rank of the image can be 0, 1 or 2. If the
image is non-zero, then it is not contained in V. This follows from theory to be developed in
Chapter|[6] The statement follows from Lemmal6.1.2}

Example 4.4.2. Consider the hyperbolic equations of the form

s=¢(x,y,2,p,9).

If the equation is Darboux integrable (see Section [8) with 2 or 3 invariants for each charac-
teristic system, then the equation is called a hyperbolic Goursat equation.
We define Dy, = 3y + pd; +rdp + ¢dy, Dy = 0y + q0d; + ¢9, + 19, and

Fi = Dy + Dy(¢)0:, F2 =20,
Gy :Dy"l‘Dx((p)arv G, = 0y,
F3=9,, G3=9;,, Z=29,.

The characteristic systems are given by F = span(Fi, F2), G = span(G, G3). The de-
rived bundle of V is spanned by F, G, F3 and G3. The Cauchy characteristics are C (V') =
span(F>, G2). The hyperbolic structure on V' is given by

J(F)=F, J)=FR, JF;)=7F;,
J(G1) =Gy, J(G2) =G, J(G3)=Ga.

The Nijenhuis tensor on (V'/V) x 3 C (V') is identically zero. %)
Example 4.4.3 (s = r2). The characteristic systems are given by
F =span(Fy = Dy, F, = 3, +4r*3;), G =span(G| = Dy —2rDy, G, = 3;).

Let F3 = [Fy, F2] = =03 — 2rd,, G3 = [G1, G2] = —d,. The hyperbolic structure acts as
the identity on ' = span(Fy, F», F3) and as minus the identity on G’ = span(G1, G2, G3).
The Nijenhuis tensor is determined by

N(F3, F;) =0, N(G3,Gy) = 83,.

The image D of the Nijenhuis tensor has rank 1. Note that N(G3, G2) #0 mod V. @



92 Contact distributions for partial differential equations

Example 4.4.4 3rt% + 1 = 0). Consider the equation 3rt3 + 1 = 0 for ¢ # 0. The charac-
teristic systems are given by

F =span(Fi = Dy — (1/t) Dy, F> = 8, — (1/1%)d;),
G = span(G1 = Dy + (1/t*)Dy, G3 = 8 + (1/12)d),
with Dy = 3, + pd, — (1/(3t*))d, + 538, and Dy = 3y + qd, + 53, + 1.
The image of the Nijenhuis tensor on F is spanned by by = —19y — tqd, + (1 — 51)0dp;

the image of N on G is spanned by by = tdy 4+ tqd, + (1 + s1)d,. So D has rank 2. Since
[b1, b2] = 0 the bundle D is integrable. @

Example 4.4.5 (Generic image for the Nijenhuis tensor). Consider the equation r =
¢ (x, y)t? with ¢ (x, y) an arbitrary function with ¢ (x, y) > 0. For points with ¢ > 0 this
defines a hyperbolic equation. Let k = +/2¢ (x, y)t. The Monge systems are given by

F =span(Fy = Dy +kDy — tDy(k)d;, F» = 3 +x'3,),
G = span(G| = Dx — kDy +tDy(k)d;, G2 = 8 — k~'3;).

The image D of the Nijenhuis tensor has rank 2. The derived bundle D’ has rank 3. @

Example 4.4.6. We consider the second order equation s = pq. This is a Monge-Ampere
equation that is Darboux integrable on the second order jet bundle. In local coordinates
X,¥,2, P,q,r t we define the vector fields

Fi =0y + pd; +rdp + pgdg + (pt + pgHd, Fr=30,, F3=—30,,
Gi=dy +qd; + pqd, + 13y + (pr + pg»)d:, Gy=1d, Gz=—d,.

The distribution ) is spanned by Fy, G, F>, G». The Nijenhuis tensor restricted to C (V') x i
(V'/V) is determined by N (F,, F3) and N (G2, G3). We can check that

N(F2, F3) =0, N(G2,G3)=0.

So the Nijenhuis tensor is identically zero. @

4.5 Invariant framings

If we assume the system is generic in the sense that rank D = 2 and perhaps some other
conditions we can adapt to framing even further. Recall that for each non-zero generic Y C
C()") we have defined the map A(Y) : V' — V'. We can restrict this map to the image D
of the Nijenhuis tensor. We then get a map A(Y) : D — D that is complex-antilinear or
hyperbolic-antilinear in the elliptic and hyperbolic case, respectively. If rank D = 2, then
rank(D/V) = 2 as well. This fact can be proved using Lemma [6.1.2] Because A(}) = 0
it follows that the map A(Y) : D — D has rank two and is invertible. The element Y is
unique up to a factor ¢ in C or D. The map p = A(Y) o A(Y) : D — D is complex-linear
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or hyperbolic-linear and invertible. This means that the map p is determined by scalar factor,
ie,p:D—D:X+— ¥X. Then

A(@Y) 0 A@Y) = §I*p = (Ip1*¥)id.

We can choose ¢ such that the norm of |¢?|p equals 1. This determines an element ¢Y €
C (V') up to a rotation (a rotation is multiplication by an element exp(i¢) in the elliptic
case and multiplication by (a, 1/a)” in the hyperbolic case). We will return to the problem
of finding an invariant (co)framing when we have developed the necessary structure theory
using differential forms. See Section[6.1.3]

4.6 First order systems

For first order systems of partial differential equations we have a 6-dimensional equation
manifold M and a distribution V of rank 4. The non-degeneracy of the Lie brackets modulo
V implies that the derived bundle has rank 6; it is equal to T M. Just as for second order
equations we can analyze the Lie brackets modulo the subbundle. Since for both first order
systems and second order equations the distribution V satisfies rank V = 4, rank V' = 6 the
analysis of the Lie brackets leads to the same structures. In particular we find a conformal
quadratic form on (V'/V)* and define the system to be elliptic or hyperbolic if this form
is definite or indefinite. Depending on the type of the system we find two Monge systems
Vi =F,V_=¢GinVorV Q® C. For hyperbolic systems we define a hyperbolic structure
J onV by J|y, = =£1 and for elliptic systems we define a complex structure on V ® C by
J |y, = =i. The integral elements have the same structure as for second order equations.

Theorem 4.6.1. Let (M, V) be a generalized elliptic (hyperbolic) first order system. There
is a unique complex structure (almost product structure) J on TM =V’ such that:

e The Lie brackets modulo the subbundle define a complex-bilinear (or hyperbolic-bilin-
ear)map A :V xyV — TM.

e The Nijenhuis tensor N = [J, J] is identically zero when restrictedto V X p V.

We define the type of a generalized first order system using the conformal quadratic form
on V'/V defined by & — (& o A) A (§ o A). Just as for second order equations (see Exam-
ple {.2.1)), this definition of type corresponds to the classical definition of the type of a first
order system. The symbol for a first order system is a quadratic form on the cotangent space
with values in the 2 x 2-matrices. By taking the determinant of these 2 x 2-matrices we find
a conformal quadratic form that determines the type.

There is another (equivalent) definition of the type of a first order system M C Gr2(T B).
The fibers M, C Gr2(TpB) over a point b € B are surfaces in the Grassmannian Gr (7 B).
In Section we defined the type of a surface in the Grassmannian. A first order system is
elliptic or hyperbolic precisely when the fibers M), b € B are elliptic or hyperbolic surfaces
in the Grassmannian Gr» (7} B), see Remark [4.6.2]
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Remark 4.6.2 (Type of first order system). Suppose we have a first order system M C
Gra(T B). We choose local coordinates x, y, u, v for B. We let x, y,u, v, p,q,r, s be the
corresponding local coordinates for Gra(7 B). The equation manifold M has codimension
two in Grp (7T B) and is transversal to the projection Grp(7 B) — M. This means that we can
give a parameterization of M using two coordinates a, b and

p=pk,y,u,v,a,b), q=qx,y,u,v,a,b),
r=r(x,y,u,v,a,b), s=skx,y uv,a,b).

()

form local coordinates for Gry (7, B). The conformal quadratic form on the tangent space is
given by the determinant, see Section [2.1.1] The tangent spaces to the fibers M, are spanned

by the two vectors
A (pa qu)  B= <Pb ‘Ib)' 4.10)
Fa Sa r,  Sb

A vector w1 A 4+ uy B in the tangent space of M} is in the isotropic cone for the conformal
quadratic form if and only if

For each point b € B the 2 x 2-matrices

H1Pa + H2Pb  H19a + H2qGD
det(w1 A + urB) = det =0. 4.11
(1 #n2B) (Mmﬁ-uzrb /Llsa+,uzsb) ( )

The expression above is a quadratic form in g1, o and on page[#6 we defined the type of the
tangent plane using the sign of the discriminant of this quadratic form.

Recall that the type of the system (M, V) was defined using a conformal quadratic form
defined in terms of the Lie brackets modulo V. A choice of isotropic elements for this con-
formal quadratic form leads to the Monge systems (which are complex in the elliptic case).
For the projection M — B the tangent spaces to the fibers are contained in ) and are integral
elements of V. The vectors X in V (or V ® C) that are contained in one of the Monge systems
have the property that the rank of the map V — V'/V : Z — A(X, Z) is one, instead of two
for a generic element X.

In the local coordinates introduces above the contact distribution V is spanned by

X =0y +poy+rdy, Y =0y+q0d,+sdy,

4.12

A=20,, B=20. ( )
The tangent space to the fibers is spanned by the vectors A, B. Note that the vector A in
T M corresponds to the vector p,dp + qq0q + 140, + 5405 in T Grp(T B). Hence the vectors
A, B in (4.12) correspond to the vectors A, B defined in (4.10)), through the embedding M —
Gry(T B). We use 9, and 9, as representatives for a basis of V'/V. Let V = w1 A + uzB.
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Then

AV, X) = (W1pa + n2pp)oy + (U1ra + porp)dy, mod V,
AV, Y) = (U194 + 12gp) 0y + (1S + (25p)0y, mod V),

4.13
AV, A) =0, (4.13)
A(V,B)=0.
The rank of the image of the map Z +— A(V, Z) is equal to the rank of the matrix
W1Pa + U2Pp  M1Ta + W2Th
H1qga + H2gp  W1Sa + U2SD ) (4.14)
0 0
0 0

This rank is one if and only if the determinant of the upper 2 x 2-part of this matrix is zero.
This determinant is equal to the determinant in (#.11)). This proves that the type of the system
is equal to the type of each surface in Grp (7, B). Moreover, the characteristic lines of the
surface M}, in Gry(T, B) are equal to the intersections of the tangent space to Mj; with the
Monge systems of the system (M, V). %)

4.6.1 Vessiot theorem for first order systems

We will prove in this section that in the analytic setting a generalized first order system
(M, V) is locally equivalent to a first order system of two partial differential equations for
two functions in two variables. We start with a weaker version of the theorem that is true also
in the C* setting.

Theorem 4.6.3 (Weak Vessiot theorem). Let (M,V,U) be generalized first order system
under point geometry. On M the distribution U is a rank two integrable subbundle of V.

Then locally the quotient of M by U defines a base manifold B and the first order system
M is canonically equivalent to a first order system M C Gry(T B).

Proof. Letw : M — B be the projection to the quotient of M by the leaves of ¢/. In general
this projection is only locally defined. Then 7 is a smooth submersion and 77 maps V,, to
a 2-dimensional linear subspace of T, M, b = w(m). Now define ¢ : M — Gro(T B) by
m > Tum(Vi) € Gro(TrmyB). The fact that the Lie brackets on V are non-degenerate
implies that the map ¢ is an immersion and hence ¢ locally defines a diffeomorphism M —
M= ¢ (M) C Grp(T B). Let 7w be the projection M — B.

® -
— M C Gro(TB)

o
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We have to prove that the distribution V is mapped to the distribution V dual to the pull-
back of the contact system on Grp (7 B). Note that w = 7 o ¢. For a vector X € V,, we have
T (X) € ¢(m) C Trony)B. At the same time T,,w(X) = (Tpmy7) (TnX). So the vector
X =Tup(X) € T¢(m)1l71 C Tp(my Gr2(T B) is mapped under 7 to a vector in ¢ (m). But then
X is in the contact distribution on Gra(7 B) (for the definition of this contact distribution see

Section [T.2.2). O

To prove that any generalized first order system (M, V) is locally equivalent to a first order
system of partial differential equations it is sufficient to show that there exists a local foliation
of M by 2-dimensional integral manifolds of V. Then the previous theorem shows the system
is equivalent to a first order system of partial differential equations. We will construct a linear
Pfaffian system in involution for which the solutions are integral manifolds of V. Then the
Cartan-Kéhler theorem guarantees that there exists a local foliation by integral manifolds.

Let 8!, 62 be a basis of differential forms for V. For a hyperbolic first order system the
2-dimensional integral elements of V' are hyperbolic lines for the hyperbolic structure on V.
Locally we can choose two sections ¢, ¥ of V2()) — M such that at each point m € M the
two integral planes ¢ (m), ¥ (m) are transversal. This means that V,, = ¢ (m) ® (m). We
then choose 1-forms o', w2, 7!, 72 such that the forms 6!, 92, @', w?, 7!, 72 are a basis for
T*M and ', w? vanish on ¢ and 7!, 72 vanish on . The structure equations for 8! and 6>
are of the form

d6* = A% A/ mod o', 07,
The terms ' A w? and 7' A 72 do not appear in these structure equations because the 2-
planes ¢ (m) and v (m) are integral elements for V' and hence d6! and d9? vanish on the
integral elements.

The integral manifolds of ) are integral manifolds for the linear Pfaffian system defined
by I = span(@1 , 92), J = span(@1 0%, !, a)z). The structure equations show that the Pfaft-
ian system has no intrinsic torsion. The basis transformations of 0! 6% and @', w? induce an
action of the conformal group on the tableau defined by A¢;. This means that we can arrange
in the hyperbolic case or elliptic case

7= (nl 0) or = <7T1 -7 respectively.
“\o =%)° “\xz ') :

Theorem 4.6.4 (Vessiot theorem for real-analytic first order systems). Let M be a real
analytic manifold of dimension 6 with a codimension 2 real-analytic distribution V. If the Lie
brackets modulo the subbundle ). : V Xy V — T M/V are non-degenerate, then the system
(M, V) is locally contact equivalent to an elliptic or hyperbolic first order system of partial
differential equations.

Proof. The condition that the Lie brackets are non-degenerate implies that the system is ei-
ther hyperbolic or elliptic. We assume the system is hyperbolic, the elliptic system can be
treated in a similar way. The discussion above shows we can choose an adapted coframing
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0!, 02, !, w?, 7!, 72 such that I = span(@l,é’z) =V and
do' = —7' Aw' mod 1, d6? = -7’ Aw® mod I.

This linear Pfaffian system has tableau of the form

' 0

0 =%)°
This tableau is in involution and we can use a variation of the Cartan-Kihler theorem to
conclude there exists a local foliation by integral manifolds of ). The variation of the Cartan-
Kaihler theorem is described on pages 86—87 in Bryant et al. [13]]. The foliation locally

defines an integrable rank 2 subdistribution of V' and a projection = to a base manifold. One
can then continue as in the proof of the weak Vessiot theorem (4.6.3)). a

The author’s thesis advisor prof.dr. J.J. Duistermaat and the author have good reasons to
believe the theorem is also true in the C™ setting. If we follow the proof of the theorem
using the Cartan-Kéhler theorem we arrive at a system of partial differential equations in
Kowalevski form. The existence of solutions for this system in the C* setting would prove
the Vessiot theorem for first order systems. This system can be solved using the Kowalevski
theorem, but this requires the structures to be analytic. The system of equations is a coupled
system of an ordinary differential equation and a determined hyperbolic system. We believe
that by setting up a contraction in an appropriate space we can prove existence of solutions.
The author has checked that the theory of Yang [76] cannot be applied directly to the exte-
rior differential system that is found when analyzing the conditions for existence of a local
foliation by integral manifolds of the system.

Example 4.6.5 (First order wave equation). The first order system defined by
uy =0, vy =0, (4.15)

is called the first order wave equation. The reason for the name first order wave equation is
that the system is the quotient of the wave equation z,, = 0 under the symmetry d,. Note
that the first order wave equation is a system of partial differential equations and not a single
equation.

If we use x, y,u, v, p = uy, s = vy as coordinates for the equation manifold, then the
Monge systems are given by

F = span (dy + pdy, dp), G = span (dy + 50y, 05) .
Both Monge systems have 3 invariants. @
Example 4.6.6 (Cauchy-Riemann equations). Let B be a 4-dimensional manifold with an
integrable almost complex structure J2 : TB — T B. Since the almost complex structure

is integrable we can introduce complex coordinates x + iy, u + iv for the manifold B. The
complex structure on the tangent space to B defined by J 2, is given in these coordinates by
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multiplication with i. A holomorphic curve in B is a real 2-dimensional surface for which
the tangent space is complex-linear.

Every holomorphic curve can (after a change of coordinates) locally be written as the
graph of the functions u(x, y), v(x, y). The condition that the graph of u and v defines a
holomorphic curve in (B, J?) is given by the Cauchy-Riemann equations

Uy =Vy, Uy = —0y. (4.16)

Solutions of the Cauchy-Riemann equations are called holomorphic functions.

The Cauchy-Riemann equations form an elliptic first order system. The equations
define a codimension two submanifold M of Grp(T B). If weuse x, y, u, v, p = uy,r = vy
as coordinates for M, then the contact distribution is given by

V = span (8x + poy +rdy, dy — 13y + pdy, 9p, 8,) .

The almost complex structure on M defined by the complex Monge systems is integrable.
We can give M the complex coordinates x + iy, u +iv, p +ir. %)

4.6.2 The full Nijenhuis tensor

For second order equations we had the Cauchy characteristics C()’) that we could use to
extend the Nijenhuis tensor. For first order systems V' = T'M and hence the map J is defined
on the entire tangent space so we can define the full Nijenhuis tensor N : TM — T M.

We will start to make a classification of the first order systems depending on the structure
of the image and kernel of the Nijenhuis tensor. Let D = imN = {N(X,Y) e TM |
X,Y e TM} be the image of the Nijenhuis tensor. The Nijenhuis tensor is identically zero
onV x V by definition. Also the bi-J-antilinear map on (V'/V) x 3 (V'/V) induced by
J is equal to zero because the complex dimension of '/ is one and N is bi-J-antilinear.
Together this implies the Nijenhuis tensor is already determined by the induced map

N:Vxy V/V)—TM.

Recall that an element Y € V'/V is generic for J if Y4 # 0 and Y_ # 0. For an elliptic
system every non-zero Y € V'/V is generic. For a generic element Y € V'/V we define
AY):TM — TM : X — N(X,Y). The image D of N is equal to the image of A. The
image of the Nijenhuis tensor can have rank 0, 1, 2, 3 or 4. In the elliptic case the image can
only have rank 0, 2 or 4 (complex rank 0, 1 or 2).

Example 4.6.7. Consider the first order system depending on two parameters cy, c» defined
by the equations 1y = cjv and v, = cou. We introduce coordinates x, y, u, v, p = uy, s =
vy for the equation manifold M. The Monge systems are given by

F = span (F| = 9y 4+ pdy + coudy + cicovds, Fr = 9,),
G = span (G1 = 0y + c1v9y + $9y + c1c2udp, G2 = 85).
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The reader can check that the Monge systems satisfy the conditions [F,G] C Vand TM =
F &G. Let F3 = [F1, 2] = —0,, G3 = [G1, G2] = —3,. With respect to the basis Fj,
G, F», Ga, F3, G3 for T M the hyperbolic structure is given by the matrix

1 0 0 0 0 O
0 -1 0 0 0 O
0O 0 1 0 0 O
0O 0 0 -1 0 O
0o 0 0 0 1 O
0 0 0 0 0 -1

The image of N is spanned by di = N(F1, F3) = 4¢20, and do = N(G1, G3) = 4c10y.
Depending on the values of the constants c¢; and ¢ the rank of D is 0, 1 or 2. @

Generic image. The maximal rank of the image D of the Nijenhuis tensor is four. We will
discuss the various possibilities for the Nijenhuis tensor in this case.

Lemma 4.6.8. [frank D = 4, then the rank of D/V in TM/V is equal to two.

Proof. We give the proof for the elliptic case. The proof for the hyperbolic case can be done
using Lemma [5.2.8| from Chapter [5} Since D/V C TM/V and rank(T M /V) = 2 the image
D/V can have rank at most two. If D/V = 0 then Lemma [{.6.14] shows that D = 0. Hence
if rank D = 4, then rank(D/V) # 0. The image D is J-invariant and therefore the real rank
of D/V cannot be one and has to be two. |

Define By = {X € V | A(Y)(X) € V}. Itis easy to see that 5; does not depend on the
element Y chosen (as long as Y is generic with respect to J). In terms of the Nijenhuis tensor
Biisequalto {X € V| N(X,Y) € V, forall Y € TM }. The rank of the distribution B is
atleast 2. We define B, =D NV = A(B;) C V.

The properties of the Nijenhuis tensor imply that both By and B; are J-invariant. There
are several possibilities: either By = By, V = By @ B> or in the hyperbolic case we might
have a mixed case. The case V = B @ B; is the generic situation and in Section [4.7.2] we
construct an invariant framing on the equation manifold of the system.

We analyze the case By = B;.

Lemma 4.6.9. Assume rank D = 4. If By = Ba, then the bundle B is integrable.

Proof. In the proof we need some theory from Chapter [5} The reader can skip the proof on
first reading. The proof is for hyperbolic systems, for the elliptic systems there is a similar
proof. The bundle B is an invariantly defined subbundle of ) and hence we can choose an
adapted coframing (5.14) with B; as a distinguished subbundle. Using the structure group
we can arrange that Tor = 1, Uyr = 0, Vo,r = 0. Since 31 = B> we have Uzr = 0 and since
rank D = 4 we have V3r € D*. From Lemmawe find that Usr + Tyr (S3r)F = 0 and
hence S3r = 0. This proves that B is integrable. (]
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The integrable distribution B; gives this class of systems a natural structure under point
geometry. The author has the feeling that the class of equations for which 5; = B, might
be empty, although there is no proof yet. It is also unknown if there are any equations in the
mixed case. The class of equations for which ¥V = B; & B, contains the generic equations;
an example is given below.

Example 4.6.10. Consider the hyperbolic first order system given by
Uy = (Uy)2 +v, v = (“x)2 + u.

We can define the following basis for the tangent space:

2 3
s°+2pu+2p° 4 v
F1=3x+P3u+(P2+M)3v+3p—( P P )as,

H

F, =9,,

—8ps3 +2pu +2p3 + v + 352
H?2

4vs? + 45> + 2su — 2sp* + p
H?2

F3 =250, + 0y +2 dp

+6 85‘9

2 23 2
sv+ i +u+p )ap+851

G1=8y+(s2+v)8u+s8v+< -

G2 = as7

s —2ps? + 4up® + 4p* + 2pv
H?

u+3p* —8pis + 253 + 250
H? ?

G3 =20, +4pd, + 12

dp

+4

S

with H = 1 — 4ps.

The distribution dual to the contact forms is V = span(F1, G1, F2, G2), the almost pro-
duct structure is defined by span(Fi, F2, F3) @ span(G1, G2, G3). The Nijenhuis tensor has
generic image (rank D = 4, B} N B, = 0). We have B; = span(F1, G1), Bo = span(F3, G3)
and the image of By x p; T M under the Nijenhuis tensor is span(F3, G3). %)

4.6.3 Complexification of the tangent space

In this section we discuss the complexification TM ® C of the tangent space 7 M in more
detail. In the elliptic setting this complexification can be used to define the complex char-
acteristic systems of V. With the complexification many proofs that work in the hyperbolic
setting can be copied to the elliptic setting. We note that for this complexification we do not
need the system to be analytic. In the 19th century a common technique was to complexify
the entire manifold, for this construction we need M and V to be real analytic!
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Let (M, V) be an elliptic first order system. The almost complex structure on M will be
denoted by J. We will start by characterizing the complex structure J in terms of subspaces
of TM ® C. Define

Vi={XeV®C|JX ==%iX}. (4.17)

The reader can check that the distributions V1 are equal to the previously defined Monge
systems. The complexification V ® C is equal to the direct sum V; @ V_. This allows us to
restrict the projection operators

7 TMQ®C—>TMQC: X — (1/2)(1FilX. (4.18)

to projection operators w4 : V — V4.
Let X be the Lie brackets modulo V. The complex-bilinearity of A implies that [V, V_] C
V ® C. Indeed, let X C V., Y C V_. Then we have

4X, Y] =4[n X, m_Y]
=[X—-iJX,Y+iJY]
=[X, Y]+ [JX, JY]—i[JX,Y]+i[X,JY]
=MX,Y)+ JPAM(X,Y) —iJAX,Y)+iJA(X,Y)
=0 mod V.

The complex characteristic systems V1 have complex rank 2. By definition we have that
V+ C (V1)'. From this it follows that the bundles (V1)'/V4+ have complex rank at most 1.
The non-degeneracy of the Lie brackets implies that the complex rank of (V) is indeed 3.
Since [V, V] = T M we have

TMRC=[VRC,V®Cl=[Vy+V_,V;+V_]
== [V"r’ V+] + [V—a V—] + [V-‘rv V—] + [V—7 V+]
CV)+0)+(Ve0
cWp) + 0.
Since rank(V+) = 3 and rank TM ® C = 6 this implies TM ® C = (V) @ (V_). We
write (V') for the projections 74+ (V' @ C) = 7. (TM ® C). Since (V1) C T M4 (since A is
complex-bilinear) it follows from the ranks of the bundles that (V1) = (V')+ and hence we
can write unambiguously V) for (V1) or (V)+. For X, Y € TM we write X = X4 + X_
and Y = Y4 4+ Y_ with X4 = 74(X) and Y+ = 7£(Y). On the pair X, Y the Nijenhuis
tensor acts as
NX,Y)=[JX,JY|-JJX, Y- J[X,JY]+ JZ[X, Y]
= =2([Xy, Yol + [X-, YD) — 2iJ([ X4, Yyl — [X-, Y_]).

We can rewrite this as

N(X,Y) = —4[X4, Y- —4[X_, Y_]4. (4.19)
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For hyperbolic systems the hyperbolic structure K on the tangent space gives similar
constructions, but we do not need to complexify. In the hyperbolic setting the characteristic
systems are real and contained in the tangent bundle. In particular we can define V4 and V_
as the eigenspaces of K : ¥V — V for the eigenvalues 1 and —1, respectively. We define
projection operators

7y :TM —->TM: X+— (1/2)(01+ K)X 4.20)
and can write 7 M as the direct sum V', @ V' . The Nijenhuis tensor acts on X, Y € TM as
N(X,Y) = 4[X4, Yol +4[X_, Y_],. .21)

We will prove the following lemma both in the hyperbolic and the elliptic setting. In both
settings a central role will be played by the characteristic systems. By using general properties
of the characteristic systems the proof works for both first order systems and second order
equations.

Lemma 4.6.11. Let (M, V) be a first order system (Definition[3.3.1) or second order scalar
equation (a Vessiot system in two variables). Define M+ =V @V+. Then [V, V¢] = M.

Proof. Tt is clear that both V. and V4 are contained in [V, V<]. So we need to prove that
Let X, Y C V4 and Z C V. From the Jacobi identity we have

(X, Y], Z] = [X,[Y, Z]] + [[X, Z], Y].

We use that [V1, V] C V in the hyperbolic setting and [V, V=] C V ® C in the elliptic
setting. We write VHE for either V or VV ® C depending on the context. Then

[[X. Y], Z] C [Ve, VI + VHE Vi) € Mo
Since the vector fields [X, Y] with X, ¥ C V4 span V. this concludes the proof. O

4.6.4 éap and Eastwood

In the paper Some special geometry in dimension six [18] Cap and Eastwood study the geom-
etry of a codimension two distribution on a manifold of dimension 6. In the elliptic case they
use the distribution to construct a unique complex structure, for the hyperbolic case they have
similar results. The remarkable thing is that their construction of the almost complex struc-
ture is different from our construction. The structure of Cap and Eastwood and our structure
turns out to be the same, but the proof is non-trivial.

Let (M, H) be a smooth connected manifold M of dimension 6 together with a codimen-
sion two distribution H and an orientation on M. Cap and Eastwood find (just like we did in
Section[4.2)) that the Lie brackets define an anti-symmetric bilinear map H x yy H — TM/H,
or a vector bundle map £ : H A H — TM/H. They define the system to be elliptic or hy-
perbolic in the case that £ A £ as a tensor in ['(A*H* ® S>(TM/H)) is non-degenerate
definite or non-degenerate indefinite, respectively. This characterization corresponds to our
formulation in Section Then they prove there exists a unique almost complex structure
on M.
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Theorem 4.6.12 (Theorem on page 2 in Cap and Eastwood [18]). Suppose (M, H) is
elliptic. Then M admits a unique almost complex structure Jcg : TM — T M characterized
by the following properties:—

i) Jcg preserves H;
ii) the orientation on M induced by Jcg is the given one;

iii) £L: Hxy H — TM/H is complex-bilinear for the induced structures, or equivalently
(5. nl+ JeelJces, nl € U'(H) for§, n € '(H);

iv) &, n] + JcelJcgé, nl — Jcelé, Jcenl + [Jcgé, Jcenl € U'(H) for§ e I'(TM), n €
I'(H).

Furthermore, the tensor S : TM/H @ H — T M/ H induced by

S, n) = I[& nl+ JeelJce€, nl mod H for§ € I'(TM), n € I'(H)
is the obstruction to Jcg being integrable.

Let us analyze this theorem step by step by comparing it to our construction of the almost
complex structure. The first condition that Jcg preserves the distribution H is in the definition
of our almost complex structure. We have not chosen an orientation on M, so we do not have
the second property in the theorem. However, choosing a different orientation would only
give Jcg a different sign. The complex-bilinearity of Jcg follows from our definition of J
on TM/H, see Section The equivalent formulation of éap and Eastwood is in terms of
sections of H, but one can easily check that the conditions depend only on the value of the
section at a particular point and not on the derivatives.
Finally we have to analyze the last condition in the theorem. The expression

F = [&,n] + JcelJceé, n] — Jcelé, Jcen] + [JcEé, Jcen] (4.22)

looks like the Nijenhuis tensor, but is not a true tensor. The expression F depends on the
first order derivatives of 1. The Nijenhuis tensor on the other hand is a true tensor, i.e., the
expression

NG n) = J[E, 0] = JUJE 0] — JIE, Inl + [J&, Jn] (4.23)

at a point m € M only depends on the values &,, and 7,,.
We will use the complexification of the tangent bundle to prove that the almost complex
structure defined by Cap and Eastwood is identical to our almost complex structure.

Theorem 4.6.13. The almost complex structure Jcg defined in Theorem is equal to
the almost complex structure J defined in Theorem[d.6.1]

Proof. In the analysis above we have already shown that the almost complex structure J
satisfies the conditions (i)—(iii) in Theorem It remains to show that J satisfies the final
condition (iv). The uniqueness of the almost complex structure Jcg then implies J = JcE.
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Let X, Y be vector fieldsin TM withY C V. Write X = X4 + X_,Y =Y, + Y_ with
X4+ C V), Yy C Vi. The expression in the fourth condition of Cap and Eastwood is

(X, Y|+ J[JX,Y]—-J[X,JY]+I[JX,JY]
=Xyt X, Yy + Yo 4+ id[Xs — X_, Yy +Y_]
@ IIXe X Y Y]~ Xy — X, Yy — Y]
=Xy + X Y+ Y 1+ iJ[Xy — X_. Yy + Y]
CTXp X Y — Y]~ [Xy — X, Yy — Y]
=2([X, Y )+ X, Y D +2iJ([Xy, Y] = [X_, Y4 D)
=2[X, Y- +2[X_, Y 4.

From Lemma 4.6.11| we know that [X,Y_] C V| @ V_ and hence [X,,Y_]_ C V_ C
YV ® C. In the same way [X_, Y]+ C V ® C. Together this yields

(X, Y1+ JJX, Y] = J[X,JY]1+[JX, JY]=2[X,, Y |- +2[X_,Y,], CV®C.

We conclude that our J satisfies the defining conditions of the almost complex structure of
Cap and Eastwood. a

In the article Cap and Eastwood also define an almost product structure for the hyperbolic
systems. Their almost product structure in the hyperbolic case is identical to our almost
product structure for hyperbolic first order systems.

4.6.5 The flat case

If the Nijenhuis tensor is identically zero, then there is a unique complex structure on the
manifold M and the manifold is complex-analytic. This is the Newlander-Nirenberg theorem,
first proved in Newlander and Nirenberg [57]].

Lemma 4.6.14. Let (M, V) be a hyperbolic or elliptic first order system with Nijenhuis ten-
sor N.IFN(TM xp TM) CVthen N = 0.

Proof. We give the proof for elliptic systems. The proof for hyperbolic systems is identical
with the simplification that we do not need to complexify. The rank of a bundle is the complex
rank for elliptic systems and the real rank for hyperbolic systems.

Let X=X, +X_,Y =Y, 4+Y_besectionsof TM ® C, with X, X_ and Y,,Y_ the
components of X and Y, respectively, in TMy and T M_. From equation (4.19) we see that
imN C Vis equivalent to [V, V] C M+. We always have [V4, V] CV® C C My.
Consider the Cauchy characteristic system C (M 1). From the above we have V1 C C(M4).
Since Cauchy characteristic systems are integrable we also have V, C C(My).

The space C(M) is equal to the kernel of the Lie brackets modulo M. Because the
corank of M4 in V' = TM is 1 the Lie brackets modulo M4 define a conformal bilin-
ear anti-symmetric form on M. The kernel of an anti-symmetric bilinear form has even
codimension and hence rank C(M4) = 1, 3, 5. We already know that [M 1, M+] =)' so
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Vi C C(Mx) # Mx. Since rank V', = 3 we conclude that C (M) must have rank 3 and
hence C (M) = V.. Therefore V. is integrable, so [V, V] C V. From equation {.19)
we conclude that N = 0. O

Remark 4.6.15. The statement of the lemma is equivalent to the last part of Theorem4.6.12)
The vanishing of the tensor S introduced in that theorem is equivalent to the condition that
N takes values in V. In terms of differential forms the lemma can also be proved, see

Lemma %)

Proposition 4.6.16. Let M be a complex-analytic manifold and V a complex-linear distri-
bution on M. By complex-linear we mean that JV C V. We assume that the Lie brackets
modulo V define a complex-bilinear map fromV xy V — TM/V and that [V, V] spans
TM. ThenV is holomorphic.

Proof. Let V have complex dimension n and complex codimension ¢ in M. Since M is

complex-analytic we can assume there are complex coordinates xbooo xS for M

such that the ideal I dual to the distribution V is spanned by

n
o' = d7’ —Za;idx“, i=1,...,n.
pu=1

We will use the summation convention where roman indices will run from 1 to n and Greek
indices will run from 1 to c. The exterior derivative of 8’ is given by

do’ = —dd’, A dx”

aét B o aaé{ =B o aatil' j o aaé =j o
- dx” Ad —=dxP Adx —2dz/ Adx —2dz/ Ad
(axﬂ x +8)E/3 X + 92] Z + YT Z x

dal,  ;oal, dal, _;ddl,
- + dx? A dx® © 4 g dx? A dx®
(axﬁ ﬁay) * (axﬂ gz )&

= S, pdx® AdxP + T 4dx* Ad%P mod 1,

with S}, ; = =S

i1 3& ,iaaé aa/iﬁ jaafg
«# =2 \awh TP e i )

Ti 8a(’1 Ll da;,

“h = 3h ’381/

Since the Lie brackets modulo ) are complex-bilinear and non-degenerate we must have
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T, 5 =0 forall i, , B and for every i there must be a non-zero S’ wp Ve calculate

9 d [Bay | _; 8%

0= 55a nb = e (a_ﬂ Tz
. .

:i % +8aﬂ8a —I—c_zj Bal’L
axP \ 9x« ax« 9z Poaxedzi

3 . 9d! dal dal 9 .
= -al =k ) + L= +ay— | —ay—
0xh az/ ax® az/ az/ a9z

B daj od!, al O%al,  dagoal, _;dak dal, 8%a’

= =k I
= — - - a -
 9xh Bzf 8x/38z1 ox% 0z/ Fozi azk “ *0z/9zk

. /' . .
=\ - dda + aﬁ ak Baa Ba _ é./i % —akal 82(1;‘
axP T axe 9Bk Bzf “9zi \ axh P e gzkazi
9q)  dal dal\ dal, . 9 dal, 9%,
Y e ANEY ANV Sa ) I Ry B 71 —alak
oxP T oxe Bk | azi T layzi \ 9Bk az o ﬁazkaz/
axﬂ axe P yzk : azk a

Bai
ﬂa I

=

= 28,

The condition that [V, V] spans T M implies that for every index i we can select a pair o, 8

such that S}, 4 # 0. It follows that daj,/dz/ = 0 for all i, j, u. From the fact that 7 ; = 0
it then follows that 3“L /0x% for all i, &, u as well. The functions aL are holomorphic and

hence V is holomorphic. O

Remark 4.6.17. The cases where ) has complex dimension 0 or 1 or complex codimension
0 are all trivial. The lowest dimensional non-trivial example is therefore the case where
dimc M = 3 and dimc V = 2. This case is precisely the case of the Cauchy-Riemann
equations (see Example [4.6.6). %)

Example 4.6.18. The condition that [V, V] spans T M is necessary. Consider the manifold M
of complex dimension 4 with complex coordinates x = x' +ix?, y = y' +iy?, z = z! +iz?,
p = p' +ip? and the complex 1-forms & = dz — (y + p)dx, 8 = dp. The distribution dual
to these 1-forms is given in real coordinates by
0+ O+ pHa + (2 — pHog, B,
0,2 + (—)’2 + Pz)azl + (yl + pl)azz, 8yz.
The distribution V satisfies all the conditions for the theorem, except that [V, V] # T M. The
distribution V is not holomorphic. @
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There is also a version of Proposition [#.6.16| for almost product structures.

Proposition 4.6.19. Let M be a direct product manifold My x M, with hyperbolic structure
K andV a distribution on M that is K -invariant. We assume that the Lie brackets modulo V
define a K -bilinear map fromV x iV — TM/V and that [V, V] spans T M. Then V is splits
into two distributions V| and YV, on M\ and M», respectively, and V is equal to the direct sum
of V1 and V,.

First order systems for which the almost complex structure is integrable are complex analytic
systems. Similarly, if the system is hyperbolic with integrable almost product structure, then
the system M is a direct product My x M>. On each component M; we have a contact
structure. Since all contact structures are equivalent under contact transformations all flat
hyperbolic systems are equivalent to the direct product of two contact structures. An example
in local coordinates is the first order wave equation, see Example

4.6.6 Summary

Let (M, V) be an elliptic first order system. Write Jy and Jry,y for the complex struc-
tures on V and V' /V that make the Lie brackets modulo the subbundle complex-bilinear (see

Section [.2)).

Let J be an almost complex structure on M such that JV C V, J|y = Jy, and the by J
induced endomorphism on 7'M /V equal to J7 /. Let T+ be the eigenspaces in TM ® C of
the operator J for the eigenvalues +. Define the tensor

C:Vxy(TM/)V)—->TM/)V:(X,Y)— [X,JY]—J[X,Y] modV.
Then the following statements are equivalent.
a) The Nijenhuis tensor of J is identically zero on V x s V.

b) The almost complex structure J equals the almost complex structure of Cap and East-
wood, in other words C is J-linear with respect to the first variable.

C) Ti = V:/I:
d) [V4, T5] C span(T+, V4).

Let J satisfy one of the equivalent conditions above. Then the following four statements are
equivalent.

) NO xy TM) C V.

ii) C =0.
iii) V4, Vi1 C span(V, V).
iv) N =0.
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4.7 Invariant framings and orders for first order systems

In this section we study elliptic and hyperbolic first order systems under contact geometry.
Such a system is given by a 6-dimensional manifold with a rank 4 distribution on which
the Lie brackets modulo the subbundle are non-degenerate. We will give a summary of the
various structures on the equation manifold we have introduced in the previous sections and
keep track of the order of the various structures. Then we will give for the generic systems a
framing that is invariant under the transformations leaving invariant the contact distribution.
With the invariant framing we will be able to define two invariants for first order systems.

4.7.1 Orders

The structure of the manifold, i.e., the distribution V is by definition of order zero. The
structure introduced by the Lie brackets modulo the subbundle (such as the Monge systems
and the complex or hyperbolic structure J on V) is of first order since we have to differentiate
the distribution once to calculate the Lie brackets modulo the subbundle.

For a given bundle JV we can define the Lie brackets modulo the subbundle A = [-, -]y :
W xy W — TM/W. This is a tensor and hence defines at every point a structure on the
manifold M. The order of this tensor is equal to the order of the bundle V¥ plus one. The fact
that the degree of the tensor is one order higher than the order of WV follows from the fact
that we need to know the derivative of JV at a point x in order to calculate A, : W, x W, —
T M/ W;.

Example 4.7.1. On R? with coordinates x, y, z define the distributions 1 and WV by
V = span (8x, 8y) , W =span (8X, dy +va) .

At the origin the bundles V and W are identical and V = Vy = W) is spanned by the vectors
e1 = (dx)o and e = (0y)o. The Lie brackets modulo the subbundle are given at the origin by

[ ly:VxV—>R/V:(e,e) 0 modV,
[odw:VxV—>R/V:(e e () modV. %)

Remark 4.7.2. Our definition of order might be a bit confusing. The distribution V is in
our definition a structure of order zero, but the distribution is defined in the tangent space
of the equation manifold and hence is expressed in the first order derivatives of the equation
manifold M. In other words, the distribution is an expression in the coordinates for the
Gr2(T M) and these coordinates are first order in the coordinates of the underlying manifold
M.

When we have a base manifold B for M things may be even more confusing. The mani-
fold M is a submanifold of Gr (7 B) where B is a base manifold for M. Hence the distribu-
tion is a second order expression in the coordinates for B. %)
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For each order 0, 1, 2, 3, 4 we give a description of the structures we have found so far.

Order 0. We are given the manifold M and V C T M. These two structures contain all the
information at this order. Unless we define some additional structure (such as a base
manifold for M) there is no additional structure to be found.

Order 1. By taking Lie brackets modulo ¥ we find a unique complex structure or hyper-
bolic structure on V' and on T M /V (up to a choice of orientation, or sign of the com-
plex structure). With these structures we have a complex-linear or hyperbolic-linear
quadratic form V x V — TM/V. At this order this is all the structure we can find.

Order 2. We can extend the structures found above to an almost complex structure or almost
product structure on the entire tangent space. Recall that we can make a unique choice
of almost complex structure or almost product structure by requiring the Nijenhuis
tensor to vanish on V x 7 V. Note that the Nijenhuis tensor is a third order object, but
the restriction of the Nijenhuis tensor to V xp V — TM/V is only a second order
object!

At this order we also have the tensors C : V xy TM/V — TM/V : (X,Y) —
[X,JY]—J[X,Y]and N : V xy TM/V — TM/V : (X,Y) —» C(JX,Y) —
JC(X,Y) mod V. The bundle B is also of order 2 since ] is equal to the intersection
of V with the kernel of themap N : V xy V — TM/V.

Order 3. Using the full almost complex structure we can calculate the full Nijenhuis tensor.
The distribution B; is of order 3 since By = N(B1, TM). The image B3 = N(B,, TM)
of B, is of order 3 as well.

Order 4. In the generic setting we expect many invariants at order 4. At order 3 we can
construct an invariant coframing and the structure functions of the invariant coframe are
all continuous invariants (up to a discrete symmetry). Many of the structure functions
will be trivial, but not all of them.

4.7.2 The invariant framing

Depending on the system the distributions B;, B2 and D can have different ranks. To make
full use of the structure present at a certain order we have to make some assumptions on the
ranks of the different distributions.

The rank of the image D of N is an obvious choice to consider. For an elliptic system
the Nijenhuis tensor is anti-symmetric conjugate-bilinear and hence the image D has real
rank 0, 2 or 4. If the image has rank O the system is a complex contact manifold of complex
dimension 3, see Section For rank 4 we can construct an invariant coframing under
some additional assumptions, see the paragraphs below. For rank 2 we have too little freedom
to construct a normal form for the system but too much freedom to create an invariant framing.
In Section [/.1|we will return to the systems with rank D = 2.

For generic elliptic systems (Nijenhuis tensor has image of dimension 4 and B; # B,)
we can proceed as follows. The distribution B is a complex 1-dimensional and J-invariant
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subspace of V. The image B, = N(By, T M) is a complex 1-dimensional invariant subspace
of V. In the generic situation B; # B,. We will assume from here on this is the case. Then
B3z = N(B,, TM) is a rank 2 distribution and TM = B; & B, & B3. Choose a vector field
e3 C Byanddefine A : TM — TM : X — N(X,e3). Picke; C By and e; C B,. The
triple (eq, e2, e3) is unique up to multiplications with complex scalar factors. We have

[e1,e2] = ae3 mod V,
A(el) = Bey,
A(er) = yes,

for certain complex functions «, 8, y.
We can scale the representative vectors e; by complex numbers ¢, ¥, x to é; = ¢ey,
ey = Yen, e3 = xe3. We find new coefficients

&=g¢ya/x. B=¢xB/V. V=Viv/x.
‘We can normalize these all to 1, we find that

¢* = By /(@B*y),
v = ¢paB/y,
X =¢va.

After the normalization we are left with a discrete symmetry to transform e; — tej, e —
e2, e3 > e3. Hence every generic elliptic first order system has a up to a discrete symmetry
a unique invariant framing. The invariant framing is of order 3.

4.7.3 The hyperbolic case

In the hyperbolic case similar statements hold, but we need some more assumptions on the
generality of the system. For example in the hyperbolic setting the image of the Nijen-
huis tensor can be 0, 1, 2, 3, or 4 dimensional. We can apply the same theory, but work
with hyperbolic variables (x, y)” instead of complex variables x + iy. When we choose a
representative element in 31, B, or A(B3;) we must always make a generic choice with respect
to the almost product structure, i.e., take an element X such that X and JX are linearly
independent and hence span a 2-dimensional space. If X is picked in T My, then JX = £X
and hence X and JX are not linearly independent. An element X is generic for the almost
product structure if and only of X # 0 and X_ # 0. Another problem can arise when we
have to normalize the coframe. The hyperbolic formula for ¢ is ¢> = By /(@F (BF)?y).
The right hand side is not necessarily positive, and the square root could be imaginary. We
can solve this by either working with a complex coframe or normalizing § and y to 1 and «
to (1, DT, (1, =DT, (=1, DT or (=1, =DT.
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4.8 Continuous invariants

The structure theory developed so far has not provided us with any continuous invariants. For
example in Riemannian geometry the scalar curvature is a continuous invariant (of second
order in the metric). For our systems we have found invariant structures, such as the almost
complex structure, the image and kernel of the Nijenhuis tensor. In this section we will show
that at first and second order there are no continuous local invariants. At the third order there
are precisely two continuous invariants.

To analyze the continuous local invariants we make use of the theory of jet groupoids
and natural bundles. This theory [8] was explained to the author by Mohamed Barakat. The
existence of invariants at order three is confirmed by a geometric construction of the invariants

in Section[4.8.2]

4.8.1 Jet groupoids

The diffeomorphism group of a smooth manifold acts on every geometric structure on the
manifold. If we are interested in the action of the diffeomorphism group on the finite order
part of a structure, then we only need to study the finite order jets of diffeomorphisms. A
problem with these finite order jets is that, while the jets of diffeomorphisms fixing a point
form a group, the jets of general diffeomorphisms do not form a group. Let j; ¢ and ji¢; be
two jets of diffeomorphisms based at the points x and y. We can only make the composition
j;gbl o jr¢o if ¢o(x) = y. For this reason the jets of smooth functions do not form a group.
The jets of functions ¢ that leave x fixed do form a group. The calculations of jets can
conveniently be described in terms of jet groupoids.

We give a brief introduction to groupoids and jet groupoids. A full introduction can be
found in Moerdijk and Mrcun [54], Mackenzie [50] or Pommaret [62]].

Definition 4.8.1. A groupoid is a small category in which every morphism is invertible. ©

More concrete: a groupoid consists of a set of objects X = GO, called the base space,
and a set of morphisms or arrows G = GV =2 X, called the rotal space. We also have the
source projection s : G — X and target projectiont : G — X. We can make the composition
of two morphisms g, h € G if t(h) = s(h). This composition defines a multiplication map
G xx G — G. The condition that every morphism is invertible implies that for every
morphism g from x to y there is a unique inverse g~! from y to x. For every point x in the
base there is a unique unit morphism id, from x to x. For all morphisms g with target x we
have idy og = g and for all morphisms g with source x we have g oidy = g.

For every pair x,y € X we will denote by G(x, y) the morphisms from x to y. By
G(x,—), G(—,x) and Gy = G(x,x) we denote the morphisms with s(g) = x, t(g) = x
and s(g) = 1(g) = x, respectively. We also say they define the set of all morphisms to x, the
morphisms from x and the morphisms over x, respectively. Since all morphisms are invertible
it follows that (G (x, —)) = s(G(—, x)). We let Gx = t(G(x, —)) = s(G(—, x)) be the
orbit of base point x under the morphisms in G. We say a groupoid G = X is transitive if
Gx =X.
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Example 4.8.2 (Groupoid examples).

Pair groupoid Let X be any set. The pair groupoid of X is the groupoid of pairs of elements
in X. The set X acts as the base space. The total space is given by X x X with s
and ¢ the natural projections onto the first and second component, respectively. Two
morphisms (x, y) and (a, b) can be multiplied if and only if y = a and in that case
(x,y) - (a,b) = (x,D).

Equivalence groupoid Let X be a set and let ~ be an equivalence relation on X. The equiv-
alence groupoid of X is a subgroupoid of the pair groupoid of X. The set X is the base
space and for every pair x, y € X there is a single morphism from x to y if and only if
X~y

Groups Every group G is a groupoid in a natural way. The base space consist of a single
point e and the total space is equal to the group G. For a general groupoid G = X the
morphisms G (x, x) over a point x in the base form a group. %)

A Lie groupoid is a groupoid G == X for which G and X are smooth manifolds and all
maps are smooth and the source and target maps are submersions. With these definitions it
follows that G is a Lie group and ¢ : G(x, —) — Gx is a principal G-bundle.

The inverse mapping theorem says that a diffeomorphism ¢ : M — M is invertible near a
point x if and only of the total derivative of ¢ at x is invertible. We say an r-jet j is invertible
if the first order part is invertible.

Definition 4.8.3. Let X be smooth manifold. Define I1, = I1,(X) = (X x X) C
J9(X, X) by the condition that the first order part of an element of J7(X, X) is invertible.
Then I, is a transitive Lie groupoid and is called the jet groupoid of X. The groupoid I, is
the fiber bundle over X x X for which the fibers are invertible jets from x to y.

A jet groupoid R is a subset of I1, that is closed with respect to all groupoid operations.
A jet groupoid is also called a system of Lie equations. )

Let & = X x X and introduce coordinates (x, y) for £. Then the variables x, y and y =
dy'/dx/ form local coordinates for J' (X, X). The jet groupoid is defined by det(y ) ;é 0.
On every jet groupoid I1,; we have an identity section id : X — Tl given by the g Jet of the
identity on X. We will write I, (x, y) for the morphisms in IT, (X) with source x and target

y.

Example 4.8.4 (Jet groupoid of R). Let X = R and introduce coordinates (x, y) for X x X.
The 1-jet of a diffeomorphism ¢ : X — X at x is equal to (x, ¢(x), ¢'(x)). The total space
of the first order jet groupoid of X is isomorphic to R? x R* and has coordinates (x, y, yx).
The source and target projections are the projection onto the first and second component,
respectively. The composition of two 1-jets (x, y, yy) and (¥, z, zx) is (x, ¥, ¥x) - (¥, 2, 2y) =
(x, z, yxzy). Inversion is given by (x, y, yx) = (¥, x, 1/yx). @
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Example 4.8.5 (Jet groupoid of linear transformations). The linear transformations of
X = R are the maps x — y = ax. The 1-jets (x, y, y,) of linear transformations all satisfy
the condition xy, — y. Since the composition of two linear transformations is again a linear
transformation we expect the set of all 1-jets of invertible linear transformations to define a
jet groupoid.

Suppose (x, y, yy) and (v, z, zx) are two 1-jets of invertible linear transformations and let
(x,2,2x) = (x, ¥, y)(¥, 2, 2x). The composition of these two jets is given in Example[d.8.4]
Then

XZxy —2=XZyYx — YZy = Zy(xyx —y) = 0.
Also y(1/yx) —x = (1/yx)(y — xyx) = 0. Hence the subset of IT{ (X) defined by

R={,y,y)elli(X) | xy, —y =0}

is closed under the groupoid operations. Hence R is a jet groupoid. @

The gauge groupoid construction. Every transitive Lie groupoids is equivalent to a prin-
cipal bundle. See for example Moerdijk and Mrcun [54} pp. 114-115]. Let P — M be
a principal bundle with structure group H. The structure group acts on the direct product
bundle P x P and we can form the associated fiber bundle Gauge(P) = P xpy P. This
fiber bundle is a groupoid. The morphisms are the orbits of the diagonal action of H on
P x P. The source and target projection are given by projection onto the first and second
component of P x P followed by projection with m, respectively. The composition is defined
such that P x P — P xpg P is a groupoid homomorphism from the pair groupoid to the
gauge groupoid. The bundle Gauge(P) is called the gauge groupoid or Ehresmann groupoid
of the principal bundle P. Conversely, let G = X be a transitive groupoid. The sequence
Gy — G(x,—) — X defines a principal G,-bundle. The gauge groupoid of this principal
bundle is isomorphic to G = X.

Example 4.8.6. Let X be a smooth manifold and FX the frame bundle of X. The frame
bundle is a principal bundle with structure group G = GL(V). Then the gauge groupoid
FX x ¢ FX is isomorphic to IT; (X). Suppose (x, u), (x’, u’) are points in FX with x, x" € X
and u, u’ linear maps 7y X — V and T,vX — V, respectively. Then the map FX x FX —
I (X) : (x,u), (x',u') — (x,x’, )" ou) factorizes through the projection FX x FX —
FX x ¢ FX and the isomorphism FX xg FX — T11(X) @

Geometric structures. Many geometric structures can be given as reductions of the frame
bundle. For example in Riemannian geometry a reduction of the frame bundle FX to an
O(n)-bundle defines a metric on X. Via the gauge groupoid construction this corresponds to
the following. If we choose a frame for 7, X and we use the frame to identify 7\, X with R”,
then the group O(n) acts on Ty X. The action of O(n) on Ty X induces an action on ITj (x, x).
We define the natural bundle by

F =T11(—, x)/ O(n).
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The group IT;(x, x) acts on F from the left. The sections of the natural bundle 7 — X
correspond to Riemannian metrics.
For a general jet groupoid R, we define the natural bundle by

F =M4(—, x)/Ry(x, x).

The sections of the natural bundle define geometric structures of the same type as the original
geometric structure. Other geometric structure with their corresponding structure groups are
almost complex structures (GL(n, C)), Kéhler structures (U(n)) and symplectic structures
(Sp(2n, R)).

Action of the diffeomorphism group. The diffeomorphisms of the base manifold X act
on the geometric structure. This means that we can lift the action of any diffeomorphism
to an action in the natural bundle. We are interested in the diffeomorphisms that leave in-
variant the geometric structure defined by the section of the natural bundle. If the structure
is transitive we can restrict our attention to the diffeomorphism group fixing a base point y.
The diffeomorphism group acts transitively on F. The diffeomorphism group then acts by
prolongation on the jet bundles J" (F) of the natural bundle. If this action is not transitive
at a certain order, then we have found differential invariants of the geometric structure. To
calculate these differential invariants we note that the full diffeomorphism group acts on F,
only by a finite order part.

First order systems. The generalized first order order systems described in this chapter are
defined by a rank 4 distribution on a 6-dimensional manifold, or equivalently as section of
Gra(TM).

Let V be any rank four distribution on M. We define the jet groupoid R as the groupoid
of jets {j;¢> e (M) | (Txd)(Vy) = Vy(x) ). We define the group G (4, 6) as the group of
matrices

(CUsT LR i m,

The group G (4, 6) is a codimension § subgroup of GL(6, R). Choose a point x € M and
an identification of T M with R® such that V, is spanned by the first four basis vectors in
R®. With this identification R(x, x) is isomorphic to G(4, 6). The natural bundle F =
IT;(—, x)/R(x, x) has dimension 14 (the fibers of the bundle over M have dimension equal
to 8). The natural bundle is diffeomorphic to Grp (T M). A section of the natural bundle
corresponds to a rank 4 distribution on M.

The space of r-jets of rank 4 distributions on M equal to the prolongation J" (F) of the
natural bundle. Every local diffeomorphism of M acts on the r-jets of distributions. This
gives an action of I, (x, x) on J4~1(F),. The action of IT;(X) on JO(F) = F is transitive,
this follows from the fact that the group GL(6, R) acts transitively on the 4-dimensional linear
subspaces of R®. Hence to study the invariants of the action it is sufficient to study the action
of T, (x, x) on J4~1(F),.
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’ Order r H dimJ"(F)y dimIl,4;(x,x) Orbit Codimension

0 8 36 8 0
1 56 162 56 0
2 224 498 224 0
3 672 1254 670 2
4 1680 2766 1634 46

Table 4.1: Action of the diffeomorphism group on jets of distributions

The package JETS by Mohamed Barakat [7] has implemented routines to calculate the
action of the diffeomorphism group on a geometric structure order by order. At each order g
we calculate the dimension of the fibers of prolongation of the natural bundle J" () — M,
the dimension of group IT, (x, x) acting and the maximal dimension of the orbits.

The codimension of the orbits with maximal dimension gives an upper bound for the
number of (local) invariants for the rank 4 distributions on M. Near a generic orbit any
transversal section locally defines invariants of the action. These invariants are only local
and it can very well be that near non-generic orbits the invariants are not defined at all. The
results of the calculation are in Table [4.1]

We see that there are no invariants at order 2. At order 3 there are at most 2 continuous
invariants. These are invariants of the generic orbits. For non-generic orbits (these correspond
to non-generic first order systems) these invariants might not be well-defined. At order 4 there
are at most 44 additional invariants.

Remark 4.8.7. The generic first order systems are defined by generic rank 4 distributions in
a 6-dimensional manifold. The second order equations are defined by rank 4 distributions
in a 7-dimensional manifold. However, the distributions for second order equations are far
from generic. This can clearly be seen in definition of a Vessiot system, Definitiond.1.T} The
conditions for a rank 4 distribution on a 7-dimensional manifold to define a Vessiot system do
not only depend on the value of the distribution ) at a point, but on V' as well and hence on
first order derivative of V'. The same is true for the first order systems under point geometry
(rank 4 distributions with an integrable rank 2 subdistribution in R9).

This implies that we cannot define the second order equations by arbitrary sections of
the Grassmannian Gr, (T M), M a manifold of dimension 7. We need to define the second
order equations as a structure on a higher order bundle and this complicates the calculation
of invariants. @

4.8.2 Invariants at order 3

In the previous section we explained how we can calculate an upper bound on the number
of invariants at each order. We concluded that the first invariants appear at order 3 and at
this order there can be at most two functionally independent ones. In this section we make a
geometric construction of these third order invariants.
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We assume that we have a hyperbolic first order system that is generic in the sense
that rank D = 4 and By N B, = span(0). We use the genericity to construct an invari-
ant coframing e, e, e3 as described in Section Then the distributions By, T M and
TM_ are of order 2. We can define the distribution Wi+ = (B1)+ & T M= and this dis-
tribution is of order 2 as well. The Lie brackets modulo W4 define an invariant tensor
Wi xy W+ — TM/Wx+ of order 3. Most coefficients of this tensor have already been
normalized, but not all of them. The Lie bracket of (e1)+ and (e3)— modulo W, is invari-
antly defined. Since e; and e3 are of order 3, this expression is of order 3. We can write this
as [(e1)4, (e3)—]1 = (k1)+(e2)+ + (k2)4+(e3)+ mod W,. The normalizations made so far
imply (k2)+ = O but (ky)4 defines an invariant of order 3. For the other distribution WW_
we can define [(e1)_, (e3)+] = (k1)—(e2)— + (k2)—(e3)— mod W_. This gives a second
invariant (k1)_.

At order 4 there are many invariants, and we make no attempt in classifying them. Since
we have an invariant frame we have an invariant coframe as well. All the structure functions
and coframe derivatives of this invariant coframe define invariants of the system.

Remark 4.8.8. In the next chapter we will develop a structure theory in differential forms
for first order systems. In terms of an adapted coframing the invariants constructed are given
by the coefficients S;r after we have normalized T,r = Usr = S3r = 1 and Tzr = Uyr =
V2F = V3F = S2F = 0 @

Example 4.8.9 (Invariant framing). Consider the first order system
Uy = ("tx)2 + (Uy)27 Uy = U.

We will use x, y,u,v, p = u,,s = vy as coordinates on the equation manifold M. The

calculations for this example can be found on the authors homepage [32]. Let D, = 0 +
_ 2 2 _ 2 2

POy +udy, Dy = 3y + (p* +5°)0y + s9,. Take H = \/2p= + 65=/4. On T M we define the

framing

= HJ,,

_ 2
&=~ (D + pDy + 25(p? + 57)d, + 4ps a)

1 ps(p* —s?)

= (. - LT, 3

“ 16H( x 4H? (7 +5)
H

642383‘5

es = (1/16)(, + 650, + 2pdy),

1 5 ps(3p? + 5s5%)
= <3U+2s8 + 16H%3, + — 3 | .

The contact distribution is V = span(ey, ez, €3, e4) and the almost product structure on T M
is given by span(eq, e3, es) @ span(ez, es, €6). A calculation of the Nijenhuis tensor shows
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that By = span(ey, e2), By = span(es, e4) and B3 = span(es, ¢g). In the frame we have the
following normalizations

[e1,e3] = —es mod V,

[ea, e4a] = e¢ mod V,

N(ei,es) = ea, N(ez, ec) =e3,
N(e3,e5) = es, Nes,es) = es.

Hence this framing is an invariant framing for a first order hyperbolic system as described in
Section The third order invariants are (k;)+ = 0 and (k1) = s(p? +2s2) /(16 H3).

Because the framing e, e7, e3 is invariant under contact transformations it follows from
Theorem [1.2.58] that the contact symmetry group of the system is finite-dimensional. The
dual coframe to the invariant framing is of rank one at generic points.

A calculation of this symmetry group using the MAPLE package JETS yields that the
contact symmetry group of the system is 5-dimensional. The infinitesimal symmetries are
given by

X1 =0y, Xp=20y, X3=0y,
X4 fd 2814 —I— xavv (424)
X5 =x0y +2ydy +vdy — pdp — s50;.

The symmetries X, X, and X3 correspond to translations in the x, y and v directions. The

symmetry X4 is a combined translation in the direction # and a scaling of v by a factor exp(x).
The last symmetry X5 is a scaling symmetry. %)






Chapter 5

First order systems

In this chapter we develop the structure theory for first order systems in terms of differential
forms. We also make connections to the theory of hyperbolic surfaces developed in Sec-
tion 2.3.T] and theory developed by other mathematicians. For example hyperbolic exterior
differential systems in Section [5.5.T]and linear partial differential operators in Section[5.5.2]
We start with an analysis of the structure theory for hyperbolic systems. Then we review the
elliptic theory and apply this to study base transformations.

The two different structure theories (distributions and differential forms) will be used
together in Chapter[8|and Chapter[9} In these chapters we will need aspects from both theories
to obtain our results.

5.1 Contact transformations and symmetries

An external contact transformation between two first order systems M C Gr, (T B), M C
Gr, (T B) is a local diffeomorphism ¢ from an open subset of Gr, (T B) to some open subset
of Gr,, (T B) such that

e M is mapped to M

e The contact system is preserved, i.e., ¢*(I) = 0 mod I. Another way of saying this
is that the dual distributions should be mapped to each other: for all m in the domain
of ¢ we should have T,,¢ (Vin) = Vig(m)-

An internal contact transformation is a (local) diffeomorphism M — M that preserves the
pullback of the contact system of the Grassmannian. Another equivalent definition is that an
internal contact transformation is local diffeomorphism of Gr, (T B) to Gr, (T B) such that

e M is mapped to M

e The contact system is preserved on M, i.e., qb*(i)m =0 mod I, forall pointsm € M.
In terms of the dual distributions this congition is that for all m € M with m in the
domain of ¢ we should have T,,¢ Vi) = V).
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In the following we will mean by a contact transformation always an internal contact transfor-
mation. Every external contact transformation restricts to an internal contact transformation,
but the converse is not true.

Let 7 : Gr,(TB) — B and # : Gr,(T B) — B be the projections to the base manifolds.
For every (local) diffeomorphism ¢ : B — B of the base manifolds, there is a unique
contact transformation ¥ : Gr, (T B) — Grn(Té) such that 7 o ¥ = ¢ o . The contact
transformation W is defined by ¥ : L € Gro(TpB) — Tp (L) € Grz(T,/,(b)é). We call this
the lift or induced map of {. This definition is very similar to the definition of the lift of an
equivalence of G-structures described on page[I3] The contact transformations that are lifts
of diffeomorphisms of the base are called point transformations.

In the special situation that B = B and M = M we call an external contact transformation
an external symmetry of M. An internal symmetry is an internal contact transformation from
M to M. It is clear that any external symmetry restricts to an internal symmetry, but con-
versely not every internal symmetry extends to an external symmetry. For more information
on internal and external symmetries see the paper by Anderson et al. [3].

We make an important observation for a codimension ¢ system. Let s = dim B — n. For
the contact system on M C Gr, (T B) for s > 2 the fibers of the projection Gry(T'B) — B are
integral manifolds for which the tangent spaces are maximal integral elements of dimension
ns — c. In contrast, the graphs of 1-jets of functions u(x) define n-dimensional integral
manifolds. The tangent spaces are n-dimensional maximal integral elements. Whenever
ns — ¢ > n the fibers of the projection M — B are geometrically different from the generic
integral manifolds. This implies the following theorem:

Theorem 5.1.1. Let M be a codimension c system in Gr,, (T B). If ns — ¢ > n, then all inter-
nal symmetries of the equation are external symmetries and are induced from base transfor-
mations.

Proof. Any symmetry must map the fibers (which are integral manifolds of maximal dimen-
sion) to fibers and therefore induces a transformation on the base. It is easily checked that
the symmetry defined by the prolongation of this base transformation must be equal to the
original symmetry. d

For ¢ = 0 this theorem is a special case of Béacklund’s theorem. Bicklund’s theorem
deals with the external contact transformations.

The systems with n = 1 are ordinary differential equations. The first interesting systems
of partial differential equations occur for n = s = 2. If ¢ = 1, then there are no interesting
internal symmetries. An analysis of the cases ¢ = 3,4 using the structure equations for
the system is done in Bryant et al. [13, Chapter VII, §2]. In this dissertation we study the
determined first order systems n = s = ¢ = 2.

Example 5.1.2. Consider the first order jet bundle M = J!(R, R?). This jet bundle can be
seen as an open subset of the Grassmannian Gry(7 B) of 1-planesin B = R x R2. We take
local coordinates x, u, v for the base manifold. We have coordinates x, u, v, p = uy,r = vy
for M. The contact system is generated by two 1-forms 8! = du — pdx, 62 = dv — rdx. The
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dual distribution V has basis
X =0+ po,+rdy, 9p, 0. 5.1

Every non-zero vector in V spans a 1-dimensional integral element, hence V| (V) = PV. At
each point of M there is only one 2-dimensional integral element and it is spanned by the
vectors dp, 9. The integral elements of maximal dimension (two in this example) form an
integrable distribution. The leaves of this distribution are precisely the fibers of the projection
Gri(TB) — B. @

5.2 Hyperbolic structure theory

In this section we will develop the structure theory for first order hyperbolic systems. The
theory will use differential forms as the main objects, in contrast with the structure theory
using distributions developed in the previous chapter.

Many classical mathematicians (Lie, Vessiot, Cartan) studied equations of hyperbolic
type. The equations of elliptic type were assumed to be analytic and then treated in complex
coordinates (where everything is hyperbolic). This complexification is also used in Stormark
(64, pp. 279-280].

Some recent authors [4} 38| 44, [66] deal only with hyperbolic systems. In contrast the
work of McKay [51}152] only deals with the elliptic case. McKay believed the elliptic case is
simpler because we can use the familiar concepts of complex structures. Below we will see
that using hyperbolic variables and almost product structures, the structure theory introduced
by McKay is almost identical in the hyperbolic and elliptic cases.

5.2.1 Point geometry

In this section we develop a structure theory for first order systems using differential forms
and structure equations. We will rediscover the almost product structure and the Nijenhuis
tensor as invariant structures. The starting point is a base manifold of dimension four and a
codimension two submanifold M in Gr, (7T B) that is transversal to the projection Gry (T B) —
B. The intersection of the tangent space to the fibers of the projection and the tangent space
to M defines a rank two integrable distribution. The leaves of this distribution define the base
foliation. The contact system on Grp (7 B) pulls back to a contact system on M. On M we
can choose 1-forms 6!, 62 that form a basis for the contact system. We can then choose two
additional 1-forms !, ®? such that the distribution defining the base foliation is equal to the
dual of span(8', 6%, ', w?). We complete the coframe by choosing two additional 1-forms
!,

Recall that FM is the bundle of frames (or coframes) on the manifold B. The coframe 6!,

02, w!, w?, 71, 72 constructed above defines a special section of the bundle of frames. In this

section we will start with the subbundle of FM that contains all coframes 6!, 62, »!, w2, 7!,
72 such that span(@l, 62) is the contact system and span(@l, 02, w!, @)1 is the distribution

given by the tangent space of the fibers of M — B. We will then reduce this bundle step by
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step to bundles for which the sections are coframes on M that are adapted to the geometry on
M. The final result is Definition[5.2.3]in which the bundle of adapted coframes is defined.

For convenience we will assume that on (M, V) we have made a choice of positive and
negative Monge system. This will reduce the structure group by a discrete factor and this will
make the notation much easier. In local coordinates the independence condition for solutions
to the systems will be given by w! A w? # 0.

Remark 5.2.1. The constructions in this section are similar to the sections 6.2 — 6.4 in
McKay [51]] where a structure theory for elliptic systems is developed. For elliptic systems
it turned out to be useful to write everything in complex coordinates. For hyperbolic systems
we use hyperbolic numbers to express the structure equations. Note that in McKay [51]] the
action of the structure group on A on top of page 39 and Proposition 12 are incorrect, since e
should be complex-linear as well. The final results of McKay in that section are correct. @

We will write 6 for the ID-valued differential form (9], 92)7 and similarly for w and 7.
From the definition of a first order system it follows that the structure equations are given by

0 6£ 0 O 0 AANw
dlo)|=—1|8 7v OJA|lw] - 0
b4 § € n 0

for 2 x 2-matrices &, f, 7, 8, €, A. The structure group for the coframe is the group of
matrices

a 0 0
b ¢ 0] eGL(6,R).
d e f
Modulo I = span(@l, 62) we have d9' = —A;knj A @*. We write A for the matrix (A)}; =

Al knj . The structure group acts on the matrix A as A — GAé&~!. This is a conformal action,
see Section Using a transformation of the coframing we can arrange that in fact (this
follows from the assumption the system is hyperbolic)

1 1
dez—(”z“"2> =—7Aw mod I (5.2)

This normalization reduces the structure group. In the reduced structure group a” = ¢’ =
¢” = 0and f = ac™'. The diagonal matrix diag(L, L, L), with L given in 2.35), does
preserve the normalization and interchanges the two Monge systems. Our choice of
a positive Monge system eliminates the component of the structure group that includes the
matrix diag(L, L, L).
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We arrive at a coframing with structure equations

6! a; 0 0 0 0 0 0!
62 0 ap 0 O 0 0 62
' B Br n O 0 0 !
dl »|=- A 2
w Bir B2 0 y 0 0 w
! 81 6 € 0 ar—n 0 !
w2 Sir 8 0 e 0 a =y w2
7! Aol ' no?
72 A w? E2 Q!
0 r;l A w?
B 0 + 172 Aol
0 € ANw? + Eir!t A2
0 61[/\0)1+E27T2/\7T1
and structure group given by matrices in GL(6, R) of the form
ag 0 0 O 0 0
0 a 0 O 0 0
; 0 8 e b0 0 0
b ¢ biy by 0 ¢ 0 0 (5.3)
d e ac’! 1
d di er 0 ac 0

diy d» 0 e 0 a2c2_1

In the notation with hyperbolic numbers introduced above the structure equations are given
in the more compact form

0 @« 0 0 0 TA® Engr
dlo]=1|8 v 0 ANo]— 0 + n A of ,
b § € a—y b 0 ' Nof +Ex annt

where «, y, € are diagonal matrices. For convenience we have written o instead of &', and
similar for y and €. We can absorb terms in «, B, v, 8, € such that & = Arw + Azm and
n = Bsm for 2 x 2-matrices A», A3, B3. We analyze the structure equations by calculating
the consequences of d*6 = 0 modulo 6, 7. We find

0=d’0=andd—dr Aw+r Adw—& AdoF
=—aATAoF+@—Y)AT A0+ Aot Ao
—Eyr/\nF/\a)—JT/\y/\a)
+raAnpAef +Enat Aol

(—Ew+ By of + Ao ArAarl + (=’ — A/nF) Ao A of.

From this we can conclude that E = 0, A3'+B3” = 0 and (¢"+ A2’ 7 FYAONOF Aorwt = 0.
Since we can absorb terms 6, @ from €” into § and €’ we can arrange that €’ = —Ay'w’.
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The new structure equations are

6 @« 0 0 0 TA® Ener
dlo]|=—-1|8 vy 0 ANMol| - 0 + n A of ,
T § € a—vy bid 0 —A)7F A wF

with A’ € D). We again calculate d20, but this time only modulo 6.

0=d’0=ardd —dr Aw+7 Adw
+d(Arw + Ast) AOF — (Arow + Azm) AdOT
=—aATAw+aA(Aw+ Ast)A0F +8" A0F Aw
+@—PAT Ao+ A7l Aot Aw—m AB"AOT
—TAY Ao+ AnA" +d(Are + Asm) A BT
+(A2w+f§3n)/\aFA9F+(Azw+A~3n)/\JTF/\a)F
a A (Aw+ Azm) A0 + 8" AT Ao+ Arlf Aol Aw
—aAB AT 471 A (A7) A f +d(Arw + Asmt) AOF
— (Asw + Asm) Aol A BT + (A w+ Asm) At Aol
= [d(Arw + Asm) = 8" Ao+ B AT +a A (Aw + Asm)
+aFA(A~2w+A~3n)]A9F
= (dA) — 8"+ AYa — Aaf)y Aw A BT
+ (dAY + Ay'a — Ay afy Aot A BT
+ (dAs 4+ B+ As'a — Ay A A BT
+ (dA3" + A" — A" af)y AE A BT
+ (A dw + Ay do’ + As'dr + A3"dnT) A6F  mod 6.

We introduce the forms

VA =dA) — 8" + A (@ — af —y) — Aze,
VA" =dA)" + Ay (@ —af —yF) — Ayl
VAY =dAs + B+ Ay (y — o),

VA3 =dAs" + A" (@ — 2aF + 9 F).

(5.4)

Remark 5.2.2. The notation V is inspired by the fact that the forms V A ; are in fact covariant
derivatives with respect to the connection chosen. See McKay [53]. @
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With this we have

0=d%0= (VA Ao+ VA Aol + VA A7+ VA Arf) noF
+ (A Byt Aot + A Bt Ao (5.5)

— A" A" 7 A of + A (A T Aw) A0F mod 6.

This proves that the 1-forms V A, are semi-basic with respect to 6, 0F, w, of, 7, 7F. The
forms «, B, Y, §, € define a connection and to this connection we can associate a covariant
derivative acting on equivariant tensors on the bundle. The construction of a covariant deriva-
tive is equivalent to the covariant derivative that is constructed when we have a G-equivariant
connection on a principal bundle. The construction of covariant derivatives in the context
of connections that are not G-equivariant is described briefly in McKay [53]]. The torsion A
satisfies

dA=VA+p(a,...,€)A,

where VA is the covariant derivative and p is an affine representation of the Lie algebra on
the torsion bundle. Compare this to (5.4).

When moving in a fiber of the bundle of adapted coframes over M we have VA = 0, since
V A is semi-basic. Therefore dA is determined by the representation p. The terms 8” and 8"
in (5.4) ensure that if we move in the direction of the vectors dual to 8”, only A," will change,
so we can transform Aj’ into zero. Similarly for 8" and A3’. From the calculations above it
follows that we can restrict to a subbundle on which A2’ = A3’ = 0. The reduced structure
group is the subgroup of the previous structure group for which b” = d” = 0. If at
the same time we rearrange the terms involving B8”, §”, then we find the structure equations
below.

We rename the terms T,r = A", T3r = A3”, and S,r = —Bj3'. At the same time we
have new terms Uz, Uyr, Usr, Vo, Vor, Var, Sir € DD because the structure group is reduced.
With this new notation the structure equations become

0 a 0 0 0 TA®
dlo|=—-|8 v 0 AMaol={7ASFoF + Srol)
T 8§ € a—y b4 0

TZFQ)F NCE + T3F7TF ABOF
+ | Voo A OF + Uyrot A OF + Usret A 6OF
Vi AOF + Vorot AOF + VyenF A 0T

We can absorb the term Usw A 6F into y. A calculation of d?6 modulo 0, nf yields that
V3 = —U; and hence V3 and U, are absorbed at the same time.

We have constructed an adapted coframing by normalization of the structure functions.
Without making any further assumptions on the structure functions we cannot make any
further normalizations.
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Definition 5.2.3 (Adapted coframing for hyperbolic first order system). Let 9, w, 7 be
a coframing on a hyperbolic first order system under point geometry. We say the coframing
is adapted if it satisfies the structure equations

a 0 0 0 —TA®
dd=—1|8 vy 0 ANMol+|—-7TA0o
5§ € a—vy b1 0

5.6
TszFA9F+T3FﬂF/\9F (5.6)

+ | Usyr? AOF + UsrnF AOF
Varot A OF + Vyrmt A 0T

Here 0 = S;r0F + S,rw’. The bundle of all adapted coframes is written as Bjy. The calcu-
lations above show that for any hyperbolic first order system the bundle Bj, is a reduction of
FM with structure group H. The group H is the group of invertible matrices

a O 0
b ¢ 0 e GL(6, R), 6.7
d e ac”

witha, b, c,d, e € D. ©

For future reference we write down the covariant derivatives of all the torsion functions.

VTor = dTyr + Tyr (@ — af — yF) — Tyrel,

VTyr = dTyr + Tyr(a — 227 + y7),

VSr =dSir — B Syr + 8172y —a —ab),

VSyr =dSyr + Sr 2y —a —y"),

VUyr = dUyr + BUyr + Uyr (y — y¥ —af) — Usref,

VUsr = dUsr + BUsr + Usr(y + yF = 2a7),

VVyr = dVor 4+ 8Var +€Up + Vor(a —al —y —yF) — Virel,
VVir = dVir +8V3 + €Uz + Var(a — 2aF +yF —y).

(5.8)

The covariant derivatives above give the infinitesimal action of the structure group on the
invariants. We will also calculate this action directly.

Action of the structure group. Let G be the structure group preserving this adapted cofram-
ing, i.e., G is the group of lower triangular matrices in GL(3, D) with diagonal entries
(a,c,ac™!). We want to analyze the action of this structure group on the invariants § =
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(SlF, SzF), T = (T2F, T3F), U and V Let

a 0 0
g8 = b ¢ 0 ,
d e ac! 59
a”! 0 0 a 0 0 (59)
g = —ba~ 7! ¢! 0 =|b ¢ O
a2be—a2cd —ale alc d ¢ ac!
and define (é , O, ﬁ)T = g_1 0, w, TL’)T. The new structure equations for 6 become
dd=da'0)=—-a"da)a ' Ao +a""do
Ea_l(—n Aw+T] /\QF)
= -7 /\J)—l—a_lrl AOF mod 6.
The last term transforms as
a_ltl AOF = Cl_l(TzF, T5r) A (a)F, ]TF)T A aFe:
c 0 F =
-1 ~F ~F\T , ;3
= T
a (T2F, 3F)/\ (e aC_l) (CL) , T ) N
=a 'Tor, Tyr) A @, 7)Y A GF
=7 A éF.
Combining this we see the invariants transform as
7:-'217 :a,]aF CF EF T2F
T3F 0 aF(cF)*l T3F )
The calculations for w and 7 are more involved, but since d® = d(g7'®) = —g~1(dg) A
g '® 4 g7!'d® and we are interested in the action of G on the invariants S, 7, U, V (and
not on the connection forms «, 8, ..., €) we can restrict ourselves to the action caused on

the torsion component the structure equations, i.e., we only calculate the action of G on the
torsion bundle. We have
d@ = bdo + édw
=b(—a A0 —TAO+TI A+ E=BAO—yAo—TT Ao+ T AOF)
=btyy AOF —¢n Ao +ép AOF

—éac™!

FAno+by AOF +6t, A0F mod 6, .

The terms 7 A 0F and 5 A 6F transform in precisely the same way as the term 71 A 07 we
already encountered when calculating df.
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Define the following representations of the structure group on I

) o (cF oF
7 :G—> Aut(D°) : g—>a <O aF(cF)l)’

’ | CZF bF
e : G — Aut(D?) : g — ac™ <0 CF>'

It is not difficult to check that under the action of G the invariants S = (S;r, S,r) transform
under the representation ¢, and the invariants T, U, V transform as

U = br,T + ¢, U,
V =dn, T +én.U+a ‘en V.

The invariants T5r and S,r transform as
Tyr > a (@) () e, Sy > ac2eF Syr.

Hence both 75 and S,r are relative invariants. By a relative invariant we mean that the zero
set T3r = 0 is invariant under the structure group.

The structure group has dimension 10 and has an affine representation on the 16-dimen-
sional linear space with coordinates Tr, T3r, Uyr, Usr, Vor, V3r, S1r, Sor € D. Hence for
generic first order systems we expect 6 real invariants at this order. One of the invariants is
|T5r |2 /]S,r|?, if this quotient is well-defined. At points where S,r € D*, Tyr € ID* the orbits
of the structure group have dimension 9 or 10, depending on the values of V,r and U,r.

A possible normalization scheme in the generic situation: use b to transform S;r = 0,
use e to transform T,r = 0, use d to transform V3r = 0. The pair a, ¢ acts on T3r, Syr
with 3-dimensional orbits. The remaining freedom after normalization is (a, ¢) > (¢a, ¢c).
Then the last degree of freedom ¢ acts on Uyr, Usr, V,r.

Example 5.2.4. We consider the system ¢ = r, ¢ = ¢(s). This first order systems can
be obtained from the second order equation zyy, = ¢(zy,) by taking the quotient by the
symmetry 9, (see Chapter[0). By calculating d@ for an initial coframing 6, w, = we can find
by some trial and error the following adapted coframing:

6! = (du — pdx — rdy) — ¢/'(dv — gdx — sdy),
6% = dv — gdx — sdy,

o' = dx, w? = dy + ¢'dx,

rl=dp—¢"ds, 7% =ds.
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The structure equations are

do' = -7l A ! — ¢"7? A B2,

d6? = 1% A o?,

do' = 0, do? = ¢"7r2 A a)l,

dr! =dp — ¢"ds, dn*=0.
We see that the coframing is indeed adapted and that all invariants vanish, except for T3r =
(—¢”,0) and Syr = (0, —¢"). @

Example 5.2.5. We consider the system g = r, s = G(x, y, u, v)zp. A calculation with
MAPLE gives the following adapted coframing:

0! = (du — pdx —rdy) + G '(dv — gdx — (Gzp)dy),

6% = (du — pdx — rdy) — G~ (dv — gdx — (G*p)dy),

o' =G ldx + dy, w? =G ldx — dy,

7' =Gdp +dr + (pGGy)w* + HO?, 7°=Gdp —dr +2pGG,o' + K6'.
Here Gy = Gy + pGy +1Gy, H=Gy+ GG, +2pGGy —2pG?>Gy, K = —Gy+ GG +
2pGG, +2pG>G,. The invariants are Tyr = 0, S;r = Syr = 0, Usr = 0, Vor = V3r =0,

T2F = (K - pGu, H— PGu),
G, — GG,,7 G, + GGU)T_
4G 4G

Notice that S, = 0. In Chapter [7/| we will see that S, vanishes for all quasi-linear equa-
tions.

U2F=(

Example 5.2.6. Take ¢ = r, s = ¢(p) with ¢ an arbitrary function for which ¢ (0)
0, ¢’(0) = 1. For convenience we introduce H = /¢'(p), K = —(1/8)¢" (s)/d'(s).
MAPLE calculation gives the following adapted coframing.

6! = (du — pdx — rdy) + H™'(dv — gdx — (G?p)dy),
6% = (du — pdx — rdy) — H™'(dv — gdx — (G?p)dy),
o' =dx + Hdy, w? =dx — Hdy,

nl=dp+H 'dr + K0%, #?>=dp—H 'dr + K6

>l

The invariants are T,r = 0, Uyr =0, Vor = V3r =0,
Tyr = (—K, —K)T,
L 2" ) (p) —3¢"(p)’
32¢'(p)? ’
Uyr = (L, L), S;r=(L, L), Sr=(K,-K)T.

Again S r, T)r and U,r are zero. The invariant S,r is unequal to zero, indicating that we are
dealing with a non-linear system of equations. %)
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5.2.2 Contact geometry

If (M, V) is a first order system we can forget about possible base manifolds and only work
with the distribution V. The geometry we then have is the geometry invariant under contact
transformations. For these systems we can also construct adapted coframings. We start with
a slightly bigger structure group, since we do not have to preserve @ modulo 6.

For hyperbolic equations under contact geometry we can find an adapted coframing
6, w, w such that the contact ideal is given by I = span(f!, #?) and the structure equations
are

a 0 0 0 —T Aw
dd=—1|8 vy e Aol + 0
8 € a—y b4 0

5.10
TzFa)F/\eF‘I‘T:;FT[F/\QF ( )

+ | Uyrof AOF + Usrnet A OF
Vzpa)F AOF + V3F7TF AOF

We call this an adapted coframing for hyperbolic first order systems under contact geometry.
The structure group that preserves the form of this adapted coframing is given by

a 0 0
x=1|b ¢ g, (5.11)
d e f

where all coefficients are hyperbolic numbers and a = cf — eg € D*. The action of this
structure group on the invariants

T = (Tyr, Ty3r)', U= Uyr,Usr)T, V= Vyr, V3r)T, (5.12)

is given by the representations

F F\T
7. = af c 8
T eF fF

The action on T is important later in the classification of Darboux integrable systems. Note
that the action on 7 is already determined by the action of the group H of matrices

c 8
(e f>€GL(2,]D)).

~h
I
Q>

. T,

>

Ch

= b, T + ¢n, U + gn, V, (5.13)
V =dn,T +ém, U + fan.

5.2.3 Comparison with distributions

In Chapter 4] we have analyzed the structure on the equation manifold of a first order system
(M, V) in terms of the distribution V. In the previous sections we have developed a structure
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theory for the first order systems in terms of adapted coframings on the equation manifold.
We will give the correspondence between the different structures for the hyperbolic systems.
For elliptic systems similar statements hold.

Let (M, V) be a generalized first order system and let 8, w, 7 be an adapted coframing as
in (5.10). The Monge systems are given by

span(91,92,w2,ﬂ2)L and span(91,92,a)l,rrl)L,

respectively. The coefficients Trr, T5r, Uyr, Usr, Vor, V3r are the coefficients of the Nijen-
huis tensor.

5.2.4 Relations between the invariants

The invariants are not completely independent. We will prove several relations. We start with
a lemma about the invariants for systems under contact geometry with a distinguished rank 2
subbundle of V. Every system under point geometry is such a system, since the foliation to
the base manifold provides the subbundle.

Definition 5.2.7. A first order system with a distinguished subbundle is a first order system
(M, V) with a rank 2 subdistribution W of V. An adapted coframing for such a system is
given by an adapted coframing (6, w, 7) for (M, V) such that the distinguished subdistribu-
tion is given by the kernel of span(f, w). The structure equations for an adapted coframing
are

a 0 0 0 —TA®
dd=—-1|8 vy 0 ANMol+|—-7TA0o
8 € a—y b4 0
P F F F (5.14)
Lro® ANO" +Tsr™ A6
+ | Uyrof AOF + Usyrnt AOF
V2F0)F/\9F+V3FJTF/\9F
Here 0 = S;r0F + Syrof + Syrof. The structure group is given by
a 0 0
x=|b ¢ 0 |ecLm?3). o
d e ac!

If S37 = 0, then the distinguished subbundle is integrable and provides a foliation. The
system is then equivalent to a first order system under point geometry.

Lemma 5.2.8 (First order 7 lemma). Let 0, w, w be an adapted coframing (5.14). If Tyr =
0, then Usr + Tor (S3¢)F = 0 and Vyr + Tyr (Syr)F = 0.
Proof. Assume T3r = 0. We calculate d%6 modulo 9, w,w:
0=d’0 =7 Adw+ Thrdo’ A6F

Uyrmr At A 0T — Tyrnt Aot A 0T

= Usrm At AOF — Ty (S3r)Fnt A A 6F.
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Hence Usr + Tor (S37)f = 0. A similar calculation modulo the differential forms 6, 7 and
of yields Vyr + Tor (S,r)F = 0. O

Lemma 5.2.9. Let 6, w, w be an adapted coframing (5.14) with Ty;r = Usr = V3r = 0.
Then Tor (Syr)F = 0 and Tyr (S3r)F = 0. If Tyr € D¥, then Syr = Syr = 0 and Syr = 0.

Proof. By assumption we have T5r = Usr = V3r = 0. From the previous lemma it follows
that Tyr (Syr)F = Tor (S3r)F = 0. If Tyr € D¥, then by the equations above Syr = Sy = 0.
We calculate d?w modulo 0, w,0F:

0=d?’w=—-dr Ao +7 Ado

=1 A SleQF =-—Sirom A 7f A of.
Hence also S;r = 0. g
Example 5.2.10. Consider the hyperbolic first order system

_ (b—v)?
T 4x

_Gptu)?

Uy I (5.15)

X

Let Y = —4 + pxsy — pxv 4+ usy — uv. An adapted coframing is

0! = @/y)du — (4p/y)dx — (px + u)*/yrdy,
0% = 2/¥) (px; U gy — PO = 5y)”

1 dx—i—s(px—i—u)xdy),

o' = 4/ydx — 2(px + u)/(yy)dy,
oo SV 2pr b wr
Y Yy

! =dp, 7% = ds.

’

The almost product structure is integrable. Locally this system is contact equivalent to the
first order wave equation. However, for this coframing

1
Sir=0, Sr=— (4x/(px + u)) .

¥\ y(px +u)
Since S,r is a relative invariant under point transformations this system cannot be equivalent
with the first order wave equation under point transformations. @

5.2.5 Hyperbolic surfaces

A first order system M with projection m : M — B to a base manifold can be embedded
in a natural way in Gra(7T B). The embedding is given in the Vessiot theorem for first order
systems in Section[4.6.1} The fibers of M — B define surfaces in the fibers of Gro(T B) —
B. Invariants of such surfaces are studied in Section[2.3]
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Example 5.2.11 (Equation surfaces in the Grassmannian). Let B be a base manifold with
coordinates x, y, u, v. The Grassmannian Gr (7 B) has local coordinates x, y, u, v, p, g, 1, s.
We will consider the fiber above the base point b = (x, y,u,v) € B. A point p,q,r, s in
the fiber corresponds to the 2-plane in V = T} B spanned by the vectors 9y + pd, + rd, and
dy + g0y + 50y.

We take ey = 0y, ep = dy, e3 = 0y, e4 = 0, as a basis for T, B. Then the point p, g, 7, s
corresponds to the element in A2(V') given by

n=(e1+ pes+res) A(ex+qge3+seq)
=e1 Ney+qer Ne3+sep ANeg+ pes ANey+ pses N ey

+res Ney+rqgesq N es.
On E = A?(V) we can consider the eigenspaces of the Hodge  operator just as in Sec-
tion [2.1.2] and introduce Pliicker coordinates. The decomposition into the eigenspaces is
given by

n=1+ps—qrai+(q+ra+(s— pas

+ A =ps+qr)pi+(q—r)+(s+ p)Bs.

Consider the Cauchy-Riemann equations p = s, ¢ = —r. The decomposition is given by

(5.16)

n=0+p*+rHa + (1 —p? —rHp1 — 2rp2 + 2pps.

Clearly the compactification of the image of the Cauchy-Riemann equation in the oriented
Grassmannian Gro (T M) = St x S~ is represented by the graph of the map S* — S~ : 5 >
(1,0, 0). The conformal quadratic form defined on the tangent space to the Grassmannian is
given by &€ : 7 — 79 A 7. In the coordinates p, r the conformal quadratic form is

AT = =46+ pP).

On the surface defined by the Cauchy-Riemann equation the conformal quadratic form is
negative definite and hence the surface is elliptic.

In a similar way we can check that the hyperbolic system g = r = 0 has image in ST x S~
given by

n= (14 ps)a+ (s — p)a® + (1 — ps)Bi + (p +5)Bs.

The conformal quadratic form is 7 A 7 = —4ps. %)

5.3 Local and microlocal invariants

In Section 2.3 we have analyzed the microlocal invariants of hyperbolic surfaces. We also
found some local invariants for hyperbolic first order systems, see sections [5.2.1 and [5.2.2]
In this section we will show there is a correspondence between these two kinds of invariants.

For the elliptic case McKay has also derived invariants for an elliptic surface in the Grass-
mannian. He calls these invariants microlocal invariants and identifies them with the local
invariants of the equation manifold. See McKay [51) pp. 28-29, 49-50].
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5.3.1 Basicidea

Let M C Grp(T B) be a hyperbolic first order system and let us consider the geometry of this
system under point transformations. At each point by € B we have the tangent space Tj,B.
The fiber M over by € B is both a submanifold of M and of Gry(7p, B). As a submanifold of
Gry(Ty, B) the surface My defines a hyperbolic surface. The base transformations of the sys-
tem, i.e., the local diffeomorphisms of B, that fix the point by induce an action on 7}, B. This
action is given by the tangent map of the transformation and this is a linear transformation.
Therefore the action of the point transformations on My C Gry(7p,B) is the action of the
general linear group on the hyperbolic surfaces as described in Section [2.3] The microlocal
invariants of hyperbolic surfaces must therefore also be invariants of first order systems.

5.3.2 Bundle map

Suppose we are given a first order system as a smooth manifold M C Gr,(T B) with projec-
tion p : M — B. Fix a point by € B and define M to be p_l(bo). We write iy : My —> M
for the natural embedding of My in M. Recall that My is a hyperbolic surface in Gra (7}, B)
and in Section we have constructed a bundle B)y, over this surface. In this chapter we
have also constructed the bundle By; — M, which is the bundle of all adapted coframings
over M (see Definition . We will construct a bundle map ¢}, By — By, over M that
will identify the local invariants with the microlocal invariants.

A point f in By, is a point m € M together with an adapted coframing 8, w, 7 for T, M.
Fix a point mg € My = p~'(bo) and consider the derivative Tnop @ TugM — TpyB. The
kernel of Ty, p is given by the vectors at m that satisfy & = w = 0. This implies that the
1-forms 6, w are mapped to 1-forms © (i), 2 (mo) on Tp,M. The forms ©, 2 depend on
the point m( chosen. Note that the value of ® (m() and €2 (m() does only depend on the value
of the coframe 0, w, 7 at mq and not on the derivatives of the coframe. Therefore we can also
write ©( fo), Q(fo) for the linear maps Tj, B — I that depend on a point fj in the bundle of
adapted coframes Bj; over M.

The pair (€2, ®) gives a linear map Tj, B — R*. Ifwelet V = Ty, B and identify R* with
V, then this defines an element of GL(V'). This construction gives us a map p from ¢}, (Bpy)
to By which is a bundle map over M. Next we want to prove that « maps not only into By
but in fact into Bps, C By and that the microlocal invariants (functions on By, ) correspond
to local invariants (functions on Byy).

The bundle map is is written in the diagram below. We let V = TjB.

By, € By By

T

0t By ——= My Gra(V)

|k

By —M
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The dimension of By is 16, the base manifold M is 6-dimensional and we have a 10-
dimensional structure group. The pullback bundle ¢},(By) has dimension 12 (four less than
Byy). The map p maps this bundle to By, which has dimension 8. Hence the map has a
4-dimensional kernel. Four degrees of freedom are lost since the structure group of ¢, (By)
contains transformations of the coframe where 7 is changed and the bundle map w does not
depend on 7.

5.3.3 The local-microlocal dictionary

We claim that the map p is in fact a bundle map ¢}, Byy — By,. A proof will be given in the
next section.

Let V. = Ty,B. On the pullback bundle 3, By we have at each point f an adapted
coframing (6, w, ) for the tangent space to My at the point m (m is the base point of f for
the bundle Lj;,[ By — Mp). Under the map p the components &, n, 9, { of the Maurer-Cartan
form on By are pulled back to

E/ = _ys 'S;:// = _SZFTE»
n=-B, n'=Uyn’ - Srm,
Y =—-m, 9'=0,

§/=—Ol, g//:T3F7TF.

(5.17)

In particular the microlocal invariants f and g correspond to the local invariants S,r and T3r.

5.3.4 Proof of the correspondence

Note that we have defined the map u as a map from By — By, but in fact u is already
defined as a map from the bundle of unadapted coframings 6, w, & to By. We will prove that
the adaptations from an unadapted coframing on M to an adapted coframing correspond to
the normalizations of the Maurer-Cartan form in the microlocal setting.

We start with the bundle By, of coframes for which the kernel of span(f) is equal to the
contact distribution and the kernel of span(f, w) is tangent to the projection M — B. The
sections of this bundle are the unadapted coframes for the first order systems. Let (0, w, )
be the pullback of the soldering form to Bj;. We start with the structure equations for the
components 6 and .

d9=—ot/\9—cl’1n/\a)—cl,Frr/\a)F—cF,lnF/\a)—cF,FrrF/\a)F—i—n/\GF,

dw:—ﬂ/\@—y/\a)—n/\o+dp‘pnF/\a)F+rz/\9F.

Here 0 = S;r0F + Syrof, 11 = ho + Tyrof + Tsw + Tyrnt and 1o = Usow + Uyrof +
Uz + Usrr?. These are the most general structure equations for which dd = dw = 0
mod 6, 0%, w, of .

The map p is a map from ¢, By to By. We calculate how . varies when we move along

a fiber of ¢}, By — B. Let Z be a vector field on Uy By tangent to the fibers of ¢}, By — B.
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Let X be a vector field on B and take a lift X to L’;W I§M such that 71()?) = 0. Let f; be equal
to exp(tZ) fo. Then we have

d d ~ - ~ -
T OUNX) = —| 07,(X)=LzOX)) = (L20)(X) +0(LzX)
L Py dr =0

(L20)(X) =do(Z, X)
—(2)0(X) = Y i m (D)o (X) +1(2)6F (X)
i,j=1,F
—a(Z)O(f0)(X) = Y 7 (2)Q (fo)(X) (5.18)
i,j=1,F
+1(2)0(fo)" (X),

d
— QUHX)

d —B(2)O(fo)(X) — ¥ (£)Q2(fo)(X)
t t=0

—1(Z)o(X) +dr. pt (Z) A of (X) + 12(2)0T (X).

The map u can be viewed as a map Lj‘VIéM — GL(V). Then du is a 1-form on ¢}, By
that takes values in Lin(V, V). We can then define (dy,)/JL_l as the multiplication of du with
(,u)_l. This is a 1-form on the pullback L*M B wm of the bundle of coframes on M, valued in the
linear maps from V to V. From the structure equations (5.18) we can read off that

dwp" = —cigm —cpant —cipnl —cppnf L —a+ TP L + Tyenm L

(5.19)

_1_( —y —Som +dp prfL —,B—SlnL—i-U3prrFL)

On the other hand the 1-form (du) w1 is equal to the pullback of the Maurer-Cartan
form on By to t},By. So the components of (dp)p™! correspond to the pullbacks of the
components of the Maurer-Cartan form.

The first normalization on the microlocal level is arranging ¥” = 0. We can see that
this corresponds to making the terms ¢y 7 and cfr,r zero. The first step in the adaptation of
the local coframe is to make dd = —7 A @ mod 6, 6. This corresponds to making CF.1,
c1,r and cf f zero. So the first step in the adaptation of the local coframing implies the first
normalization at the microlocal level. This proves that the map u : 1}, By — Bo descends to
amap u : Uy, By — By.

We can continue and check that for each normalization at the microlocal level, there is
a corresponding normalization at the local level. Note that at the local level there are more
steps, for example the term cr,; is eliminated at the local level, but is not present at the
microlocal level. At the end we have the bundle of adapted coframings at the local level, the
bundle By, at the microlocal level and a map p : LX/I By — By,
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5.4 Elliptic systems

In this section we discuss the structure theory for elliptic first order systems. Since the struc-
ture theory for hyperbolic systems was already discussed in detail in Section we only
give the final results for the adapted coframe.

5.4.1 Structure equations

Recall that (see Section[3.3)) any elliptic first order system with a projection to a base manifold
B can be described as a 6-dimensional manifold M with contact forms 61, 82 and forms
o', ? describing the projection to B.

We can complete these 1-forms to a complex coframe ® = (0, w, 7)7 on M. In McKay
[51] it is shown that the coframe can be chosen such that the following structure equations
are satisfied

% a 0 0 0 w 71 B
dlo]|=—-1{8 vy 0 ANol—aAlo]l+]|n]) A0, (5.20)
T 8 € a—y T 0 73
where
o = Sif + S5,

_ _ _ _ _ (5.21)
n=Go+Thr, n=Uo+Usr, 13=V;0+ V37.

Let G be the structure group preserving this adapted coframing, i.e., G is the group of lower
triangular matrices with diagonal entries (a, c, ac’l). Let

a 0 0
g=1|b ¢ 0 |,
d e ac’!
a”! 0 0 a 0 o0 (5:22)
g = —ba~ ¢! c! 0 =6 ¢ o
a2be —a2cd —ale a’lc d ¢ ac!

We can calculate the action the structure group G on the invariants just as in Section[5.2.1]
Define the following representations of G: 7, : G — Aut(C?), 7, : G — Aut(C?) by

7e(g) = a (g ;_1> , (5.23)
7o (g) = ac”! <g lc’) . (5.24)

Under the action of G the invariants § = (S7, S5) transform under the representation ¢m, and
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the invariants 7', U, V transform as

~h
1
Q\

. T,
U = br,T + ¢, U,
V =dn,T +ém,U+a ‘en, V.

5.4.2 Transformations of the base foliation

On the equation manifold M the contact forms 6, #2 together with the independence forms
o', »? determine an elliptic system. The system is determined by the two bundles I =
span(6/) and J = span(6/, »*). Any (infinitesimal) group of internal symmetries must map
Itoabundle I = I and J to anew bundle J. If J = J, then we are dealing with a prolonged
point transformation and hence an external symmetry. The internal contact symmetries that
cannot be extended to external contact symmetries are characterized by transformations for
which J # J.

Let us analyze the transformations of the foliation defined by J. For both the old pair
(1, J) and the new pair (/, f) we can choose adapted coframing 6, w, w and 6, &, 7. When
we express the structure equations for this new coframing using the structure equations of
the old coframing, we can determine conditions under which the new coframing defines the
same system.

First note that since / = I we know that § = cf, ¢ € C* (this follows from the fact that
0 in an adapted coframing is completely determined up to a positive scalar factor). Using the
structure group G we can arrange ¢ = 1,1.e.,0 = 6.

From the contact structure group (the hyperbolic version is given in equation (3.11)), it
follows that our transformation is of the form

6=0,
w=A10+ Arw+ A3,
T = B160 4+ Byw + B3,

with Ay B3 — A3B> = 1. Using two more degrees of freedom in the structure group we can
arrange A1 = By = 0. So for any transformation mapping the equation to a new first order
equation we can arrange that the transformation of the adapted coframe is of the form

6=0,
o = Arw + Az, (5.25)
T = Bow + B3m.

We analyze how the transformation defined above acts on the differential invariants. We
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calculate
dd=dd = —anO—TA®+T AO
= —a AO — (=B + Axit) A (B3 — A37)
+ T5(B3dd — As#) A G + Ty(—Bado + Ag) A6
——GA—FAD+T NG,
with

We define the representation
. SL(2,C) — Aut(C?) :
(A2 Az B_3 —B
h—(Bz &)“’ (—A—3 A

The transformation of the base foliation will act on the invariants 7 as T = p(W)T. In a
similar way we can derive the action of the transformation on the other invariants as

= po:(WT,
0 = Ayp: (W)U + Asp (h)V, (5.26)
V = Bap: (WU + B3p: (h)V.

The invariants S do not transform properly (the transformed variables S do not only depend
on the values of Ay, Az, B, and B3, but on the first order derivatives of A, A3, By, B3 as
well).

Notice that in order for the transformation to define a new foliation by solutions we should

have & = 0 mod § , @. This gives restrictions on the functions A, B; that are allowed. In
principle these can be expressed in terms of 6, w, 7, &, y, €. In coordinate invariant terms
these restrictions are dJ = 0 mod J. The new system (I, J) gives a projection to a new
base manifold B. This defines a new first order system and we can ask the question if this
new system is equivalent to the old system by a point transformation.

Theorem 5.4.1. Let M be an elliptic first order system with base manifold with invariants
T5 # 0, T3 = 0. Then all internal symmetries are induced from base transformations and
hence are point symmetries (and hence external symmetries).

Proof. If we have a transformation that acts non-trivial on the foliation we must have A3 # 0.
Notice that T = A2T- — A3T; = —A3T Since A3 # 0 and T- # 0 this implies T- # 0.
But Tz is a relatwe invariant under point geometry and hence the new equation cannot be
equivalent to the original one. (]
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5.4.3 Examples

Example 5.4.2 (A class of equations with only point symmetries). Consider the gener-
alized elliptic systems defined by s = p, ¢ = —r + F(x, y, u, v). From the contact forms

0! = du — pdx + (r — F)dy, 62 = dv — rdx — pdy and the independence forms o' = dx,

w? = dy we can choose the following complex coframing

6=06"+i6?,
w=o +iw2:dx+idy,
7 =dp+i(dr — Fedx) — (i /4)(Fy + i F,)0,

where Fy, = Fy + pFy,. By adding the term —Fydx to 7 we have the structure equations
d0 = —m A w mod 0, 6 and the term —(i /4)(F, + i F},)0 completes the adaptation.
The structure equations for 6, w and 7 are

do = —(—(1/2)(F, — iF,,)a)z) ANO—m Aw~+ (i/4)(Fy +iF)d A6,
do =0,

dn=—8/\9—6/\a)—(a—y)/\n+13/\9_,

for certain 1-forms 8, € and 13 = Vz. We arrive at T5 = (i /4)(F, + i F,), Tz = 0. From
Theorem[5.4.T| we conclude if if either F,, # 0 or F,, # 0 then every internal symmetry is the
prolongation of a base transformation. %)

Example 5.4.3 (Cauchy-Riemann equations). Consider the Cauchy-Riemann equations
s = p,q = —r. An adapted coframing is given by 0 = (du— pdx+rdy)+i(dv—rdx— pdy),
w = dx 4+ idy, m = dp + idr. The exact structure equations are

dd =—-—m7Aw, do=0, dr=0.

We will consider transformations of the coframing as described previously. We take the
element

Ay Az) _ (cos(¢) —sin(g)
<32 33) B <Sin(¢) cos(¢) ) € SL2. ©).

The new coframe 8 = 6, & = cos(¢)w—sin(¢)r, # = sin(¢)w-+cos(¢) has the same struc-
ture equations. This transformation therefore provides a good candidate for a 1-parameter
family of internal symmetries of the Cauchy-Riemann equations. The new forms 6, @ pro-
vide a new foliation of the manifold M. The tangent spaces to the leaves of this foliation are
spanned by

37, = c0s(¢)dp + sin(p)(dx + pdy +rdy),
0z, = coS(@) 0y + sin(@)(dy — rd, + pdy).
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For the quotient manifold of the first order system and this foliation we can use the coordi-
nates X = cos(¢)x — sin(¢)p, y = cos(¢)y — sin(¢)r,

u+ (1/2) tan(p)r* — (1/2) tan(¢) p°,

u
v = v — tan(¢) pr.

Using the projection map 7 : M — B: (x,y,u,v, p,r) — (X, y,u, 0) we can construct a
new first order system. The distribution V dual to 6 is mapped under 77 to the 2-dimensional
bundle

span (cos(¢)dz + pd; + rdy, cos(¢p)d5 — rdz + pdy) .

This map defines a contact transformation M — M C Gry(TB) by (x,y,u,v, p,r) —
is clearly the 2-dimensional surface in the Grassmann bundle of M that corresponds to the
Cauchy-Riemann equations on M. @

5.5 Miscellaneous

5.5.1 Hyperbolic exterior differential systems

Both Bryant et al. [14} [15] and Vassiliou [66] have defined the concept of a hyperbolic
exterior differential system.

Definition 5.5.1. A hyperbolic exterior differential system of class s is an exterior differen-
tial system (M, Z) on a manifold M of dimension s + 4 such that there exists a coframing
ol ..., 0% &', ..., @* such that

_ Ipl s 1 3 2 4
Z—{Q,...,Q,a) AW, /\a)}alg. s

Such a coframing is called an admissible local coframing. A more intrinsic definition
is given in Bryant et al. [14 p. 31] but the definition above is enough for our purposes.
Vassiliou defines (Definition 2.10 in Vassiliou [66]) a manifold of (p, ¢)-hyperbolic type as
a hyperbolic exterior differential system with some additional conditions. These additional
conditions allow him to treat the manifolds of (p, g)-hyperbolic type as generalizations of
Darboux integrable equations with p or g invariants for each characteristic system. We will
give examples of hyperbolic exterior differential systems with class 0, 1 and 2. These exam-
ples will make clear that the theory of hyperbolic exterior differential systems is very relevant
to our first order systems and second order equations.

Let us give an alternative definition of the hyperbolic exterior differential systems. Let
(M, Z) be a hyperbolic exterior differential system as in Definition The distribution
W dual to the 1-forms 0!, ...,0% is a rank 4 distribution on M. The 2-forms o' A >,
? A o” restrict to two non-zero two forms on . We define W, = ker(w? A w*|yy) and
W_ = ker(ow' A @3|}y). The two rank two distributions W4 define a hyperbolic structure
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on W (up to a change of the characteristic systems). Conversely, a rank 4 distribution W
on a (4 + s)-dimensional manifold with a hyperbolic structure on W defines a hyperbolic
manifold of class s. The 2-dimensional integral elements for (M, W, W_) at a point x
are the 2-dimensional linear subspaces E of W, for which £ N (W5 ), and E N (W_),
are 1-dimensional. In particular V4 ), and (WW_), are not integral elements of the system.
We can also say that the 2-dimensional integral elements at x are the hyperbolic lines for
the hyperbolic structure on W;. For this reason we can also give the following alternative
definition of an hyperbolic exterior differential system.

Definition 5.5.2 (Alternative definition of hyperbolic exterior differential system). A
hyperbolic exterior differential system of class s is a manifold M of dimension 4 4 s together
with a rank 4 distribution WW with a hyperbolic structure K on /. We write the system as
(M, Wy, W_). S

Example 5.5.3. On R* with coordinates x, y, p, ¢ define the hyperbolic exterior differential
system

T = {dx Adp, dy A dq}aift. (5.27)

In terms of the alternative definition Definition[5.5.2] we can give the hyperbolic exterior dif-
ferential system by the two characteristic systems YW, = span(dy, d,), WW_ = span(dy, d;).
These two distributions define an integrable almost product structure on M. The integral
manifolds of 7 are precisely the hyperbolic pseudoholomorphic curves for this integrable
almost product structure. @

Example 5.5.4 (Monge-Ampere equations). Consider the Monge-Ampere equation
E(zxx2yy — 23y) + AZyx + Bzay + Czyy + D, (5.28)

where A, B, C, D and E are functions of the first order variables x, y, z, p = zx,q¢ = zy.
The graphs of 1-jets of solutions of the equation correspond to integral surfaces of the exterior
differential system Z on J' (R2, R) generated by

0 = dz — pdx — gqdy,
Vv = FEdp Adg + Adp Adg 4+ B(dg Ady +dx Adp)
+ Cdx Adg + Ddx A dy.

If the Monge-Ampere equation is hyperbolic, then Z defines a hyperbolic exterior differential
system of class s = 1. %)

Example 5.5.5 (Hyperbolic exterior differential systems of class s = 2). Every hy-
perbolic first order system (M, V) defines a hyperbolic exterior differential system of class
s = 2. If 6, w, w is an adapted coframing, then the exterior differential ideal 7 is gener-
ated by {91, 02, dol, d@z}alg. Note that the contact distribution ) of the first order system
corresponds to the distribution ¥V determined by Z.

The converse is not true. A general hyperbolic exterior differential system of class s = 2
might have an integrable distribution YV. The conditions for the distribution ¥V to determine
a first order system are described in Theorem [4.6.4] %)
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Example 5.5.6 (Second order scalar equations). Also the Vessiot systems (M, V) associ-
ated to hyperbolic second order scalar equations are hyperbolic exterior differential systems,
but this time of class s = 3. The conditions on V imply that not every hyperbolic exterior dif-
ferential system of class s = 3 corresponds to a second order partial differential equation. @

The prolongation of a hyperbolic exterior differential system of class k is a hyperbolic
exterior differential system of class k + 2. This proved for example in Bryant and Griffiths
[L6, Section 1.3]. This means that if we are studying prolongations of first order systems or
second order scalar equations, we are still studying hyperbolic exterior differential systems.

As an elliptic analogue we can define

Definition 5.5.7 (Elliptic exterior differential system). Let M be a manifold of dimension
4 4+ 5. Let V be a rank 4 distribution on M and J : V — V a complex structure. The pair
(M, V, J) is called an elliptic exterior differential system of class s. <)

The equations for pseudoholomorphic curves in a 4-dimensional almost complex mani-
fold, the elliptic first order systems and elliptic second order scalar partial differential equa-
tions are examples of elliptic exterior differential systems of class s = 0, s = 2 and s = 3,
respectively.

5.5.2 Linear hyperbolic systems

Let E, F be two rank 2 vector bundles over a smooth 2-dimensional manifold X. Consider
a hyperbolic linear partial differential operator K : C*°(E) — C°°(F). In local coordinates
x =L x)T for X, u = ', u®)T for E and f = (f!, f3)T for F the operator K is given
by

Ku= Ala—u +A28_u + Bu
0 ax! 9x2 '
Here A!, A%, B are 2 x 2-matrices. The type of the operator K is determined by the principal
symbol of K, which is defined as the matrix o (x, &) = A'(x)&] + A%(x)&. The operator
K is hyperbolic or elliptic if deto (x, &) is a quadratic form in & with positive or negative
discriminant, respectively. Transformations of the coordinates of the form x = x(y), u =
S(y)v, f = T(y)g act on the principal symbol as

SIM

AB\NP __ —1\P/ paNk
(A%)m = (T ™) (A%); my

Under this action the sign of the discriminant of the quadratic form is unchanged and hence
the type of operator is unchanged. Using this action (the action of 7" and S is in fact the action
of the conformal group CO(2, 2), see Appendix [A.5)) we can arrange that

1 {0 0 > (10
A _<o 1)’ A _<o o)‘
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Next we will transform the operator K into a normal form. The normal form is inspired
by a corresponding normal form in the elliptic case, see Duistermaat [23]]. The complex
variables are replaced by hyperbolic variables, i.e., elements of the algebra D) introduced
before. After transformation of the principal symbol into normal form the operator is given
by

ou

= o +a(x,xF)u +b(x,xF)uF.

Ku
Here we have written symbolically du/dx" = A'du?/dx' + A%9u'/9x? and a, b are -
valued functions of the base variables x, x'. Next we solve the system of ordinary differential
equations for the D-valued function ¢

dc

o = a(x,xF), c(0) =0.
x

We apply the transformation u(x) = exp(—c(x, xF)Nia(x) (the exponential of a D-valued
function is defined as a formal power series, or equivalently as the exponential applied to the
components). In the new coordinates we have

Kii=Ku = exp(—c(x))aa—u;_ +b(x,xH) exp(—c(x))ﬁF.
X

By applying a scale transformation with exp(—c) we arrive at the normal form (we drop the
tilde in the notation)

u

=5+ b(x, xHyut. (5.29)

Ku

Remark 5.5.8. The principal symbol of K is a linear map
o(x,&) E, — F,

thatis linear in & € (T, X)*. The condition that K is hyperbolic is precisely that the conformal
quadratic form & +— deto (x, &) is non-degenerate indefinite. The equation deto (x, &) =
0 then has two real characteristic solutions {12 € (7, X)*. The dual distributions to ¢ >
determine an almost product structure on X. Since o (x, ¢;) is of rank 1 the distributions
&; =kero(x, ;) and F; = imo (x, ¢;) determine almost product structures on the bundles
E— Xand F — X. %)

Example 5.5.9. We use the normal form of a linear equation to analyze the invariants. For
convenience we take the normal form dw/dz" + b(z, zF)w’ = 0 which is better adapted to
our previous notations, but is equivalent to the normal form by a simple substitution
of the variables w — u, z — x. The equation written down explicitly in the coordinates
w=(u,v),z=(x,y"is

uy +b'v =0, vy +bu=0.
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We define ¢ = —bw’, p = 9,w = (uy, vy)T and the coframing

0 = dw — pdz — gdz",
w = dz, (5.30)
7 =dp+ (b.wl +bgHo’.

The structure equations are

d0 = - Aw — bo" AT,
do =0,
dr = —(=bbF 'Y A0 — (b wf —bF p+ b)) w0 Ao
—b.o" A6OT.
We see Tor = —b, V,r = —b; and the other torsion coefficients are zero. @

Next we consider coordinate transformations that leave the normal form (5.29) invariant.
We want to prove that these transformations must be of diagonal form, i.e., x! = ¢(y1),
x2 = ¥ (y?), etc. From the analysis of the principal symbol it follows that coordinate trans-
formations that preserve the normal form must preserve the almost product structures on X,
E and F. We see that any transformation leaving the normal form invariant must be of
the form

x=¢(y, yh),
u=Sy yHu, =70 y"s.

with ¢ a D-valued function and S, T two 2 x 2-matrices. The matrices S, T should satisfy
either a) S, 7 € D* orb) S, T € LD*. This follows from the requirement that the base
variables are preserved (i.e., no contact transformations), the equation should remain linear
in the dependent variable and the almost product structures must be preserved. We plug the
transformations (3.31) into the formal form (5.29). If we are in case a), then the result is

_( 3y a(Sv) ayF a(Sv) FoF
=71 (= = bS
§ (8xF dy oxt ayf + v
B B] Ayt 9 9 as  ayf EN
= D p1gfl LY o1 90 D 102 O 1 02yl sFyF
axF dy  oxF oyl oaxF dy axt ayF

(5.31)

The first term shows that dy/dxf = 0. The third term automatically vanishes and the fourth
term implies that 3S/dy" = 0. We conclude that x = ¢ (y) and S(y, y*') are both hyperbolic
holomorphic.

If we are in case b), then a similar analysis shows that dy/dx = 0 and dS/dy = 0. In
both cases we see that the normal form introduces an almost product structure on the base
manifold and the bundles E, F. The transformations in case b) correspond to transformations
that interchange the two characteristic systems.






Chapter 6

Structure theory for second order
equations

In this chapter we define an adapted coframing for second order scalar equations. The con-
struction of this adapted coframing is similar to the construction of adapted coframings for
first order systems in the previous section. Instead of deriving the results again, we will refer
to Gardner and Kamran [38]] for the main results.

We will use the adapted coframing to define the Monge-Ampere invariant. We also de-
scribe the relation between our theory (which is the theory of Gardner and Kamran) and the
theory by Juras [44, 45]). Finally, we give a counterexample to a proposition in [38]] about the
relations between the class of the characteristic systems and the number of invariants of the
characteristic systems.

6.1 Contact geometry of second order equations

The structure theory for second order equations can be done in a way similar to that of first or-
der systems. We will use some existing theory and work with differential forms. The structure
theory derived below is only valid for the contact geometry of the system. If one is interested
in the point geometry, one has to add some restrictions to the structure group involved and
one can not always make all the normalizations that are done below. We assume the second
order equation is hyperbolic. Just as for first order systems the theory is almost identical for
elliptic systems, but for convenience we only do the hyperbolic case. The parabolic systems
have very different structure theory, see Bryant and Griffiths [17] for example.

Let M be the 7-dimensional equation manifold associated to a hyperbolic second order
scalar partial differential equation. On M we have the pullback of the contact ideal / and
the pair (M, I) completely describes the geometry. The dual distribution V = I+ defines a
Vessiot system (M, V). The derived system 7! is 1-dimensional and is spanned by a contact
form 6°.
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Theorem 6.1.1 (Proposition 5.5 in [38]). We can choose generators 00, 9! 62 for I such
that the following structure equations hold:

d0° = —0' Aw' =67 Aw? mod 6°,

o' = —z' Aw' + T A67 mod 6°,6',

40 = —r? AW’ + T A0' mod 6°, 6%

Note that the last two equations can be written in the more compact form'
dd = -7 Aw+ Tyrnf A6F mod 6°,6.
Here we have written
0=0"0)" o=@ o, r=@" 1) eDeM).
From the structure equations it is not difficult to see that 7)) = span(6?),
cIM) =span(p°,0', 0% o', )

and I ¢ C(IM). Hence from the theorem of Vessiot (Theorem it follows that any
system with the structure equations from Theorem is locally equivalent to a second
order scalar equation. A closer look at the structure equations implies that the second order
equation is hyperbolic.

We also want structure equations for @ and . The exterior derivative of w and 7 can be
written modulo 0, w, 7 as

do = U2F 3F(,()F /\JTF + U2F(1)F /\OF + U3F7TF /\GF,
’ F F F F F F (6.1)
dT[EV2F’3F(1) NTT +V2F(,() /\9 +‘/3F7T /\9 .
We will show that Uyr 3k = 0. Calculate d%0 modulo 90, 0,0F, w. We have
0=d% =7 Adw=m AUy sr0” Ant.

Hence the term U2F’3F vanishes. A similar calculation of d26 modulo 90, 0, 0F and 7 yields
VzF’?’F - 0

Lemma 6.1.2 (T lemma). Assume the structure equations from Theorem[6.1.1|and equation
©1). If T{ =0, then U, = V. =0, for j =1,2.

Proof. The proof of the lemma is similar to the proof of the first order 7 lemma (5.2.8)). The
main difference that we have to work modulo the additional term 6°. Assume T;F =0. We

calculate d%0 modulo 09,01, w! and 6% A 2.
&' = —dr' Ao' + 7' Ado' =7 AU A7),

Hence U 31F = 0. A similar calculation modulo 8°, 8!, 7!, 62 Aw? yields V31F = 0. Calculating
d?62 modulo similar terms gives U32F = V32F =0. a

I'Modulo 69 means that we work modulo 1+ h)90 and (1 — h)90.
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Proposition 6.1.3. By redefining o', w?, w', w* we can arrange that

do' =dr' =0 mod @O,QI,LUI,JTI,
2 2 092 2 _2 (6.2)
do =dn“ =0 mod6”,0°, w", T".
Proof. Ttis clear from the above that we can always write
do' = U)ro® AO* + Usem® A67 mod 0°,0', o' 7.
The coefficient UZIF can be absorbed by adding multiples of ° to w!. If TlF = 0, then
U lF =0 by Lemma “ Otherwise we can absorb Usr !, by adding multlples of '. The

forms a)2 71 and 72 can be treated in the same manner. O
We can write do = —1 A (8,707 4+ S,r 0 + S5r 7). Calculate d%6° modulo 69, ', w?.
We find

0=d%"=06" Adw' + 6% A do?
=0' AT NSy + 0> AT A SSem!
Hence S3r = 0.

Definition 6.1.4. A coframing for a hyperbolic second order scalar equation is called adapted
if it has the structure equations

do’ = —0' Aw!' =62 Aw? mod #°
d = - Aw+ Tyrnt A6F mod 6°,6 6.3)
do=—-m Ao mod@o,e,w, -

dr =0 mod 6,6, w, .

with o = S;r0F + S,rof. Theorem and Proposition together imply that every
second order equation has an adapted coframing. )

The structure group G that leaves invariant this adapted coframing depends on the value
of T3r. If T3r € D, then the structure group is given by the set of all matrices of the form

w 0 0 0
co a O 0
(;’ 0 . o |coram, (6.4)
0 0 e ac’!

witha,c € D*,e € D,cyp € R*,cp € D, co = ac and ¢y = co(cF)’1T3FeF. If T =0,
then the structure group is larger and given by the set of all matrices of the form

c 0 0 0
0 a O 0
0 b ¢ 0
0 d e ac™!

with ¢ = ac.
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Remark 6.1.5. There is a canonical foliation present defined by d0° = d0 = dw = 0.
The quotient manifold is a first order contact manifold. This makes the contact geometry of
second order systems much more rigid than for first order systems. For first orders systems
under contact geometry we have the freedom of switching the role of w and 7. %)

6.1.1 Generality of solutions of a second order equation

For hyperbolic equations the characteristic Cauchy problem is well-posed. The general solu-
tion of a hyperbolic second order equation depends on two functions of one variable. In terms
of initial conditions one can think of these functions as prescribing the value of the function
and the value of the first order derivative along a non-characteristic curve. For analytic equa-
tions one can prove this using the Cartan-Kihler theorem, see the theorem below.

Theorem 6.1.6. Let X be an integral element for an analytic hyperbolic second order scalar
partial differential equation. Then the general solution to the equation with tangent space
equal to the integral element depends on two functions of one variable.

Proof. Solutions to the equation are integral manifolds of the contact system [/ spanned by
69, 0! and 62. The structure equations are given by

60 0 0 |
dl{e'l=|=! o0 /\(w2> mod 1.
6> 0 n? @

The Cartan characters are s; = 2, s = 0. The dimension of the first prolongation is 2, hence
the system is in involution. The statement of the theorem follows from the Cartan-Kéhler
theorem. O

6.1.2 Monge-Ampere invariants

The structure group of the adapted coframing from Definition [6.1.4]depends on the values of
Tzr, Sir and S,r. The structure group may even vary from point to point. To continue our
analysis we are forced to make a choice of one of the different branches that are determined
by the invariants. But first we concentrate on some invariants that are defined in all cases.

Suppose we are given an adapted coframing as in Definition [6.1.4] The structure equa-
tions for w can be written as

do = —7 A (8707 + Syrof) mod 6°,0, w.

By looking at d*0% modulo 6°, ' Aw!, 6% Aw? we find that §;7 = 0 and T3r = (Syr)". Let
us calculate the action of the structure group (6.4) on Tsr. Let (0, @, 7T = g_l 0, w, 1)
Then

dd = —a""(da) A +a"'do
=a '(~nm Ao+ Tyrrf Aoh)

=-aAd+a @) ' yrat A6F mod 6.
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Hence T:;,F = a (a2 (F)™! T5r. Under the action of the remaining structure group we
have

(af)? (af)3c
T3F = F T3F = 5 T3F,
y 0 (©5)
act a’cf '
S2F (d —252F = 2 SzF.
c &
0
Hence T3r = —(Syr)F is a relative contact invariant. Later we will see that the vanishing

of this invariant is a necessary and sufficient condition for the system to be equivalent to a
Monge-Ampere equation (this is Theorem 5.3 in Gardner and Kamran [38]]).

6.1.3 Analysis of T

The values of the invariants T;} determine the classes of the characteristic systems M! =
span(@o, 9]) and M2 = span(@o, 62).

Proposition 6.1.7 (Proposition 5.6 in Gardner and Kamran [38]). We have class(M!) =
7 or class(M') = 6 in the case T31F # 0 or T31F = 0, respectively. The same is true for M*
and T32F.

Depending on the classes of M! and M? we can further reduce the structure group.

Proposition 6.1.8. Suppose class(M') = class(M?) = 7, i.e., Tzr € D*. We can normalize
Txr to either (1, DT or (1, =1)T. The structure group reduces to a 3-dimensional group of
the form

+¢2 0 0 0 0 0 0
) ¢ 0 0 0 0 0
(c)? 0 ¢ O 0O O O
0 0 0 =+ 0 0 0], (6.6)
0 0 0 0 ¢ 0 O
0 0 0 e 0 1 0
0 0 0 0 e 0 =£I
with cg = ¢ (%1, l)TeFT3p. A transformation of the form
-1 00 0 O 0 O
0 10 0 0 0 O
0 01 0 0 0 O
0o 00 -1 0 0 0], (6.7)
0O 00 0 —1 0 ©
0O 00 0 0 -1 0
0 00 0 0 0 -1

transforms Txr to —T5F.
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Proof. Recall that since T;F and T32F are non-zero, the structure group is already reduced to
the form (6.4). The transformation defined by the matrix clearly leaves invariant the
adapted coframing and transforms T5r to —T5r.

The action of the structure group on 75 is by multiplication with (a’ )3

c/c%. By choosing
co = ajaz we can make a transformation 73r (a%, a%)TT3F. By a suitable choice of a;
and a; we can arrange that T31F = +1and T32F = +1. With a transformation of the form

we can then arrange T3r = (1, +D7. O

In the case T3r € D* we do not arrive at an invariant coframe. We could analyze the
invariants of the structure equations for the reduced structure group (6.6). Another method is
to prolong the system one time. The first prolongation of the Lie algebra corresponding to the
reduced structure group is trivial and hence on the prolonged equation manifold there is an
invariant coframing. We conclude that the symmetry group of a second order equation with
T5r € D* is finite-dimensional. Since the prolonged manifold has dimension 9, the maximal
symmetry group is a 9-dimensional Lie group. Equations with a 9-dimensional symmetry
group exist [38 Proposition 5.11].

6.2 Miscellaneous

6.2.1 Juras

In his dissertation Jurds [44]] develops a structure theory for second order scalar equations.
The work is a continuation of Anderson and Kamran [4] and the results from his disserta-
tion have been published in Jura§ and Anderson [45]. The structure theory developed is a
theory in local coordinates, although Jurd$ shows that some of his constructions are contact
invariant. The theory uses the variational bicomplex and hence has to be formulated on an
infinite jet bundle. The use of local coordinates (in particular the use of specific independent
and dependent coordinates) and the fact that Juras works on the infinite jet bundle makes it
difficult to compare his theory to our theory. Still we can make a connection between both
theories. In the remainder of this section we assume the reader is familiar with the work of
Juras (either [44] or [45]]).

Let us start with a trivial bundle 7 : R3 — R? with coordinates x, y, z on R? and pro-
jection (x, y, z) — (x, y). The coordinates x, y will be the independent variables and z will
be the dependent variable. The infinite prolongation of J*°(E) is defined as the inverse limit
of the finite order jet bundles J¥(E). On the infinite jet bundle J°°(E) we have coordinates
X, ¥, 2, Zxs 2y, Zxx» €tc. We have a projection ° : J°(E) — JKE). Toa hyperbolic second
order partial differential equation

F(X, yy Z’ ZXa Zya Zx)h Z)Cya Zyy) = Oa
we can associate the equation manifold R C J°°(E). The equation manifold is defined by

all prolongations of the equation F = 0. On the infinite jet bundle R°°, Juras constructs an
adapted coframing O, o, T, %‘1, 52, 171, 772, etc.
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Given the equation F' = 0 we can also construct a finite order adapted coframing. We can
take for example two distinct roots (A, n) of the characteristic equation
oF , OF oF

- A+ Z=0.
aZxx 8ny ’ 8Zyy'u

Then we define 0y = dzy — zxxdx — zyxydy, 6y = dzy — zyydx — zy,dy and

6% = dz — pdx — qdy,

0" = M0y + 16y, 0> = A6y + 26y,
o' = podx + Apdy, w? = widx + Aidy,
xl = Ardr 4+ pids, 7t = Ardr 4 pids.

This coframing is adapted in the sense of Definition[6.1.4] Also see the formulas for adapted
coframings in Gardner and Kamran [38| formula 3.32].

Our adapted coframing is defined on a hypersurface R? in the second order jet bundle
J2(E). Under the projection m5° this adapted coframing is pulled back to a set of linearly
independent forms on R*°. The pullbacks are 1-forms of adapted order 2 or lower. It is not
difficult to see that

(15°)*0° = cop®,
(ﬂé"’)*wl =cyo0, (Trfo)*a)2 = 01,
(7'[5"’)"‘91 =ajn; mod O,

(6.8)
(7§°)*6* = b1E; mod O,

(7‘[200)*7'[1 =axn mod @, ns, %‘3, N4, 554, ey
()7 = bk mod O, 13,63, 14,84, -,

where a;, b;, c; are scalar factors. We will not try to make the correspondence more precise
by analyzing the scalar factors. We note that to make the correspondence between our fi-
nite order adapted coframing and the coframing by Jurd$ more precise, we could prolong our
coframing to a higher order jet bundle and then make the pullback. One of the main achieve-
ments of Juras is that he succeeded in constructing an adapted coframing for all orders at
once.

In Proposition 4.4 of [44] Jur4s defined two relative contact invariants M, and M. In
Theorem 10.4 on page 80 he proves that the vanishing of these two invariants is equivalent
to the equation being of Monge-Ampere type. The function M, is defined as the coefficient
of T A & in do; the function M, as the coefficient of o A 1, in do. From the equations
(6-8) we can see that M, and M, correspond up to a scalar factor to the invariants S;F

and SZZF, respectively. We can even see that the transformation properties of these relative
invariants under contact transformations are identical. Compare formula (4.62) in [44] with
our transformation formula (6.5). Here [ corresponds to cg, m to 1 /c!and n to 1/co.

We can make a table of corresponding objects in the theory of Juras, the theory of Gardner
and Kamran [38]] and the theory by McKay [51]] and this dissertation.
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’ Juras ‘ Gardner and Kamran | McKay, Eendebak

6 ! 6°
77l’él 7.[2’7[3 91,92
- u,v T, T
o,T a)4, ® a)l,a)z
n2’ 52 wS’ w7 n17 7.[2
My, M, - Syr»> Sor

The correspondence in this table is not exact, but gives an idea of the different objects. The
relations are almost always up to a scalar factor and some action of the structure group. The
equality Tyr = —(S,#)¥ proven in Sectionprovides the relation between the invariants
U, V of Gardner and Kamran and the invariants M, M, of Juras.

6.2.2 Counterexample

In the article [38]] Gardner and Kamran discuss the geometry and characteristic systems of
second order scalar equations in the plane. Given an adapted coframing (Definition[6.1.4) the
characteristic systems are defined as M = span(@o, oY, M? = span(@o, 62). Recall that the
class of M is defined as the corank of the Cauchy characteristic system of (M!)*. An equa-
tion is said to be of generic type if class(M') = class(M?) = 7, see Definition 5.2 in [38]. In
the article a normal form for the equations of generic type is constructed. Then Corollary 5.9
in [38] states (without proof) that the equations of generic type have no Riemann invariants
(a Riemann invariant is an invariant of either one of the Monge systems, see [38, Definition
5.4] or [[14, §1.4.1]). This statement is incorrect, a counterexample is given below.

Example 6.2.1 (Counterexample to Corollary 5.9 in [38]). Consider the equation 3re3 +
1 = 0. This equation was suggested by Niky Kamran but the equation already is an example
in Goursat [40, Exemple IV, p. 130]. The characteristic systems are given by

F =span(Fy = Dy — (1/t) Dy, F> = 8 — (1/1%)dy),
G =span(G = Dx + (1/t5)Dy, G3 = & + (1/1%)d;),

with Dy = 9, + pd; — (1/(3t3))8p + 594 and Dy = 9y + q0; + 53, + t9d,. The invariants
for Fand G are Ir = {s + 1/t,x(s + 1/t) — g}tunc and Ig = {s — 1/¢, x(s — 1/t) — g }tunc-
respectively.

The characteristic system dual to the Pfaffian system M is spanned by F, G and G3 =
[G1, G3] = (2/t3)(8y +q0,+ (s —1/1)3,). The characteristic system dual to M?is spanned
by F, G and F3 = [F1, F»]. A direct calculation yields that the Cauchy characteristics of both
M and M? are zero and hence class(M1) = class(M 2) = 7. So even though the equation is
of generic type it has Riemann invariants. %)



Chapter 7

Systems and equations with
non-generic Nijenhuis tensor

In this chapter we will study the first order systems and second order scalar equations that
have a non-generic Nijenhuis tensor. In the case of first order systems this will lead directly
to the equations for pseudoholomorphic curves. The elliptic first order systems that are equa-
tions for pseudoholomorphic curves will be given a contact invariant description in terms of
the rank of the Nijenhuis tensor. In the case of second order scalar equations a non-generic
Nijenhuis tensor will lead to Monge-Ampere equations. The equations for pseudoholomor-
phic curves and the Monge-Ampere equations have in common that the projection to the base
manifold or to the first order contact bundle, respectively, preserves the complex structure (or
hyperbolic structure) on the contact distribution.

7.1 Pseudoholomorphic curves

Let (B, J) be a manifold B with an almost complex structure J. The 2-dimensional sub-
manifolds that have tangent spaces that are invariant under J are called pseudoholomorphic
curves or J-curves. Pseudoholomorphic curves have been introduced by Gromov [41] and
have been used in studying symplectic manifolds.

Locally the condition for a submanifold to define a pseudoholomorphic curve defines
an elliptic system of partial differential equations. In particular if B has dimension 4 the
system of equations is a determined elliptic system of two equations for two functions of two
independent variables. In this section we will study the systems that are contact equivalent to
this type of equations.

The equations for pseudoholomorphic curves of an almost complex structure are closed
under point transformations, but not under contact transformations. The fact that these equa-
tions are not closed under contact transformations was a motivation for McKay to develop
his theory of pseudocomplex structures, see McKay [52, pp. 1-2].
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Below we give a list of 4 classes of elliptic systems that are closed under contact transfor-
mations. We will prove that each class is contained in the next one, but strictly smaller. We
also give a geometric characterization of the classes and discuss possible normal forms for
equations in the different classes.

1) The elliptic systems that have an integrable almost complex structure. These systems
are locally contact equivalent to the Cauchy-Riemann equations, see Section 4.6.5]
Locally these systems can be written as the equations for pseudoholomorphic curves
for an integrable almost complex structure.

ii) The Darboux integrable elliptic first order systems. In Chapter [§]a classification has
been made of these systems under contact transformations.

iii) The class of elliptic first order systems that is closed under contact transformations and
includes the equations for pseudoholomorphic curves of almost complex structures.
We will prove that this class includes the Darboux integrable systems (and in fact is
much larger). On the other hand, we will see that this class does not contain all the
elliptic systems. We will give a simple characterization of this class in terms of the
Nijenhuis tensor. The author is not aware of a geometric description of this class in the
literature.

iv) The general elliptic first order system. This class is more or less by definition closed
under contact transformations. McKay uses the term pseudocomplex structures or gen-
eralized Cauchy-Riemann equations for this class; Gromov uses the term elliptic sys-
tem and calls the solutions E-curves in analogy with J-curves.

Another class of equations are the equations for pseudoanalytic functions, see Bers [9]. These
equations are the elliptic systems of linear, first order partial differential equations in two
unknowns and in two independent variables (but other equivalent definitions also exist). The
canonical form for such a system is dw/0z7 = aw + bw. The condition that the system
is linear, is not invariant under point transformations. It would be interesting if there is a
geometric condition on an elliptic system that allows it to be written as a linear system.

7.1.1 Projection to an almost complex structure

Let M be a manifold with an almost complex structure J and & : M — B a projection to a
manifold B. We will analyze the projections that intertwine the almost complex structure on
M with an almost complex structure on B. For every point m € M we want to have a map
JB : TyonyB — Tr(myB such that

m

Tyt o Jpy = JB o Ty, (7.1)

Assume that at a point m € M the map J B exists. The projection T,,7 is a surjective linear
map. It follows that J® must be a linear map and it is unique. From

JBoJBoTum =B oTumody =Tumwodyody=—Tun



7.1 Pseudoholomorphic curves 157

it follows that (J2)? = —1id and hence J 2 defines a complex structure on Ty () B. The map
Jnlf is linear so J,f (0) = 0 and therefore J,, (ker T,,m) C ker T,,w. Because J,, is injective
it follows J,, (ker T,,m) = ker T;,w. Hence the fibers of the projection 7 are J-invariant.
If the fibers have dimension two, the fibers are pseudoholomorphic curves in M. The map
T,y induces a linear isomorphism p,, : T, M/ker(T,mw) — Tr(m)B. Since ker(7,,m) is
Jm-linear, the complex structure J,, induces a complex structure on 7, M/ ker(7,, ). Then

Pm o dm =I5 o py (7.2)

and it follows that JB = p,,0J,,0p,1. Soif amap J 2 satisfying exists, then it is unique
and defines a complex structure on Ty () B. If ker(7,, ) is Jj,-linear, then we can define J,f
by (7.2). Hence the condition that J,,i3 exists is precisely that ker(7,, ) is J,,-linear.

If the fibers of the projection are J-invariant, then at every point m € M there is a unique
complex structure JB on each tangent space Ty () B. We say the almost complex structure
on M projects to B if J,f is independent of the point m in the fiber 7 ~!(b), b = 7w (m) for
each b € B. If this is the case, then we write JbB instead of J,f . We say the projection &
intertwines the almost complex structure J on M with the almost complex structure JZ on
B. The analysis above shows that if & intertwines J with an almost complex structure on B,
then this almost complex structure is unique.

Suppose m : M — B is a projection that intertwines the almost complex structures J
and JB on M and B, respectively. The Nijenhuis tensor on M and on B is defined in terms
of the Lie brackets and the almost complex structures. The projection intertwines the almost
complex structures and the Lie brackets as well (see Lemma [I.2.23). Therefore for vectors
X, Y in T,, M we have

Trn(N(X,Y)) = N(Tn(X), Tr(Y)).

It follows that if J is integrable, then J? is integrable as well. The converse is not true in
general.

We specialize to the situation that (M, V) is an elliptic first order system, 7 : M — B
a base projection and J is the almost complex structure for this first order system defined in
Section We want to study the systems for which the projection 7 intertwines the almost
complex structure J with an almost complex structure on B.

The fact that ker(7;,7) is J-invariant and 2-dimensional together with the fact that the
distribution V is J-invariant, implies that either ker(7,,w) C Vor T,, M = ker(T,,,7)®Vy,. In
this section we will study the projections for which ker(7,,,w) C V, we call these projections
the base projections. The projections for which 7,, M = ker(7,,7)®V,, are called transversal
projections and are studied in Chapter [§ on Darboux integrability and in Section [9.4] where
generalized Darboux projections are introduced.

Pseudoholomorphic curves. Let B be a 4-dimensional manifold with an almost complex
structure JB. A surface in B is a pseudoholomorphic curve if the tangent space to the surface
at every point is a JB-linear subspace of the tangent space. The space of all 2-dimensional
linear subspaces of Gry(7pB) that are J B_linear is given by Gr2(7} B, Jf ). We will write
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Gr,(T B, JB) for the bundle over B with fiber above a point b equal to Gry (7}, B, JbB). This
bundle is an elliptic first order system and is equal to the system of equations for pseudoholo-
morphic curves for JZ.

If an elliptic first order system (M, V') has a base projection 7 that intertwines the almost
complex structure J on M with an almost complex structure JZ on B, then the system is
canonically contact equivalent to the equations for pseudoholomorphic curves of JZ. Recall
the proof of the weak Vessiot theorem . For any point m € M the subspace T,,7 (V;;)
is a 2-dimensional linear subspace of Ty () B. This definesamap ¢ : M — Gro(TB) : m +—
Tt (V) and this defines a contact transformation M — ¢ (M) C Gro(T B).

Since V is J-invariant, the projected space T,,7(V,,) is J B _invariant as well. Hence the
solutions of the first order system (M, V) have tangent spaces that are J Z-linear. This proves
the projections of solutions of (M, V) are pseudoholomorphic curves for J5. The image
¢ (M) is contained in Grp(T B, JB) and because the fibers of M — B and Gry(TB, JB) >
M are 2-dimensional this shows that locally M is contact equivalent to the equations for
pseudoholomorphic curves on B, i.e., ¢ (M) is equivalent to Gro(T B, J ).

Conditions for the existence of a projection. We have seen that the equations for pseu-
doholomorphic curves correspond to elliptic first order systems with a projection to a base
manifold that intertwines almost complex structures. In the paragraphs below we will analyze
the existence of such intertwining projections.

We will start with a theorem about these systems that is the beginning of a geometric

description of the third class on page [156]

Theorem 7.1.1 (Theorem 3 in McKay [51]). Let (M, V) be an elliptic first order system
with projection ¥ : M — B to a base manifold B and adapted coframing (5.20) 0, w, 7.
Then the almost complex structure on M projects to an almost complex structure on M if and
only if T3, = 0 and S5 = 0.

Proof. The almost complex structure on M is given by the complex forms 6, w and 7. Since
the fibers of the projection are spanned by the vector fields dual to 7 the complex structure
J,f is determined by 6,, and w,,. The condition that Jnlf is independent of the point in the
fiber above the point 57 (m) is equivalent to the following four equations modulo 0, w, 7w, T

Ly,0=0, L5.0=0,
Ly 0=0, Lyw=0.

Then from the structure equations (5.20) we can read off easily that the conditions translate
to73 =0and S5 = 0. O

The theorem allows us to recognize the systems (M, V) that allow a projection to an
almost complex structure. The theorem below gives the geometric characterization of the
third class of equations given at the beginning of this chapter.

Theorem 7.1.2. An elliptic first order system (M, V) is the system of equations for pseudo-
holomorphic curves of an almost complex manifold (B, J®) if and only if rank D = 0 or
rank D = 2.
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The base projection from the system to the manifold with almost complex structure is
unique if and only if rank D = 2. If rank D = 2, then the tangent spaces of the fibers of the
projection M — B are equal to B.

Proof. If D = 0, then the invariants 75, T5 are zero for any adapted coframing. The system
is contact equivalent to the Cauchy-Riemann equations and we are done. The discussion of
the Nijenhuis tensor above shows that all projections project to an integrable almost complex
structure. From Example [5.4.3]it follows that multiple projections exist.

If rank D # 0, then (75, T3) # 0 and the Nijenhuis tensor is not identically zero. The
bundle B; (defined on page[99) has rank 2. The bundle B is the unique rank 2 bundle ¢/ for
which T3r = 0 if we arrange that ¢/ is dual to span(f, 0, w, ®). Hence from Theoremm
it follows that B is the only candidate for a projection that intertwines the almost complex
structure on M with an almost complex structure on B.

First we will prove that the condition rank D = 2 is necessary for an intertwining pro-
jection to exist. Suppose we have an adapted coframing for which Bj is a distinguished
subbundle. For the existence of an intertwining projection we need that S3» = 0 (B3 inte-
grable) and S,r = 0. Since T,r # 0 it follows from an elliptic version of Lemma [5.2.§] that
Uz =0, V5 = 0 and hence rank D = 2.

We assume that rank D = 2 and prove that this implies that 5; is integrable. Choose
an adapted framing such that the bundle 5; is a distinguished bundle for the system, see
Definition Then B is dual to span(6, 0, w,®). From the definitions of B; and the
adapted coframing for a distinguished bundle it follows that 75 = 0. The rank conditions on
D imply that 75 # 0 and Uz = V3 = 0. Since we have not proved yet that B is integrable
we have structure equations

dd=-7Aw+T50A0 mod o,
da)z—n/\o—i—UQc?)/\é mod 6, w,

dr = VQJ)/\Q_ mod 0, w, 7.

From an elliptic version of the first order 7 lemma (Lemma|5.2.8) it follows that S5 = S5 = 0.
Hence B, is integrable and provides a foliation to a base manifold. Since T3 = S5 = 0 the
complex structure on V projects down to the base manifold. O

Example 7.1.3. Consider the elliptic first order system
Vy = Uy + U, Uy = —Uy.

We introduce coordinates x, y, u, v, p = uyx, g = uy for the equation manifold. The complex
characteristic systems are given by

V4 = span (Dx —iDy +ipd,, dp + iaq)

with Dy = 0x+pdy,—qdy, Dy = 3y+q3,+(p~+u)d, and V_ which is the complex conjugate
of V. The projection to the base manifoldisw : M — B : (x, y,u,v, p,q) — (x,y,u,v).
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The projection 7 intertwines the almost complex structure on M with the almost complex
structure JZ on B given by the matrix

0O 1 0 u
-1 0 u O
o 0o o0 1}
0O 0 -1 0
with respect to the basis dy, dy, y, dy. @

Lifting an almost complex structure. The equations for pseudoholomorphic curves of an
almost complex structure define an elliptic first order system. Here we construct a coframing
for the first order system from the almost complex structure on the base manifold.

Let B be a four-dimensional manifold with almost complex structure J? : TB — TB.
We can introduce a complex coframing «, 8 such that the forms «, g are (1, 0)-forms with
respect to the almost complex structure JZ. The image of the Nijenhuis tensor of J 2 has
rank at most 2. This follows from the fact that the Nijenhuis tensor is an anti-symmetric
bi-J B-antilinear map T B — T B. We can therefore arrange that

de=Qanp moda,p,
dg =0 mod «, .

We can introduce complex coordinates p, g for the fibers of the bundle Grp(TB) — B
by letting p, g correspond to the 2-plane defined by the kernel of &6 = o — p8 — gB. A
surface in B is a pseudoholomorphic curve if the tangent spaces to the surface are J Z-linear.
This defines an equation on Gr»(7 B) and it is not difficult to see that the J5-linear 2-planes
are given precisely by ¢ = 0. The equation ¢ = 0 defines a submanifold M of Gry(T B)
of dimension six. Hence the equations for a surface in B to be a pseudoholomorphic curve
correspond to the system M C Gr2(T B).

Let us introduce a coframing on M. We can writedae = Q@ AP+ Ao+ AP
and dB = &1 Ao + & A B. On M we define the complex coframe 6 = o — pB, v = B,
7w =dp — o — p&1 — p& — p*E;. The fibers of the projection to B are spanned by 9, and
07 . The structure equations for the coframe are

df = -7 Aw+ Qé_/\c?) mod 6,
do=0 mod0,w, (7.3)

dr = V;&o A0 mod 6, w, 7.

If we compare this to the structure equations (5.20) we see that the complex coframing 6, w,
7 defines an adapted coframing for M. If the almost complex structure J is non-integrable,
then Q # 0 and then also the almost complex structure on M is non-integrable. In that case
the fibers of the projection to B are spanned by the bundle B; as described in the section
above.
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Projections of almost product structures. For six-dimensional manifolds M with an al-
most product structure K we can also consider projections  to a 4-dimensional manifold B
such that the projection intertwines the almost product structure on M with an almost product
structure on B. If KB satisfies

Tt o Ky = K} o Ty, (7.4)

then K2 is a linear map with K2 o KB equal to the identity on B. The tangent spaces to
the fibers of the projection must be K-invariant. From K2 o KB = id it does not follow
automatically that K ,ﬁ defines a hyperbolic structure on Ty ;) B. It can happen that the op-
erator K2 does not have the proper multiplicities for the eigenvalues &1. If KB exists, then
it is unique. If for all points m € M the map K2 only depends on the fiber and defines an
almost product structure, then we say the almost product structure on M projects to an almost

product structure on B (which is uniquely determined by K).

Example 7.1.4 (Quasi-linear systems). A quasi-linear first order system is a system of the
form

fir+ g+ far+ fat =0, gip+g2q+gar+gat =0,

with f;, g; functions of the variables x, y, u, v. If the system is hyperbolic, then this defines
a system of equations for hyperbolic pseudoholomorphic curves.
The converse is not automatically true. For example the hyperbolic first order system

ps—qr=0, r=1

is not quasi-linear. But this system defines a system for hyperbolic pseudoholomorphic
curves. The Monge systems are

V4 = span (Bx + pdy, + 0y, 8,,) , V_ =span (8}, — 50y, 85) .

The derived bundles of the Monge systems have a well-defined projection to the base mani-
fold with coordinates x, y, u, v. Locally the system is contact equivalent to the first order
wave equation. %)

7.1.2 The Darboux integrable systems

In Section [8.1.4] we define Darboux integrability of elliptic and hyperbolic exterior differ-
ential systems. For elliptic first order systems the definition corresponds to the following.
An elliptic first order system (M, V) is Darboux integrable if there exist two holomorphic
functions z, w for the almost complex structure on M for which span(dz, dw) has real rank
four and the kernel (which has rank two) is transversal to the contact distribution V. This
definition is clearly contact invariant since the only structures used in the definition are the
contact distribution V' and the almost complex structure on M and these structures are both
invariant under contact transformations. Hence the Darboux integrable systems are closed
under contact transformations.
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For a general manifold M of dimension 2n with almost complex structure J the existence
of k linear independent holomorphic functions at a point m implies that the rank of the image
of the Nijenhuis tensor is at most 2n — 2k. See for example Muskarov [56, Theorem 2.1, p.
286]. The existence of two holomorphic functions for a first order system then implies that
the image of the Nijenhuis tensor has rank at most two. For first order systems this is also
showed explicitly in Section [8.1.4] Since the rank of D is at most two, we conclude from
Theorem that all Darboux integrable elliptic first order systems can be written as the
equations for the pseudoholomorphic curves of an almost complex structure.

In Chapter 8 we will make a classification of Darboux integrable elliptic first order sys-
tems. From the normal forms of the three different classes (the Cauchy-Riemann equations,
the affine case, and the almost complex case, see Section we can clearly see that these
systems have projections to a base manifold with an almost complex structure and that the
projection intertwines the two almost complex structures.

7.1.3 Almost product structures

For the hyperbolic first order systems there is the class of systems that can be written as the
equations for integral surfaces for an almost product structure. This class is the hyperbolic
equivalent of the third class from the list of classes on page[156]

For the elliptic systems the rank of D completely determines whether a system can be
written as a system for an almost complex structure. For the hyperbolic systems the charac-
teristic systems are not conjugate to each other, so there can be an asymmetry in the system.
A consequence is that for hyperbolic systems there are more possibilities for the rank of D
and the rank does not completely determine the possible projections.

Theorem 7.1.5. Let (M, V) be a hyperbolic first order system. Then we have the following
possibilities for the ranks of D and D/V:

e rank D = 3, 4. There exist no projections to an almost product manifold.

e rank D = rank D/V = 2. There exists a unique projection to a base manifold that pre-
serves the almost product structures. The tangent spaces to the fibers of this projection
are given by Bj.

e rankD = 2, rankD/V = 1. This case does not have an elliptic equivalent. There
exists no projection to an almost product manifold.

e rank D = 1. The condition rank D = 1 alone is not enough to determine whether there
exist projections or not. Within this class we can distinct three different subclasses:

i) There exist multiple projections for the structure.
ii) There exists a unique projection.

iii) There exist no projections.

All three cases occur, see Example[7.1.7]and Example
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e rank D = 0. The system is then equivalent (under a contact transformation) to the sys-
temuy = vy = 0 (see Example {.6.5). This system allows many different projections.
The elliptic equivalent of this class is the class of Cauchy-Riemann equations.

Proof. The proof of the theorem is similar to the proof for the elliptic systems. We only have
to point out the differences.

Assume that {/ is an integrable distribution such that the projection along the leaves of
U projects the almost complex structure on M. Then from a hyperbolic version of The-
orem it follows T3r = S,r = 0. Since I{ is integrable S;r = 0 as well. From
Lemma [5.2.§]it follows that Usr = V3r = 0. But then both distributions N(T M, TM)
and N(TM_, T M_) have rank at most one. For the cases rank D = 3,4 and rank D = 2,
rank D/V = 1 we have either rank(N(TMy,TMy)) > 1 or rank(N(TM_,TM_)) > 1.
Hence for these cases there exists no projection intertwining the almost product structure.

The condition rank D = rank D/V = 2 implies that there is a unique foliation for which
there exists an adapted coframing such that 73r = 0 and T, € D*. The proof is then similar
to the proof on page The condition rank D = 2 is not sufficient. For rankD = 2,
rank D/V = 1 there exist no projections and Example[7.1.6shows such systems exist.

In the case rank D = 1 there are 3 possibilities. The existence of the three cases is proven
by the examples. a

Example 7.1.6. This is an example of a system where rank D = 2, but rank D/} = 1. So the
ranks of the bundles are not symmetric with respect to the characteristic systems. Consider
the system defined by

Uy = (ux)z, Uy = U.
On the equation manifold with coordinates x, y, u, v, p, s we introduce the framing
Fi=Dy+a%, Fr=0, F3=[F,Fl=-0,—2pd,
G1 =Dy —2pD,, Gy=0;, G3=][G1,G2]=—0y.

The characteristic systems are F = span(Fj, F;) and G = span(G, G3). The hyperbolic
structure J acts on the basis as J(F;) = F;, J(G;) = —G;.

The image D of the Nijenhuis tensor is spanned by N(G{, G3) = 490, = —4G3 and
N(G2, G3) = —83; = —8G,. Note that D is contained in the derived system G’ and that
rank D/V = 1. The bundle B equals span(Fy, F», G3). %)

Example 7.1.7 (Multiple projections for rank D = 1). Consider the first order system
uy=v, v =0. (7.5)

The projection onto the coordinates x, y, u, v projects the system onto a base manifold with
non-integrable almost product structure. An adapted coframing for the system is

0! = du — pdx — vdy,
62 =dv — sdy,
P dx, xl = dp,

w? = dy, 7% =ds.
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The structure equations for the coframe are

do! = — 7' A o' + w? A 62,

do? = —72 A w2,

do' =dn' =0, (7.6
dw® = dr? = 0.

On the base manifold we have coordinates x, y, u, v and a basis for the tangent space is 9y,
dy, 9y, dy. With respect to this basis the almost product structure is given by

1 0 0
0 -1 0
0 —2v 1
0O 0 0

(el el e)

-1

The projected characteristic systems are YV = span(dy, d,) and W_ = span(dy + vd, dy).
Another projection for this equation is given by the adapted coframing

6! =du — pdx — vdy,
6% = dv — sdy,
o' =dx+dp, 7' =dp,

w? = dy, 72 =ds.

The structure equations are the same as in (7.6). This gives a foliation to a base manifold gen-
erated by the integrable distribution span(d, — dy, ds). Hence projection onto the variables
X = x 4+ p, y, u, v gives another projection to an almost product manifold. Q@

Example 7.1.8. Some systems with rank D = 1 have a unique projection and some systems
have no projection at all. An example is the system

uy = ¢(x, y)vy + C(ux)za vy =0, 7.7

for a generic enough ¢ (x, y). For ¢ = 1 this system has no projection to an almost product
structure. For ¢ = 0 the projection to the base manifold B defined by (x, y, u, v, p, g) —
(x, y, u, v) intertwines the almost product structure on the equation manifold with an almost
product structure on the base manifold. This projection is the only base projection of the
almost product structure for this system. %)
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7.2 Monge-Ampere equations

The Monge-Ampere equations are a very special class of scalar second order equations in the
plane. Here we study the geometry of these equations and give a list of different characteri-
zations of Monge-Ampere equations.

The history of Monge-Ampere equations starts with a problem posed by Gaspard Monge
in an article [55]]. In this article he consideres the problem of optimally transporting a pile of
dirt from a given location to another location. The condition that the transportation is optimal
is defined in terms of a cost function. Monge originally considered the total distance as a
cost function. The problem for a general cost function is known as the Monge-Kantorovich
transport problem. In Ampere [2] the optimal solution to the problem for the specific cost
function |x — y|> was shown to be equivalent to a solution to an equation of the form

(DexByy — D2,)07 (¢, By) = po(x).

This is special case of what is today known as a Monge-Ampere equation. The general
Monge-Ampere equation has the form

Azex + Bixy + Czyy + D + E(zaxzyy — 23,) =0, (7.8)

with A, B, C, D, E functions of the first order coordinates x, y, z, p, g. The equation has ap-
plications in differential geometry, geometrical optics and optimization theory. The principal
symbol of the equation is given by

Ers (A+1E)(ED)* + (B — 25E)eEy + (C +rE)(E))%

The discriminant is equal to (B —2sE )2 —4(A+1tE)(C+rE). Restricted to the hypersurface
defined by the Monge-Ampére equation this is equal to B2 — 4AC. Hence the equation
is hyperbolic if and only if B> — 4(AC + DE) > 0. This condition does not depend on the
second order coordinates r, s, ¢. In the following we will concentrate on hyperbolic Monge-
Ampere equations.

7.2.1 Geometry

The Monge-Ampere equations are second order equations, but they have the special property
that they can also be formulated as an exterior differential system on the first order jet bundle.
Recall that any second order scalar equation defines a Vessiot system (Definition {.1.1) of
dimension 7 with a canonical projection to a first order contact manifold P. For a hyperbolic
equation we have two characteristic systems Vi with derived bundles V.. For each point
m € M the projection = maps the rank 3 distribution V; to a two-dimensional linear subspace
Wi(m) C T, P, p = n(m). We will analyze the condition that JV+. (m) is independent of the
point m in the fiber 7! (p). If this condition is satisfied, then the projection 7 defines rank
2 distributions Wy in P. We say that the bundles ;. project down to P under the projection
. We will see that the equations for which the characteristic systems project down to P are
precisely the equations that are contact equivalent to a Monge-Ampere equation.
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Example 7.2.1. Consider the Sine-Gordon equation z,y, = sin(2z). An adapted coframing
for this second order equation is given by
00 = dz — pdx — gdy,

- dp — rdx — sin(2z)dy
~ \dg —sin(2z)dx —tdy )’

o= (&)

_ (dr —2pcos(2z)dy
“ \dr —2gcos(2z)dx ) °

The structure equations for this coframe are

do® = —0' Aw' — 02 A w? mod 6°,
dd = -7 Aw mod 6,0,
do =0

dr =0 mod 6, w, .
The Monge systems are

Vi = span (dx + pd; + rd, + sin(22)9, + 2q cos(22)d;, 9) ,
V_ = span (dy + g0 + sin(22)d), + 10y + 2p cos(22) 0y, 3) .

The projection w : M — P to the first order contact bundle projects the derived bundles of
the Monge systems to the two characteristic systems

Wy = span (dx + pd; + sin(22)9,, 0p) . W— = span (3, + ¢, + sin(22)d,, ;) -
On the first order jet bundle we can define
0 = dz — pdx — gdy,

w! = (dp —sin(2z)dy) Adx, W2 = (dg — sin(2z)dx) A dy.

The integral manifolds of the exterior differential system {6, wl \Ijz}diff are graphs of 1-jets
of functions z(x, y) that satisfy the Sine-Gordon equation. Indeed, when W! is restricted to
the graph of the 1-jet of a function z(x, y) then

(dp — sin(22)dy) A dx = (zxxdx + zxydy — sin(22)dy) A dx
= — (zxy — sin(22)) dx A dy.

Note that W2 = W! — dg, so we did not need to include W2 in the definition of our exterior
differential system. @
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We will analyze when the systems V. project down to the first order contact bundle. The
fibers of the projection to the first order bundle are given by C(V') = C(V), @ C (V') _, with
C(V)+ = C(V') N V. For a good projection we need

[CV)4. V] Cspan (V. C(V)), (7.9a)
[C(V)4, V] C span (V. C(V)), (7.9b)
[CV)-. V] Cspan (V| ,C(V)), (7.9¢)
[COV)—, V. ] Cspan(V_ ,C(V)). (7.9d)

The equations above say precisely that the bundle C ()) defines a vector pseudosymmetry
(see Section for the two bundles V.. Another way to formulate the conditions is the
following. Take an adapted coframing (6.3). Then the bundles V| and V' are equal to
the distributions dual to span(@o, 02, w?, 7{2) and span(@o, oL, w!, nl), respectively. The
conditions that V/, project down the the first order contact manifold are

T} = Ul =0, (7.10a)
Syr = Sir =0, (7.10b)
S3e =St =0, (7.10¢)
Ty = Uz =0, (7.10d)

(the sublabels correspond to those of (7.9)).

Define the distributions M+ by M4 = V| & Vz. Note that these distributions are
dual to the Pfaffian systems M™* defined on page The class of M is defined as the
corank of C(M.). This corresponds with the definition of the class of M*. Translation of
Proposition[6.1.7]to the language of distributions yields the following lemma.

Lemma 7.2.2. The rank of C(My.) is equal to 0 or 1. Ifclass(Mi) = 6, thenrank C(M4) =
1 and C(Mx) = C(V')+; ifclass(M*) = 7, then C (M) = span(0).

Lemma 7.2.3. Let (M, V) be the Vessiot systems of a second order scalar partial differential
equation. The following 5 statements are equivalent:

i) The class M = 6 and class M_ = 6.
it) The Nijenhuis tensor on M is identically zero.

iii) The integrable distribution C (V') generates a projection of the distributions V.. The
conditions (T.9) hold.

iv) Any vector field in C(V')x is a symmetry of V. and any vector field in C(V')+ is a
pseudosymmetry (see Section of V;.

v) The rank of V| equals four.
If the conditions above hold, then C(Mx) = C(V)+ = C(V,).
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Proof. We do the proof in the hyperbolic setting. The proof for the elliptic case follows by
complexifying the tangent space. Choose an adapted coframing 6, w,  for the system. The
first condition is equivalent to 73r = 0 by Proposition The vanishing of the Nijenhuis
tensor is equivalent to T3r = 0 as well. The condition is equivalent to T3r = S|r =
Syr = Usr = 0. The condition [(iv)]is equivalent to T3r = Sjr = Syr = Usr = V3r = 0.
The equivalence of the first four statements follows from Lemma [6.1.2] and the analysis of
Sy, Syr in Section[6.1.2]

For any second order equation rank V. = 3. The derived bundle V/ has rank 4 or 5, from
the structure equations (6.3) it follows that V' = 4 is equivalent to the first condition. O

We have studied the conditions for the bundles V' to project to the first order contact
bundle in quite some detail. Let us describe the geometry on the first order contact bundle
a bit more. The distribution V] NV’ is invariantly defined on M. For a Monge-Ampére
equation the rank is 1, for a generic equation (73r € D*) the rank is three. For a Monge-
Ampére equation we can define in a similar way Z = YW, N W’ on the first order contact
bundle. Under the projection M — P the bundle V’{ N V" projects to Z. Recall that the
bundle V'’ projects to a contact structure YV on P.

Let (M, V) be a Monge-Ampere equation with projection to (P, V). For some Monge-
Ampere equations we can choose a contact form w such that the Reeb vector field R of w
spans Z. A direct calculation shows that all equations of the form s = ¢ (x, y, z) have this
property. If such a contact form exists then it is unique up to a constant scalar. Since w is
defined up to a constant scalar also the volume form 2 = @ A dw A dw is invariantly defined
up to a constant scalar. This proves that all contact symmetries of such a Monge-Ampere
equation are volume preserving diffeomorphisms up to a constant scalar factor. This property
is used in Example[9.3.10]to construct all contact symmetries of the wave equation.

Example 7.2.4 (continuation of Example[7.2.1). The characteristic bundles are
W, = span (ax + pd; + sin(2z)9y, 81,) ,  W_ =span (ay + q0; + sin(2z)9,, Bq) .

It is clear that Z = W/, N W’ = span(d;). The vector field 9, is the Reeb vector field for
the contact form 6°. In the local coordinates dz A dx A dy A dp A dp is the invariant volume
form. @

Example 7.2.5. Not all Monge-Ampere equations have the property that Z is generated by a
Reeb vector field. For example the equation s = y?f is a hyperbolic Monge-Ampére equation.
The contact form and the characteristic 2-forms are given by

0% = dz — pdx — gdy,

Wl =dx A (dp + y2dg),

W2 = (dy — y’dx) A dg.
The characteristic systems are

Wy = Span(ax + po; + y2(3y +49;), ap)a W = Span(8y +q0z, 99 — yzap)~
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The distribution Z is spanned by Z = 0, + 2yd,,. There is no function ¢ such that the Reeb
vector field R corresponding to the contact form ¢6° is a multiple of Z. %)

We have seen that the Monge-Ampere equations (M, V) have a natural projection M —
P to a contact manifold (P, W). For hyperbolic equations the Monge systems )+ project to
rank 2 distributions W1 = T (V1) such that W = W, @ W_. The relation [V, V_] C
V implies that [W,, W_] C W. The triple (P, Wy, W_)) defines a hyperbolic exterior
differential system of class s = 1 with as additional condition [W, W_] C W. Also see
Example We will prove that the converse is also true.

Proposition 7.2.6. Let (P, W) be a contact manifold of dimension 4 with a splitting YW =
Wi @& W_ such that [\'W, W_] C W.

Then there exists a Monge-Ampére equation (M, V) such that (P, W) is the first order
contact manifold for this Monge-Ampére equation and the projection M — P intertwines
the Monge systems Vi with the distributions Wa.

Proof. Let Q be the bundle over P for which the fiber O, above a point p € P consists
of the 2-dimensional integral elements of the distribution VV. In other words, if Z is a base
manifold for P, then Q is the second order contact bundle of Z. We define a hypersurface
M in Q as follows. A 2-plane E C W, isin M, if and only if dim(E N W) = dim(E N
W_) = 1. In other words, M, consists of the 2-dimensional integral planes of the hyperbolic
exterior differential system (M, W, W_). Then M is a hypersurface in Q transversal to the
projection Q — P and defines a Vessiot system in two coordinates. This is a Monge-Ampere
equation with the required properties. (]

Hence an alternative definition of a hyperbolic Monge-Ampere equation is a contact
manifold (P, W) with a hyperbolic structure on W such that )V, W_]1 C W.

7.2.2 Equivalent definitions of Monge-Ampere equations

One of the first geometric characterizations of Monge-Ampere equations is due to Vessiot.
In Vessiot [68, Chapitre III] he characterizes the linear equations and the Monge-Ampere
equations in terms of the derived characteristic systems of the Monge systems. The condition
he uses, translated to our notation, is that the Cauchy characteristics of V/; @ V= are equal
to C(V")+ [68] p. 311]. A dual formulation in terms of differential forms is given by The-
orem 5.3 in Gardner and Kamran [38]]. Gardner and Kamran do not mention the results of
Vessiot in their paper.

Below we give a list of different geometric characterizations of the hyperbolic Monge-
Ampere equations. The elliptic Monge-Ampere equations have similar descriptions. We have
the following equivalent formulations|(1)[to of hyperbolic Monge-Ampere equations:

i) A hyperbolic Monge-Ampere equation is a hyperbolic second order scalar equation of
the form

E(rt —s>)+ Ar + Bs+Ct+ D =0,

for functions A, B, C, D, E of the first order variables x, y, z, p, q.
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ii) In the analytic setting a Monge-Ampere equation is a second order equation that can
locally be transformed by a contact transformation into a quasi-linear equation. Hence
the Monge-Ampere equations are the smallest group of equations invariant under con-
tact transformations that include the quasi-linear equations.

iii) A Monge-Ampere equation is a hyperbolic exterior differential system (P, Wy, W_)
of class s = 1 such that (P, W) is a contact manifold and [W, W_] C W.

iv) A Monge-Ampere equation is a hyperbolic Vessiot system in two variables (M, V) (see
Definition 4.T.T]on page 8T that satisfies one of the following equivalent conditions:
a) The Cauchy characteristics of V', @ V. are equal to C(V')+.
b) The Cauchy characteristics of V. are equal to C(V') 1.
c¢) The rank of VY is equal to 4.
d) class(M') = class(M?) = 1.
e) The Nijenhuis tensor on C(V') xp V' is identically zero.

f) The canonical projection to the first order contact manifold projects the char-
acteristic systems V. and V_ onto two characteristic subsystems W, and W_,
respectively.

Proof. The equivalence |(1)| with has been showed many times in the literature. See for
example the appendix on Monge-Ampere equations in Bryant and Griffiths [17, pp. 216—
218]. The equivalence to is proved in Lychagin et al. [49]. For the equivalence of
and [(iv)]and the different conditions[(a)}-[(F)]in[(iv)| see the discussions in this chapter. O



Chapter 8

Darboux integrability

The method of Darboux to integrate partial differential equations was introduced by Gaston
Darboux in a paper [21] in 1870. If an equation is Darboux integrable, then the solutions of
equation can be obtained by solving ordinary differential equations (integration of functions).

After the original articles by Darboux the main reference seems to be Goursat [40]]. Other
texts include Stormark [[64, Chapter 11], Forsyth [33]] and the modern approach using infinite
jet bundles by Anderson and Juras [4, |44, 145]. A classification of the hyperbolic Goursat
equations (Example [4.4.2) is obtained by Vessiot [69, [70]. A modern exposition of the work
of Vessiot is given by Stormark [64]. The elliptic and hyperbolic first order systems have
been analyzed by McKay [51]] and Vassiliou [[65}166], respectively. Both analyze the Darboux
integrability property, although they use different methods.

In this chapter we will study some properties of the Darboux integrable equations. In
particular we will see that any Darboux integrable equation is a special example of our pro-
jection method (pseudosymmetry method), discussed in more detail in Chapter 0] We also
give a classification of the hyperbolic Darboux integrable first order systems under contact
and point transformations at the first order. At the end of this chapter we make an analysis of
the homogeneous Darboux integrable equations. Both Vessiot and Vassiliou develop a struc-
ture theory for Darboux integrable equations in terms of invariant Lie algebras. In Chapter[I0]
we will give a geometric interpretation of this structure theory.

We formulate Darboux integrability for hyperbolic exterior differential systems with some
additional properties. Special examples are first order systems and second order scalar equa-
tions that are Darboux integrable in the classical sense. In Chapter [10] we will generalize
Darboux integrability to more general structures. We say the system is Darboux integrable
if each characteristic system has at least 2 invariants that satisfy some transversality condi-
tions to be discussed in Section [§.1.2] The term Darboux integrability is also used if one
of the prolongations of system has characteristic systems with 2 or more invariants. If we
want to express this kind of Darboux integrability, we will always write this explicitly. See
Section [8.1.5]for an example of higher order Darboux integrability.
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8.1 Some properties of Darboux integrable systems

In this section we give a description of the method of Darboux and discuss some of the
properties of the method.

8.1.1 Base and transversal projections

The projections in this section should not be confused with the base projections of a first
order systems or second order equation. The base projections are always generated by an
integrable pair of vector fields X, Y such that X, Y C V. These base projections are treated
in detail in Chapter|[7}

The projections in this chapter are transversal to the contact distribution V in the sense
that every projection 7 gives an injective map 7,7 : Vy — Ty (x)B. We call these projections
transversal projections or generalized Darboux projections. In this chapter only Darboux
projections will be discussed. In chapters [9]and [IT] also other transversal projections will be
discussed.

8.1.2 The method of Darboux as a projection

We will give a definition of the method of Darboux for hyperbolic exterior differential sys-
tems of arbitrary class s. The method of Darboux was originally introduced for second order
partial differential equations. Recall from Section that the Vessiot systems for second
order scalar equations define hyperbolic exterior differential systems of class s = 3. For
second order partial differential equations our definition corresponds to the original method
(although we use different notation).

Definition 8.1.1. Let (M, V4, V_) be a hyperbolic exterior differential system of class s
(Definition[5.5.2) that satisfies [V, V_]1 C V =V @ V_. The system is Darboux integrable
if there are two invariants 71, 12 for V; and two invariants 7!, I? for V_ such that the forms
dI_lH dl_%, drt, dI? are linearly independent and the kernel of span(d[l , dl_%_, drt, dIE)
(which is a rank s distribution on M) is transversalto V =V, @ V_. o

For a Darboux integrable system with invariants 1., Ier, I', I? we define locally a pro-
jectionw : M — B C R? x RZ by m (I_ilr(m), I_%(m), I'(m), I?(m)). For any point
in M we can arrange by restriction to some smaller neighborhood that B = B; x B,. This
projection is called the Darboux projection for the system and the invariants. The conditions
in Definition [8.1.1) imply that 7 is a submersion and for all points m € M the linear map
Tnmw @ Vim — TrumB is a bijection. The characteristic systems V4 and V_ project to the
tangent spaces of the first and second component of B C R? x R?, respectively. Hence the
projection intertwines the hyperbolic structure on V' with the direct product structure on B.

If the characteristic systems V,; and V_ have p and ¢ invariants and the system is Darboux
integrable, we say the system is (p, ¢)-Darboux integrable. This terminology was introduced
by Vassiliou [66] in his analysis of Darboux integrable systems.

In the special case of a hyperbolic first order system (which is a hyperbolic exterior differ-
ential system of class s = 2) the manifold M has dimension 6 and carries a natural hyperbolic
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structure on the entire tangent space and not only on the distribution V. If the system is Dar-
boux integrable, then any Darboux projection is a special case of the transversal projections
of almost product structures discussed in Section [7.1.1]

We regard two Darboux projections as different if the fibers of the projections are differ-
ent. For a Darboux integrable hyperbolic exterior differential system there can exist multiple
Darboux projections. This is for example the case for the wave equation or the Cauchy-
Riemann equations. For the existence of multiple Darboux projections it is necessary that
at least one of the characteristic systems has more than two invariants. This implies that for
most Darboux integrable systems there is a unique Darboux projection.

Solutions. If a hyperbolic exterior differential system is Darboux integrable, then we can
construct the general 2-dimensional integral manifold of the system by solving equations and
integration. In contrast, the 2-dimensional integral manifolds of a general hyperbolic exterior
differential system can only be found by solving partial differential equations.

Assume that (M, V1, V_) is a hyperbolic exterior differential system and 7 : M — B is
a Darboux projection. First we select a hyperbolic pseudoholomorphic curve for the almost
product structure on B. Since the almost product structure on B is integrable we can do this
as follows. We can select two curves in By and B; and the direct product of these curves gives
a surface S in B. The tangent space of this surface is the direct sum of the tangent spaces to
the two curves and since the tangent spaces to the curves are contained in the tangent spaces
of the components Bj, By, the tangent space is a hyperbolic line. Hence S is a hyperbolic
pseudoholomorphic curve. Conversely, locally every hyperbolic pseudoholomorphic curve is
the direct product of two curves.

The inverse image of S in M is a codimension 2 submanifold S and both )}Jr =VN TS
and V_ L=V_Nn TS are rank 1 distributions on S. Together they form the rank 2 distribution
V=VnTS = V+ @® V_. Take any pair of vector fields X, Y such that X C V+ and
Y C V_. Since X and Y are vector fields on S the commutator X, Y] is contained in T'S.
But we also have [X, Y] C [V4+, V-] C V. But then [X, Y] C Y =V NTS. Since V has
rank two this shows that )V is integrable. The leaves of V are integral manifolds of V and
hence integral manifolds of ' as well. From the hyperbolic pseudoholomorphic curve S we
have constructed a family of 2-dimensional integral manifolds of the system. Locally this
family depends on a choice of a point in a fiber of the projection; so this family depends on s
constants.

The converse is true as well. The tangent space of any 2-dimensional integral manifold U
of (M, V4, V_) is contained in V and hence U is transversal to the projection. The projection
7 (U) is a 2-dimensional submanifold of B that is a pseudoholomorphic curve for the almost
product structure on B. We summarize these remarks in the theorem below.

Theorem 8.1.2. Let (M,V,V_) be a Darboux integrable hyperbolic exterior differential
system of class s and let 1 : M — B be a Darboux projection. Then the projection by
7 and the lifting of pseudoholomorphic curves gives a one-to-one correspondence between
pseudoholomorphic curves of the projected manifold and s-dimensional families of integral
manifolds of (M, Vy,V_).
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Remark 8.1.3. There are many different approaches to Darboux integrability. We emphasize
the projection and after projection the lifting of solutions on the base manifold. This lifting
is an integration procedure.

Juras and Anderson [45] emphasize the view that Darboux integrability implies the exis-
tence of additional equations in involution with the original system. These additional equa-
tions are given by relations between the invariants. This is the view of McKay [51l Section
9.2-9.3] as well.

The existence of integrable rank 2 subsystems in ideals dual to the Monge systems is used
in Bryant et al. [14} p. 65] and Ivey and Landsberg [43] pp. 217-222]. @

8.1.3 Darboux semi-integrability

A hyperbolic system is called semi-integrable by the method of Darboux if at least one of
the characteristic systems has 2 invariants [ ! Ii such that span(d/ 1 dli) has rank two
and span(d/., dI_%)J- NV has rank two. If a system is semi-integrable by the method of
Darboux, then the integral manifolds can be found by solving ordinary differential equations.
For example see Bryant et al. [14} p. 70]. We prove this result here a hyperbolic first order
system. In the example below we will use a variation of the proof to construct the general
solution of a Darboux integrable system that has three invariants for one of the characteristic
systems.

Theorem 8.1.4. For a hyperbolic first order system that is Darboux semi-integrable the
initial-value problem on a non-characteristic curve can be solved by solving ordinary dif-
ferential equations.

Proof. Let the hyperbolic first order system be defined by a 6-dimensional manifold M with
characteristic systems V1, V_. Let y : (a,b) C R — M be an integral curve of V. This
means that y/(¢) € V forall ¢ € (a, b). The curve y represents the initial data. The condition
that y is non-characteristic is given by the condition that for all ¢ € (a, b) the vector y'(¢) is
not contained in V4 and not contained in V_.

Let I }r I_% be invariants of V; for which the system is Darboux semi-integrable. We
define the projection 7 : M — R? : m +> (IL(m), I2(m)). The composition 7 oy is a curve
8 in R2. The condition that y is non-characteristic implies that § is an immersion.

Define M to be the inverse image of 8. Then M has dimension five and the distributions
Wy =V, NTM and W_ = V_NTM have rank two and one, respectively. The distribution
W = W, @ W_ on M has rank three and W’ has rank 4. From the properties of V it follows
that the Cauchy characteristics of W are 1-dimensional and equal to C(WW) = W_.

The initial curve y defines a curve in M. The flow of this integral curve by the Cauchy
characteristics of WV defines a 2-dimensional surface S in M. This is an integral surface of
W since y is an integral curve of W. It follows that the surface in M defined by the surface
S in M is an integral surface of V. O

Example 8.1.5. Consider the hyperbolic system defined by the equations u, = 0,v, =
u. We have coordinates x, y, u, v, p, s on the equation manifold M, with the characteristic
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systems

F = span (dx + pdy +udy, 9p), G = span (dy + 50y, 9y) .
The bundle G has the three invariants x, u, p. Let w be the projection M — B = R3 :
(x,y,u,v, p,s) — (x,u, p). The bundle F projects to the distribution

Tr(F) = span (0y + pdy, 0p) .

The most general integral curve of the projected bundle is given by u = ¢(x), p = @ (x).
The inverse image of this curve is a 4-dimensional manifold M with coordinates x, y, v, s.
The distributions F and G restrict the two distributions

F=FNTM =span (3 +$(x)d,), G =GNTM =span(dy + sy, dy).

The bundle F is equal to C (V); the Cauchy characteristics of V = F & G. The invariants of
F are y,w=v — [¢(x) and 5. Locally we can take the quotient of M by the Cauchy char-
acteristics. The quotient B is 3-dimensional with coordinates y, w, s and the distribution G
projects to the distribution on B given by span(dy + s3y, d;). Finding 2-dimensional integral
manifolds of the original system corresponds to finding integral curves of this distribution
on B. The most general curve is easily seen to be w = ¥ (y), s = ¥’(y). The flow of this
curve by the Cauchy characteristics F is the 2-dimensional manifold parameterized by x, y
andv = w+ [¢(x), s = ¢¥/(y). Together with u = ¢(x) and p = ¢’(x) this defines the
general solution of the system:

u=¢x), UZW(y)-i-[ ¢ (x). ©

8.1.4 Elliptic Darboux integrability

For elliptic exterior differential systems (in particular the elliptic first order systems and el-
liptic second order equations) we can define Darboux integrability in a similar way as was
done for the hyperbolic exterior differential systems in Section[8.1.2]

Let (M, V, J) be an elliptic exterior differential system (see Definition . We can
define the complex eigenspaces V+ C V ® C of the operator J. Let I be a complex valued
function that satisfies id/(X) = (df o J)(X) for all X € V. Then (dI)(X + iJX) =
(d(X)+i(d)(JX) = (1 +i3)(dl) = 0 and hence dI (V_) = 0. The converse is also true.
If dI is an invariant for V_, then restricted to V we have idl =dl o J.

We say an elliptic exterior differential system is Darboux integrable if [V, V_] C V and
the distribution V_ has two complex invariants /!, I? such that the projection M — C? :
m +— (I'(m), I*(m)) has rank 4 and is transversal to V. It then follows automatically that
the complex conjugates of I' and I? are invariants for Vy. The projection intertwines the
almost complex structure on V with the complex structure on C2. Every holomorphic curve
in C? corresponds locally to a s-dimensional family of 2-dimensional integral manifolds of
(M, V, J). An equivalent formulation of [V, V_] C Visthat [JX, X] C Vforall X C V.
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In the case of a Darboux integrable elliptic first order system (M, V) the Darboux pro-
jection is a special case of the transversal projections of almost complex structures discussed
in Section In particular the fibers of the projection have tangent spaces that are invari-
ant for the almost complex structure on M and the fibers are pseudoholomorphic curves. A
complex invariant of V_ is an invariant of V' as well. If we choose an adapted coframing
0, w, m, then a function [ is an invariant of V_ if and only if d/ = 0 mod 6, 0, w, . But
every invariant of V_ is an invariant of V' as well and therefore df = 0 mod 6, w, 7. This
implies that I is a holomorphic function for the almost complex structure on M.

In his Ph.D. thesis [51]] McKay also has made an analysis of the elliptic first order systems.
We give a short description of McKay’s concept of Darboux integrability in the elliptic case,
a summary of McKay [51, paragraph 9.1-9.3]. Consider an elliptic first order system on
a manifold M with adapted coframing 6, w, w. The adapted coframing on the equation
manifold induces an almost complex structure on M. Using this almost complex structure
we can define the operators d and d as df = df +df,9f =0 mod ,®, 7 and df = 0
mod 6, w, . Suppose we have two holomorphic functions z, w : M — C, i.e., 9z = dw =
0. We also assume these functions have linearly independent differentials modulo 8. Then
the projection M — C?:m (z(m), w(m)) is a Darboux projection.

Let U be an integral surface of M and assume that dz is linearly independent when re-
stricted to U (we case also treat the case that dw is linearly independent). Then the image
of U under z is locally surjective and there is a relation w = f(z), between z and w. The
function f is holomorphic since both z and w are holomorphic and U is an integral sur-
face. Conversely, given a holomorphic map f : C — C we can restrict ourselves to the
4-dimensional submanifold of M defined by the relation z = f(w). The differential equa-
tion & = 0 becomes integrable when restricted to this submanifold, i.e., on the submanifold
dé = 0 mod 6, . The leaves of the integrable Pfaffian system # = 0 on the submanifold
are integral manifolds of the system.

Example 8.1.6. We consider a linear elliptic equation dw/dz7 = b(z,z)w. An adapted
coframing for this equation is given by

0 = dw — pdz — bwdz,
w = dz, (8.1)
m=dp — (b,w + bq)dz.

Here ¢ = bw. We will show that a sufficient condition for the equation to be Darboux
integrable is

8% logb
0207

= |b|%. (8.2)

By calculating the complex Monge systems for a general function b or by using the cofram-
ing (5:30) one can proof that the condition is necessary as well.

We take 7 = z and p = p — (dlog(b)/dz)w = p — (b;/b)w as holomorphic functions.
From dZ = dz = w it is clear that Z holomorphic. We assume that equation (8.2) holds. A
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short calculation gives
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) wo — |bl*wd — (b, /b)( + pw + bwd)

8% logb pb
7 — (b, /b)0 — ( 2 ) wo — (#) w.

Thus p is holomorphic and clearly dz and dp are linearly independent modulo 6. The exis-
tence of holomorphic functions implies that there are relations between the invariants. Indeed,
dZ = w gives 1o = 0 and dp gives —(b,;/b)11 + 13 = 0.

The system is Darboux integrable and we can use the two holomorphic functions to in-
tegrate the equation in the following way. Choose a holomorphic function f and define the
curve p = f(Z) in the space with coordinates Z, p. The inverse image of this curve under
the projection (z, p, w) — (Z, p) is a manifold of dimension four with complex coordinates
(z, w). The contact form 6 restricts on this manifold to the differential form

dlog b
9z

@:dw—(f—i— w)dz—blbdZ.

The form © is closed modulo ©, ® and therefore we can solve w as a function of z using
ordinary integration techniques. This gives a solution to the equation that depends on the
arbitrary holomorphic function f and a complex integration constant. %)

For elliptic first order systems McKay also analyzes when we can have enough holomor-
phic functions for Darboux integrability. A function f can be used for Darboux’s method if
df = f10 + f10 + frw + f37w. But then

0=d>f = f130 + ;00 + fr00 + f10m = — fiT A &.
So we see that in fact f is holomorphic and

0= dzf = flée + fzf_)a)—i- f357‘[
= (fit1 + frra + f313) A .

The existence of the holomorphic function f therefore implies a linear relation between the
invariants. The coefficients of 71, 72, 13 are the coefficients of the Nijenhuis tensor and
Darboux integrability implies that the rank of the image of the Nijenhuis tensor D is at most
two. The transversality condition in Darboux integrability then implies that 7, and 73 are
linearly dependent on t1. Using the structure group we can arrange that 7, = t3 = 0. McKay
then makes a distinction into three cases of Darboux integrability, depending on the type of
the invariant Ty = T5@+T57. He defines generic Darboux integrability (75 # 0), non-generic
Darboux integrability (75 # 0, T3 = 0) and flat Darboux integrability (75 = T3 = 0).
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Remark 8.1.7. Darboux integrability implies that there are at least two linear relations be-
tween the torsion terms 71, 72 and t3. The converse is not true. There are system that are not
Darboux integrable, but that do have two relations between the torsion terms. As an example
consider the elliptic first order system p — s = 2u, ¢ +r = —2v. An adapted complex
coframing is given by

0 =du — pdx —qdy +i (dv — (—qg — 2v)dx — (p — 2u)dy),

w =dx +idy,

7 =dp —idg —2uw — 0.

The structure equations are

dd =—-—m7Aw mod?o,
dow =0,
dr =wA0 modw,rn.
It is clear that » = 73 = 0 and hence that there are two linear relations. The derived

systems of V, stabilize at dimension 5 and therefore each complex Monge system only has
one invariant. The system is not Darboux integrable. @

8.1.5 Higher order Darboux integrability

If the characteristic systems F, G do not have at least two invariants each, then we cannot
apply the method of Darboux directly. It is possible to prolong the system. If the prolonged
systems F, G have enough invariants we can apply the method of Darboux to the pro-
longed system M.

Example 8.1.8. Consider the second order equation s = zp. Also see Juras [44, Example 5
on p. 22] and Goursat [40, Tome II, Exemple V, p. 134]. The characteristic systems are given
by

F =span(Dy + (pq +2*p)d, 8;), G = span(Dy + (p* +2r)d,, 8;).

with Dy = 0y + pd; +rdp + zpd; and Dy = 9y + q0; + zpdp + td;. The bundle F has
invariants y and ¢ —z2/2; the bundle G only has x as an invariant. The equation is not Darboux
integrable on the second order jet bundle. We can prolong the system. We parameterize the
integral elements of V in a neighborhood of span(D,, Dy) using two parameters a, b as

span(Dy + (pg + 22 p)d; + ady, Dy + (p* + 2r), + bd,).

One can think of a and b as the third order derivatives zyx, and zyyy, respectively.
The characteristic systems on the prolonged manifold are given by

F1 = span (Dx + (pg + zzp)a, 4+ adr + Bqzp +tp + z3p)8;,, Ba) R

Gi = span <Dy 4 (p% + 20, + b, + Brp + az)d,, a;,) .
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The invariants at third order are {y, ¢ — z2/2,b + (z*/4) — z2q — zt}func and {x, 2pa —
312) /(2 pz)}func. Each prolonged characteristic system has at least two invariants, hence the
equation is Darboux integrable at the third order. %)

8.2 Hyperbolic Darboux integrability

A hyperbolic first order system is Darboux integrable if there are at least two functionally
independent invariants for each of the characteristic systems and these invariants define a
Darboux projection that is transversal to the contact distribution. In terms of differential
forms and an adapted coframing this means a pair of D-valued functions I, I> such that
d/; =0 mod 6, w, 7, 0F . The transversality condition is equivalent to the condition that
dI; and d/, are linearly independent modulo 6.

Using such a pair of functions we can define a projection onto an open subset of R* = D?.
The Monge systems project into a direct product of R? x R2. We call this a Darboux projec-
tion, also see Definition [I0.3.6 More on this projection and the construction of solutions of
the system can be found in [44, 64,165} 66].

8.2.1 Relations between invariants

Let 6, w, & be an adapted coframing (5.10). From the structure equations it follows, just
as in the elliptic case, that invariants / must satisfy d/ = f160 + fro + f37 and d’1 =
(it + fao+ f33) A 6F modulo 6, w, 7. The existence of invariants for the system implies
the existence of linear relations between the terms t1, 7 and 73 and hence relations between
the invariants 7', U, V (see equation (5.12)).

Remark 8.2.1. Darboux integrability implies relations between the invariants, but the con-
verse is not true. An example is given by ¢ = u + v, r = u — v. An adapted coframing is
given by

6! = du — pdx — (u + v)dy,

0% = dv — (u — v)dx — sdy,

o' = dx, P dy,

tl=dp+@W—u—po*+6"'=dp+du— pdx — (p + 2u)dy,

n2=ds+(s—u—v)wl—92.

The structure equations are

dd = —(@—-—0")YA0 -1 A+ of AOT,
dw =0,

_ . F —ptu—v F F
dr = —(w a))/\9+<_(v+s+u))a)/\w +h(w+w’) AT
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1 — 2

The invariants U, V are identically zero, but dr —0' Aw? mod w!, 7!. This implies the
hyperbolic structure does not have enough invariants to be Darboux integrable. An example
of an elliptic system with this property is given in Example %)

Remark 8.2.2. The fact that an invariant of the distribution dual to span(6, 0F, w, ) is an
invariant of the distribution dual to span(6, w, ) corresponds to the fact that an invariant of
the vector field system ) must also be an invariant of the derived system ). The system
span(f, w, ) is precisely the derived system of span(f, oF w, ). %)

8.2.2 C(lassification under contact transformations

In this section we will give a classification of Darboux integrable hyperbolic first order sys-
tems under contact transformations. Consider the action (5.13)) of the contact structure group
on the invariant 7 = (T5r, T3r). This action has 4 orbits, but if we also allow a change of
characteristic systems there are only 3 orbits to consider.

Assuming that the orbit type of the invariants T,r, T5r is locally constant we have to
consider three possibilities for the invariants T,r, T3r. We have locally either:

e 7 = 0. The flat case.

o (T)e.Th) = 0,(Ty, Tjy) # 0. The case (T, Tjy) # 0, (T;;, Tj) = 0 can be
reduced to this case by switching the characteristic systems. The systems in this class
are all (2, 3)-Darboux integrable. In principle it would be possible for this case to
contain branches with (2, 2)-Darboux integrable equations, but it turns out that this
is not the case. If T! = 0, then U! = V! = 0 and hence the distribution dual to

span(Ql, 02, w!, 1) has 3 invariants.
o (T)e,Typ) # 0, (T}, Tj) # 0. This is the most generic situation for Darboux inte-
grable systems. All first order systems in this class are (2, 2)-Darboux integrable.
Flat Darboux integrability

In the case of flat Darboux integrability 7y = 0, hence T,r = T5r = 0. In geometric terms
this means that the image of the Nijenhuis tensor is contained in V. From Lemma
it follows that also 7, = 73 = 0. Hence the almost product structure is integrable and the
equation manifold has a natural direct product structure. In Section[4.6.5| we already showed
that all such systems are contact equivalent.

We can choose hyperbolic coordinates w, z, p and an adapted coframing

0 =dw — pdz, w=dz, = =dp.
The structure equations for this coframing are
dd = —nmAw, do=0, dr=0.

In local coordinates this system corresponds to the first order wave equation (Example[4.6.5))
defined by uy = 0, vy = 0.
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Under point geometry not all flat Darboux integrable systems are equivalent. This follows
from the fact that the first order wave equation is not invariant under contact transformations
and the condition to be flat, i.e., the Nijenhuis tensor vanishes, is invariant under contact
transformations. For an example see Example[5.2.10]

Remark 8.2.3. McKay remarks in [S1), page 97] that for elliptic first order systems the con-
dition 75 = T3 = 0 implies the system is equivalent to the Cauchy-Riemann equations. He
does not specify whether this is under point or contact geometry. This is a bit confusing since
he is working with point geometry in his thesis, but the result is not true under point geom-
etry. A counterexample can be given by taking an elliptic version of Example Under
contact geometry all systems with 75 = T3 = 0 are indeed equivalent to the Cauchy-Riemann
equations. @

(2, 3)-Darboux integrability

Every (2, 3)-Darboux integrable first order system is locally contact equivalent to the system
uy = v, vy = 0. We prove this by starting with a 6-dimensional manifold M with a (2, 3)-
Darboux integrable hyperbolic structure and introducing suitable coordinates by adjusting the
coframing.

We start with an initial D-valued coframing 6, w, m with the usual structure equations,

dd=-7Aw modb,oF.

Since the equation is (2, 3)-Darboux integrable we can assume the system 02, w?, 7% is com-

pletely integrable. The form 02 satisfies d9> # 0 mod 62 and hence we can introduce
coordinates y, v, s and adapt the coframing such that 02 =dv — sdy, w? = dy, 72 = ds.
Let us show how the variables y, v and s can be constructed. Let V; be the characteristic
system dual to span(él, 02, w?, 712) and V_ the system dual to span(@l, 02, w!, 711). Then
' is integrable and locally we can make the projection M — B = M/V’, . The bundle
V_ projects to a bundle V_. The bundle V_ is not integrable and hence defines a contact
structure. On the quotient space we can choose coordinates y, v, s such that § = dv — sdy,
@ = dy, 7 = ds is a basis of differential forms and 6 is a form dual to V_. For 6 we have
the structure equation d9 = —7 A @. The differential forms 6, @&, 7 pull back to semi-basic
forms 62, w?, w2 on M. It is not difficult to check that 62 is a characteristic contact form for
the system on M.
The characteristic system V_ dual to span(91 J0%, !, 711) has two invariants. This im-
plies we can adapt the coframing to
do' = —a' A0 — ' Ao + Thw? A0+ Them? A 67,
do' =0 mod 91, wl,nl,
dr'=0 mod 91, wl,nl.
The pair (7)), T;) is non-zero, since otherwise V_ would have 3 invariants and then the
system is equivalent to the first order wave equation. We can adapt the coframing to make
7). =1,T}, =0.
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Let I, J be two functionally independent invariants of V_. By definition we have dI =
a10' + b1 + ¢!, We calculate d?7 and find

0=d’l =ad8! = ajw®> A6> mod 6!, ', 7!
Hence a; = 0. A similar calculation can be made for J and we can conclude that
dl = bla)l ~|—c17'rl, dJ = bzwl +cz7rl,

for certain functions by, c1, b2, c2. We can make a transformation of coframing such that in

the new coframing w! = dI and #! = dJ. By looking at the representations (3.13) we can

see that we can make this transformation and keep the normalizations 73r =0, U =V = 0.
The new coframing already has greatly reduced structure equations

do' = —a' A0 — 7' Ao + Trw? A 67,

d0? = —7% A o?,

do' =0, do® =0,

dr' =0, dr?=0.
Since o' and 7! are exact we can find functions x, p such that o' =dxand ! = dp. Then
because span(Gl, !, a)z) is integrable, we can find a function u such that

0! = du — Adx — Bdy,

perhaps with a scaling of #'. By calculating d9' and comparing this with our previous ex-
pressions for d9! we find

A=p+o(x.y), B=v+yk,y).

The coframing we have introduced is precisely the coframing associated to uy, = v+ (x, y),
vy = 0. By replacing u with u + | Y we arrive at the normal form

uy=v, vy =0. (8.3)

The general solution of this system was given in Example An adapted coframing in
local coordinates is

0' = du — pdx — vdy,
6% =dv — sdy,
| 5 8.4)
w =dx, o =dy
! = dp, 72 =ds.
The structure equations are
do! = —7' A 0! + 0? /\62,
do? = —72 A 0?,
do' =0, dw’=0
dr! =0, dr’=0.
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(2, 2)-Darboux integrability

The starting point of our analysis is the adapted coframing (5.10). The theory in this section
is the hyperbolic equivalent of the theory of McKay in [51, Section 9.5]. An important
difference with the theory of McKay is that we do the analysis in the contact geometry setting.
In Section [8.2.3| we will also analyze the systems under point geometry.

First we choose a coframing in which Tor = 1, T3r = Uyr = Usr = Vor = V3r = 0.
This reduces the bundle and structure group such that on vertical vectors we have (this follows
from the covariant derivatives of the invariants, see equations on page

a—af —yF =0, B=0, §=0 <¢=0.

Write u =y — of +« (hence u is zero on vertical vectors, i.e., i is zero modulo 6, 0F, w,

b, m, 7). We can arrange

6 o 0 0 6
dlow]l=-10 of —« 0 Al w
T 0 € 20 — af T

-1 Aw+of AOF
+|—7mTAc+O0ABFonul],
—TAU+OAS
with
uw=0 moda)F,rr,rrF,

§=0 modGF,a)F,n,rrF,

(8.5)
B=0 modbof v o n 7",
o0=0 mod6f, of xf.
Our reduced structure group is of the form
a 0 0
0 afa™! 0 € GL(3, D). (8.6)
0 e a?(@™H1

We calculate the consequences of d?0 = 0 modulo 6. We find

0=d9=aArdd—dr Aw+7 Ado+do’ AT —of AdoF
E—a/\rr/\w+aAa)FA9F+(2a—aF)/\n/\w
—l—n/\u/\a)—i-rr/\(a—aF)Aa)—i—n/\a)Au
—l—(aF—oz)/\a)F/\GF—nF/\UF/\GF
—l—a)F/\;LF/\@F—i—a)F/\aF/\GF

=g Aof A0F —uF Aot A0F mod 6.
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Hence 0 = 0 mod 6, 7,6 and 4 = 0 mod 0, w, 8. This implies o = 0 mod 67, i.e.,
Sr = S3r =0, and pu = 0. Calculating d%w and d*7 modulo 0, w, w yields

B=6=0 mod@,HF,a),a)F,n.

The fact that the system is Darboux integrable and we have normalized U = V = 0
implies that dw = dm =0 mod w, 7, i.e., the pair w, 7 is completely integrable. Using this
it follows 8 =0 mod w, 7w and § = 0 mod 7. Then

0=d2a)E(aF—oz)/\(—n/\a)—((Za—aF)/\n)/\a—7t/\da
=—a AT A0 —T Ado
= -7 ASrd0F = —Sppm A (—7F Aof) mod 6,67, w.

Hence §;r = 0 and 0 = 0. Again calculating dw, but this time modulo 6, » we find g = 0
mod w. Write 8 = Bw, § = Pm. Then we have

6 o 0 0 6 T AW wf AoF

dlow]l=-10 o«f —« 0 Aow] — 0 + | BOrAw

T 0 € 200 — af T 0 POAT
Calculate

0=d% = (~do = (P + B)7 + ) Aw) A6,

0=d2w=(d(a—aF)+(dB—Ba)/\9+Ba)FA9F)Aa),

(8.7)
0=d’r = (—d6+e/\(aF —2a)+ (AP —aP) A6
+of AOF —P(za—aF)/\e) A

From this we deduce (take linear combinations of the first two equations) that P = —B and
de —w Ao =0 mod 6. Write de = —& A0 + w A w!. Using this in the second equation
of (8.7) we get £ = —BF w modulo 0, 6F, wf. Then

Pa=-trgro+Eno’ A0T +Bforno’ A0F mod 6.
Then & = —Bfw mod 0 and do = —(B¥6 + w’) A w. From the second line in equation

(8.7) we get dB = Ba mod 0, w. We can absorb the 0 term in &, so we may assume
£ = —Bfw. Using d’a again we find

dB = Ba + B w. (8.8)

From now on we need to distinguish three separate cases: B = 0, B € D* and B a non-zero
zero-divisor. The reason is we have only 1 invariant left at this stage, the function B. The
remaining structure group is 4-dimensional and has the form (8.6). The group acts on B as

B+ a 'B.
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This action has 4 orbits, but two of these orbits are equivalent if we switch the two character-
istic systems.

The cases B = 0, B € D* and B a non-zero zero-divisor are called the almost product,
affine and mixed case, respectively. The naming of the cases is inspired from the work of
McKay. The affine case is a Darboux integrable system for which the associated Lie algebra
of tangential symmetries, see Chapter[I0] is the affine Lie algebra aff(1). The affine group
appears on the bottom of page 94 in McKay [51]], but the author does not know whether
McKay was aware of the tangential symmetries. The almost product case is in a certain sense
the closest to the flat case where we have a direct product structure. The Lie group associated
to the system is the two-dimensional abelian Lie group. The mixed case does not appear in
the work of McKay. In the mixed case one characteristic systems behaves as in the affine
case and the other as in the almost product case, hence the name.

Affine case. The systems in the first case B € D* are called the affine Darboux integrable
systems. We can scale B to 1 € D. Then the coframe is uniquely defined up to adding a
factor w to . We have o« = —w. The structure equations are

% WA —T Aw~+of AoF
dlew] = of No+0Aw . (8.9)
T Ao+ 20AT —0F AT —0AT

The structure group has dimension two and the Cartan characters are s1 = 2, 5o = 0.
The system is in involution, so all analytic affine Darboux integrable equations are contact
equivalent. We will continue by finding a normal form for this class. This analysis will
also show that all affine Darboux integrable systems are equivalent and every affine Dar-
boux integrable system is contact equivalent to a real analytic affine Darboux integrable
system. Since dwo = 0 mod w we can find hyperbolic coordinates z and a D*-valued
function w such that @ = wdz. Substituting this into dw and solving for 6§ we obtain
6 = (1/w)(dw — wwfdzF — gdz) for an unknown function ¢. Using this in the struc-
ture equations for 6 we find 7 = (1/w?)dg — (¢/w> + 1/w)dw — Hdz. We make the
substitution ¢ = w(p + w) and use z, w, p as coordinates on the equation manifold. We find
the following coframing for the equation:

0= (1/w) (dw —w(p + w)dz — wasz) ,
© = wdz, (8.10)
7= (1/w)(dp — Fdz).

Here F is an arbitrary function of the variables z, w, p. Conversely, given any function F the
above coframe defines an elliptic system on the manifold with coordinates z, w, p.

Assume that we are working with w A o as an independence condition. On any integral
surface we can write w, p as functions of z. Since # = 6F = 0 on any integral surface
we find0 =dd = -7 Aw = —dp Adz = —((8p/3zF)/(wwF))w A wF. The function
z is a hyperbolic holomorphic function on the equation manifold. The function p satisfies
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dp/dzF =0, so p is hyperbolic holomorphic. The function w satisfies the system

ow

— =w(p+w), (8.11a)
0z

ow F

The converse is also true. If w satisfies dw/dz" = ww’, then defining p by the equation
above gives a hyperbolic holomorphic function p.

Example 8.2.4. The transformations in the variables z, w, p that leave the normal form (@])
invariant can be easily determined from the structure equations. First notice that if we intro-
duce new coordinates Z, W, P then from the invariance of w it follows WdZ = wdz, hence Z
is a hyperbolic holomorphic function of z and dW/dz" = 0. Then WdZ = WZ'dz = wdz
implies that W = w/Z’. By analyzing the transformation of 6 we arrive at the following
transformations

Z=Z7(2),
W=w/Z, (8.12)
— g7
p=L=2/Z @
Z/

Example 8.2.5 (General solution for affine Darboux integrable system). The equation
dw/dz" = ww’ is the normal form for the class of hyperbolic affine Darboux integrable
equations. We give an explicit expression for the general solution of the equation using the
method of Darboux.

First we solve the system of equations (B.I1) for p = 0. We have a system of four
equations for the two functions w!, w? in the variables x!, x>. The compatibility equations
are satisfied (since p = 0 is hyperbolic holomorphic) and by ordinary integration we arrive
at the most general solution of the equation

N

Here N € D* is a constant and w is defined for z = (x!, x2)T
0eD.

We will use the equations (8.12)) to transform the general system into a system for which
p = 0. We can then use our special solution to find the general solution. We assume p
is a hyperbolic holomorphic function and want to solve the system (8.11). We can transform
the system for this function p into the system in the coordinates (Z, W, P) for which P = 0
by solving the equation p — Z”/Z' = 0. We find Z(z) = [exp(J p(z)). Since exp( p(z))
takes values in ID*, the function Z(z) is invertible. If we let W be the most general solution
of the system for P = 0, given by (8.13), then W = N/(1 — NZ — (NZ)¥). The general
solution of is given by

in a suitable neighborhood of

_ (@
1-f2) - f@F

w=WZ

(8.14)
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Here f(z) is an arbitrary hyperbolic holomorphic function. In terms of the original function
p wehave f(z) = N [exp([ p(2)). %)

Almost product case. The second is case is B = 0. The structure equations are

0 o 0 0 0 —TAw+of A0F
dlw]==-10 of —« 0 Aol -— 0 , (8.15)
b 0 € 20 —af T 0

and do = w A o’ Notice that d(o + f') = 0, hence we can write @ = & + hn where £ = dt
and n are real hyperbolic forms and # is the hyperbolic imaginary number with matrix re-
presentation diag(1, —1). By applying a transformation 6 +— exp(¢)0, 7 +> exp(f)w, €
exp(t)e we can eliminate the term df from the structure equations. The new structure equa-
tions are

dd = —hn A6 -7 Aw+ o ABT,
dow =2hn N w,

dr = —e Aw —3hn AT,

d¢ =0,

dn = —ho A oF.

The structure equations for w and 5 are those of the Lie group SL(2, R). We can introduce
coordinates z = (z1, z2), ¢ such that

_ eh?dz
CET
1 F___F
n = (1/2)d¢ + (1/2) (zdz" — 77 dz).

1 —zzF

Write U = ¢"?/2/4/1 — zzF. If we make a transformation of the coframe that leaves invariant
the normalizations made so far, then we can only scale w by a purely imaginary hyperbolic
number. This means we cannot arrange that do = 0 and T,r = 1 at the same time. The
best thing we can do is scale @ such that the new w is exact and the new invariant 7,r is real
hyperbolic.

We apply the transformation 6 +— V6, w — W20, 1 > W3, € > We. In the new
coframing we have

ZF

d9=dz/\<zr+1_zzF

1
6 dzF A oF,
)+1—ZZF z

8.16
o= dz, (8.16)

dmr = —€Aw=dz A€,
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with € = € + (32" /(1 — zz%))m. Then using the relative Poincaré lemma we can write
6 = dw — Adz — Bdz",
w =dz, (8.17)
T =dp — Cdz,

for functions A, B, C. It follows that ¢ = dC + «dz. By substitution of these expressions in
the coframing (8.16) we find

F
_ F
A—p+1_ZZF+F(z,z )s

r F
B=——+0G(g, .
1—ZZF+ (z,z")

The functions F, G cannot be arbitrary but must satisfy the equation
IF 3G 'G-GF
azf 9z 1 —zzF
The transformations that leave invariant the coframing and structure equations (8:16)
above are the transformations z — z, w — w + ¢(z,zF), p = p+ Y, with ¢ a

hyperbolic holomorphic function. Under such a transformation the functions F, G transform
as

(8.18)

Fi> F+¢z"/H+ v — ¢,

G G+¢"/H—¢.r.
The condition that the new G is identically zero is a determined hyperbolic system for ¢,
which means we can find a ¢ such that G = 0. Then if we choose ¢ = 0 the equation to
transform F to zero reduces to F + ¢ = 0. Since G = 0 was transformed to zero, the

condition (8.18)) guarantees that d F/dz" = 0, hence we can transform F to zero. We have
arrived at the final coframing for our equations

F F
wz w F

9=dw—(p+1_ZZF)dz 7dz",

w = dz,

T =dp — Cdz.

(8.19)

All almost product Darboux integrable equations are equivalent under contact transforma-
tions.

Mixed case. We expect a class of equations here in the hyperbolic case that has no elliptic
equivalent, but it turns out that this class of equations is empty. Recall that our invariant B
must satisfy the equation (8.8). If B # 0 but B ¢ ID*, then we can assume B! = 0, B? # 0.
From the structure equation it follows that dB! = Bla! + B%w!, hence 0 = BZw'. This
would imply @' = 0 which is not possible. Hence there are no equations of mixed type.
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8.2.3 Point transformations

If we consider point transformations, then the different equivalence classes under contact
transformations will split into several equivalence classes for the point transformations.

McKay [51} Chapter 9] made an analysis of Darboux integrable elliptic first order systems
under point transformations. The fact that he works with point transformations follows from
the structure group he uses, see pages 36—40. His analysis of the class of “generic Darboux
equations” in Section 9.4 is incorrect due to some calculational errors. With his methods
we could make the analysis of the different classes complete. However, we can use our
classification under contact transformations to arrive at the same results faster.

Generic and non-generic Darboux integrable equations

For the (2, 2)-Darboux integrable equations the Nijenhuis tensor has an image with rank 2.
The bundle B; has rank 2. From the adapted coframings (8.9) and (8.I5) we can see that
for all (2, 2)-Darboux integrable systems the distribution B is integrable. The fact that 5
is integrable if the rank of D is two was already proved for elliptic first order systems in
Section[7.1] see the proof of Theorem[7.1.2]

The leaves of B3 locally define a foliation of the equation manifold M. We can use this
foliation to construct a base manifold. For equations under point symmetries we also have a
foliation to the base manifold.

Definition 8.2.6. Let (M, V) be a generalized hyperbolic or elliptic first order system with
M — B aprojection to a base manifold and assume the system is (2, 2)-Darboux integrable.

If the distribution defined by the tangent spaces of the projection to the base manifold
is equal to the distribution By we call the system non-generic. If the distributions are not
identical we call the system generic. o

For the non-generic equations the point transformations and contact transformations are
the same: the fibers of the projection to the base manifold are leaves of the invariant distribu-
tion 531 and hence they are invariantly defined.

Lemma 8.2.7. Suppose we are given an adapted coframing (5.6) for a hyperbolic first order
system under point geometry. The system is non-generic if and only if Tzr # 0.

The non-generic systems

The normal forms for the almost product and the affine Darboux integrable systems that have
been given in the previous sections are automatically non-generic. The contact transforma-
tions of these non-generic systems are equal to the point symmetries. The symmetry groups
are infinite-dimensional and transitive.
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The generic systems: almost product case

Using the fact that we can arrange T,r, U, V to be zero we can restrict to a subbundle on
which we have structure equations

dd=—arnbd—7rw+nf Ao,
dw:—(Za—aF)Aw+nAa,

P (8.20)
dr = —(a” —a) AT,

dae =m Anf.
with o = 8§10 + 8,70F 4+ Srw + S,r . The structure group for this bundle is the group of

diagonal matrices with entries (a, a*@=1 afa™", a e D*.

After some calculations we arrive at the following normal form for the adapted coframing.

F F
9=dw—< ol 2—Z)dl7— “ dp”,

1- 1 —|pl?
|pl |pl 821)
w=dz — ¢dp,
T =dp.
Here ¢ is an arbitrary function satisfying the equation
b+ s+ —" +< pw’ )qs 0 (8.22)
F F — 2 F = U. .
! AN !

This conditions follows from d?w = 0 mod 0,0 w, w". By writing down the charac-
teristic systems JF, G and calculating the derived bundles one can easily check that for any
function ¢ satisfying the equation above, the coframe (§.21)) defines a (2, 2)-Darboux inte-
grable system. The structure equations are

1
df = —m Aw+—2nF/\9F,

1—1pl
do = ¢t A0+ Aw+ 7 A (B rof +¢,r00),
dr =0.

The Cartan-Kéhler theorem guarantees that there is a family of analytic functions ¢ depend-
ing on two functions of five variables that satisfy equation (8.22). The group of transforma-
tions of the base manifold depends on four functions of four variables. This shows that there
is a continuous family of almost product Darboux integrable systems that are not equivalent
under point transformations.
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The generic systems: affine case

We apply the transformation w +> 7, 7 > —w + ¢ to the structure equations (8-9). This
leads to the following structure equations
d@:n/\@—n/\a)—i—nF/\HF,
do= (=0 —7f)Y Ao+ A (810 + 8707 + S0 + Syrob), (8.23)
dr =JTF/\JT+(9 AT).
We can use the local coordinates from equation (8.10) to introduce coordinates for the
generic equations. Every generic system has coordinates z, w, p such that
0 = w_l(dw —w(p+w)dz — wasz),
T = —dz.
The coframing is not fully adapted, but the contact distribution is given by & = 0 and the

projection to the base manifold is given by § = w = 0. The function ¢ is arbitrary except
that we need d9 = dw =0 mod 6, 6F, w, w’. This is equivalent to the system

b.r — rd’ + puww) + - (wF<pF 4 wF)) .

Just as for the almost product case there is a continuous family of non-equivalent affine Dar-
boux integrable systems under point geometry.

The generic systems: flat and (2,3) case

Under point transformations the (2, 3)-integrable systems and the flat systems split into dif-
ferent classes. We will only give some examples, but will not try to give a complete clas-
sification. An example of two flat systems that are contact equivalent, but not equivalent
under point transformations are the system from Example [5.2.10] and the first order wave

equation (@.13).

Example 8.2.8. Consider the first order system
Uy = vy, Uy + (x)? =0. (8.25)

The system is hyperbolic near points v, # 0. We use coordinates x, y, u, v,a = uy, b = vy.
An adapted coframing is given by
0! = —a~!(du + (a®/2)dx — ady),
0> =a"! (dv — adx — bdy) — a lo!,
1 21 (8.26)

a)lzdx——dy, w” = —dy,
a a
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The structure equations for this coframe are

do' = —7' Aw' mod 6!,

1
do? = -2 A ? + —7' A6' mod 62,
a? (8.27)

do' =7' Aaw? mod@l,a)l, do? =0 mod@z,a)z,

dr'=0 mod 6,0, 7', d7?=0 mod 62, w2, 2.

A calculation of the derived systems shows quickly that the equation is (2, 3)-Darboux in-
tegrable. However, the invariant T32F = 1/(2a?) is non-zero and hence the system is not
equivalent to the system (8.3) (which has 75+ = 0) by a point transformation. @

8.3 Elliptic Darboux integrability

The structure in the elliptic setting is very similar to the structure in the hyperbolic setting. A
difference is that in the elliptic setting we can make all kinds of connections to the theory of
Riemann surfaces. The author is not aware of an equivalent to this in the hyperbolic setting.

Theorem 8.3.1. Under contact equivalence there are 3 different classes of Darboux inte-
grable elliptic systems. These classes are:

Cauchy-Riemann equations. These are characterized by the fact that the almost complex
structure is integrable.

Affine case. We can introduce a complex coframing with structure equations
OANO—TAO+DAO

0
dlw] = OANw+0 A . (8.28)
T —€ANw+20ANT —OAT —O AT

Almost complex case. We can introduce a complex coframing with structure equations

6 o 0 0 0 —TAO+DOAD
dlow]l=-10 a—« 0 AMaol- 0 . (8.29)
T 0 € 200 — & T 0

The structure group consists of the matrices in GL(3, C) of the form

a O 0
0 a/a 0
e 0 a°a
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Proof. The proof is identical to the analysis of hyperbolic Darboux integrable systems. The
(2, 3)-Darboux integrable systems cannot occur in the elliptic setting since the complex in-
variants of the characteristic systems always occur in pairs.

The classification also follows from the classification of McKay [51, Section 9.4-9.8] of
the Darboux integrable systems under point symmetries and taking together the classes that
are equivalent under contact transformations. d

Example 8.3.2 (Affine Darboux integrability). See McKay [51, pp. 92-94] and McKay
[52, p. 37]. Take a Riemann surface with local coordinate z. The canonical bundle for the
surface is the bundle of (1, 0)-forms. Take a local section & for this bundle. In local coordi-
nates the section £ can be written as & = wdz. We can write down two invariant equations
for the section &:

dé =0, (8.30)
de = E NE. (8.31)
The first equation can be written in local coordinates as dw/dz = 0. The solutions of the

equation are precisely the holomorphic (1, 0)-forms. The second equation can be written in
local coordinates as

ow

- = lwl.

0z
This is precisely the normal form for the affine Darboux integrable elliptic first order systems.
The geometrical significance of the solutions to this equation is unclear to the author.

We can find some special solutions by writing w = u + iv. Then we find the coupled
system of equations
Uy — vy = 2W? +v?),  uy+ v, =0.

The second equations implies that there is a potential s such that (u, v) = (sx, —sy). The first
equation then becomes

Sxx + Syy = 2(s§ + si).
Solutions with sy, = 0 are given by s = (1/2) In(x + ¢). Henceu = 1/2(x +¢)),v=0. ©

Example 8.3.3 (Almost complex Darboux integrability). The almost complex Darboux
integrable system has the normal form dw/dZ = w/(1—|z|?). On the unit disk in the complex
plane we have a metric and volume form

o |dz? _dzAdz
1=z’ 1—|z|*
Write £ = wdx. Then the equation dw/d7 = w/(1 — |z|?) can be written as

d§ =& no,

with @ = dz/(1 — |z|?). Again there is the question if the equation above has a geometric
interpretation in the context of complex Riemann surfaces. %)
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8.4 Homogeneous Darboux integrable systems

‘We make an analysis of the homogeneous (2, 2)-Darboux integrable elliptic systems. Here we
mean by homogeneous that the group of point symmetries acting on the system is transitive
and hence at least 6-dimensional. We will see that the symmetry groups are finite-dimensional
for the generic equations and hence we can write the equation manifolds as M = G/H, where
G is the symmetry group of the equation and H the isotropy subgroup. We also show that the
flat case and the (2, 3)-case are homogeneous, i.e., they have a transitive symmetry group.

McKay also made an analysis of this type of systems [S1, Section 9.4.7]. The analysis of
McKay is sketchy, although most of the gaps can be filled. Furthermore some of the classes
he finds are empty, and finally he misses the classes of generic affine equations.

8.4.1 Flat case

Under contact transformations the flat case has a large symmetry group. The adapted cofram-
ing 6, w, 7 has structure equations

dd =—anl—7m Ao,
do=—-BA0—yAw—nAm,
dr = —-$86A0—€enw—(ax—y) AT,

with structure group G given by matrices of the form

C GL@3, ©),

QU S R

0
c
e

-~ O

with A =cf —eg =a # 0.

The Cartan characters are s; = 6, so = 4, s3 = 2 and the dimension of the first pro-
longation is 20. Hence the system is in involution and there is a transitive symmetry group
depending on 2 real functions of 3 real variables.

There are several different orbits of the point symmetry group in the flat equations. The
orbit corresponding to the normal form u, = vy, uy, = —v, has a symmetry group depending
on 4 real functions of 2 variables.

Example 8.4.1 (Cauchy-Riemann equations in local coordinates). In local coordinates
an adapted coframing for the Cauchy-Riemann equations is given by

0 =dw — pdz, w=dz, = =dp.
The contact transformations near the identity are all defined by a new foliation

0 =dw — pdz, w=dz+¢dp, =m =dp.
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The structure equations for this new coframing are

df = -7 A w,
dw = —7 A do¢

= —7 A ($af + (¢z + ppa)d + (95 — ¢pz — dpdw)T),
dmr =0.

The condition that the new coframing defines a foliation to a base manifold is df = dw = 0
mod 6, 0, w, @. This is precisely equivalent to the condition that ¢ b — ¢ (¢pz + poy). For the
new equation to be equivalent to the Cauchy-Riemann equations under point transformations
we need that ¢ is a holomorphic function of z, w, p. @

8.4.2 (2, 3)-Darboux integrable systems

The author has not analyzed the contact or point symmetry groups of these systems in detail.
Under contact symmetries the symmetry group is transitive and at least 6-dimensional. This
follows from the coframing (8.4), which has constant structure coefficients and hence has
a transitive symmetry group. The full symmetry group is much larger (and probably not
finite-dimensional)

8.4.3 Affine systems

The structure equations for the generic affine elliptic systems are given by
=aA0—TA0+TAD,

do= (=0 —7) Aw~+7 A (510 + 570 + S + S5@), (8.32)
de =7 AT+ (0 AT).

These equations are the elliptic equivalent of (8.23)). The structure group has been reduced to
the identity. If our system is to be homogeneous, then all the remaining torsion coefficients
should be constant. We calculate the structure equations for the system using (8.32) under
the assumption that the S, are constant.

d’0 =0, d*m =0,
Po=(-1-$9-S0AT AT+ (=1 -0 AwAT
+ Q2851+ 85500 AT AT+ (285 —Sj+ ST ADAT (8.33)
+ (BSj+S1+S58)0 AT AT +280 AT A
+2S50 AT AD+ S5 AOAD.

From this it follows immediately that we should have $; = §; = S5 = 0, S, = —1. There
is only one homogeneous generic affine Darboux integrable system. The symmetry group is



196 Darboux integrability

finite-dimensional and has dimension six. The structure equations are

D=nmArA0—TAO+TAD,
do=(-0—-7T)Aw—7 ANw, (8.34)
de =7 Am+ (0 AT).

8.4.4 Almost complex systems

The structure equations for the generic almost complex elliptic systems are given by

dd=—aAb—TAw+TAD,

do=—-QRu—a)Aw—7m Ao,
_ (8.35)
dr = —(@ —a) A7,
de =7 AT.
The remaining structure group is 2-dimensional and is given by matrices of the form
a 0 0
0 a%/a 0
0 0 a/a
with a a non-zero complex number.
We continue by splitting the 1-form « into a real and imaginary part.
a=n+ig. (8.36)
The new structure equations are
dd = - +i)AO—T Aw+T NG,
do =—-+3i¢) Ao —1 Ao,
dr =2i¢ AT, (8.37)
dn =0,
d¢ =—in AT,
with
o =510 + Si0 + Sr0 + S50. (8.38)

The action of the remaining structure group is by rotation of the complex numbers 1, 7, $2,
S5. Let us first prove that S, cannot be zero on an open subset by calculating the structure
equations for w. We have

0=dw=dS+2H)A0AT -G+ |57 AwAT mod 6,0, d

From this equation it follows that S> cannot be zero, since otherwise we would need 3 +
18512 = 0.
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’ Ideal ‘ Equation

0,0, | 8iZ38; — $285 — S; =0
0,0, | IS5+ 12|23 —2iZ35, =0
0,0, | S18; —6iZ3S; —S1 =0

0,0, | S7S5 —4iS1Z3 =0

Table 8.1: Equations for the structure coefficients

We can arrange that S is purely imaginary using the freedom in the structure group. The
remaining structure group is only 1-dimensional and consists of matrices

a 0 0
0 a 0],
0 0 1

with a real. The 1-form ¢ reduces to a semi-basic form that we write as
=710+ 210 + Zro + Zrdo + Z3m + Zs7.

The coefficients Z; cannot be arbitrary functions since ¢ still has to satisfy the structure
equation d{ = —im A TT.

On the reduced bundle the remaining 1-dimensional structure group leaves the structure
coefficients S, and Z3 invariant. If our equation is homogeneous this implies these structure

coefficients must be constant. We calculate d¢ + it A 7 modulo 6, 8, w, @. We find
de+in AT =@ —4i|Z3)7 AT =0.

Hence Z3 must have norm 1/2.

By calculating d’w modulo different ideals we find several equations for the structure
coefficients S, and Z3. The generators of the ideals and the corresponding equations are
given in Table [§.I] From the second equation it follows that Z3 must be real and hence
Z3 = +£1/2. The choice for Z3 = 1/2 or Z3 = —1/2 corresponds to choosing one of the two
(complex) characteristic systems. We continue our analysis with Z3 = 1/2.

Remark 8.4.2. The branches with Z3 = —1/2 are all equivalent under a discrete transfor-
mation of coframe to one of the equations with Z3 = 1/2. The structure constants S, are all
transformed by complex conjugation. %)

Solving the system of equations for the S, in Table[8.1] yields 4 classes of solutions. The
four classes are labelled by suit, as was done in McKay [51} p. 89], and are given in Table[8.2]

In all different branches we have found values for Z3 and the S,. We still have to de-
termine the values of Z| and Z,. The fact that the remaining structure group still acts on
these coefficients slightly complicates our analysis. By taking a suitable combination of the
structure equations, we can find a coefficient that is invariant under the structure group. This
leads to the conclusion that Z; = 0 in all cases. In the clubs case Z, = rexp(iy) with
Y =mn/4 — ¢ /2 and r areal function; in the other cases Z> = 0.
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& Q ) <&
S 0 36 0 6
A\ 0 —24i | 0 6i
S —4i —12i | =3i | =T7i
S5 | exp(iv) 3 0 -2

Table 8.2: Four cases for the homogeneous generic almost complex Darboux integrable equa-
tions

Clubs case. The structure group acts on r by a scaling, so r is not automatically constant.
However we know that for any system of equations we need
dPw=0, d¢+ (ir A7)=0.

We take a linear combination of these two expressions that does not involve 1 and dr. A
calculation using MAPLE yields

d’w + 3i(d¢ — (—in A)) Aw = 16r(exp(i(2¢p — ) /o AT Aw=0.
This implies that » = 0, hence Z, = 0. With this the full structure equations become

dd =—(+i)ANO—mT Aw+7T NG,
do=—-M+3i) Ao —7 AN (—dio +exp(iv)w),
dr =2i¢ AT,

dn =0,

(8.39)

with ¢ = (1/2)(wr + 7). We have a continuous family of homogeneous Darboux integrable
systems. Each class is labeled by S5 = exp(iy) and has a 7-dimensional transitive symmetry

group by Theorem [1.2.58]

Other cases. In the hearts, spades and diamonds case all structure equations are satisfied.
We have a unique coframe on a 7-dimensional manifold with structure equations

dd=—+iH) A0 —TAO+7T AB,
do=—-+3i) Aw—1m Ao,

dr =2i¢ A,

dn =0,

(8.40)

with ¢ = (1/2)(w + ) and the coefficients in o given in Table Since all the structure
functions are constant, the symmetry group is transitive and 7-dimensional.
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& O | & | o
S 0 36 | 0| 6
S 0 —24i | 0 | 6i
Sy | —4i | —12i | =3i | =7
S5 | expGiy) | 3 0 | —2
Z 0 0|01 o0
Z 0 0o |01 o0
Zs | 12 |12 |12 12

Table 8.3: Full table of coefficients the homogeneous generic almost complex Darboux inte-
grable equations






Chapter 9

Pseudosymmetries

A symmetry is a transformation that preserves all structure present in an object. A pseu-
dosymmetry is a transformation that preserves only part of the structure, but the part that is
preserved depends on the pseudosymmetry itself. Let us try to explain this with a picture.
Consider Figure 0.1 We have drawn schematically a vector field in the plane. The vector
field has a symmetry in the horizontal direction. In the vertical direction there is no symme-
try: if we translate the vectors in the vertical direction the vectors are not identical. However,
if we translate the vectors in the vertical direction and then “forget about the projection di-
rection”, in other words project onto the horizontal line, then the vectors are the same. We
say that the vertical translations define a pseudosymmetry for this vector field. This is dif-
ferent from saying that we are only looking at the horizontal component of the vector field.
For example, consider the diagonal translations. These translations are not symmetries. The
diagonal translations are also not pseudosymmetries, because the projection of the vectors
onto the anti-diagonal is different. The diagonal translations are symmetries however for the
horizontal component of the vector field.

In the remainder of this chapter we will give a more precise definitions of pseudosymme-
tries in the context of distributions and partial differential equations. But we think this picture
of pseudosymmetries is worthwhile to keep in mind.

Our original interest for these pseudosymmetries comes from projections of second order
partial differential equations to first order systems. These projections are a generalization of
the symmetry methods developed by Lie to solve (partial) differential equations. See Hydon
[42] for an introduction to these methods. The precise structure that a pseudosymmetry has
to preserve depends on the application. In this chapter we discuss the pseudosymmetries
of distributions (Section @ and of (partial) differential equations (Section @ After the
definition of pseudosymmetries for partial differential equations we will describe a method
to calculate pseudosymmetries for second order equations. In Section[9.5] we will discuss the
relation of pseudosymmetries to integrable extensions and Bicklund transformations.
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Symmetry projection

Vectorfield

No well-defined projection

Pseudosymmetry projection

Figure 9.1: Vector field with pseudosymmetries
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9.1 Pseudosymmetries of distributions

Let M be a manifold and V C T M a distribution. A (local) symmetry ¢ of V is a (local)
diffeomorphism such that ¢, (V) C V. Since ¢ is a diffeomorphism we have in fact ¢, (V) =
V. The infinitesimal version of a symmetry is a vector field V such that [V, V] C V.

For every non-zero vector field V we can locally form the quotient B of M by the integral
curves of V. Let w : M — B be the projection. A symmetry V has the property that

(Vi) C Tn(m)B

depends only on the point b = 7 (m) € B and not on the point m in the fiber 7 ~! (b). We say
the distribution V projects down to a distribution W = m,.(V) on B. If V is transversal to V,
then W has the same rank as V. If V is contained in V, then the rank of W is the rank of VV
minus one.

This property of symmetries motivates the following definition.

Definition 9.1.1. Let M be a manifold and V C T M a distribution. A pseudosymmetry of V
is a vector field V such that [V, V] C V + V. Here V + V indicates the distribution spanned
by Vand V. S)

If we take the quotient manifold B of M by the integral curves of a pseudosymmetry
V, then locally we have a well-defined projection m : M — B. If either V. .C V or V is
pointwise not contained in V, then the condition that V is a pseudosymmetry ensures that the
bundle V projects to a constant rank distribution V on B.

To check that a vector field V is a (pseudo)symmetry of a distribution V we only need
to check [V, X] = 0 mod V(+4V) for a set of generators X of V. The condition that VV
is a pseudosymmetry is not a linear condition. Hence the partial differential equations that
express that [V, X] =0 mod V+V are non-linear equations. This makes the computation of
pseudosymmetries of a distribution more complicated than the calculation of the symmetries
of a distribution.

For our applications we are also interested in more general objects. We are interested in
integrable subbundles / such that

U VICV+U. ©.1)

If 4NV has constant rank, then locally the distribution V projects to a distribution on the quo-
tient manifold M /U{. We call these bundles I/ vector pseudosymmetries of the distribution.
More can be found in Section[9.4]

Lemma 9.1.2. Let V be a symmetry or pseudosymmetry of the distribution V. Then for any
Sfunction f the vector field fV is a pseudosymmetry as well. Indeed, for X C V

[fV.X]I=fIV.XI+ X(H)VCV+V.

The converse is not true; not every pseudosymmetry can be scaled to a symmetry. The
space of symmetries is a vector space over the constants. The space of pseudosymmetries is
in general not a vector space.
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We have defined the concept of a pseudosymmetry as a vector field for which the integral
curves locally define a projection. We want to stress that the important part of a pseudosym-
metry is the projection that is (locally) given by taking the quotient of the manifold by the
integral curves of the vector field. This is also reflected by the fact that multiplying a pseu-
dosymmetry by a non-zero scalar function does not change the integral curves. Another
definition of a pseudosymmetry of a distribution V would therefore be a rank one distribution
U for which the condition holds.

Example 9.1.3 (Pseudosymmetries of distributions).
e Let M = R3 with coordinates X, y, zand let V be the distribution spanned by the vector
fields 9 and dy + zd,. Then Vi = 9, and V, = 0y, are a symmetries of V and W = 9,
is a pseudosymmetry of V.

e Consider on R* with coordinates x, v, z, u the following distributions:

Vi
V3

span(0y + ydy), V= span(9; + 0,),
span(dy +9,) and V=V + W2+ Vs.

The vector field V = 9, is a pseudosymmetry for Vi, V>, V3 and V. For each of the
V; we can find a suitable function ¢; such that ¢;d, is a symmetry of V;. With a little
work we can check that e* ™" 9, is a true symmetry of all distributions.

o Let M = R? and V = span(d, + ydy + 2z9;). Then both 9, and 9, are pseudosym-
metries, but dy + 9, is not. On the other hand 9, + y0d; is a pseudosymmetry. @

Example 9.1.4 (True pseudosymmetry). On R* with coordinates x, y, z, p define the
distribution

V = span (3, + exp(2)d;, dx + pd-. d,)

and the vector field V = 9,. Then it is clear that V is a pseudosymmetry of the bundle V. We
try to find a function ¢ (x, y, z, p) such that ¢V is a symmetry. Then we must have

[@V, 3y + exp(2)d.] = (P exp(z) — ¢y — exp(2)¢.)d, =0 mod V,
[0V, 0r + po;] = —(¢x + pp;)9; =0 mod V,
[¢V3 ap] = _¢paz =0 modV.

From the last equation it follows ¢, = 0. Then the second equation implies ¢, = 0 and
¢x = 0. The first equation reduces to ¢ exp(z) — ¢, = 0. Since ¢ can only depend on y the
only solution is ¢ = 0. The pseudosymmetry is therefore a true pseudosymmetry in the sense
that there is no symmetry having the same integral curves. %)
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9.1.1 Invariant concepts

With a distribution we can associate many new objects in an invariant way. These objects,
such as derived bundles and characteristic systems, are all invariant under symmetries of the
distribution. We want to generalize as much of these concepts to pseudosymmetries as we
can.

Theorem 9.1.5. Let V be a pseudosymmetry of V. Then V is a pseudosymmetry of the de-
rived bundle V'.

Proof. Let X C V'. We can assume that either X C Vor X = [V, Z] with Y, Z C V.
In the first case it is clear that [V, X] C V 4+ V C V' 4+ V. In the second case we have
(V,[Y.Zl = —[Y, [Z,VI] = [Z, [V, Y] C [V, V+ V]+[Z,V+V]CV + V. O

Unfortunately many other structures such as Cauchy characteristics and characteristic
systems are not invariant under pseudosymmetries.

Example 9.1.6 (Pseudosymmetries and Cauchy characteristics). Let M = R* with
coordinates x, p, z, y . We define the distribution V = span(dx + pd;, dp, dy). Then C(V) =
span(dy). The vector field X = 9, is a symmetry of V. We have [V,V] = 0 mod V and
[V,C(V)] = 0 mod C(V). Hence X is a symmetry of C(V) as well. The vector field
V = 9; + y9, is a pseudosymmetry of V. But [V, C(V)] = span(d,) # 0 mod C(V) +V,
so V is not a pseudosymmetry of C (V). This proves at the same time that V cannot be scaled
to a true symmetry. @

9.1.2 Formulation in differential forms

We can either work with distributions or differential forms. Since these objects are dual to
each other every concept that can be (invariantly) defined in terms of distributions can be
formulated in terms of differential forms and vice versa. The equivalent of the Lie bracket is
the differential operator d; they are related by the formula dw(X,Y) = Xw(¥Y) — Yo (X) —
o([X, Y]). In the experience of the author pseudosymmetries are more easily described with
vector fields, but for sake of completeness we will also give a description in terms of differ-
ential forms.

Let V be a vector subbundle of 7'M and let / be the ideal generated by the forms dual to
V, i.e., the 1-forms 6 such that 6(X) = 0 for all X € V. Generated here means generated as
a C*®(M)-module in Q1 (M).

A symmetry X of an ideal [ is a vector field such that Lx(6) = 0 mod I forall 6 € I.
Define W = V + X and let J = W=, Then X is a pseudosymmetry of V if and only if
Lx6 =0 mod I for all & € J. This is equivalent to Lx6 = 0 mod [ for all & € I with
0(X)=0.

9.1.3 Symmetries of pseudosymmetries

Let V be a distribution. For any pair of infinitesimal symmetries X, Y of V the Lie bracket
[X, Y]is again a symmetry. The infinitesimal symmetries of } form a Lie algebra S. Let V be
a pseudosymmetry of V. We can use the symmetries of V to generate new pseudosymmetries.
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Theorem 9.1.7. Let V be a distribution, V a pseudosymmetry and ® a symmetry of the
distribution. Then ®.V is a pseudosymmetry of V.

Proof. By definition of a symmetry we have ®,) = V. Let W = ®,(V). We want to prove
that [W,Y]CV+ W.

Since @ is a diffeomorphism we have [W, Y] = [D.(V), Y] = D.([V, @;1(Y)]) -
®,([V,V]). But V is a pseudosymmetry of V and hence ®,([V,V]) C &.(V + V) =
@, (V) + V. This shows that [W, Y] C W + V. O

For any infinitesimal symmetry X of V the theorem above shows that exp(tX)V is a
1-parameter family of pseudosymmetries of V. This suggests that by differentiation with
respect to ¢ at t = 0 we might find that [X, V] is a pseudosymmetry for V as well. Exam-
ple 0.1.8] below shows this is not true. For V, W pseudosymmetries the Lie brackets [V, X]
and [V, W] are in general not pseudosymmetries.

Example 9.1.8. Consider the distribution on R? with coordinates x, p, z generated by
O + pd;, 0.

Then V = x0d, + 9; is a pseudosymmetry and X = 9, is a symmetry of the bundle. The
commutator [V, X] = —d, is not a pseudosymmetry of the bundle. On the other hand,
the flow of V by the vector field X is equal to exp(tX)+V = (x +1)d, + 0, and this is a
pseudosymmetry for all . %)

9.2 Pseudosymmetries for differential equations

In Chapter |4| we have seen that we can formulate the structure of first order systems and
second order equations as distributions on the equation manifold. We will use this to define
pseudosymmetries for certain classes of partial differential equations. These pseudosymme-
tries of partial differential equations all have in common that they are pseudosymmetries for
the characteristic systems. This implies that if we locally take the quotient of the equation
manifold by the pseudosymmetry, then the characteristic systems project to well-defined dis-
tributions on the quotient manifold.

9.2.1 Ordinary differential equations

Theorem 9.2.1. Any pseudosymmetry of a rank one distribution that is not contained point-
wise in the distribution is a multiple of a symmetry.

Proof. Let the distribution be generated by a smooth non-zero vector field X. If V is a
pseudosymmetry of the distribution, then [V, X] = gV mod V for a certain smooth function
g. Then ¢V is a symmetry of the bundle if [¢V, X] = ¢gV — X(¢)V = 0 mod V. The
equation X (¢) — g¢ = 0 can be solved locally to give a non-zero solution ¢. (]
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Example 9.2.2. The condition that V is pointwise not contained in V is necessary, since
otherwise the function g might have singularities. Consider the distribution spanned by X =
dy and the pseudosymmetry V = x28y + 0dy. The commutator is [X, V] = 2xdy, = 0
mod V, V. For x # 0 we have [X, V] =2x"!V mod V. We can scale the pseudosymmetry
by the function x ~2 at the points x # 0. The vector field x "2V = dy + X729, is a symmetry
of X, but not well-defined at x = 0. %)

Corollary 9.2.3. Every pseudosymmetry of a scalar ordinary differential equation that is
transversal to the flow of the equation is a multiple of a symmetry.

Proof. Let x be the independent and z the dependent variable. Introduce coordinates x, z,
Zx = 21, Zxx = 22, - - -, Zn for the equation manifold. Solving for the highest order variable
we can write the equation as z, = F(x, z, z;). The contact distribution is generated by the
single vector field 0, + z19; + 220;, + ...2,—20;, ,. The result follows from the previous
theorem. O

The same result holds for certain classes of determined ordinary differential equations.
So any interesting pseudosymmetries will have to be found for partial differential equations.

Example 9.2.4 (continuation of Example[9.1.4). Example is in fact a geometric for-
mulation of the following system M. Let z be a function of the variables x, y and define the
equation z, = exp(z). Let J 1(R?) be the first jet bundle of R2. This bundle has coordinates
X,¥,%, P = Zx, g = Zy. Restriction of the contact ideal on J 1 (Rz) to the equation manifold
defined by ¢ = z, = exp(z) gives the system described in Example 0.1.4] Very closely
related is the system M, defined by the ordinary differential equation 7’ = €%, where z is a
function of y.

For the first system M the vector field 9; is a true pseudosymmetry (this was proven in
the example above). For the second system M> we can multiply by e* to obtain the symmetry
e%0;. %)

9.2.2 Second order scalar partial differential equations

A second order scalar partial differential equation is defined in local coordinates by a smooth
function F on the second order jet bundle J>(R?). The equation manifold M is the 7-
dimensional manifold defined by F = 0. The contact structure on J2(R?) restricts to a
contact structure on M and the dual system is a codimension 3 distribution V C T M. Con-
versely, any codimension 3 distribution with some conditions defines a second order scalar
partial differential equation. The conditions are given in Definition and Theorem

A symmetry for a second order scalar partial differential equation is a vector field V such
that [V, X] C V for all X C V. This implies that all structures derived from ) are also
preserved. For example the derived bundle V', the Cauchy-characteristics C (}’), the splitting
into characteristic subsystems V; and V_, etc.

A pseudosymmetry is a vector field V on M that preserves the structure on M, modulo
the vector field itself. If we take the quotient manifold B = M/ span(V), then the structure
on M should project to B. But what structures should be preserved? In any case the vector
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subbundle V, since this is the defining structure for the partial differential equation. But
preserving V might not be enough, since the fact that V is a pseudosymmetry for V does not
automatically imply that V is a pseudosymmetry for all derived structures. We are interested
in projecting and lifting solutions of partial differential equations. Motivated by this condition
we say that

Definition 9.2.5. Let (M, V) be a Vessiot system. A vector field V is a pseudosymmetry of
the system if V is pointwise not contained in V' and V is a pseudosymmetry of both Monge
systems. S

In the elliptic case we can also require that V preserves } and the complex structure on
V. The fact that V cannot lie in V itself implies that on the quotient system we again have
two characteristic bundles of rank two.

Let V be a pseudosymmetry on (M, V) and let B be the quotient system of M by the
integral curves of V (this quotient might be defined only locally). The projection M — B
is denoted by 7. The characteristic systems V1 project to rank 2 characteristic systems W
on B. The conditions on V4 imply that )V, W_] = 0 mod W and both YW, and W_ are
not integrable. The projected bundles W therefore define a hyperbolic first order system.
Suppose that S is an integral surface for this first order system. The integral surface is foliated
by the characteristic curves. The tangent spaces to the characteristic curves are given at each
point by T SNW... The inverse image 7~1(S) has dimension three and Vs = T~ 1(S)NV =
(T~ Y S)NVL )@ (T~ (S)NV_) is arank 2 distribution on 7~ (). Since the distribution is
integrable we can construct the integral surfaces using the Frobenius theorem. These integral
surfaces have tangent space contained in Vs C )V and hence are integral surfaces for V. In
this way we have lifted an integral surface of the first order system to a family of integral
surfaces of the Vessiot system.

Theorem 9.2.6. Let V be a pseudosymmetry of a Vessiot system (M,V). Then locally the
quotient B of M by the integral curves of V is a first order system (B, W). The projection
7w : B — M projects the Monge systems of (M, V) to the Monge systems of (B, V). There
is a one-to-one correspondence between integral manifolds of (B, W) and I-dimensional
families of integral manifolds of (M, V).

Example 9.2.7. Under the symmetry 9, the Laplace equation z,, + zyy is projected to the
Cauchy-Riemann equations uy = —vy, uy = vy. @

For second order scalar equations in two independent variables we know that all internal
symmetries are external symmetries. This is proved for example in Gardner and Kamran
[38, Theorem 5.1]. Also all higher order contact symmetries are induced from first order
symmetries. For pseudosymmetries the situation is a bit more complicated. Examples of
true pseudosymmetries turned out to be rather difficult to find. For a pseudosymmetry there
is no notion of prolongation, since a pseudosymmetry does not have to preserve the contact
structure.

For second order scalar partial differential equations in two independent variables we
have the following result.
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Theorem 9.2.8. Any pseudosymmetry of a hyperbolic second order scalar partial differential
equation that is the prolongation of a first order contact transformation is a symmetry.

Proof. The prolongation of any first order contact transformation is a second order contact
transformation. If this is a pseudosymmetry, then the prolongation maps the equation mani-
fold to itself. Then the pseudosymmetry is a contact transformation that preserves the equa-
tion manifold and hence a symmetry. a

This shows that any interesting pseudosymmetries should act non-trivially on the fibers
of the projection to the first order contact manifold. Let us analyze the symmetries in more
detail.

Theorem 9.2.9. Any infinitesimal symmetry of a second order equation for which the cor-
responding first order contact transformation has no fixed points can be written as p; for
suitable coordinates x, y, z, p, q for the first order contact manifold.

Proof. The equation manifold M has a natural projection w : M — P to a first order contact
manifold. Any infinitesimal symmetry of the system is an infinitesimal contact transforma-
tion. This contact transformation must be a prolonged infinitesimal point transformation X
of the first order contact manifold P. Since X has no fixed points we can write in suitable
local coordinates as d,, see Corollary @ So we can choose coordinates x, y, z, p, g for
P such that the contact structure on P is given by the contact form dz — pdx — gdy and X
equals 9. O

Remark 9.2.10. It is important that the infinitesimal symmetry has no fixed points on the
first order contact manifold. For example consider the vector field X = x2d, on Z with
coordinates x, y, z. The prolongation to the first order jet bundle is x%d, + 2x0;, and the
prolongation to the second order jet bundle is x29,+2x 07,420, .. So the second prolongation
of X has no fixed points, while X and the first prolongation of X have fixed points. @

This restricts the class of first order systems that can be obtained by a symmetry reduction
from a second order equation. Any symmetry can be locally written in the form X = 9d,. The
second order equation is then invariant under translations in the direction of z and can be
written in the form F(x, y, p,q,r, s,t) = 0. The quotient of the equation by X is a first
order system is of the form

q=r, Fx,y,u,v,p,q,s)=0,

for a function F. The first equation g = r defines the Lagrangian subspace A, C Gra(Tp B)
at each point. Then the equation surface is a hypersurface in the Lagrangian subspace. These
surfaces are far from generic. In particular the second order invariant I defined in has
value one or is undefined.

Example 9.2.11 (Scaling a pseudosymmetry to a symmetry). Consider the equation
r =t + p. The distribution is V = { D, Dy, 0y, 0; }, with Dy = 9 + pd; + (t + p)9, + 59,
and Dy = 9y + qd; + 53, + t9,. The characteristic systems are given by

F = span (Dx + Dy + 59, 05 + 8,) , G =span (Dx — Dy + 505, 95 — 8,) .
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The vector field V = 9, + 9, is a pseudosymmetry of the equation; this can be checked by a
direct calculation. The vector field is not a prolonged first order contact transformation since
V is not a symmetry of V.

However when multiplied by a suitable function ¢ the vector field becomes a symmetry.
We can also check this by calculation. Suppose that ¢V is a symmetry.

[¢V, Dy + Dy + 58]
[V, Dy — Dy + s8]
[¢V, 05 + 0]
[¢V, 05 — 0]

¢V — (Dy + Dy +5035)(¢)V  mod F,
—(Dy — Dy +5095)(¢)V mod G,
—¢;V mod F,
—¢;V mod G.

The last two equations imply ¢s = ¢, = 0 and then the first and second one together imply
¢q = ¢p = ¢, = ¢y = 0. From the first equation we see ¢ — @y, hence we can take
¢ = Cexp(x) as the general solution. The vector field exp(x)(9; + 9,,) is a symmetry of the
system. %)

Remark 9.2.12. A method to find exact solutions of partial differential equations introduced
(under a different name) by Bluman and Cole [10] is the use of nonclassical symmetries.
For a more recent introduction see Hydon [42]]. These nonclassical symmetries are defined
on finite order jets bundles (in contrast with generalized symmetries, which are defined on
infinite jet bundles), but are in general different from pseudosymmetries. The nonclassical
symmetries also have the property that if X is a nonclassical symmetry, then A X is a nonclas-
sical symmetry for every function A. For second order scalar equations in two variables, the
nonclassical symmetries are disjoint with the true pseudosymmetries. %)

Example 9.2.13 (True pseudosymmetry for second order equation). Consider the wave
equation s = 0. The characteristic systems are given by

F =span (F| = 0y + pd. +rdp, , =0,), G =span(G| =0, +q0.+194, G2 =0).
Define the vector field V by 0, + pd, + (p* +r)d,. We have

[V,Fi]=pV modF,
[V,F,]=—-0,=0 mod F,
[V,Gi]1=0,

[V, F»]=0.

Thus V is a pseudosymmetry. The vector field ¢V is a symmetry if and only if ¢ satisfies
the system of equations Fi¢ = po, G1¢ = 0, (P> +r)F(p) +¢ =0, ¢, = 0. The only
solution to this system is ¢ = 0, hence V is a true pseudosymmetry. Note that V preserves
the characteristic subsystem of }’ and hence induces a first order vector field. This first order
vector field d; + pd, is not a contact transformation. %)
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9.2.3 First order systems

For a first order system we define a pseudosymmetry as a vector field that is transversal
to the contact distribution and is a pseudosymmetry of both characteristic Monge systems.
The quotient of a first order system by a pseudosymmetry is a manifold P of dimension 5
and the Monge systems project to two rank two distributions W4. For elliptic equations
the projected distributions W4 are distributions in the complexification of the tangent space.
From the properties of the Monge systems it follows that (W, W_1 Cc W = W, & W_.
For a hyperbolic first order system the projection is a hyperbolic exterior differential system
of class s = 1. If the distribution W = W, @ W_ is a contact distribution (maximally
non-degenerate), then the projected system is a hyperbolic Monge-Ampere equation in the

sense of Proposition

Example 9.2.14 (Pseudosymmetry for the contact distribution). Consider the first order
system u, = exp(u),vy = 0. This system is contact equivalent to the first order wave
equation (@.13)), but in these coordinates the pseudosymmetries will be more simple. We
introduce coordinates x, y, #, v, p = uy,s = vy, on the equation manifold. The system is
hyperbolic and the two characteristic systems are given by

F =span (F| = dx + pdy, F2 = 9p),
G = span (G| = 9y + exp(u)dy, + 50y + exp(u) pdp, G = dy) .

Define the vector field V = 0,. Then we have

[V.F11=0, [V,F]=0,
[V,Gi]=expm)V modV,
[V, G2l =0.

So V is a pseudosymmetry of V. But [V, G] = exp(u)d, + exp(u)pd, # 0 mod V,G.
Thus V is not a pseudosymmetry of G. This also proves that the pseudosymmetry V cannot
be scaled to a symmetry of )V by any factor. @

Example 9.2.15 (continuation of Example 9.2.14). = We continue with the first order
system u, = exp(u), v, = 0. A pseudosymmetry of V = F @ G that is also a pseu-
dosymmetry of the Monge systems is W = 9, + pd,. In fact any vector field of the form
W + F(x, pexp(—u), y + exp(—u))d, is a pseudosymmetry for 7 and G. Note that W is a
symmetry of the system when multiplied by exp(u). @

Example 9.2.16. Take the first order system defined by u, = 0, v, = u®/2. We write
P = uy, s = vy. The characteristic systems are given by

F = span(dy + pd, + (u?/2)dy, 3p),
G = span(0y + 59y, ;).

A true pseudosymmetry of the system is given by V' = 9, +9, +ud,. Note that V is a symme-
try of G and a pseudosymmetry of F. Using the 1-parameter group of symmetries generated
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by the infinitesimal symmetry x 0y +vd, + pd, +s9, we find the family of pseudosymmetries
0y + cdy + ud), for c an arbitrary constant. Another family of pseudosymmetries that can be
obtained in this way, is given by (1/4c?u? —u + 1)d, + 3y + (c*pu/2 — c(W?/2 — p) +u)d,.
All these pseudosymmetries can be scaled by arbitrary functions.

Let M/ span(V) be the quotient of M by the integral curves of the pseudosymmetry V.
On the quotient manifold we can use coordinates x, y, U = u —v,p = p — u2/2, § = —s.
The projected characteristic systems are

F = span (dy + pd;, d;), G = span (dy + 50z, 95) .

This system is equivalent to the first order wave equation (Example {.6.5). The general
solution is given in parametric form by

i=ax)+py), p=dx), §=BO.

This defines an integral manifold of the projected system that can be lifted to an integral
manifold of the original system. If we make the coordinate transformation 4 = u — v, v = v,
then the original system is transformed to the first order system i, +v, = 0, v, = (U + )%/2.
Substitution of the general solution &z = « + B into this system leads to an overdetermined
first order system in v for which the compatibility conditions are satisfied:

~ - (a+B+D)?

Uy =—=p'(»), U= —
Integration of this system using the Frobenius theorem leads to the general solution for u and
v. %)

The projected system for a pseudosymmetry of a first order system is a manifold of di-
mension 5 with two rank two distributions Y., W_. These bundles satisfy the conditions of
a hyperbolic exterior differential system of class s = 1. We have the additional relations

[ ] [W+,W—] CW=W+@W— 5
e rank([W, W]) = 5, hence either W, or WW_ is not integrable.

It could be that there are more relations that hold in general. The examples below show that
there is quite some freedom in the projected structures.

Example 9.2.17 (Projected bundle). The total bundle V = W, @& W_ for the projected
structure can be a contact distribution, but this is not always the case. Consider the system
defined by u, = v, = 0, see Example The vector field 9, — 9, is a symmetry of
this system. The quotient system has coordinates x, y, p, s,z = u + v and the projected
characteristic bundles are given by

W, = span (3x + po;, 8[,) ,  W_ =span (8}, + 59, 8S) .

A form dual to the distribution W = W, @ W_ is 8 = dz — pdx — sdy. It is clear that this
is a contact form.

If we take the symmetry 9,, then we find a projected system with coordinates x, y, u, p,
s and characteristic systems W, = span(dy + pdy, 9p), W_ = span(dy, d;). The form dual
to Wy @ W_ is equal to du — pdx. @



9.2 Pseudosymmetries for differential equations 213

9.2.4 Monge-Ampere equations

Recall that in Section [7.2.1] we showed that a hyperbolic Monge-Ampére equation can be
formulated as a rank 4 distribution JV on a first order contact manifold P together with a
hyperbolic structure on WV that satisfied some additional properties.

Definition 9.2.18. A pseudosymmetry for a Monge-Ampere equation (P, Wy, W_) is a vec-
tor field V that is a pseudosymmetry of both characteristic systems. In formula:

Wi, V]=0 mod Wy, V. 9.2)
S

If V is a pseudosymmetry for the Monge-Ampere equation (P, VV) pointwise not con-
tained in Y, then locally we can define the quotient manifold B = P/span(V). The con-
dition (9.2) implies that the bundles W4 project down to rank 2 bundles Z/+ on B. The
projected bundles define an almost product structure or almost complex structure on B de-
pending on the type of the equation. The integral manifolds of (P, W) project to integral
manifolds of this structure on B. Conversely, if we have an integral surface for the almost
product or almost complex structure on B, then we can lift this to an integral surface of the
Monge-Ampere equation. This lift depends only on the choice of a point in the fiber above a
point on the surface.

Example 9.2.19 (Wave equation). On the first order jet bundle P we introduce coordinates
X,Y,2, p,q. The solutions of wave equation z,, = 0 are in correspondence with the integral
manifolds of the bundles W, defined by

W, = span (dx 4+ pd, dp), W-_ =span (dy + g9z, pq) -

The contact symmetries of this system depend on two functions of two variables. This will
be proved in the examples in Section[9.3.2]
Consider the family of vector fields depending on two functions «, B defined by

V =0;+ B, p)(0x + pd;) — ad). 9.3)
We scale V by a function ¢. A simple calculation yields that

[0x + pd;, ¢V] = (¢x + pp)V + paV  mod Wy,
[0p,0V]=¢pV +¢BV mod W,,

[0y +q0z, V] = (¢y +g¢)V mod W_,
[04, V] =¢yV mod W_.

9.4

Hence V is a pseudosymmetry for all functions «, 8. The condition that V can be scaled to a
true symmetry is given by the system of equations

(@x + po) +dpa =0, ¢,V +¢8=0,
¢y +q¢9: =0, ¢4 =0.



214 Pseudosymmetries

From this system it immediately follows that ¢ is a function of the variables x, p and should
satisfy

bx = —da, ¢, =—¢Pp. 9.5)
The compatibility conditions for this system are a;, = By, see Example[T.2.20} %)

9.3 Decomposition method

We want to calculate the pseudosymmetries of a second order scalar partial differential equa-
tion in two independent variables. The quotient of the equation by this pseudosymmetry will
be a first order system. First we give a geometric formulation of both systems and then we
give a method for finding pseudosymmetries. The idea for the method was developed by
Robert Bryant and the author during a visit of the author to Robert Bryant at Duke University
in July 2005. We also give several examples. We develop the theory for hyperbolic systems.
A similar construction for elliptic systems is possible, with the complication that one has to
work with complex systems.

9.3.1 Solution method

Suppose we have a second order partial differential equation and want to find all pseudosym-
metries. Writing down a general vector field (modulo a scalar factor) and then writing down
the conditions for this vector field to be a pseudosymmetry gives a system of 16 equations for
6 unknown functions of 7 variables. Solving this system is quite difficult in practice.

Let (M, V) be hyperbolic system determined by a second order scalar partial differential
equation in two independent variables. Then we can choose an adapted coframing 6°, 0!, 62,

@, 0*, @°, ®° such that V is the dual distribution to 6°, 61, % and

do® =0' A’ + 6% Aw* mod 6°, (9.6a)
do' = Aw’ mod 0%, 6,62, (9.6b)
d9? = 0* A w® mod 6°,6', 62 (9.6¢)

See Definition[6.1.4] We will write 7 = V. = span(d,,3, 0,,5) and G = V_ = span(d,4, d,,6)
for the Monge systems.

Lemma 9.3.1. Any pseudosymmetry (and hence every symmetry) of a hyperbolic, elliptic
or parabolic second order equation is pointwise not contained in the derived bundle of the
contact distribution on an open dense subset.

Proof. Let (M, V) be the equation manifold with contact distribution V. Let V' be the derived
bundle and V" the second derived bundle. We have dimV” = 7, s0V” = TM. Let V be
a pseudosymmetry of V. Then the non-degeneracy of 1V implies that V is pointwise not
contained in V' on an open dense subset. The vector field V must also be a pseudosymmetry
of V', see Theorem Assume V is contained in V' on a non-empty open subset of M.
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Then since V is a pseudosymmetry of V' we have [V, X] C V' forall X C V'. But then V is
in C()'). For these systems C (V') C V and this gives a contradiction. a

Remark 9.3.2. For a second order equation and a pseudosymmetry V there can be closed
sets for which V, € Vy. For example take the wave equation described in Example {.2.2]
The vector field X = 9 is the infinitesimal symmetry of the wave equation that generates the
translations in the x-direction. The characteristic bundle F is spanned by 9y + pd; +r09p, ;.
For all points m for which p = r = 0 we have (0x);, € F. @

From here on we will concentrate on pseudosymmetries V for which V,, ¢ V,, for all
points m. These pseudosymmetries are interesting because they generate nice projections to
first order systems. The lemma above shows that for any pseudosymmetry the set of points
where this condition might not be satisfied is a closed set of lower dimension.

Assuming that V,,, € V,, we can adapt the coframing such that GO(V) = land 91’2(V) =
>3OV = 0. Any vector field on T M determines a section of the bundle TM/V. We
define the map

p: X (M) —T(TM/V): X+ X=X mod V.

Lemma 9.3.3. Any pseudosymmetry V is uniquely determined by the section V.= p(V) of
T™)V.

Proof. Suppose V and W = V + X are both pseudosymmetries of (M, )) and W =V.
Then X C V. Since V and W are pseudosymmetries we have [V, V] C V 4+ RV and
[W,V] C V+RV. Butthenalso [X, V] C V+RV. Since X isin Vand V ¢ V' this implies
that [X, V] C V. But the bundle V has no Cauchy characteristics so this implies X = 0 and
hence V. =W. d

So a pseudosymmetry is uniquely determined by the corresponding section in 7M/V. In
turn such a section uniquely determines a basis for 7 M /V up to scalar factors. The bundles
V. /V and V' /V are invariant bundles in TM/V and TM/V = span(V)® (V. /V)D(V_/V).
By choosing non-zero vectors V in (V' /V) and V, in (V_/V) we have a basis V, Vi, V; for
T M/V that is invariant up to scalar factors. We already have invariantly defined the system
MO = span(@o) dual to V' and the two systems M' = span(@o, 6') and M? = span(@o, 92).
We choose new differential forms 6! and 62 in M! and M2, respectively, such that

o' (vy=0, 6*V)=0. 9.7)

Given the section V of TM/V this determines 6°, 8! and 62 up to scalar factors. The fact
that V determines 6! and 02 uniquely, suggest looking for a condition on 8! and 62 such that
V is a pseudosymmetry.

Lemma 9.3.4. Let V be a pseudosymmetry of (M, V) and define 0", 02 as in (9.7). Then the
equations

doOHY2 A0 A0 =0, (dOPHZ A0 AB*=0 (9.8)
hold.
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Proof. The equation (d8')? A 8! A 62 = 0 can be rephrased as d9! decomposes modulo
61, 02 or d9' is a decomposable 2-form on V = span(8!, 62)*. If d9' does not decompose
modulo 61, 62, then we have

= A’ +a A6 modo', 62

for some 1-form « that is non-zero modulo 6, 6!, 62, @*, @°. So « is non-zero when re-
stricted to the distribution V_ = span(d,s, d,6). In particular we can assume that o =
caw* + cew® and not all ¢ ;j are zero. Assume (without loss of generality) that ¢4 # 0. Then
we have

0 ([V,8,4]) = —d0(V, 8,4) = cq #0.

So[V,V_1¢ V_ 4+ RV and hence V is not a pseudosymmetry of the characteristic bundle
V_. This proves that (d9H2 A0 AH% = 0. A similar argument shows (d6’2)2 AOLAG2 = 0.0

So if V is a pseudosymmetry, then there are d9' and df? that decompose modulo 61,
62. Recall that the structure equations (©-6) only require 6! and 62 to decompose modulo
0°,6', 0%

Remark 9.3.5. A more geometric proof of the lemma above is as follows. If V is a pseu-
dosymmetry of a second order equation, then the quotient system will be a first order system.
For this first order system we can find an adapted coframing with characteristic forms 6!, 62.
Recall that for first order systems the characteristic contact forms satisfy the decomposition
equation

(CUDSNAVNS

The pullbacks 7*0', 7*6% of 6! and 62 are equal to 6 and 8! modulo a term 6°. But
since 81(V) = 0 and %! (V) = 0 (since the pullbacks are semi-basic) they must be the
same. The decomposition equation for #', §2 can also be pulled back and this provides the
decomposition equation for 8!, 6. %)

Now we come the the key idea of the method. In order for the vector field V dual to 6°
to be a pseudosymmetry it is necessary and sufficient that d6! and d6% decompose modulo
o', 0%

Theorem 9.3.6. Let 6°, 61, 62, &3, 0*, @, 0® be an adapted coframing ©.6). The vector
field V = g0 dual to 09 is a pseudosymmetry for the equation if and only if
@oH> A0 A7 =0, (d0HE A0 AGZ=0. 9.9)

Proof. The necessity of the conditions was already proved in Lemma We will
prove that the conditions are sufficient. The characteristic subsystems are spanned by F =
{0,3,0,5} and G = {9,4,0,6}. We will prove that [V, F] = 0 mod V,F. The case
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[V,G] = 0 mod V, G can be proved in a similar way. The condition we have to prove is
equivalent to
01V, 9,3D) =0, 61V, 9,5) =0,

)
0%([V,d,3]) =0, 62([V,d,5]) =0,
o*([V,8,5]) =0, o*([V,8,5]) =0,
o®([V,8,5]) =0, ®([V,d,5]) = 0.

0
0

(9.10)

From these eight equations we will prove that 2 representative ones are satisfied, the other six
are similar. Using equation (A.4) we have
0 ([V,8,5]) = —do (V, 8,3) + V(0'(3,3)) — 8,50 (V)
= —do"(V,d,3) + V(0) — 8,3 (0)
= (@’ A@*)(V,d,3) =0.

So the first equation is satisfied. Next we consider the fifth equation.

o*([V, 8,5]) = —dw*(V, 8,3) + V(©*(3,3)) — 8,3(@*(V))
= —dw*(V,8,3) + V(0) — 8,3(0)
= —dw*(V,8,3).

From the structure equations we find

0 = d%6% = do* A 0°® — @* A do® m0d91,92,w3Aa)5,a)4Aa)6.
This implies that do* = 0 mod 0!, 62, w*, ®, > and therefore w*([V, d,3]) = 0. The
other six equations from (9.10) are similar. |

Finding the pseudosymmetries is therefore equivalent to finding the coframings that are
adapted properly in the sense that d9! and d9? decompose modulo 8!, 2. This condition is
equivalent to

@oH2 A6l A6? =0,

9.11)
@0*)> A0 A6 =0.

The pair ', #2 then determines a section V of 7 M /) up to a scalar factor and by Lemma

there is a unique pseudosymmetry V.

We can parameterize all possible choices of adapted 6!, 62 using two functions p1, p>
and the transformation 8 > 61 + p16°, 82 > 62 + p»0°. The condition that the 2-forms
do! and d9? decompose translates to a system of partial differential equations for p; and p.

The good thing about this method for finding pseudosymmetries is that the calculation
has been split into two steps. The first step is to determine a pair of adapted contact forms 6!,
62 that satisfies the decomposition equation (O-TT). This corresponds to choosing a suitable
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section V of TM/V. To find such a pair we have to solve a system of equations for two
unknown functions pi, pz. The second step is to extend Vtoa pseudosymmetry V. The
theory above proves this extension always exists and is unique. In practice we search for an
adapted coframing, i.e., we have to adapt @, 0, &, by calculating do! and d62. Then
we can define V as the dual vector field to 6°.

Other advantages are that the system of partial differential equations for py, p; is a system
of only 4 equations for two unknown functions, instead of 16 equations for 7 functions if we
start with a general vector field. Also we have formulated our problems in terms of differential
forms and can therefore use Cartan’s method of equivalence and the Cartan-Kéhler theorem
to tackle the problem. An example of the method is given in the examples[9.3.8]and[0.3.13]

In general the equations (9.11)) yield four quasi-linear equations for the 2 unknown func-
tions pp, pa. This system is overdetermined, so in general there will be no pseudosymme-
tries. We work out these equations explicitly. Assume that we have an adapted coframing
as in (9.6). We write @° = 6%, w2 = 12 + p;,0° and @ = ° A ! A @?. There exist
I-forms aj, bj,cj, j = 0,1,2 with by = >, = ®* such that the structure equations for
6/ are given by

do° = a6 + bph' + cob?,

do' =P A’ +a; AOY + by AB +cp AB2, 9.12)

do? = * Aa® +ar AO° + by ABY + o A B2

Let © = 09 A 0! A 62. The first decomposition equation can be written as

0= (dw")? Ao Aw?

= (6" +dp1 A 6o+ p1d6o)> A 0" + p16°) A (0% + p26°)
=20 Aw Adpy AP ABT A G2

+ (@ AW +ar A" +by A0 41 AO + praof® + bob' + o))’
A O + p16°) A (0% + p26?)

=2dpi AO AW AW +2(a1 + prag) AO AW’ A @

—2p1(b1 + p1bo) A OA® AW —2pa(c1 + pico) A O AW AW

=2(dpi + a1 + pi(ao — b1) — ptbo — paci — p1p2co) NO AW AW,

And the second decomposition equation reduces to
0= (62 + dpa A 0° + padfy)” A (01 + p16°) A (8% + p26°)
=2(dps + ax + pa(ao — ¢2) — p3bo — pica — pip2bo) A O Aw* A

In local coordinates there are 4 first order equations for the two unknown functions p; and
p2. The equations are quasi-linear and polynomial in p1, pa.
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Remark 9.3.7 (Cartan’s test). If we add the functions p;, p» as new variables to the sys-
tem, then we are looking for 7-dimensional integral planes of the exterior differential ideal Z
generated by the two 6-forms defined above. The space of integral elements V7(Z) has
codimension 4, since we have 4 first order equations in py, ps.

Let 7! = dpy, 7% = dp;. We can define the integral flag

Ey={0,} CEy={0,0,0,1}C...,
...CE;= {3w0, awl, 3w2, aws + plpzaﬂz, aws, 3w4 + plpzaﬂl, 3w6}.

The codimensions of the polar spaces are co = c) =ca =c3 =c4 =0,¢c5 = 1,¢c6 = 1.
Cartan’s test is not satisfied, hence the system is not in involution. %)

Example 9.3.8 (Liouville equation). We will calculate the pseudosymmetries of the Liou-
ville equation s = exp(z). We start with the initial coframing

o’ =dz — pdx — qdy,

o' =dp — rdx — é°dy,

w? = dg — ¢%dx — tdy,

W = dx, ot = dy,

w’ =dr — e pdy, ®=dr— e“qdx.

In the notation of (9.12)) above we have ap = 0, by = @, co =t a; = e, by =) =0,

a» = ew3, by = ¢ = 0. The conditions for p1 and p; are

dp + eza)4 — p1p2w4 =0 mod w0’1’2’3’5,

dp> + ezw3 — p1p2w3 =0 mod w*h2%0,

A special family of solutions is given by p» = gh(y) — h(y)> + ' (y) — 1)/(q — h(»)),
p1 = e€*d py/dt for an arbitrary function /(y). There is a similar family of solutions with p
and p; interchanged. The family of pseudosymmetries determined by the family is

0y +h (D + (ah() = hG)? +H () 8
+ () = gh(0)? +20h(3) = 3RIH' ) + ' () + 1" () ) .

We can scale these by a factor exp(— [~ h(y)dy) to be true symmetries of the system. %)

Remark 9.3.9. There are no apparent generalizations of the method described in this section
to other types of partial differential equations. The method for finding pseudosymmetries
is closely related to the structures of second order scalar equations and first order systems,
which are very similar. Also the contact forms 8°, 0!, 6 are special in the sense that they
together already determine the structure of the system. For pseudosymmetries of first order
systems the resulting systems are not determined by the projected distribution alone. The
decomposition into characteristic systems has to be given. %)
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9.3.2 Pseudosymmetries of the wave equation

Example 9.3.10 (Contact symmetry group of the wave equation). The wave equation is
a Monge-Ampere equation that can be formulated as a hyperbolic exterior differential system
T of class s = 1 on the first order contact manifold with variables x, y, z, p, ¢g. The system
T is generated by

6 =dz — pdx —gdy, W!'=dxAdp, W?=dyAadg.

See for example Ivey and Landsberg [43] Section 6.4]. The forms 6, W!, W? are unique up to
a scalar factor. We want to show that the group of contact symmetries of this system depends
on two functions of two variables.

Let o be a contact symmetry. For simplicity we assume that we have labelled the two
characteristic systems and o does not interchange the two characteristic systems. Then we
must have

o*(dx Adp) = C(x, p)dx Adp, o*(dy Adg) = D(y, q)dy Adg,

for functions C, D and hence any o must be of the form x = a(x, p), p = b(x, p), y =
m(y,q) and ¢ = n(y, q). The contact form 6 must be preserved, hence we have

0*(dz — pdx — qdy) = pu(dz — pdx — gdy),
for a function . By taking the exterior derivative we find
o*(dx Adp +dy Adg) =du A0 + u(dx Adp +dy Adg).

From this is follows that du = 0 mod 6. Since d6 # 0 mod 6 this in turn implies that x is
a constant and C = D = u. Since C, D are constant we must also have

o*(pdx) = Cpdx +d(f(x, p)), 07(qdy) = Dgqdy +d(g(y,q))
with f, g certain functions. Then we can calculate
0*(dz) = 0™(0) + 0" (pdx) + 0 (qdy) = ndz +d(f(x, p) + g(y. 9))-
From this it follows
o*(x) =a(x,p), o*(p)=b(x, p),

o*(y)=m@y,q), o*(@q)=n(y,q),
0*(z) = const+uz + f(x, p) +g(y,q).

The condition that 0*(0) = n6 implies that we have four relations between the unknown
functions a, b, m, n, f, g

fp—bap =0, fi—ab+pup=0,

(9.13)
gq —nmy =0, gy, —myn+puq=0.
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The preservation of W! and W2 implies the equations
axbp —apby =, myng —mgny, = . 9.14)

Note that the last two equations are precisely the compatibility equations for the system
as a system of partial differential equations for the two unknown functions f and g. For
arbitrary functions a, m we can first solve the system (9.14). The solutions b, n depend on
two more arbitrary functions of one variable. Then we can solve the system (9.13) since the
compatibility equations for the system are satisfied. The functions a, b, m, n, f, g and
together define a (local) symmetry of the wave equation.

Let us give a geometric interpretation of the construction above. The contact form 6 and
the two characteristic forms W! and W? together determine the two characteristic systems
W4 and W_ (see Section [5.5.1). The contact form 6 is determined up to a constant. This
implies there is a Reeb vector field Z unique up to a scalar constant. This Reeb vector field
determines a unique foliation of the equation manifold M. The Reeb vector field is contained
in the rank 1 bundle Z2 = W, N W_. Let # : M — B be the projection onto the quotient
space of M by the foliation. The characteristic systems project to integrable bundles W+,
W_ on B and give B a direct product structure By x Bj.

M

J{nlxnz

By xBy=M/Z

The Reeb vector field is a symmetry of 6 and hence df projects down to a 2-form 2 on B
that is determined up to a scalar factor. The non-degeneracy of the contact structure implies
that Q2 restricts on each component B; to a volume form £2;.

Every contact symmetry of the wave equation must preserve the fibers of the projection
and induce a map on B; and B, that preserves €21 and €25, respectively. We can now construct
all local contact symmetries of the wave equation in three steps.

1. Choose a constant scale factor p.

2. Choose two (local) diffeomorphisms ¢1, ¢ of By and B,, respectively, that scale the
volume forms by a factor w.

3. Lift the map ¢ = ¢ x ¢, on B to a (local) diffeomorphism on M. Let M be a copy
of M. We will lift the graph of ¢ to an integral manifold of M x M that is (locally) the
graph of a contact symmetry. A contact symmetry is given by a 5-dimensional integral
manifold for the exterior differential system on M x M generated by ©® = 6 — 6 and
vl — U with independence condition given by dx A dy A dz A dp A dg. The graph
of ¢ is a submanifold of dimension four in B x B. Let S = (1) x nz)_l(gr(qb)) be
the inverse image of this graph. Then S is a submanifold of dimension six in M x M.
The form © is not closed on M x M , but the pullback of ® to § is closed. Hence
on the manifold S we have a closed 1-form ®|g. The integral surfaces of this closed
form can be found using the Frobenius theorem and dependent on one constant c¢. The
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integral surfaces are of dimension 5 and are integral surfaces of the exterior differential
system generated by ® = 6 —6 and W! — ¥ and hence define contact transformations.
This choice of constant ¢ corresponds to the contact transformation z — z + ¢, i.e.,
translation in the z coordinate.

As an example we will construct the Legendre transformation. In the local coordinates
m = (x,y,2, p,q) we have Z = span(d,), m; : M — B; = R*> : m > (x, p) and

Tt M — By =R?:m +— (y,q). Introduce coordinates %, ¥, Z, p, § on a copy M of the
equation manifold M.

1. We choose scale factor u = 1.

2. As volume-preserving diffeomorphisms we take ¢; : R> — R? : (x, p) = (—p, x)
and ¢y : RZ > R?: (y,¢) — (—q, ).

3. On the~pullback S we can introduce coordinates x, v, z, p, ¢, Z. The inclusion § —
M x M is given by (x,y,z, p,q,2) — ((x,y,2, p,q), (—p, —q, Z, x, y)). The pull-
back of ® equals

Ols = dz — pdx — gdy — (dZ + xdp + ydgq)
=dz —d(xp) — d(yq) — dz.

The integral manifolds are given by z = z — px — gy + c. The choice ¢ = 0 gives the
Legendre transformation. @

Example 9.3.11 (Contact symmetry group using Cartan-Kihler).  There is another
method to analyze the “dimension” of the space of contact symmetries. We formulate the
contact symmetry problem for the wave equation as an equivalence problem on the first order
contact manifold P. We introduce the coframing 6° = dz — pdx — ¢dy, 6! = dp, 6% = dq,
63 = dx, * = dy. To this coframing we have to associate the structure group G consisting
of the matrices

cw 0 0 0 0

0 C11 0 C13 0
g=10 0 0 c4

0 31 0 (co+c3ic13)/cun 0

0 0 ca 0 (co + ca2¢24) /22

The group maps 6° to a multiple of 9° and preserves the ideals span(dx, dp) and span(dy, dg).
Also the structure equation d9° = 63 A 01 +6* A 62 mod 00 is preserved. We have formu-
lated the structure of the wave equation in the form of an equivalence problem and can apply
the method of equivalence to determine the symmetries. We write @ = g~'6 for the lifted
coframe on P x G. The tableau associated to this system has the form

w 0 0 0 0
0 yn O Y13 0
O=10 0 y» 0 Y24
0 yvsi1 0 yo— i 0

0 0 yp 0 Yo — V22
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The Cartan characters are s1 = 5, 5o = 2, 53 = s4 = 55 = 0. The dimension of the first
prolongation is 8, so the system is not in involution. We write the structure equations as

do=—-y A0+ T(Aw).

Here y is the connection form and T respresents the torsion of the system. We can parame-
terize the possible connection forms by

0 0 0 0 0

0 hla)l + h3a)3 0 hyo! + /’15603 0
y=y+]0 0 hyw? + hyo® 0 haw® + heo* |,

0 ho'—hio? 0 —ho' — he? 0

0 0 hgw?* — hyw* 0 —hyw?* — hyo*

where y is the left-invariant Maurer-Cartan form of the Lie group G.

Let H be the 8-dimensional abelian group with coordinates k1, ..., hg. Consider the
system w, ¥ on the manifold P x G x H. The structure equations are

do=—y Aw+T(w A w),

dy =—y Ay +

0 0 0 0 0

0 Ao +19P A’ 0 P Ao+ 9 Ao 0

0 0 > A w*+n* Aot 0 n* A+ 18 Aot
0 " Ao —npl A 0 Aot =P A? 0

0 0 A0 =02 A0t 0 -2 A =t Ao?

where n/ = dh/ modulo terms 7 and w. There is no torsion and the Cartan characters are
s1 = 6,50 =2, 53 = 0. The dimension of the first prolongation is 10. Since s1 + 25, = 10,
the system is in involution and from the Cartan-Kihler theorem it follows the general contact
symmetry depends on 2 functions of 2 variables. @

Example 9.3.12 (Pseudosymmetries for the wave equation). In this example we will ap-
ply the method described in Section [9.3]to the wave equation. We start with the following
adapted coframing for the wave equation

6° = dz — pdx — qdy,
ol = dp — rdx,

6% = dg — tdy,

@ = dx, ot = dy,

a)szdr, C()6=dt
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The structure equations for this coframe are
de® = —0' A 63 — 6% A 6%,
do' = -’ A a)3,
do? = —® A a)4,
do® =0, do’ =0,
do* =0, do®=0.
We introduce new contact forms 612 = 91.2 + p 1,290. We want to find all functions p1, p2

such that 8! and 6% decompose modulo 6!, 62. The condition is given by equation (9.1T)),
which reduces in this case to

dp1 + pipro®) =0 mod 6°,6',6% w3, &,

(dpa + p1p2a)3) =0 mod 90, 91, 92, a)4, o®.
In local coordinates these two equations are equivalent to the system of equations 8 p1 /dw* =
—p1p2, 3p1/3w® =0, 8 p2/dw® = —p1pr, dp2/dw’ = 0, or equivalently

api api api api

. n I— =— ’ . = 05
ay i 0z * aq pipz ot

Ip2 Ip2 Ip2 ap2

Py P2 P i, P2,
ox P 0z tr ap pipz or

There seems to be no exact method to solve these equations. In the generic situation (p1, p2 #
0) the solutions of this system depend on 2 functions of two variables. The calculations are

in Example[0.3.13] below.
However, we can find a special 3-parameter family of solutions by taking p» = 0. Then

the most general solution for pi is just p; = a(x, p, r). We find a new coframing
6° = dz — pdx — qdy,
6! =dp — rdx +a(x, p,r)(dz — pdx — gdy),
6% = dg — tdy.
Note that
df' = (0 — a,0°) A (0 + (ax +rap —a®e®) mod ', 62

d6? = o* A .

So we should adapt our coframing and redefine o, @, o*, 0° to
& = — a6,
~5 5 2,50
@’ =w + (ax +rap, —a”)o",

ot = a)4, @° = .
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We have found a new adapted coframing that defines a pseudosymmetry. The vector field
dual to 69 is

V = (1+ pa,)d, + (rar — a)d, — (ax +ra, —a*)d, + a,dx. (9.15)

Let us check that the vector field V is a pseudosymmetry of the system. The characteristic
systems for the wave equation are given by

F =span (F| = 0x 4+ po; +rd,, G = 9,),
G =span (G| =9y + qd, + 19y, G2 = 0;) .

We calculate the Lie brackets of ¥V with representative elements from the characteristic
bundles.

[vV, Fil=—(ay + Fi(y))V mod F,

]
[vV, Fl=—-F @)V mod F,
[YvV,Gil=-G1(¥)V mod G,
[VV,G]l =—-Ga(¥)V mod G.

Hence V is a pseudosymmetry. We can only scale V to a true symmetry if we can solve the
system

Gi(¥) =G2(¢y) = 2(¥) =0, Fi(¥) = —ay.

This implies ¥ = ¥ (x, p) with ¥, + r{¥, = —ay. A necessary condition for this to be
solvable is that a is linear in r and hence of the form a = o + Br. When substituted into the
equation this yields the system

VYx +ay =0, Wp+ﬁ¢=0

From Example [I.2.20]it follows that this system has non-zero solutions if and only if o, =
Bp. So we have found a family of pseudosymmetries depending on 1 function of 3 variables
for which most pseudosymmetries cannot be scaled to a true symmetry.

We conclude with two final remarks. First note that by taking a pseudosymmetry of the
form p; = pi(x, p,r), p» = 0 the projected system will be Darboux integrable. It has
3 invariants for the first characteristic system and 2 or 3 for the second. Second note that
the first order part of V for a = o + rB corresponds precisely the the pseudosymmetry V
described in Example(9.2.19 %)

Example 9.3.13 (Prolonging to involution). In the previous example we arrived at a sys-
tem of partial differential equations (9.3.12)) that we could not solve explicitly. In this example
we will formulate the system as an exterior differential system and apply the Cartan-Kiahler
theorem. Let M be the equation manifold of the wave equation and let N = M x R? On N
we use coordinates x, y, z, p, g, , t, p1, p2. We have a basis of differential forms on this
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manifold given by

0° = dz — pdx — ¢dy,
ol = dp — rdx,
6% = dg — tdy,
P dx, ot = dy,
w = dr, ® = dr,

n1=dp1, 7T2=dp2.

We let o = 6, 0! = 0! + p10°, w? = 6% 4 pr6° and Q = w° A 0! A w?. The functions
p1, p2 that determine pseudosymmetries determine 7-dimensional integral manifolds of the
exterior differential ideal Z generated by two 5-forms

vl = (da)l)2 Aol A a)z, w2 = (da)z)2 Aol Ao
Conversely, every 7-dimensional integral manifold of Z that satisfies the independence con-
dition
QAP AN AP A’ £0 (9.16)
determines a pair of functions pj, p> and hence a pseudosymmetry.

The properties of the integral manifolds can be found by applying the Cartan-Kiahler
theorem. Before we can apply this theorem we first have to eliminate torsion. We also have
to prolong the system several times so that the system is in involution. Prolonging the system
has the additional benefit that the new system is a linear Pfaffian system.

To prolong the system we have the consider the manifold of all integral planes of dimen-
sion 7. The integral planes that satisfy the independence condition are parameterized by

1 j 2 j
mo=pjw, 7°=p .

Substituting these into the forms W!, W2, dw!, d¥? yields 6 equations; these equations
determine the integral elements.

p14a=pip2, pre=0,
P12 = p1p26 + p2p26,
P23 =pip2, p2s5=0,
P21 = p2p1s5s+ pip2s.

9.17)

We restrict to the submanifold defined by the equations (9.17). This submanifold is locally
equivalent to M x R* x R8. We have the original manifold N = M x R? with the variables

p1, p2 and the new coordinates p1.0, p1.1, P1.3, P1.4> P20, P22, P25, P2.6- The integral
manifolds of the original system (N, Z) are lifted to integral manifolds of the system on
N x R8 defined by the pullbacks of

1 j 2 j
a =m —pjo, o =m—pyjw.
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The structure equations for o! and o? are

doz1 = 11’0 /\a)O + ‘L'l’l /\w1 —|—p112’6 /\a)2 + 11’3 /\a)3 + TI’S /\a)5,

6 2,6 A w6.

(9.18)

do? =12 n 0 + 122 A ? + pzt]’ Ao +P Aot + 1

Here we have written

0 =dp1o — (p2p10 + P1P2.0)0" — (P26P10)0°,
! =dpi1 — (p26p11 + P1P1LsP26)®” — (P2p11 + P1p2p1s)’,
t? =dpi 3 — (pro)w' — (P1)? P26+ P13P2.6)w"
— (p2p13 + (P p2)e” — Q2pit — pao/p2)w’,
e =dpis — (p26p1.5)w” — (—p11 + pro/pD)@’ — (p2p1s)o*.

The expressions for 720 722 £2.4 and 26 are similar to the expressions above since the
entire system is symmetric in the characteristic systems. By interchanging the pairs (1, 2),
(3,4) and (5, 6) we find the correct expressions. For example

20 = dpao — (p1p2.0 + p2p1.0)@’ — (p15p2o)e’.

In the calculations below an expression t* will always be equal to dp, modulo some terms
k. We will not write down the full expressions since these are complicated and are not
necessary to understand the results.

To the linear Pfaffian system generated by ! and «? corresponds the tableau

1’1’0 ‘L’l’l P1T2’6 .[1,3 0 .[1,5 0
‘L'2’0 p2.L.],5 ‘L’2‘2 0 ‘L'2’4 0 ‘L'2’6 :

We assume from here on that p; # 0 and py # 0. The Cartan characters are s; = sp =
s3 = 854 = 2,55 = s¢ = s7 = 0. The dimension of the first prolongation is 16. Since
s1 + 2sp + 3s3 + 4s4 = 20 > 16, Cartan’s test is not satisfied and the system is not in
involution.

We continue with a of the system. This turns out to be the most efficient way to arrive at a
system in involution, of course a full prolongation would lead to the same result. We expand
the variables p1 5, p2,6 and add the new variables p; s j, p26,j, j =0, ..., 6. We define the
contact forms

15 ' 2,6 ‘
a =dpis—pis o, o« =dpre— pre o’ .

We are looking for integral manifolds of the system generated by !, %, '3 and «>©. First
we have to analyze and absorb any torsion present. For example we have

1 2 4

da” = (p1,0 — P1p2,64 — P1P22) 0" AW

+ p1p26.6 0* A @® mod a)o, a)l, a)3, .
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Both terms in the equation above represent intrinsic torsion. We can eliminate this torsion
by restricting to the submanifold defined by p266 = 0, p1,0 = p1p2.6.4, + p1p2.2. We can
continue in this way and by analyzing the structure equations for &', &> we find 10 equations
in total. We eliminate the torsion by restricting to the submanifold defined by

Pi55 =0, DP2.6,6 =0,
P1,0 = P1D26,4, + D122, P2,0 = P2P1,53 + P2P1,1s
P1,56 =0, 2,65 =0,
D154 = p2p1.5, D2.,6,3 = P1D2.6,
P1,52 = P1,5P2.6 + P1P26.5, P2.6,1 = P1,5P2,6 + P2P1.5,6-

We continue with the structure equations for a3, a0 We eliminate

P1,5,0 = P1,5(P22 — P2,6,4)s  P2,6,0= P2,6(P1,1 — P1,5,3)-

At this moment we are dealing with a system on a 19-dimensional manifold. The differential
ideal is generated by four 1-forms and we are looking for 7-dimensional integral manifolds.
The tableau is of the form

pl(.L.Z,Z _ T2’6’4) .L.l,l 0 .[1,3 0 0 0
pz(.[l,l _ 7'.1,5,3) 0 7:2,2 0 T2’4 00
Pl,5P1(T2’2 _ .[2,6,4) .[1,5,1 0 .[1,5,3 0 0 0
pz,épz(fl’] _ .L,l,4,3) 0 .L,2,6,2 0 .’:2,6,4 0 0

The Cartan characters are s; = sp = 4, s3 = 54 = 55 = S¢ = 57 = 0. The dimension of the
first prolongation is 8. Since s; + 2s» = 12 > 8, Cartan’s test is not satisfied and the system
is not in involution.
We prolong the system again. We introduce
1,1 j 2,2 '
a =dp1—piajo’, o =dpy1 — pro o,

MEK 264

=dpi153 — p1,53,j0, =dp264 — D264, .

Next we restrict to the submanifold defined by

P1,12 = P1P1,5P2,6 + P1,1P2,6:  Pl1,1,4 = pP2P1,1 + p1p2pLs,
P15 =p1s1, pii6=0,
P1536=0, pis3s=pisi,
P1,53,1 = —p1,5P22 + P1,5P2.6,4 + P1.1,1,
P1,533 = P1,1,3 — P1P2,2 + P1P2,6,4
P1,1,0 = P1,1P2,2 + pP1p1,5p22 + P1P2P1,5P2,6 — P2,6,4P1,1 — P1DP2,6,4,1,
P153.2 = P1P2,6P1,5 + D2,6P1,53,
P1,53,4 = P1P2P1,5 + P2D1.,5,3;
P1,53,0 = P2,2P1,53 — P1,53P2,6,4 + P1P1,5P2,2 + P1p2P2,6P1,5 — P1,5P2,6,4,3
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and the equations obtained from the equations above by using the symmetry of the system.
On this submanifold there is no torsion any more. The tableau for the system has the form

0 o0 0 rh3 0 0 0
0 0 0 0 724 0 0
0o >t 0 0 0 0 0
0 0 %62 9 0 0 0
0 'L'l 1,1 0 7:1 1,3 0 .L,l,S,l 0
0 0 .L,2,2,2 0 .[2,2,4 0 1:2’2’6
0 .L,l,l‘l 0 7:1,],3 0 .L,l,S‘l 0
0 0 .[2,2,2 0 .[2,2,4 0 .[2,2,6

The Cartan characters are s1 = 6, sp = 2 and the other characters are zero. The tableau has
dimension 8 and the dimension of the first prolongation is 10. Since s1+2s2 = 10, the system
is in involution. The general pseudosymmetry of the wave equation depends on 2 functions
of 2 variables. %)

9.4 Vector pseudosymmetries

Recall that we have defined a vector pseudosymmetry of a distribution } on M as an inte-
grable distribution I such that [/, V] = 0 mod span(V, /). Because I{ is integrable, we
can locally always construct the quotient manifold B = M/ span(l{). The condition that I/
is a vector pseudosymmetry together with the condition that ¥ N/ has constant rank implies
that the distribution V projects to a distribution V on B.

Example 9.4.1. We have already seen many examples of vector pseudosymmetries in the
previous chapters.

e The projections of Monge-Ampere equations (M, V) from the second order equation
manifold to the first order contact bundle are vector pseudosymmetries. The vector
pseudosymmetry is &/ = C(V’). This is a vector pseudosymmetry for the two distribu-
tions V.

e The projections of hyperbolic first order systems (M, V) to a base manifold with almost
product structure (Section [7.1.3). The vector pseudosymmetry is given by the bundle
B1. This is a vector pseudosymmetry for V.

The elliptic first order systems that project to an almost complex structure are also
examples of projections generated by vector symmetries if we extend the concept of
vector pseudosymmetry in the obvious way to the complexified tangent bundle.

e All Darboux integrable second order equations and all Darboux integrable first order
systems are examples as well. For a Darboux integrable equation or system the tangent
spaces to the fibers of the Darboux projection form an integrable distribution. This
distribution is a vector pseudosymmetry for the characteristic systems.
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It is a good exercise to go through one or more of these examples and check that the projec-
tions are indeed vector pseudosymmetries for the structures mentioned. %)

Example 9.4.2. On M = R* with coordinates x, y, p, g introduce the distributions

V = span (8)C +g0p, 0y + exp(p)aq) ,
U = span (8[,, Bq) .

The distribution I/ is integrable and [V, U] = 0 mod span(V, ), so U is a vector pseu-
dosymmetry for V. There are are no pseudosymmetries of ) of the form ad, + B09,. This
proves that the projection generated by the vector pseudosymmetry / can not be given as the
composition of two (pseudo)symmetry projections. %)

Let (M, V) be a first order system or second order scalar equation. We assume the system
(M, V) is hyperbolic. We are interested in integrable distributions I/ transversal to V that
are vector pseudosymmetries for both Monge systems of (M, V). The condition that / is a
vector pseudosymmetry for both Monge systems is

[, V+]1=0 mod span Vi, U).

Such a distribution locally defines a projection M — B of M onto a 4-dimensional base
manifold such that the Monge systems .+ on M are projected to transversal rank 2 distribu-
tions W4 on B. Since B has dimension four, the distributions YW+ define on B an almost
product structure.

The 2-dimensional integral manifolds of (M, V) are locally in correspondence with the
2-dimensional integral manifolds of the almost product structure on B. This correspondence
was already described in the context of the method of Darboux (see Section for the
method of Darboux as a projection method) and in the context of pseudosymmetries.

Note that this is a generalization of the method of Darboux. Whereas for a Darboux
integrable equation (or system) the projected almost product structure is integrable, this does
not need to happen for a general projection generated by a vector pseudosymmetry. Therefore
we can call the vector pseudosymmetries of this type generalized Darboux projections.

Definition 9.4.3 (Generalized Darboux projection). Let (M, )) be a hyperbolic first or-
der system or hyperbolic second order equation. A transversal vector pseudosymmetry for
(M, V) is an integrable distribution I/ that is transversal to V and a vector pseudosymme-
try of both Monge systems. The projection generated by {/ is called a generalized Darboux
projection. o

Example 9.4.4 (Constant mean curvature surfaces). Consider the equation for constant
mean curvature surfaces
(A +qg>r —2pgs + (1 + pHt
=C.
(14 p7 +¢HC

Here C is a constant equal to the mean curvature of the surface. For constant mean curvature
zero the equation is called the minimal surface equation. For any value of the mean curvature
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C, the equation is an elliptic second order equation. We can therefore write the equation as a
manifold M with rank 4 distribution V and a complex structure on V.

The constant mean curvature equation is translation invariant in the x, y and z directions.
This means that we can use {/ = span(dy, dy, d;) as a vector pseudosymmetry for V' and
the complex characteristic systems of V (the Monge systems). The quotient of the equation
manifold by ¢/ is a manifold B with an almost complex structure. The projectionw : M — B
intertwines the complex structures on V and T B.

For the minimal surface equation the projection is a Darboux projection and the projected
almost complex structure is integrable. By taking holomorphic curves in the base manifold
B and lifting these curves to M we can parameterize all minimal surfaces. In suitable local
coordinates this is precisely the Weierstrass representation of minimal surfaces (see Dierkes
et al. [22) Section 3.3]). The constant mean curvature equation for non-zero curvature is not
Darboux integrable. This implies that the almost complex structure on the base manifold B
is not integrable, and the projection defines a generalized Darboux projection. @

The projections of the minimal surface equation and of the constant mean curvature equa-
tions have the special property that the distribution / is spanned by symmetries of the equa-
tion.

Suppose we have a hyperbolic second order equation with a 3-dimensional Lie algebra of
symmetries. This Lie algebra spans an integrable distribution ¢/ on the equation manifold M
for the equation. At points where I/ is transversal to the contact distribution of V this defines
vector pseudosymmetry for the equation. The projections generated by vector pseudosym-
metries of this type are called symmetry projections. Examples of equations with symmetry
projections are easy to construct. Any second order equation of the form F(p, g, r, s, t) has
the translations as a 3-dimensional symmetry group. The Lie algebra spans an integrable
distribution that is transversal to the contact distribution on an open subset. For first order
systems invariant that are translation invariant in the x and y directions we can define vector
pseudosymmetries and symmetry projections in the same way, except that the distribution &/
will have rank two.

In Chapter [I0] we will see that the Darboux projections for many Darboux integrable
equations or systems are not symmetry projections. In Chapter [T we will give examples of
equations that have a generalized Darboux projection that is neither a Darboux projection nor
a symmetry projection.

9.5 Miscellaneous

9.5.1 Integrable extensions

Integrable extensions are in a certain sense the converse to pseudosymmetries. The concept
is defined in Bryant and Griffiths [17, p. 659] and in Ivey and Landsberg [43, §6.5]. Below
we give some examples of the construction of integrable extensions using conservation laws.
But first we explain the basic idea. A conservation law for a system of partial differential
equations is a 1-form that is closed on the solutions of the system. If we can formulate the
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system as an exterior differential system 7 in a manifold M, then a conservation law is a 1-
form « such that de = 0 mod Z. For any solution to the system, or equivalently any integral
manifold of the exterior differential system, the form « pulls back to a closed form and hence
there is a potential v such that dv = «. Note that v is not a potential for the entire system
since « is not closed.

Given a conservation law o we can add a pseudopotential v to the system by considering
the product manifold M’ = M x R and the exterior differential system Z’ generated by 7 and
dv — . Any solution to the original system yields a family of solutions of the new system
(M’,T') by integration of the form dv — «. Conversely, any integral manifold of the new
system produces an integral manifold of the original system by the projection M x R — M.
The new system (M’, T') is called the integrable extension of (M, T) by the conservation law
a.

In the examples below the projection M’ — M is given by the integral curves of the
vector field. This vector field is a symmetry or pseudosymmetry for the lifted system.

Example 9.5.1 (Wave equation). Consider the first order wave equation (Example [4.6.5)
uy = vy = 0. We let I be the Pfaffian system dual to the contact distribution. The ideal I is
spanned by the two contact forms #! = du — pdx and 6% = dv — sdy. A conservation law
for this system is given by

o = udx + vdy.

Indeed, de = du A dx +dv Ady = 0 mod I. We add the pseudopotential z as a new
coordinate together with the 1-form dz — udx — vdy. The lifted system is generated by the
three 1-forms 6, 6! and 62. In coordinates z, x, Y, U, v, p =y, s = vy these are given by
0 = dz — udx — vdy,
6! = du — pdx, 6% = dv — sdy.

The lifted system is precisely the exterior differential system for the wave equation z,, = 0.Q

Example 9.5.2 (Liouville equation). In this example we use a conservation law of the Li-
ouville equation to construct an integrable extension. Then we use the general solution of the
Liouville equation to find the general solution of the new system. The contact ideal for the
Liouville equation is generated by 6° = dz — pdx — ¢dy and the characteristic 1-forms are

o' = dp — rdx — exp(z)dy, 0% = dg — exp(z)dx — rdy.
We consider the two conservation laws defined by
o = exp(z)dx + (1/2)¢%dy, B = (1/2)p*dx + exp(z)dy.

It is not difficult to check that do = df = 0 on solutions of the Liouville equation.

We make an integrable extension using the conservation law «. We add the pseudopoten-
tial A and the 1-forms dA — «. The extension has coordinates A, x, y, z, p, g, r, t. For every
solution z(x, y) of the Liouville equation we can find integral manifolds of the closed form
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dA — «. The lifted system is precisely the prolongation of the first order system for the two
functions z, A given by

Ay =exp(z), Ay = (1/2)(zy)% (9.19)

The vector field d4 is a pseudosymmetry of the prolonged characteristic systems.
For a given function z that satisfies the Liouville equation, the solutions of the sys-
tem (9.19) are a 1-parameter family of functions A(x, y) that satisfy the differential equation

Ay = A24,. (9.20)

Conversely, for any solution A of the equation above we can define

IA(x,
2(x, y) = log <%) .

Then z is a solution to the Liouville equation.
The general solution to the Liouville equation can be expressed as

2¢" ()Y’ (y) )
@@ +v(m?)’

for arbitrary functions ¢, . The system obtained by substitution of this solution in the
equations (9.19) yields the (rather complicated) solution

@+ YWy — 29"+ Co + V)

B ¢+ v ’

z(x,y) = log <

Ax,y)

where C is an arbitrary constant of integration.

We note that the equation (9.20) is Darboux semi-integrable. One of the characteris-
tic systems has three invariants, the other system has only one first order invariant. So the
integration of this equation by solving ordinary differential equations alone is not very sur-
prising. %)

9.5.2 Bicklund transformations

Bécklund transformations are closely related to pseudosymmetries. We do not develop any
general theory here but we will give several examples to illustrate that the concept of a pseu-
dosymmetry can be used to understand Bicklund transformations.

Whenever we have two different pseudosymmetries of a system we can construct a Back-
lund transformation between the two quotient systems. In Example[9.5.3|below we construct
a Bicklund transformation between two first order systems that are not equivalent under con-
tact transformations.

Example 9.5.3. Consider the wave equation z,, = 0. The equation manifold M is 7-dimen-
sional and we can introduce the coordinates x, y, z, p, g, r, t. The two characteristic systems
are given by

F = span (8x + pd; + 1oy, a,), G = span (ay +q0; + tdy, 8t) .
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We will look at the projections generated by the symmetry V| = 9, and the pseudosymmetry
Vo =0, — pdp —ro,.

The quotient of M by V| we denote by M. On M| we have coordinates x, y,u = p, v =
q,a =r, b = t. The characteristic systems project down to

Fi = span(dx +ady, 84), Gi = span(dy + bdy, dp).

These bundles define precisely the equations uy = vy = 0.

The quotient of M by V> we denote by M>. On M, we can use the 6 invariants of V;
as coordinates. We choose x, y,u = pexp(z),a = (r + %) exp(z), v = q,5 = t. The
characteristic systems project down to

F> = span(dy +adz, 8;), Go = span(dy + dvd; + bd;, 3j).

These bundles define precisely the first order system uy, = uv,v, = 0. This system is
(2, 3)-Darboux integrable.

The two projections together give a Biacklund transformation from the system M| to the
system M. Starting with a solution u(x, y), v(x, y) of the system M| we can construct a
potential w(x, y) that satisfies wy = u, w, = v. This potential is a solution to the wave
equation and is unique up to a constant. Then we project this solution to the system M;. We
find # = uexp(w), v = v. We can easily check that the pair u, v is a solution to the system
M. @

Example 9.5.4 (Cole-Hopf transformation). The Cole-Hopf transformation is a transfor-
mation between the dissipative version for Burgers’ equation

= (uy + 1)y
and the heat equation
Uy = Uxx-

For any solution u of Burgers’ equation there exists a potential w such that wy = u and
w; = uy +u?. If we then define v = exp(w), the function v is a solution to the heat equation.
Conversely, for any solution v of the heat equation we can take (Inv), = v, /v as a solution
to Burgers’ equation.

Let M be the infinite equation manifold for the heat equation, with internal coordinates
X, Y, U, Ux, Uxx, . ... Let V be a vector field on M and suppose we want that the quotient
of M by V gives the equation manifold of Burgers’ equation. Then V must leave x, t, u =
In(v)x = vy /v invariant and also leave uyy, Uxyy, ... invariant. We write v; for the j-th order
derivative of v with respect to x. It is clear that V must be of the form V = " «,9,,. We
define op = v and calculate the other coefficients order by order. (Making another choice of
oo would lead to the same results).

V() = V(ue/v) = a1 /v — veag/v>.
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Hence o1 = vyap/v = vy. Continuing in this way we find quickly that
V =v0dy +v1dvy + vp0vy +....

The vector field V is just the scaling symmetry of the heat equation. This is a true symmetry
that is already defined on the second order jet bundle.

Note that one solution to Burgers’ equation yields a 1-parameter family of solutions to the
heat equation. A solution to the heat equation however yields only one solution to Burgers’
equation. For this reason the Cole-Hopf transformation is not always regarded as a Biacklund
transformation. It is an example of a classical symmetry reduction. %)

Example 9.5.5 (KdV and mKdV). Some classical Backlund transformations can be formu-
lated as pseudosymmetries on an infinite jet bundle. The example below is a very famous
example of a Bécklund transformation. Here we formulate the transformation as taking the
quotient by a pseudosymmetry defined on an infinite jet bundle.

There is a Bicklund transformation between the Korteweg-de Vries (KdV) equation and
the modified Korteweg-de Vries (mKdV) equation. We take as representations of these two
equations

Up = —Uyxy — Oy, (KdV)
U = —Vxrx — 6(1 — 00y (mKdV)

The transformation that maps solutions of the mKdV equation to solutions of the KdV equa-
tion is

U=7vy — v+ . 9.21)

The converse transformation is through an integration procedure. For p = O this is the Miura
transformation. See Ivey and Landsberg [43| p. 234] or [73] for more details.

We introduce the equation manifold M for the mKdV equation with coordinates x, t, v,
Uy = V1, Uxy = VU2, ... and the equation manifold B for the KdV equation with coordinates
X,t,u,uy, Uz, .... On M we define the total vector fields X = 9y + v19, + v20,, + ... and

T =0 4 (—v3 — 6( — v)v:) 3y + X (—v3 — 6(1 — v*)v,)dy, + ...

These two total vector fields span the contact distribution on the infinite jet bundle. On B we
define the total vector fields Xp = 9, + v{d, + ... and

Tp = 0; + (—uz — 6uuy )9, + Xp(—uz — 6uy )y, +....

The transformation (9.21) defines a projection 7 : M — B. The point (x, ¢, v, vy, ...) on
M is mapped to the point (x, y, u, uy,...) on B with u, = X" (v, — vZ + ). Under the
projection the total vector fields X and 7 on M are mapped to the total vector fields X g and
Tp on B, respectively.

We define the vector field V. = > o, d,, withg = 1, &y = 20, oy = VX' 1(v?).
The vector field V is well-defined, one can calculate the terms o, order by order. The term
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o, only depends on the part of V of order n — 1. For example oy = V(v?) = 2v and
ay = VX(v?) = V(Quuy) = 2V (v)v; + 20V (Vy) = 2v; + 4v%. Note that V is constructed
such that V (v, — X"~ 1(v?)) = VX" (v, — v> + ) = 0. This expresses that V leaves
uy, invariant for all n > 0. Since V leaves invariant x, ¢, u, uy, ..., the quotient of M by
the integral curves of V gives the transformation u = v, — v> 4+ . Hence the projection
7 from M to B is defined by taking quotient of M by the integral curves of the vector field
V. We will show that V is a pseudosymmetry of the contact structure on M in the sense that
[V,X]=0 mod Vand[V,T]=0 mod V

We claim that [V, X] = 2vV and will proof this order by order. First note that V =
9y + 200y, + vy + 41)2)81,2 plus higher order terms. Then

[V, X]= Quay+...) — (XQ0)dy, +...) =203 +....

So [V, X] = 2vV modulo terms d,, and higher order. Now suppose [V, X] = 2vV up to
order m. Then we find

[V.XT=1 @y, 0c + Y vns18y,]
= ananﬂavn - X(;n)avn
=Y (ens1 — XVX" @H)dy,
- Xn:(anﬂ — VX" — [X, VIX" "' (?)dy,

=D V. XIX" " 0%))dy,

Note that X"~ !(v?) is of order n — 1 in x. Therefore by our induction assumption we have

[V, X]= Zzuvx"*‘(v%)avn +...

n=1

m
:ZZvanavn +...=20V +4+...,
n=1
where the ellipsis mean order m + 1 or higher. By induction we have [V, X] = 2vV.
By a direct calculation we find
VX(v;) = —4vvy + ar(—6u + 6v2) —2v3 — 16v* = VT(vz).

Using the commutation relations we then find for alln > 0

VX"(v) = VT X" (v?).

We want to prove that [V, T] = «; V for a differential function «;. By calculating the first
few terms of [V, T'] by hand we quickly find that x; must be equal to (—12vu + 493 — 2v7)
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and that [V, T] = «;V holds for the lowest order terms. Assume the statement holds up to
order m. Using the properties of V found already and the fact that [X, 7] = 0 we calculate

[V.T1=)_ VX", — TVX"" 0?0,
=D (VX"u = VTX" ') + V. TIX" vD)d,,

=Y IV, TIX" " (v9)d,,

m
=Y VX" WHdy, + ...
n=0
=V +... (terms of order m + 1 and higher).

We have proved the induction step and hence [V, T] = «; V. The vector field V preserves the
total vector fields modulo V itself and hence V is a pseudosymmetry.

The vector fields V cannot be scaled to a symmetry. To make ¢V into a symmetry means
solving 2vgp — X(¢) = 0, ;¢ — T (¢) = 0. This is not possible with a differential function
¢, i.e., a function depending on a finite number of jet coordinates. We can say that the
Bicklund transformation from the KdV equation to the mKdV equation is an example of a
pseudosymmetry projection. %)

Example 9.5.6 (Sine-Gordon equation). An auto-Bicklund transformation is a Béacklund
transformation from a system to the system itself. A classical example of an auto-Bicklund
transformation is that of the Sine-Gordon equation. Consider the system

Uy — vy = Asin(u + v),
» (9.22)
uy +vy, =A" sin(u —v).

For any solution u, v of the system, the individual functions u and v both satisfy the Sine-
Gordon equation

Uyy = sin(2u). (9.23)

Conversely, for any solution u of the Sine-Gordon equation the system (9.22) reduces to a
compatible determined system for v. Hence we can solve v by integration. The transforma-
tion from u to v using this procedure is an auto-Bicklund transformation of the Sine-Gordon
equation. We will formulate this transformation in terms of a pseudosymmetry. The system
is formulated on a higher order bundle than in the normal presentation. We need this one
order higher to be able to define the pseudosymmetries.

The system is a hyperbolic first order system. In coordinates x, y, u, v, a = uy,
b = v, the two characteristic systems are given by

span(dy + ad, + (a — A sin(u + v))d, + sin(v) cos(v)dyp, 9,),
span(dy + —(b — Al sin(u — v))9d, + bd, + sin(u) cos(u)d,, dp).
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We prolong this system one time. The prolongation (M, F( GM) is a hyperbolic exterior
differential system of class s = 4. We introduce two additional coordinates A, B. The
prolonged characteristic systems are given by

FWO = span(dy + ady + (@ — Asin(u +v))d,

+ sin(v) cos(v)dp + Ad, + b(2 cos(v)2 — 1)ag, E)A),
g = span(ay + —(b — 2" sin(u — v))d, + bd,

+ sin(u) cos(u)o, + a(Zcos(u)2 —1)d4, 83).

For the prolonged system we want to find pseudosymmetries. We want the first pseudosym-
metry to project onto a system describing the equation uy, = sin(2u). Using the ansatz

V =0,+adp + B0
and the condition that V leaves invariant x, y, u, uy, Uy, we quickly find that we should take

Vi = 3y + —A " (cos(u) cos(v) + sin(u) sin(v))dp
— 271 (2b(sin(u) cos(v) — cos(u) sin(v)) — A~ ") 3.

By direct calculation we find that V; is a true pseudosymmetry of the distributions F!) and
G In a similar way we find that

Vo = 9, + A(cos(u) cos(v) — sin(u) sin(v))d,
— A(Za(sin(u) cos(v) + cos(u) sin(v)) — A)BA

is a pseudosymmetry of F(1 and G, The vector field V, leaves v and the derivatives of v
with respect to y invariant.

The quotient of the 8-dimensional equation manifold M" by the integral curves of Vj is a
7-dimensional manifold with two characteristic bundles. By introducing proper coordinates it
is not difficult to see that this manifold is precisely the equation manifold for the Sine-Gordon
equation for u. In the same way the quotient of M1 by V5 is equal to the equation manifold
of the Sine-Gordon equation for v.

The auto-Bécklund transformation of the Sine-Gordon equation can be described as fol-
lows. We start with a solution of the Sine-Gordon equation. We can lift this solution to a
1-parameter family of solutions of the hyperbolic exterior differential system M (D using the
pseudosymmetry Vj. Then projection to the equation manifold of the Sine-Gordon equation
using the other pseudosymmetry V, yields a 1-parameter family of solutions of the Sine-
Gordon equation.

@
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Uyy = sin(2u)

Figure 9.2: Bécklund transformation for the Sine-Gordon equation.

Sine-Gordon
Uyy = sin(2v)
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Chapter 10

Tangential symmetries

We give a geometric construction of the tangential symmetries described by Vassiliou [66].
These tangential symmetries are a geometric realization of the Lie algebras associated to Dar-
boux integrable equations by Vessiot [69,[70]. Our geometric construction makes it possible
to generalize a large part of the results to a much more general setting.

10.1 Reciprocal Lie algebras

Let g be an n-dimensional Lie algebra and let @ : g — 2" (M) be an injective representation
of g in the space of vector fields on M. In the theory to be developed below we will work lo-
cally and M will be of the same dimension as g, so we can think of M as an open subset of R”.
We say the representation is locally transitive if a(g) locally generates as a C°°(M)-module
the space of vector fields 2" (M). If dimM = dimg = n, then a transitive representation
defines an injective map g — 2 (M) and we can identify g with its representation as vector
fields on M.

A Lie algebra of vector fields on M is a Lie subalgebra of 2 (M). For any Lie algebra g
of vector fields on M we can define the evaluation map

ev(ig)y g —> ThM : X — X (x).

A Lie algebra g of vector fields on M is locally transitive if for each point in x € M the
evaluation map ev(g), is a linear isomorphism from g onto 7\ M.

Example 10.1.1. Let g be the 2-dimensional abelian Lie algebra spanned by the two vectors
e1, e>. A representation of g is given by the map g — 2" (R?)

el = 0,1, eyr> 0.

Let aff(1) be the 2-dimensional affine algebra. This algebra is spanned by e, e2 and
[e1, e2] = e>. A representation is given by

e] — 0,1 —xzaxz, ey 0,2. %)
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We define the centralizer of g to be the Lie algebra of vector fields that commute with g.

Theorem 10.1.2. Let M be a smooth manifold. Let g be an n-dimensional locally transi-
tive Lie subalgebra of & (M). Then the centralizer Yy is an n-dimensional locally transitive
Lie algebra of vector fields. The Lie algebra g is anti-isomorphic with b in the sense that
for every point x € M the linear isomorphism o, = (ev(h)x)_1 oev(g)y is a Lie algebra
anti-homomorphism. In particular for all vector fields X,Y € g we have a,([X,Y]) =
—[ax (X)), ax(Y)].

Proof. Letx € M. Let G denote the local Lie group of diffeomorphisms which is generated
by g (see for example Duistermaat and Kolk [28, Section 1.8]). Then ev(g), is equal to
the tangent mapping at the identity element of g — g(x). Since ev(g), is bijective we can
conclude from the inverse mapping theorem that there is an open neighborhood of the identity
element in G such that ¢ : g > g(x) is a diffeomorphism onto an open neighborhood V of
x in M. Under this diffeomorphism every element X € g (which is a vector field on M) is
identified with the left-invariant vector field X~ on G.

Every Y € b locally defines a vector field ¥ on G (by the diffeomorphism ¢). The vector
field Y is invariant under the action of g and hence is invariant under the infinitesimal right
multiplications. But then Y is right-invariant as well and hence ¥ = Y®. This shows that
b is generated by the right-invariant vector fields. The right-invariant vector fields define a
locally transitive Lie algebra of vector fields on G and hence on M.

Finally we note that X’ > X% is a Lie algebra anti-homomorphism from the Lie algebra
of left-invariant vector fields to the Lie algebra of right-invariant vector fields and this proves
the last part of the theorem. d

If g is a locally transitive Lie algebra of vector fields, then the centralizer b is locally
transitive as well and g is the centralizer of . We say that g and § are reciprocal Lie algebras
and b is the reciprocal Lie algebra of g.

Example 10.1.3 (Reciprocal Lie algebra). Consider the affine Lie algebra aff(1), repre-
sented by the two vector fields
e; = 0,1 —x28xz, ey = 0,2.
Then the reciprocal Lie algebra is generated by
fi=0a,  fo=exp(—xDi,.
Note that [eq, ea] = ez and [ f1, f2] = — f> so the structure constants for both Lie algebras

are related by a minus sign. %)

We will end this section with a lemma on reciprocal Lie algebras. We will use this lemma

in Section[T0.3:1]

Lemma 10.1.4. Let M be a smooth connected manifold with Lie algebras of vector fields g,
h. We assume that i) for all X € gand Y € h we have [X,Y] = 0 and ii) for all x € M
the evaluation maps ev(g)y : @ — TxM and ev(h)y : § — Ty M are surjective. Then for all
x € M the maps ev(g), and ev(h), are injective and hence g, b are reciprocal Lie algebras
of dimension equal to the dimension of M.
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Proof. Suppose that X € g with X (x) = 0. Let H be the local Lie group of local diffeomor-
phisms with Lie algebra §j. It follows from (ii) that H acts locally transitive on M and from (i)
that X is invariant under the action of H. This implies that X is identically zero on a neigh-
borhood of x. It follows that the zero-set of X is open. Since X is continuous the zero-set is
closed as well and since we have assumed M is connected X = 0. This proves that ev(g), is
injective for all points x € M. The rest of the lemma follows from Theorem[10.1.2] O

10.2 Reciprocal Lie algebras on Lie groups

Theorem 10.2.1 (Lie’s Third Fundamental Theorem). Let g be a finite-dimensional Lie
algebra. Then there is a simply connected Lie group G with Lie algebra equal to g.

Proof. See Duistermaat and Kolk [28, Theorem 1.14.3]. O

The Lie algebra g = T,G of a Lie group G is equal to the tangent space of G at the identity
element. The Lie brackets on g can either be defined using the adjoint action (induced from
the conjugation map on G) or using the left-invariant vector fields on G. Using the right-in-
variant vector fields is also possible, but this leads to a an anti-homomorphic Lie algebra. In
our conventions (Section the map X ~ X’ which maps a vector X € g to the left-in-
variant vector field X with X eL = X is a Lie algebra homomorphism. The map X — XX isa
Lie algebra anti-homomorphism. For details on the relation between the different definitions
of a Lie algebra see Frankel [34, pp. 402, 486] and Duistermaat and Kolk [28| pp. 2-3, 41].

Theorem 10.2.2. The left- and right-invariant vector fields on a Lie group commute. The
center of the Lie algebra is equal to the vector fields that are both left- and right-invariant.

Proof. Note that for any Lie group G the left and right multiplication are commutative, i.e.,
LyR.y =R,L,y = xyz, forall x, y, z € G. From this it follows that

Ty,Ly o TyR, = TyyR. o TyL,.

The left-invariant vector fields act by right translations (Lemma [I.2.T)). This implies that the
right-invariant vector fields are invariant under the flow generated by left-invariant vector
fields and hence the left-invariant and right-invariant vector fields commute. A vector field X
that is both left- and right-invariant commutes with both left- and right-invariant vector fields.
Hence X is in the center of both g; and gg. Conversely, if X is in the center of gz, then X’
commutes with all left-invariant vector fields. From the theory of reciprocal Lie algebras it
follows that X~ must be a right-invariant vector field. |

The left- and right-invariant vector fields on a Lie group commute and this implies that
the left- and right-invariant vector fields are reciprocal Lie algebras.



244 Tangential symmetries

Example 10.2.3. The left- and right-invariant vector fields on the affine group from Exam-
ple[1.2.2)are reciprocal.

10.3 Darboux integrable pairs of distributions

In this section we will consider a pair of distributions F, G on a manifold M. We assume some
properties of the bundles and show that this leads to a very rigid structure on the manifold.
We denote by n# and ng the number of invariants of the bundles F and G, respectively. As
usual we assume all objects defined are of constant rank.

Definition 10.3.1. Let M be an n-dimensional manifold with two distributions F, G. We call
F,G C TM a pair of Darboux integrable distributions on M if F, G are of constant rank
and the following conditions hold:

e The intersection of F and G is empty.
e V = F @ G has no invariants.
o [F,G]=0 mod F®G.

e The number of invariants for each of the bundles is equal to the rank of the other bundle,
i.e.,, ny =rank(G) and ng = rank(F).

The triple (M, F, G) is called a Darboux integrable system or a Darboux integrable pair of
distributions. )

Remark 10.3.2. The condition that V has no invariants is not essential. If V has p invariants,
then the completion of V is an integrable distribution of codimension p. We can restrict
ourselves to the leaves of this distribution and on each leaf the pair F, G can form a pair
of Darboux integrable distributions. For simplicity we will always assume that V' has no
invariants. @

Remark 10.3.3. It can happen that F has more invariants than the rank of G (or G more
invariants than the rank of F, or both). In this case we can often carry out a construction
very similar to the construction to be described below. In particular the Darboux integrability
property is preserved. %)

Example 10.3.4. Let M = R? with coordinates x, y. Then we can take JF to be spanned by
the vector field 9, and G spanned by 9. The bundle F has y as an invariant, the bundle G
has x as an invariant. The triple (M, F, G) is a Darboux integrable pair of distributions.
This can be generalized. For every direct product M1 x M> the distributions F = T M
and G = T M, define a Darboux integrable pair of distributions on M] x Mj. %)
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Example 10.3.5. Consider the equation manifold associated to the Liouville equation. On
this manifold we have two natural distributions defined by the characteristic systems. In
coordinates x, y, z, p, ¢, r,t we have

F = span (BX + po; +rdp +exp(z)dy + g exp(z) 9, E)r) ,
G = span (3x +q0; +exp(2)d, + td; + pexp(2)d,, Bt) .

The bundle F has two invariants y, r — g2 /2 and the bundle G has two invariants x, r — p%/2.
The bundles F and G form a pair of Darboux integrable distributions. All Darboux integrable
equations provide examples of pairs of Darboux integrable distributions. %)

Given a pair of Darboux integrable distributions F, G there is a natural projection onto
the space of invariants. The completions of F and G are integrable and hence they define a
foliation of M of codimension n and ng, respectively.

Definition 10.3.6. Locally define B; to be the quotient of M by the completion of G and B,
to be the quotient of M by the completion of F. Let 7; and m be the projection of B on
By and B,, respectively. The projection m = 7 x mp : M — B = B X Bj is a natural
projection onto the manifold B = B x B, of dimension ng 4 n . We call such a projection
a Darboux projection. o

The tangent spaces to the fibers of the Darboux projection are equal to the integrable
distribution Z = FeomPl 0 GmP! We write 3 for the Lie algebra of vector fields tangent
to the projection. The vector fields 3 are precisely the vector fields in the distribution Z.
The functions that are invariants of J are functions in 7(C°°(B1)). The functions that are
invariants of G are functions in 775 (C*(B2)).

Lemma 10.3.7. The distributions F and G project onto B. The image of F is equal to the
tangent space of By x {pt} and the image of G is equal to the tangent space of { pt} x Bj.

Proof. The last condition in Definition [T0.3.1] implies that dim B = rank V. The together
with the fact that V has no invariants implies that the projection of V is onto T B. Since
F is contained in F°°™P! and B, is defined locally as the foliation of M by the leaves of the
completion of F, the projection of vectors in J is contained in the tangent space to By x { pt}.
Since F has rank ng and F is transversal to the projection 7 (since V is transversal) the image
of F under T, has rank ng and must be equal to the tangent space to By x {pt}. For G a
similar argument works. d

Since the bundles F and G project nicely onto B we can lift vectors and vector fields on
B to vectors and vector fields on M. Another way of saying this is that V = F & G provides
a connection for the bundle M — B. We have the following commutative diagram.

M V—F 8¢

iﬂ l]‘n O lTﬂlenz

B TB——TB1 xTB;
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Remark 10.3.8. The reason for calling the pair F, G a pair of Darboux integrable distribu-
tions is that classical Darboux integrability falls under this definition and one of the main
properties is preserved, namely the construction of integral manifold by explicit parameteri-
zation.

Suppose we are looking for 2-dimensional integral manifolds of the bundle V that satisfy
the independence condition that at each point the tangent space of the integral manifold in-
tersected with both F and G is non-empty. We can parameterize these integral manifolds in
the following way. Select a curve y; in By and a curve y, in By. The product of these two
curves is a surface S in B. The distribution V restricts on the inverse image of S under 7 to a
Frobenius distribution of rank 2. The leaves of this distribution are integral manifolds of V.©

10.3.1 Lie algebras of tangential symmetries

Let (M, F, G) be a Darboux integrable pair of distributions. Select locally a basis of commut-
ing vector fields Fl, R ﬁng, ng = rank F for By and él, e, énf for By, i.e., [I:}, Fj] =
0, [Gi, Gj] = 0. As vector fields on B = B x B; we then automatically have [E, Gj] =0.
We can lift these vector fields to unique vector fields in M by requiring that the lifted vector
fields are contained in V. We write F; and G| for the lift of I:",- and G j» respectively. Since
the vector fields F; and G ; are contained in F and G, respectively, their Lie brackets [F;, G ]
must be contained in V. On the other hand, the projections have Lie bracket [F;, G ;1 equal
to zero and therefore [F;, G ;] must be contained in the tangent space of the fibers of the pro-
jection. But V is transversal to the fibers of the projection and it follows that [F;, G;] = 0.
Since F has n r invariants, the codimension of the completion of F is equal to n# on an open
dense subset. The same is true for G. To carry out our constructions we will sometimes need
to restrict to a suitable open subset on which this is the case.

We will use the vector fields F; and G to construct various Lie algebras on the fibers
of the projection. We only make a choice of vector fields to make the constructions and the
proofs easier, most of the Lie algebras that we construct are independent of the choice of F;
and G;.

We define § as the Lie algebra of vector fields (over R, not over C*°(M)) generated by
F;, 1 <i < rankF. This Lie algebra is contained in the Lie algebra of vector fields in the
completion of F and is not necessarily finite-dimensional. We define g as the Lie algebra of
vector fields generated by G;, 1 <i <rankg.

For two vector fields F;, F; the Lie bracket [ F;, F;] is tangent to the fibers of the projec-
tion 7. This follows from the fact that the F; are lifts of commuting vector fields and hence
Tn([F;, Fj]) = [F;, I:"j] = 0. This implies that the derived Lie algebras § and g’ consist of
vector fields that are tangential to the projection. Since the generators F; for f are not tangen-
tial we find that f = § N 3. The elements of ' commute with the elements in g and hence the
elements of § are symmetries of G that are tangential to the projection 7.

Definition 10.3.9. Let (M, F, G) be a Darboux integrable pair of distributions with projec-
tion 7w : M — B| x By. We define the rangential symmetries of F and G as the space of all
vector fields in 3 that are symmetries of the distributions F and G, respectively. We write f
and g for the tangential symmetries of G and F, respectively. ©
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The name tangential characteristic symmetries was introduced by Vassiliou [66]]. The
discussion above shows that the vector fields in § are all tangential symmetries of G. We will
see below (Lemma[I0.3.10) that the tangential symmetries can be expressed in terms of the
Lie algebras f' and ¢’

For every point b € B = B] x By we write M}, for the fiber z! (b). We write 35 for the
vector fields on M;,. For the tangential vector fields 3 we define the restriction map

Pb 3 = 3b- (10.1)

The restriction map is a Lie algebra homomorphism.

Since the vector fields in f and g’ are tangential we can define the restriction maps pp :
f— 3p and pp : g’ — 31, as well. We denote the image of §' under p; by f, and the image
of g’ under p;, by g;. Since the Lie algebras ' and g’ commute, the Lie algebras f, and gj, are
commuting Lie algebras of vector fields on M}.

The distribution F°™P! has codimension 7+ on an open dense subset. Therefore on an
open dense subset the vector fields in the Lie algebra f' span the tangent space to the fiber.
We can choose a set of vector fields X1, ..., X, (m is the dimension of the fibers) in ' such
that the restriction of these vector fields to a fiber M} is a basis for f;. Let X be a tangential
symmetry of G. Since the vector field X is tangential we can write X = ¢/ X j for certain
functions ¢/. Since X is a tangential symmetry, the commutator of X with G is contained in
G and hence forallY ¢ G

(X, Y]1=[c/X;, Y] =c¢j[X;,Y]=Y(c)HX; =Y(c;)X; =0 mod G.

This implies Y(cj) = 0 for all Y C G and hence the ¢/ are functions of the invariants
of G only, so ¢/ € 7 (C*°(By)). This proves that the tangential symmetries of G are a
7 (C*(B1))-module over the Lie algebra . We have proved

Lemma 10.3.10. The tangential symmetries of G are a 7;(C*(By))-module over §'. The
tangential symmetries of F are a 5 (C*°(By))-module over g/

The Lie algebras f and g’ depend on the choice of commuting vector fields F; and G s

respectively. The Lie algebras of tangential symmetries f and g are independent of this choice.
This is clear from Definition [10.3.9} In the lemma below we show that the Lie algebras f,
and g), are also independent of the choice of commuting vector fields.

Lemma 10.3.11. For every point b € B the Lie algebras §, and g), on M, are invariantly
defined reciprocal Lie algebras. The type of the Lie algebra does not depend on the point
beB.

Proof. The Lie algebra §' is tangential to the fibers of the projection. Since F has only
ng = rank G invariants, it follows that for y in an open dense subset of M the image of the
evaluation map ev(f'), : f — T, M}, spans the tangent space Ty My(y. This in turn implies
that for all points x in an open subset of M), the evaluation map ev(f,), : f, = TxMj is
surjective. The same is true for g;. Hence we can apply Lemma to f, and g; and
conclude that f, and g, are reciprocal Lie algebras on M. From the definitions it follows
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directly that the Lie algebra f; only depends on the choice of vector fields F;, and not on the
choice of the vector fields G ;. In the same way g;, does only depend on the choice of G ;. On
the other hand, f}, is the centralizer of g} in the fiber M} and hence f) only depends on the
choice of G ;. This implies that f, is invariantly defined.

Make a choice of m vector fields X; in § such that at each point the vector fields span the
tangent space to the fibers of the projection. Locally, near a point x € M}, we can think of
the vector fields X; as a section of the homomorphism pj, : f' — ;.

Since the vector fields X; span the tangent space to the fiber and the commutator of two
tangent1a1 vector fields is tangential again, we have [X;, X ;] = c X k for certain functions

. Since the X; commute with g it follows that the functlons c i depend only on the invari-
ants of G. If we restrict to one of the leaves of the completion of G, then the invariants of G
are constant and hence the coefficients c . will be constant. Locally the leaves are foliated by
the fibers of the projection and the fact that the coefficients c i depend only on the invariants
of G shows that all fibers M}, in the same leaf of the completion of G have an isomorphic Lie
algebra f,. So if we move in the direction of the completion of G, then the type of f; does not
change. For the same reason the Lie algebras g), for all fibers M, in a leaf of the completion
of F have the same type.

The type of f, is equal to the type of g (reciprocal Lie algebras are anti-isomorphic).
Therefore if we move in the directions of F and G the type of both g, and f, does not change.
Hence the type of the reciprocal Lie algebras on the fibers is independent of the choice of
fiber Mj. (I

We conclude that the fibers of the projection carry an invariant structure of two reciprocal
Lie algebras. Since the type is locally constant, the type of the Lie algebra is an invariant of
the Darboux integrable pair of distributions.

The next step is to extend the Lie algebras on the fibers to Lie algebras on M.

Lemma 10.3.12. On M there exist finite-dimensional Lie subalgebras L, R of f and g, re-
spectively, such that for all fibers My, the restriction map pp defines a Lie algebra isomor-
phism to the Lie algebras on the fibers. The Lie algebras L and R are commuting.

Proof. Choose a basis of vector fields X ; for 3 contained in f'. The Lie brackets of the X ;
define the structure coefficients

[Xi, Xj1=c}; X (10.2)

We already know that these structure coefficients are functions in 711*(C°°(B1)). Choose
a fiber My,. Since the type of the Lie algebra is constant for each fiber there exists for
every point by € Bj a linear transformation (t(b;) € GL(m, R) such that the vector fields
Yi = nb 1){ X ; have the same structure constants as the restrictions of X ; to the fiber Mp,.
Locally we can arrange that & : B — GL(m, R) is a smooth map, see Remark[10.3.13]
The new vector fields Y; have the structure of a finite-dimensional Lie algebra L and
this Lie algebra consists of tangential symmetries of G. In the same way we can construct a
finite-dimensional Lie subalgebra R of g. (]
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We call L and R tangential Lie algebras of symmetries of G and F, respectively. The
choice of a basis for the tangential Lie algebras is not unique. We can for example multiply
a basis X; of L with a matrix clj‘. € GL(m, R) ® n{(C*(By)). For all points x € M the

matrix c]]? (x) acts on the structure constants of L. If for all points x the matrix clj‘. (x) is in

the stabilizer of the structure constants, then the vector fields c]]? X define a Lie algebra of
tangential symmetries as well.

Remark 10.3.13. Let £ be the space of Lie algebra structures on R”. This space is an
algebraic variety in C,, = A>(R”)* ® R” defined by anti-symmetry and the Jacobi identity.
The group G = GL(m, R) acts on Cy,. The vector fields X; from Lemma|[10.3.12 define a
map u : By — C,, by assigning to a point b; € By the structure constants of X ; in a fiber
above b (the structure coefficients are independent of the point in B;). Since the vector fields
X; are smooth, the map p is smooth as well. By assumption the image of u is contained in a
single orbit A of the action of G.

Let a be equal to w(x). Then the orbit A is equal to G/G,, where G, is the stabilizer
subgroup of the point a in the orbit. We want to prove that there is a smooth lift of the map w
to amap [t : By — GL(m, R) such that the diagram below is commutative.

GL(m)

~ 7
nos
v
v
v

31L>A

We have to be carefull here because the map w is continuous with respect to the topology on
A induced from the surrounding space C,,. The structure on A as the homogeneous space
G /G, might be different. From the theory in Section it follows that p is a smooth map
to G/G,. The projection G — G/ G, is a principal fiber bundle and hence there is a smooth
lift of w. @

Theorem 10.3.14. Let (M, F, G) be a Darboux integrable system. Let nx and ng be the
rank of F and G, respectively. Then locally there is a unique local Lie group H such that the
manifold M is of the form

B x B, x H,
with By C R"9, By C R"7. The Darboux projection 7 is given by the projection on B1 X Bs.
The tangential symmetries of F and G are tangent to the fibers of w and restricted to each

fiber they form reciprocal Lie algebras. The left- and right-invariant vector fields on H define
the tangential Lie algebras of symmetries on M.

Example 10.3.15 (Wave equation). On R> with coordinates x, y, z, p, ¢ introduce the fol-
lowing two distributions:

F = span (dx + p9;,0p), G =span (dy +q0;, 0y) -
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The invariants of F are y, ¢ and the invariants of G are x, p. The Darboux projection is given
by

7:M—>R>xR?*:(x,y,2,p,.q) — (x, p) X (7, q).

As a set of commuting vector fields we take ﬁ] = 0Oy, Fg = 0p, Gl = 0Oy, (~72 = 0y. The lifts
to vector fields on M are given by

F1 =0, + po, F2:8pa
G| = ay +qd;,, Gr= aq.

Define F3 = [F1, F2] = —9; and G3 = [G1, G2] = —09;. The fibers of the projection
are isomorphic to R with coordinate z. On the leaves of the completion of G (i.e., x and p
constant) we have a 3-dimensional Lie algebra with structure equations

[F1, F2l=F3, [F,F3]=0, [F, F3]=0.

The same holds for the leaves of the completion of F. The fibers of the projection are 1-
dimensional and have the structure of a 1-dimensional abelian Lie algebra (generated by the
vector field 9;). %)

In each fiber M}, of the projection, we have the center of the Lie algebra on the fiber. The
center of , is equal to the center of g,. We write c; for the center of the Lie algebra on M},.
The distribution C spanned by ¢, b € B, is integrable and hence defines a local foliation of
the fibers.

Lemma 10.3.16. The tangential vector fields that are symmetries of both F and G are the
tangential vector fields for which the restriction to a fiber is in the center of the Lie algebra
of tangential symmetries. In particular, these vector fields are contained in C.

Proof. Restricted to each fiber M, the vector field is invariant under both f, and g,. By
Theorem[10.2.2] the restriction must be contained in c. O

This lemma shows that most Darboux projections are not a symmetry reduction. The
Darboux projection can be a symmetry reduction if and only if the Lie group associated to
the equation is abelian. All Darboux integrable equations or systems with non-abelian Lie
group are examples of true vector pseudosymmetries.

Remark 10.3.17. Given a Lie group there is no systematic way of constructing a correspond-
ing Darboux integrable system. Even if we can construct such a system, there is no guarantee
that this system corresponds to a prolonged first order system or second order equation. Des-
pite this, Vessiot [69, [70] succeeded in using the classification of 3-dimensional Lie algebras
to construct a classification of all hyperbolic Goursat equations. %)

Example 10.3.18. Consider the second order equation

azg
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This equation is Darboux integrable on the k + 1-jets if a = k(k+1). Hence fora = k(k+ 1)
the (k — 1)-th prolonged equation manifold has dimension 5 + 2k and the prolonged Monge
systems define a Darboux integrable pair of distributions.

We work out the case k = 2 in detail. The prolonged equation manifold has coordinates
X, ¥, 2, P q, 7T, t, Zxxxs Zyyy- The prolonged characteristic systems are 7 = span(Fy, F2),
G = span(G1, G,) with

F1 =0, + po; + rap + an + Zxxx0r + Y (0)0; + Y(Y(U))azyyy,

F2 = 82.\’););’
G =0y +qd. + 00, + 10, + X(0)0 + 2yyy 0 + X (X (0))d,.,,
Gy =10;,,.

Here 0 = 6z/(x + y)%, X = 8, + pd. + rop, +0dy and Y = 0y + q0; + 09, +1d,;. Both
characteristic systems have two invariants,

g+tx+y) }
(x+y)2 func

p+rix+y
(x+)’)2 }func

If = {y, Zyyy +6
Ig = {xv Zyxxx +6

If we make a transformation to the variables X = x, y =y, Z =2z, p=p, g =q,7 =r,
f=1,d=zex+6(p+rx+y)/(x+2b=2zyy +6(q+1(x+y)/(x+y)? then
we can easily construct the Darboux projection, choose commuting vector fields, lifts these
vector fields to M and calculate the tangential symmetries. Translated back to the original
variables we find that the tangential symmetries of J are spanned by

Ly =0 —6Hd,,
Ly =3, —6Hd +30H%;,
Ly =8, — 6Hd, + 24H?3), — 108H>)
Ly=Hd, — H*3, —3H?3, +2H,
+ 10H33, + 6H*3, + 42H*)
Ls = H?3, —2H*(3), + ;)
+6H* (0, + 9) — 24H* (3, +92,,),

Zyyy?

Zyyy ?

with H = (x + y)~!. The tangential symmetries of G are given by the same expressions, but
with x, p, r and z,., replaced by y, g, t and zy,,, respectively. The tangential symmetries
commute and the Lie group associated to this Darboux integrable system is the 5-dimensional
abelian Lie group. @
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10.3.2 First order Darboux integrable systems

In Section we made a complete classification of the (2, 2)-Darboux integrable hyper-
bolic first order systems. We found that under contact transformations there are only two
equivalence classes: the almost product system and the affine system. In the examples below
we will calculate the tangential symmetries for these systems.

In Vassiliou [65, Theorem 3] a normal form for Darboux integrable hyperbolic first order
systems is given. Vassiliou uses the low dimensions of the distributions F, G and the manifold
M to arrive at a normal form in local coordinates for the lifts of the commuting vector fields
and the tangential Lie algebras. For this class of equations his normal form is a much stronger
form than our constructions (which are valid in a more general setting). His normal form
allows Vassiliou to conclude that the type of the Lie algebra is locally a full invariant for
the hyperbolic Darboux integrable first order systems. In [65, Theorem 5] Vassiliou gives
examples of almost product and hyperbolic affine Darboux integrable systems.

Example 10.3.19 (Tangential symmetries for the hyperbolic affine Darboux integrable
system). We will discuss the tangential symmetries of the system dw/dzf = ww’. An
adapted coframing for this system was given in (§.10). In the coordinates z, w, p the dual

framing is given by

a@ = waw:
do = w1 (3 + w(p + w)dy + wwha,r), (10.4)
Or = wo).

The characteristic systems are given by the components of span(d,,, d;). The Darboux pro-
jection is onto the variables z, p. The vector fields tangent to the Darboux projection are
spanned by the components of d9 = wd,,. The tangential symmetries are given by

X1 = 39F = wFawF, X, = wF39 + wFagF.

The commutator is [ X1, X2] = X». The components (X1)!, (X2)! span the tangential Lie
algebra of symmetries of F, the components (X1)?, (X2)? span the tangential Lie algebra of
symmetries of G.

If we write z = (21, 22)7, w = (w1, wp)” and p = (p1, p2)7, then the characteristic
systems are

F = span ((wl)_l (311 + wi(p1 + wl)awl + wleawz wlapl)
The tangential symmetries of F are given by (X1)! = w30y, and (X)! = wo (W1 0y, +
U)Zawz)- (%)

G = span ((wz)_ (92, + wa(p2 + w2) 3, + Wowi 0y, ),
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Example 10.3.20 (Tangential symmetries for the almost product Darboux integrable
system). We consider the equation dw/dz" = w’ /(1 — zz¥). An adapted coframing in
the coordinates z, w, p is given in (§.19). We have 9y = 9,, and the characteristic systems
are given by the components of

wzl F

F
w
f:span (BZ+(p+ 1 ZZF)aw—i—(w) 8wF,8p) cDheV.

Let H = 1 —zz". The tangential Lie algebras of symmetries are given by the components of

1 1
Xy =0y, Xo=prdut

awF ’

with [ X1, X7] = 0. %)






Chapter 11

Projections

In the previous chapters we have seen special cases of a more general method to analyze
systems of partial differential equations. The basic idea is the following. Suppose we have
some geometric structure on a manifold M. Given a projection 7 : M — B to some lower
dimensional manifold, we can try to carry the structure on M over to a structure on B. This
is not always possible and often the structure on B will contain less information than the
original structure on M. But sometimes the remaining structure on B is enough, for example
to find solutions to a partial differential equation. We call all these methods “projection”
methods. In this chapter we will give a brief overview of the different projection methods
and give more examples.

In this dissertation the concept of a (vector) pseudosymmetry has been used to give a
unified description of various existing methods (symmetry reductions, Darboux integrabil-
ity, pseudoholomorphic curves) and some new methods (base projections, true pseudosym-
metries) related to partial differential equations. We hope the reader has seen that these
pseudosymmetries can be useful in the context of partial differential equations. But even in
other parts of mathematics the concept might be useful. Whenever a symmetry is used in
a mathematical construction, it is possible that a pseudosymmetry can be used in the same
construction for a wider class of objects. Hopefully, in the future pseudosymmetries can be
found and applied to more fields in mathematics.

11.1 Projection methods

In this section we review the different projection methods. In Figure[IT.T|there is a schematic
picture of the different methods. All projections methods described have in common that
they can be reduced to the projection of certain distributions or structures constructed from
the distributions (such as almost product structures, Monge systems, etc.) on a manifold to
the quotient manifold. An important difference between many projections is that some of the
projections are transversal to the distributions (generalized Darboux projections) and some of
the projections have fibers contained in the distributions (the base projections in Chapter [7)).
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Symmetry reductions. Symmetry methods for partial differential equations were intro-
duced by Sophus Lie in the 18th century. The literature on this subject and the many ap-
plications are enormous. For some basic introductions and more references see Olver [S8]],
Duzhin and Chebotarevsky [30] and Hydon [42].

For any system of ordinary differential equations or partial differential equations with a
symmetry we can take the quotient of the system by this symmetry. On the quotient manifold
there will be a new system of equations. Two examples of symmetry reductions of ordinary
differential equations are given below.

Example 11.1.1. Consider the second order ordinary differential equation
Z// — ()72 + x—2)3/2.

For the equation manifold we can use coordinates x, z, p = dz/dx. The contact distribution
is given by span(d; + pd. + (y> + x’2)3/28p). A symmetry of the contact distribution is
given by the vector field V = —x0, + z0; + 2pd,. Two invariants of the vector field are
X =xz, P =x?2 p. If we make a projection (x, z, p) — (X, P), then the contact distribution
is projected to the rank 1 distribution span(dy + (2P + (X2 + 1)3/2)/(P + X)dp). Hence
the equation is reduced to the first order ordinary differential equation

2P+ (X2 4+ 1)%2
B P+X '

P/

Example 11.1.2. Consider the ordinary differential equation y’ = (2/5)(y> + x~2). The
equation has a one-parameter symmetry group generated by —xd, +ydy. The finite version of
the symmetry is (x, y) — (exp(—e)x, exp(€)y). We can solve this equation by introducing
new coordinates X, y in which the symmetry takes the simple form d;5. We take X = xy,
y = In(y). The symmetry V is given in the new coordinates by d; and the equation transforms
to

L 241

YT 455 +2)
The new equation does not depend on y and can be integrated at once. The general solution
is

5 5
§ =3+ 1)~ In@) ~ T +2) + €1,

with C; an arbitrary integration constant. Transforming back to the original variables and
solving for y yields the solution

3 2

r= 20x — Cx83/5)  x°
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Base projections. Base projections are projections for which the tangent spaces to the fibers
are contained in the contact distribution. The projections of first order systems to a base
manifold with almost product or almost complex structure and the projections of Monge-
Ampere equations to the first order contact bundle are examples of base projections.

For example for a Monge-Ampere equation (M, V) the fibers of the projection are gener-
ated by the vector fields in C()’) and these are contained in the contact distribution V.

Darboux integrability. The method of Darboux can be formulated as a projection method
for hyperbolic (or elliptic) exterior differential systems of class s > 0. For Darboux integra-
bility we need enough functionally independent invariants such that projection onto the space
of invariants defines a transversal projection.

The Darboux projections have the special property that the projected structure is inte-
grable. This means that we can explicitly give all solutions of the projected structure in terms
of holomorphic functions (elliptic systems) or two functions of one variable (hyperbolic sys-
tems). These solutions can then be lifted to solutions of the original system by an integration
procedure.

We mention here that most Darboux integrable equations are not generated by symmetries
of the equation, so in general the method does not fall under the symmetry reductions. In
Chapter |10] we showed that a Darboux projection is generated by symmetries if and only if
the Lie group associated to the equation is abelian.

Pseudosymmetries. We have described pseudosymmetries as the projections from second
order equations to first order systems, the projections of first order systems to Monge-Ampere
equations and the projections of Monge-Ampere equations to almost product or almost com-
plex structures. See sections The calculation of pseudosymmetries is be rather
difficult since the equations are non-linear equations. In contrast, the equations for symme-
tries of a system of partial differential equations are linear equations. Nevertheless, for second
order scalar equations we could use the geometry of the system to simplify the calculation of
pseudosymmetries.

Vector pseudosymmetries. All examples of projection methods mentioned above fall under
the general definition of a vector pseudosymmetry. Typical examples of vector pseudosym-
metries are second order equations with a 3-dimensional symmetry group of translations or
first order systems with a 2-dimensional symmetry group of translations. Examples are the
wave equation, the Laplace equation and the minimal surface equation.

Also the Darboux integrable equations are examples of vector pseudosymmetries. In
the next section there are two examples (Example [T1.2.3] and Example [TT.2.4) of systems
with vector pseudosymmetries that are neither symmetry reductions nor Darboux projections.
In the literature the author has not found examples of the use of vector pseudosymmetries
for systems that are not Darboux integrable and do not have enough symmetries to make a
projection.
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Infinite Base projections
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reductions
Generalized Darboux
projections
Pseudosymmetries

Figure 11.1: Overview of the different projection methods

Infinite pseudosymmetries. The pseudosymmetries on infinite jet bundles have been de-
scribed in a couple of examples in Section [0.5.2] In this dissertation we did not develop
the machinery to work on these manifolds, but we hope the examples have made clear that
some of the classic Biacklund transformations can be understood using pseudosymmetries. In
Section[9.5.T]also the relation to integral extensions is explained.

11.2 Examples

Example 11.2.1 (Telegraph equation). The telegraph equation s = z has characteristic sys-
tems

F = span (3x + po; +rdp + 204 +qor, 8,) ,
G = span (dy + q0; + 20, + 10y + pd,, 9) .

The invariants of the systems are Ix = {y}func and Ig = {x}func. With the method of Laplace
[44]) we can prove this equation is not Darboux integrable at any order.
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The symmetries 9y, dy and V = z9; + pdp + g9y + r0, + 19, span a rank 3 integrable
distribution that is transversal to V' at generic points. Hence the projection onto the invariants
of this distribution defines a generalized Darboux projection. For the generalized Darboux
projection we can use the projection variables p = p/z,q = q/z.7 = r/z,t = t/z. The
projected systems are

F = span((—p* + P + (1 = pi)dg — pidy, 97),
G = span((—g* + Ddg + (=1 — p§)d; — 47z, ).
The projected system defines an almost product structure on the manifold with coordinates
p=p/2.G=q/z,F=r/z,T=1/z %)
Example 11.2.2 (Liouville equation). The Liouville equation
s =expz (11.1)

is a very well-known equation. The equation has characteristic subsystems

F = span (3 + pd; +rd, + exp(2)9, + q exp(z)d;, ;) ,
G = span (By + q0; +exp(2)d, + +19, + pexp(z)d,, 8,) .

The invariants for the two Monge systems are Ir = {y,t — ¢°/2}func and Ig = {x,r —
P2 /2}func. Since each system has two invariants, the equation is Darboux integrable. The
Darboux projection is generated by the vector fields d;, 9, + pd, and 9, + g o;.

The tangential characteristic symmetries of F are

Ry =03, +qd, Ry=0d +qd,+q%,
R3 = qd; +exp(2)dp + (¢°/2)3, + exp(2) pdr + (¢°/2)d;,

and the tangential characteristic symmetries of G are

Ly =0,+pd, Ly=0,+pd,+ p°o,
L3 = pd; + (p*/2)8, + exp(2)d, + (p°/2)8, + exp(2)q ;.

The Lie algebras generated by L ; and R; are reciprocal and isomorphic to s{(2, C).

A calculation of the symmetries of the equation reveals that all point symmetries are pro-
longations of & 9y +10y + (§x +1y)0; for arbitrary functions £, . A symmetry of the equation
is V. =x0dy — d; — pdp — 2rd,. For x # 0 the projection w(m) = (xexpz, y, px, q, rx2,t)
projects the Liouville equation to a first order system. %)

Example 11.2.3 (Non-symmetry projection). So far we have seen only projections that
were either generated by symmetries of the equation or Darboux projections, i.e., generated
by invariants. There are also projections that are not generated by these symmetries and are
also not a Darboux projection.
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Consider the class of hyperbolic second order equations r — g(x, y)*t = h(x, y) for
arbitrary functions g, h with g(0) = 1, g’(0) # 0. For general g, h this equation is not
Darboux integrable and has small symmetry group; the characteristic systems are

dg(x, oh(x,
F = span (Dx —gx,y)Dy + (Zg(x, y)t g(Bxy Y) + *x, »)

ay
0g(x,y)  0h(x,y)
+
dy dy

)os. 0+ g, y)as> ,

G = span (Dx +gx,y)Dy + (2g(x, )t )85, o — g(x, y)as> ,

with Dy = 8y + pd, + (g(x, )t + h(x, y))dp + 534, Dy = dy +qd, + 53, +13,. From the
form of the characteristic systems above, we can easily see that the distributions span(d,) and
span(d;, dp, d;) generate a projection 7 to a first order system and a transversal projection
73 to a four-dimensional almost product manifold, respectively. For special equations, e.g.,
glx,y) = 14+x2, h(x, y)=0o0rg(x,y) = 1+expx, h(x, y) = 0one can indeed check that
the equation is not Darboux integrable and the projection 3 is not a symmetry projection.

The projection 73 has some another interesting features. If we take the quotient of the
system by the symmetry d, we find a first order system equivalent to u, — g(x, y)zvy =
h(x,y), uy = vy. The vector fields 9, and 9, are no symmetries of the original equation, but
the projections to the first order systems are symmetries. So while the projection 73 is not a
symmetry projection it factorizes through 2 symmetry projections.

Note that even though the Nijenhuis tensor restricted to V' x 3, V' is identically zero, the
projected structure is not integrable. This is because the projection does respect the structure
on V, but does not respect the structure on V', %)

Example 11.2.4. Consider the class of hyperbolic equations r — h(t) = ¢ (z) for a arbitrary
functions &, ¢ with 2(0) = 1, 1’ (0) # 0. For generic h, ¢ this equation is not Darboux inte-
grable and has symmetry group too small to make transversal projections. The characteristic
systems are

F = span(Dy + ' (t) Dy + q¢'(2)95. 9 + v/ h'(1)3;).
G = span(Dy — /A (1) Dy + g (2)ds, & — v/ (1)dy).

We see the equation always has a transversal projection onto the variables x, y, ¢, s. The
equation also has projections to a first order system generated by either one of the symmetries
O, dy. %)

Example 11.2.5 (r + ¢ = p + ¢). In the elliptic case it is often more convenient to work
with the complex structure on the bundle V, than complexifying the system (which can only
be done in the analytic setting), applying the hyperbolic theory and converting the results
back. The equation » + t = p + ¢ is elliptic and analytic. We use the equation to eliminate
the variable r. The complex characteristic systems on the equation manifold M are

F =span (Dyx +iDy + (s +1)0;, 95 — i),
G = span (Dx —iDy + (s +1)0;, 05 + i8t),
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with Dy = 0y + pd, + (p +g — 1)dp + 59y, Dy = 9y + q0d; + 59, + 19,. The invariants
are Ir = {x +iy}func, Ig = {x — iy}func. The equation has only one invariant for each of the
characteristic systems and is therefore not Darboux integrable on the second order equation
manifold.

e The equation is quasi-linear. Hence the projection M — B : m +— (x,y,u,v) is
a base projection that intertwines the almost complex structure on M with an almost
complex structure on the base manifold B. The first order system M is equivalent to
the system of equations for pseudoholomorphic curves in B.

e The equation is translation invariant and the infinitesimal symmetry V = 9, generates
the projectionw : M — B : m — (x,y,p,q,r,s). The projected manifold has
the structure of an elliptic first order system that is equivalent to the system u, = vy,
Uy = —vy +u-+v.

o The equation is translation invariant and the vector fields dy, dy, d; generate a transver-
sal projectionw : M — B :m +— (p, q, r, s). The characteristic systems are projected
to the distributions

F =span(e; +iez, e3+ies), G =span(e; —ier, e3 —ies),
with
1= (—t+p+q)dy+sdg €2 =53, +19;+ (s + D,

e3 = 0y, e4 = —0;.

The projection maps V onto T B at the points (p + g — t)t — s> # 0. At such points
the complex structure on V is pushed down to an almost complex structure on B. With
respect to the basis eq, ez, e3, e4 this almost complex structure is given by the matrix

0O 1 0 O
-1 0 0 O
0 0 0 1 (11.2)
0 0 -1 0

The structure is not integrable as can be checked by calculating the corresponding
Nijenhuis tensor.

e A second transversal projection is provided by themapz : M — B :m +— (x, y,1,5).

In this case we have e| = 0y, e2 = 9y + (s +1)9;, e3 = dy, e4 = —9; and the projected
almost complex structure with respect to this basis e; again has the form (I1.2).
A 2-plane given by span(dy + ad; + B9;, dy + ¥ ds + 89;) is complex with respect to
the almost complex structure if and only if 8 +y = 0and § —a — (s +¢) = 0.
The equations for pseudoholomorphic curves for the almost complex structure on the
projected manifold therefore correspond to the first order elliptic system

sy+1=0, t,—sy=s5+1. @
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Example 11.2.6 (continuation of Example[8.1.6). In Example we found that the li-
near elliptic first order system defined by

=b w
a_ Z,2

is Darboux integrable for certain functions b. In this example we will construct projections
from the equation manifold of this first order system to a 4-dimensional base manifold with an
integrable almost complex structure such that the projection intertwines the complex structure
on the contact distribution with the complex structure on the base manifold.

We will start with a description of the Darboux projection in the case the system is Dar-
boux integrable. Then we will consider another projection which is different from the Dar-
boux projection.

Darboux projection. Inspired by the Darboux integrability we consider a projection onto
the pair of complex variables z, p. One can easily see that the contact distribution
dual to 6 is mapped by the tangent map of the projection onto the tangent space of the
projected space, i.e., the projection is transversal to VV = 6. To see that the complex
structure on V is also preserved we first apply the coordinate transformation z = z,
w=w, p=p—0dlog(h)/dz.

The adapted coframing (8.1)) is given in the new coordinates by

(B + (b:/byw)dz — bwdz,

S

dw —
dz,
dp

+d((bz/b)w) — (bzw + bg)dz
= dp + (bz/b)0 + (bz/b)(P + (bz/b)w)w + (b /b)bibéd

9% log b -
( aog) o + bP2Bd — (b:i0 + [bI*B)d

=dp + (b2/b)0 + (b:/b)(p + (bz/b)w)w

3% logh
+ (b, /b)bzi)d)+( 3§2g )wa) bs B,

If we want we can adapt the coframing such that 7 = d p. The structure equations for
0 are

0=—7%Ad mod 5,9:.

A complex basis for the complexified contact distribution V ® C is given in these
coordinates by the vector fields X = 9z + (p + (b;/b)w)d; + bwa, X,P= d5 and
P. Since these vector fields are dual to the adapted coframing, the complex structure
with respect to the basis of 1V defined by the vector fields is constant. The projection
onto the coordinates z, p intertwines the complex structures.
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Non-Darboux projection. We use the coordinates x, y, u, v, P = u,, Q = u, on the equa-
tion manifold. We will use real coordinates from now on. We use a capital P and Q
here to avoid confusion with the p and g introduced before. A basis for the contact
distribution in real coordinates is given by

Ox + Py + (=0 + Bv + au)dy,
dy + Q0y + (P + Bu — av)d,,
dp, dg.

Here we have written b(z,7) = a(x,y) + iB(x,y). The complex structure on the
distribution with respect to this basis is given by

0 1 0 0
1 0 0 0
=10 ¢ o -1
-G 0 1 0

with G = Byv + B2u + ayu + oy v + a?u — Byu. The condition that the projection
onto the variables x, y, P, Q is a good projection, is precisely that the matrix J is
independent of the coordinates « and v, i.e.,

ay =B +o? +B>=0, ay+py=0. (11.3)

If the two conditions (T1.3) are satisfied, then we have a good projection and more-
over, G 1is identically zero so the projected almost complex structure is integrable. A
calculation yields that these two conditions imply that 3% (log b) /3207 = |b|?/4
(notice the factor 4), although the converse is not true. So unless b = 0 the Darboux
integrable systems do not have a projection onto the variables x, y, P, Q. @

Example 11.2.7. Every non-generic affine Darboux integrable hyperbolic first order system
can be written in local coordinates as
Uy =uUv, Uy =viu.
An adapted coframing is given by
0! = du — pdx —uvdy, 6% = dv — uvdx — sdy,

o' = vdx, w? = udy,

2

7' = (wdp — P (@ — pdy),
uv
2
22 = (1/uwyds — % (dv — sdy),
uv

in the coordinates x, y, u, v, p = uy, s = vy. The invariants of the characteristic system are
{x, —u+ P/“}func and {y, —v + S/U}func-
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Since uy = v, we can identify u, and v, with the first order derivatives of a function z.
The system lifts to a second order equation z,y = z,yzy. This equation has 3 invariants for
each of the characteristic subsystems and is therefore contact equivalent to the wave equation.

One can transform the equation s = pq into the wave equation s = 0. The symmetry
d; used to project to the first order system is then transformed to the scaling symmetry v =
20, + pdp + qd,; + rd, +19;. The wave equation can also be projected using the symmetry
w = 0d;. The system projects to a first order system given by u, = v, = 0. We see that
are two different projections possible of the wave equation, yielding two non-equivalent first
order systems. %)

Example 11.2.8 (Integration using projection and the method of Laplace). Consider the
second order equation (in classical coordinates)

s 22\/17‘1

x+y'

The equation is a hyperbolic Goursat equation and is Darboux integrable. The invariants for
the two characteristic systems are

" e 7

X, — R, A
’ﬁ+x+y y’ﬂ+x+y

We could integrate this equation using the method of Darboux, but we use a different method
here. The method was applied by Goursat [40, Chapitre IX, no. 191] and is an example of a
combination of two methods: a symmetry reduction and the method of Laplace.

The equation has 9, as a symmetry. The quotient manifold has the structure of a first order
system of partial differential equations. If we introduce the coordinates u = ,/p, v = ,/q,
then this system is given by

v u
= s Vy = .
X+y y X +y

Uy (11.4)

We can eliminate either u or v from these equations. The result is the second order equation

u 1 v
Uy — Oor  Vyy + Vy — R
x+y  (x+y)? Pl x4y ()2

Uxy +

respectively. The (generalized) Laplace invariants of the equation for u are 1 = 1/(x + y)>
and k = 0. Since kK = 0 we can integrate the equation equation using the method of Laplace.
For this particular equation we can write

0 N u B ( N u )
= Uyy Uy — = —\u .
P lx+y T e+ T Ay U x4y

Hence uy +u/(x +y) = B(y)andu = A’ + (B — A)/(x + y) for two arbitrary functions
A(x) and B(y). From the system (IT.4) we find v = B’ 4+ (A — B)/(x + y). We can easily
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integrate the solution for u and v to the general solution for z. We find

@.y) B—A\? A—B\?
quozzmﬂy+/ (N+— )dx+<E+— )dy
(0,0) x+y x+y

Note that for the general solution z we have
r 2 2u
— + VP _ 2uy + —— =2A"(x),
JP x4y x+y
t 2 2v
—+ Va =2v, + —— =2B"(y).
Vg o ox+y x4y
This gives a functional relation between the invariants in each characteristic system in terms
of A” and B”. Our method yields the same solutions as the method of Darboux.

This example is also discussed in Juras [44, Example 4 on p. 20]. He also arrives at a
general solution for z using the method of Darboux. His solution is a true general solution
in the sense that there are no additional integrations to be carried out. His parameterization
has the disadvantage that the independent variables x, y are not used as the parameterization
coordinates. @

11.3 Future research

This dissertation leaves open a great number of questions. Some are very specific and some
have a more general scope. Below we will discuss two points which the author thinks are
worth considering for future research.

First there is the concept of pseudosymmetries. In this dissertation we have showed that
many familiar concepts (the method of Darboux, pseudoholomorphic curves, Béacklund trans-
formations, integral extentions) can be understood in the context of pseudosymmetries. Ex-
amples of equations that can be analyzed using pseudosymmetries that do not fall into existing
methods have also been given. Even though these examples have been given, so far there is
mainly a theoretical basis for pseudosymmetries. It is a challenging task to find more exam-
ples of pseudosymmetries in applications or even to find and analyze solutions of systems
that could not be analyzed using other techniques.

A second problem is the use of computer algebra systems in computations and the deve-
lopment of theory. For this dissertation the use of MAPLE with the packages JETS, VESSIOT
and DIFFORMS has been absolutely essential. But even while these packages proved essen-
tial, there is a lot of room for improvement. Two problems have could be solved with some
time and more efficient computer programs are the following. First there is the class of first
order systems for which the image of Nijenhuis tensor has rank 4, but and the two distribu-
tions 31 and 3, are equal. A brute force calculation of this type of equations might lead to an
example of such a system or a proof of the non-existence. A second problem is the calculation
of pseudosymmetries of second order scalar equations (Section[9.3)). There are obstructions
to the existence of such symmetries. For two specific examples these obstructions have been
calculated, but in the general case there are obstructions as well.






Appendix A

Various topics

This chapter contains several theorems and topics that have not been included in the main
text.

A.1 Pfaffian of a matrix

Let A be an anti-symmetric 2n x 2n-matrix. With A we can associate a bi-vector @ =
ajje; A ej. We define the Pfaffian of A by the equation

1
—‘a)” =Pf(A)e; A ... Aep.
n!

For an anti-symmetric 2n x 2n-matrix the Pfaffian is equal to the square root of the determi-
nant of the matrix.

Example A.1.1. Let

0 app a3z ai
A= |92 0 a3 a4
—ai3 —axy 0 axn

—ayy —axy —azy 0O

Then Pf(A) = aiza3s — a13a4 + azzayg. @

Let B be an anti-symmetric bilinear map R* x R* — R2. For a linear map & : R> — R the
composition £ o B is an anti-symmetric bilinear form on R*. The matrix representation of this
bilinear form is an anti-symmetric 4 x 4-matrix with entries linear in £. The Pfaffian of this
matrix is a quadratic form in £&. We say the anti-symmetric bilinear form B is non-degenerate
if the discriminant of this quadratic form is non-zero. Every generic anti-symmetric bilinear
form on R* with values in R? is non-degenerate in this sense.
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A.2 The relative Poincaré lemma

Let M be a smooth manifold and ® a homotopy of M with two maps ¢g, ¢1 : M — M. To
be more precise, ® is a smooth map

O:[0,1]xM —> M: (t,x)—~ d(t,x)
such that
¢o(t) = @(t,x), ¢1(1) = (1, x).

Let: : M — R x M be defined as ;(x) = (¢, x) and let i be the interior product map,
ie., iy(w) = X - w. We define the operator H : QK(M) — Q1 by

1
Ho = / (4" oip 0 @M dr. (A1)
0 t

Theorem A.2.1 (Homotopy lemma). Let w be a k-form, ® a smooth homotopy and the op-
erator H defined as in (A.1)). Then

¢1*0 = ¢o*w + d(Hw) + H (dw). (A.2)

Proof. The proof is taken from Duistermaat and Kolk [29, Homotopy Lemma 8.9.5]. Let
o RxM—>RxM: (t,x)— (t+h,x). We have ¢, = ® o, and

d d d
o= g @owe= E‘hzo @
d
= - (th o) ®*w = ," L s (P*w)
dh h=0 ar

=Lt*o[doiaﬁ+iaiod]q>*w
at t
=(do* Oiél o ®")(w) + (1" Oi% o ®*)(dw).

Then
Id
o1 w — po*w = /0 a@*(w) dt = d(Hw) + H(dw). O

Let S be a smooth submanifold of M and write (g for the embedding of S in M. A
homotopy of M with § is a homotopy & such that ¢; is the identity on M and ¢y is a
projection of M onto S. In particular there exists a map ¢ : M — S such that ¢g = 1 o ¢5.

Corollary A.2.2 (Poincaré lemma). Let w be a closed form. Then locally w is exact.

Proof. This follows from the homotopy formula with ® a homotopy of a neighborhood with
apoint. Then w = 0+ d(Hw) + H(0) = d(Hw). O
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Lemma A.2.3 (Relative Poincaré lemma). Let w be a k-form and I an integrable Pfaffian
system for which

do=0 mod I.
Then locally there exists a (k — 1)-form p such that w = du mod 1.

Proof. Let I be generated by the linearly independent 1-forms dx’, i = 1,..., n on a mani-
fold M. Since the Pfaffian system [ is integrable we can consider the leaves of the distribution
dual to the dx’. The quotient B of the manifold by these leaves locally defines a smooth mani-
fold. Let 7 be the projection M — B and s a section of the bundle. We can always find a
smooth homotopy @ of M with the image S of the section s such that the leaves of I contract
to their intersection with S. Then the homotopy formula implies

w = ¢1*w = ¢o*o + d(Ho) + H(dw).

By construction ¢g = s o 7 and hence ¢o*@w = 7*(s*w). The form s*w is a 1-form on B
and hence 7*(s*w) is semi-basic with respect to the bundle M — B. Since the 1-forms in /
form a basis for the semi-basic forms of M — B we see that 7*(s*w) = 0 mod I. Let us
analyze the term H (dw). Since dw = 0 mod I we have dw = o A dx/ for certain 1-forms
a; and

1
H(dw) =f (¥ oy 0 ®*)(dw) dr
O at
l .
:f y*oip 0o ®*(aj Adx/)dr
0 at
1 .
:/ Lt*oi{%(@*(aj)/\@*(dx/))dt.
0 t

Since the x' are constant along the fibers of M — B, the x’ and dx’ are invariant under ¢,
and hence

1
H(dw) = / e oiag(cb*(aj) Adx’)dr
0 t

- /01 u*oia (@ (@) dr A dx/
=H()Adx) =0 mod 1.
Together this implies w = d(Hw) mod 1. O
Corollary A.2.4. Let w be a differential 1-form and I an integrable Pfaffian system for which
w#0 modI, do=0 mod].

Then w = dz mod I for a smooth non-constant function z.
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A.3 Orbits of Lie group actions

In this section we analyze the action of a Lie group G on a smooth manifold. The Lie
group is assumed be second-countable, in particular it has at most countably many connected
components. We will show that maps into orbits of the Lie group can be lifted to the Lie
group itself.

Let G be a Lie group with a smooth action on a manifold M. Let m be a pointin M, Gm
the orbit through x and G, the stabilizer of the point m. In formula:

Gm={g-meM|geG}, G,={geG|g-m=m}.

The stabilizer group G, is a closed subgroup of G and oy, : G/ Gy > M : gGpy +— g -m
is an immersion with image equal to the orbit Gm. Since we have taken the quotient by the
stabilizer group the map «;, is injective and hence the orbit Gm is equal to G/ G, as sets. The
quotient G/ G, has the unique structure of a differentiable manifold such that the projection
G — G /Gy, defines a principal fiber bundle with structure group G, [28l Corollary 1.11.5].

The quotient topology of the orbit Gm = G/G,, is not always equal to the subspace
topology of Gm C M. For example, consider the action of R on the torus 7 = R/277Z x
R/2nZ given by g - (x,y) = (x + g,y + V2g). The orbits are immersed submanifolds.
The stabilizer subgroup of a point consists of the identity element. Hence G, = {0} and
Gm = G/G,, = G. The subspace topology is different from the quotient topology. Every
open interval in R defines an open subset in G/ G, but the image of the interval is not open
in the subspace topology on Gm.

For an element X € g we write X/ for the vector field on M defined by the infinitesimal
action of G on M. So Xy (m) = d/dt|;—gexp(tX) -m. Letg,, = {X g | Xpy(m) =0}.
Hence g,, is equal to the Lie algebra of G,,. Let g(im) equal { X3y (m) | X € g}. The linear
space g(m) C T,, M is equal to the image of G/G,, under T,g,,ctm.

Lemma A3.1. If ¢ : S — M is a smooth map with image contained in the orbit Gm, then
¢S — G/Gy, is smooth as well.

Proof. Suppose that ¢ (s) = m. Since the orbit is an immersed manifold, there is an open
neighborhood U of the identity in G such that U maps onto an open neighborhood of m in
the orbit Gm. It is sufficient to show that an open neighborhood of s is mapped by ¢ into the
image of U under g — g - x.

Choose a linear complement § of g, in g. In M we choose a submanifold S such that
m e Sand T,,S & g, = T,,M. From the inverse mapping theorem it follows that there are
open neighborhoods §p of 0 in § and Sy of m in § such that the map

wiboxSo— M:(X,s)—exp(X)-s (A3)

is a local diffeomorphism onto an open subset of M. Since (X, s) € Gm if and only if
s € Gm, we have u~1(Gm) = hy x (So N Gm).

Let Soo be an open neighborhood of m in Sy such that the closure of Sqg as a subset in M
is contained in Sp. We want to prove that (Soo N Gm) is a countable subset of Sgp.
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Let g;G,, be a sequence in G/ G, that converges to gG, such that g; - m € Spp. We can
choose the elements g; such that g; — g € G. We can restrict by to an open neighborhood
of 0 and choose a neighborhood B of the identity in G, such that the map hp x B — G :
(X, b) — exp(X)b is a local diffeomorphism onto a neighborhood of the identity element in
G. But then g_lgj = exp(X;)b; for sequences X; € hand b; € G, such that X; — Oin
bopandb; — ein Gy as j — oo. Theng; -m = g-exp(X;)-bj -m =g -exp(X;) -m =
exp(Adg(X;)) - g - m. The definition of Spo implies that the limit g - m of the sequence
gj - m is contained in the closure of Soo in M, and hence in Sp. The lineair space g(g - m) is
equal to { Xps(g-m) | X € h}. But this space is complementary to Tg.,, So. The sequence
gj-m = exp(Adg(X;)) - g-min Sy is close to g - m € Sp. This sequence is also in the
direction of g(g - m) from g - m. We conclude that for large j we must have g; -m = g - m.

Hence the collection of gG,, € G/G,, for which g - m € Sy is a discrete subset of
G/G,,. Since G has countably many connected components, G is the union of countably
many compact sets. The same is true for G/G,, and we conclude that the collection of
gG,, € G/G,, for which g - m € Sy is countable.

Let ¢ : U — M be a smooth map with image ¢ (U) contained in the orbit Gm. Let
u € U and m = ¢(u). We can select an open subset Uy containing # such that the image of
this open subset is contained in the open subset w(ho x Spp) constructed above. Let 7 be the
projection of hy x Spp onto Sgp. Then 7 o p,_l o ¢ is a continuous map from Uy to Sop and by
assumption the image of this map is contained in Sog N Gm. Since Spo N Gm is a countable
subset of Spo we conclude that the image of 7 o ™! o ¢ is a single point. Since m = ¢ (u)
we conclude that (7 o ! 0 ) (Up) = {m } and (u~" 0 $)(Up) C ho x {m }. This shows that
¢ defines a smoothmap ¢ : U — G/G,,. a

A.4 Miscellaneous

The Lie derivative of a differential form can be defined using the exterior derivative and the
interior product. Sometimes another definition of the Lie derivative is used and then the
definition below is a proposition.

Definition A.4.1 ((H.) Cartan’s magic formula, homotopy identity).
Lxw=X2dw+ dlw(X)). ©

The relation between the exterior derivative of differential forms and the Lie brackets of
vector fields is given by the following proposition.

Proposition A .4.2.
do(X,Y) = X(@(Y)) — Y (X)) —o(X,Y]) (A.4)

Theorem A.4.3 (Morse lemma). Let f : R" — R be a smooth function with a nondegener-
ate critical point a. Then there exist local coordinates x!, ..., x" near a such that

)= f@+aH2+ D2+ .+ @) — Y2 -

Here k is the index of f at a.
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A.5 Grassmannians and conformal actions

In this section we study the Grassmannian Gry(R*) and the action by conformal transforma-
tions of P GL(4, R) on the Grassmannian.

A.5.1 The conformal group

Let n = p + ¢ and consider R” with a conformal quadratic form of signature (p, ¢). With
respect to a suitable basis this quadratic form is given by

x> x7 L, 0 X
0 I,

The conformal group CO(p, ¢) is the group of linear transformations that preserves this qua-
dratic form up to a scalar factor. We have CO(p, g) = SO(p, q) x H, where H = R* is
the group of scalar multiplications (which are sometimes called homotheties in this context).
The dimension of CO(p, q) is n(n — 1)/2 + 1. In the special case p = g = 2 we have
CO(2,2) = SL(2) x SL(2) x H. See Akivis and Goldberg [1]]

A.5.2 Local coordinates

Let V be a vector space of dimension 4 and and consider the action of the group G = GL(V)
on V. The action of G on V induces an action on the Grassmannian M = Gry(V) and this
action is transitive. We will analyze the orbits of this action on the tangent space T M.

We identify V with R*. We introduce local coordinates for the Grassmannian in the form
of 2 x 2-matrices A. The matrix A corresponds to the 2-plane spanned by vectors in the

image of
I
NE

Alternatively, we can define the 2-plane corresponding to A as the inverse image of R%x {0}
under the map A € GL(4, R) defined by

A:(_’A ‘I))

The group G acts on first representation by multiplication on the left. On A an element
g € G acts by multiplication on the right with the g~!. The action of g € GL(V) on the
Grassmannian in local coordinates is given by
g = (Cf 3) CAs G4+ dA)a+ba)TL
c
We let xo be the point in the Grassmannian that corresponds to A = 0. The stabilizer
group H of xg is equal to the set of matrices

a b
( 0 g) , (A.5)
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with a, d invertible 2 x 2-matrices and b an arbitrary 2 x 2-matrix.

A.5.3 Action on the tangent space

We want to know how the stabilizer H acts on the tangent space of the Grassmannian. Sup-

pose that
t— I
tX

is a curve through the point x( that represents a tangent vector in the Grassmannian. The
group H acts on this curve as
a+btx
— ~ .
drX

The matrix represents an element in the Grassmannian and an equivalent representation is

12

I I
te (citX(aJrlStX)—l) (d}xzrl +(’)(t2)>‘

So the action of H on the tangent space in local coordinates is given by

a b e
(o g>-x_an . (A.6)

A.5.4 Conformal isometry group of the Grassmannian

In this section we will show that the conformal isometry group of the Grassmannian Gr, (R*)
is given by P GL(4, R). The discussion in this section gives the proof of Lemma[2.1.5] For
the conformal isometries of the oriented Grassmannian the same reasoning holds, with minor
changes to the groups involved.

Let M be a manifold of dimension n with a conformal structure of signature (p, g). For
n > 3 a conformal transformation is completely determined by the action on the second order
jets. In particular if ¢, ¢ are two conformal transformations with j 2¢1 x)=j 2¢)2 (x) for a
point x in M, then ¢; = ¢, on a neighborhood of x. See Kobayashi [46].

We will show that the group PGL(4, R) acts transitively on the second order jets of
conformal transformations. This proves that for every conformal transformation ¢ of the
Grassmannian there is a transformation ¥ induced from A € P GL(4, R) such that ¥ ! o ¢
is equal to the identity on the 2-jets and hence equal to the identity on an open neighborhood.
Since Gry(R*) is connected it follows that ¢ = ¢.

The action of the group P GL(4, R) on the Grassmannian is transitive. Hence we can
consider the subgroup H of transformations in P GL(4, R) that fix a point in the Grassman-
nian. In the previous section we have seen that these transformations are represented by
the matrices of the form (A.3). The action of H on the tangent space of the Grassman-
nian is given by X dXa~'. This is an injective representation of H = GL@2,R) x
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GL(2, R)/R* = SL(2, R) x SL(2, R) x R*. The 1-jets of conformal transformations fixing
a point are a subset of the conformal transformations CO(2, 2). This group is isomorphic to
SL(2, R) x SL(2, R) x R*, see Section Since H has the same dimension as CO(2,2),
the same number of connected components and H C CO(2, 2) we conclude that H acts
transitively on the 1-jets of conformal transformations.

Finally we have to consider the action on the second order jets. The full group P GL(4, R)
has dimension 15. The dimension of the subgroup P GL(4, R) fixing a point and a 1-jet is
4. This is equal to the dimension of the Lie algebra prolongation of co(2, 2) (see McKay
[S3 p. 29]). Since the Lie algebra prolongation is connected, we can conclude that the group
P GL(4, R) acts transitively on the 2-jets of conformal transformations.

A.5.5 Orbits

In this section we consider the action of the conformal group CO(2,2) = (GL(2, R) x
GL(2, R))/R* = SL(2, R) x SL(2, R) x R* on the space W of 2 x 2-matrices given by

@,dy- X — dxa'.

This action is a conformal action in the sense that the action preserves the conformal quadratic
form X — det(X). The conformal group is described in Bryant et al. [13 Section 7.1, Case
2, p. 272] and in McKay [51] p. 9].

The conformal action induces an action on the linear subspaces of dimension 2 in W.
This action has 5 orbits, representatives for the 5 orbits are given by

Wi=((g )1 er)
»w={C§ib|ﬂeRL
W3 ={<x; xoz) |x e R},
W4={()§)1 x°2)|x"eR},

1 2
X —X P
W5={<x2 xl)lx’eIR{}.

The last two orbits are open and represent the hyperbolic planes and elliptic planes, respec-
tively. For example on Wy the conformal quadratic form det takes the form xjx» (signature
(1, 1)) and on W5 the conformal quadratic form takes the form (x D2+ (x2)? (signature (2, 0)).
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Samenvatting

Dit proefschrift gaat over het gebruik van (pseudo)symmetrie€n in het oplossen en begrijpen
van parti€le differentiaalvergelijkingen.

Symmetrieén en pseudosymmetrieén

In het dagelijks leven komen we veel symmetrieén tegen. Veel voorbeelden van symmetrieén
zijn te vinden in het werk van de Nederlandse kunstenaar M.C. Escher (1898 — 1972). In
Figuur staat een voorbeeld van een afbeelding met symmetrie. De symmetrieén in
deze figuur zijn de translaties. Er zijn diagonale en verticale translaties mogelijk. We kunnen
een symmetrie uitdelen. We houden dan een deel van de oorspronkelijke afbeelding over die
in zekere zin alle informatie bevat. In Figuur [D.1(b)|is het quotiént van de hele afbeelding
onder de symmetrie weergegeven. Zo’n quotiént wordt ook wel een fundamenteel domein
genoemd. Omgekeerd, als een fundamenteel domein en het type van de symmetriegroep
gegeven zijn, dan kunnen we de oorspronkelijke afbeelding reconstrueren.

We kunnen nog een stap verder gaan. De zwarte en de witte vissen in de figuur hebben
allemaal dezelfde vorm. Als we enkel op de vorm letten en niet op de kleur, dan is translatie
over de afstand van één vis ook een symmetrie. We noemen deze vorm van symmetrie een
pseudosymmetrie omdat maar een deel van de aanwezige structuur (namelijk de vorm) is
behouden en een ander deel (namelijk de kleur) verloren gaat.

De pseudosymmetrieén in dit proefschrift gaan nog een stap verder. Bekijk Figuur[9.T op
pagina[202] Hierin is een vectorveld getekend (de zwarte pijlen) die een symmetrie hebben
in de horizontale richting. In de verticale richting is er geen symmetrie: de pijlen op dezelfde
verticale lijn staan in een verschillende richting. Kijken we echter enkel naar de component
van het vectorveld loodrecht op de translatierichting, dan is wel sprake van een symmetrie. De
horizontale component van de pijlen op een verticale lijn is altijd even groot. Dus translatie in
de verticale richting geeft een pseudosymmetrie van het vectorveld. Belangrijk hierbij is dat
de structuur die behouden wordt, namelijk de horizontale component, athangt van de keuze
van de pseudosymmetrie (verticale translaties).

Partiéle differentiaalvergelijkingen

Partié€le differentiaalvergelijkingen worden gebruikt in allerlei takken van de wetenschap om
modellen op te stellen. Voorbeelden zijn de bewegingsvergelijkingen uit de klassieke mecha-
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(b) Quotiént (c¢) Quotiént onder pseudosymmetrie

Figuur D.1: Symmetrieén. All M.C. Escher Works (©) 2006 The M.C. Escher Company — the
Netherlands. All rights reserved. Used by permission. http://www.mcescher.com

nica, reactie-diffusie vergelijkingen uit de chemie en populatie modellen uit de mathemati-
sche biologie.

Als voorbeeld kan men de beweging van een blad aan de oppervlakte van een stromen-
de rivier bekijken. De positie van het blad wordt geven door middel van twee functies
x1(t), x2(¢) die van de tijd ¢ athangen. De stroming van de rivier wordt beschreven door
op elke plaats de snelheid en de richting van de stroming te geven. De stroming wordt dus
gegeven door een vectorveld v(x) = (vi(x), v2(x)) dat van de plaats afhangt. De afgeleide
dx /dr beschrijft de verandering van de plaats van het blad. Deze is gelijk aan de snelheid v
waarmee de rivier stroomt op de plaats waar het blad zich op dat moment bevindt.

In de wiskunde worden dit soort relaties beschreven met behulp van differentiaalvergelij-
kingen. De differentiaalvergelijking die de beweging van het blad beschrijft, wordt gegeven
door

x' = v(x).

Een oplossing van deze differentiaalvergelijking is een functie x (¢) die voldoet aan de relatie

x'(t) = v(x(1)).
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In ons voorbeeld kon de differentiaalvergelijking beschreven worden met behulp van een
vectorveld. Het vectorveld schrijft voor in welke richting de oplossingen mogen bewegen.
Meer algemene parti€le differentiaalvergelijkingen kunnen we beschrijven door middel van
contact distributies. Een distributie wordt gegeven door een verzameling van vectorvelden.
Voor elk punt geven deze vectorvelden de verschillende richtingen aan waarin een oplossing
van de differentiaalvergelijking mag bewegen.

Veel partiéle differentiaalvergelijkingen die van belang zijn in allerlei takken van de we-
tenschap bezitten symmetrieén. De Noorse wiskundige Sophus Lie (1842 — 1899) was één
van de eerste wiskundigen die symmetrieén van differentiaalvergelijkingen gebruikte om de
vergelijkingen op te lossen. Ook parti€le differentiaalvergelijkingen kunnen we uitdelen naar
een symmetrie. Het quotiént is een nieuwe parti€¢le differentiaalvergelijkingen die vaak een-
voudiger is dan de oorspronkelijke vergelijking. Door deze nieuwe vergelijkingen op te los-
sen, kan men vaak ook oplossingen vinden van de oorspronkelijke vergelijking.

Ook pseudosymmetrieén kunnen gebruikt worden om parti€le differentiaalvergelijkin-
gen te reduceren tot nieuwe vergelijkingen. Dit proces is echter minder eenvoudig dan voor
gewone symmetrie€n. Omdat pseudosymmetrie€n geen exacte symmetrieén zijn (er gaat in-
formatie verloren), moet uitgezocht worden welke informatie men nodig heeft om ervoor te
zorgen dat bij het uitdelen een nieuwe parti€le differentiaalvergelijking ontstaat en deze ook
nuttig is om de oorspronkelijke vergelijking mee te bestuderen.

Inhoud

We geven nu een kort overzicht van de wiskundige inhoud van het proefschrift. Het proef-
schrift gaat over de contact structuren van parti€le differentiaalvergelijkingen. Deze contact
structuren geven een meetkundige beschrijving van de vergelijkingen in termen van het op-
spansel van een aantal vectorvelden. Het opspansel van een aantal vectorvelden wordt ook
wel een distributie genoemd. De belangrijkste klassen van partiéle differentiaalvergelijkin-
gen in dit proefschrift zijn de eerste orde stelsels van twee vergelijkingen voor twee functies
van twee variabelen en de tweede orde scalaire vergelijkingen in twee variabelen. Door de
lage dimensies van deze twee klassen ontstaat een hele rijke meetkundige structuur.

Het proefschrift begint met Hoofdstuk [I| waarin de notatie wordt vastgelegd en een aantal
definities en begrippen worden ingevoerd die in de rest van het proefschrift nodig zijn.

In Hoofdstuk [2] worden vervolgens hyperbolische getallen en hyperbolische oppervlak-
ken besproken. De hyperbolische getallen bestaan uit de elementen (x, y) € R? met ver-
menigvuldiging (x1, y1) - (x2, y2) = (x1x2, y1y2). Deze hyperbolische getallen vervullen
de rol voor hyperbolische vergelijkingen die de complexe getallen hebben voor elliptische
vergelijkingen. Ook worden oppervlakken in de Grassmanniaan van 2-dimensionale lineaire
deelruimten van een 4-dimensionale vectorruimte bestudeerd. Deze oppervlakken zijn van
belang voor de microlokale analyse van eerste orde stelsels.

In de hoofdstukken [3] @ 5] en [l wordt een structuurtheorie ontwikkeld voor eerste orde
stelsels en tweede orde vergelijkingen. De stelling van Vessiot (pagina [§2) geeft een exacte
beschrijving van de contact structuur van tweede orde scalaire parti€le differentiaalvergelij-
kingen. Voor eerste orde stelsels is er een vergelijkbare stelling (Theorem {.6.4). De struc-
tuurtheorie wordt vervolgens gebruikt om invarianten van differentiaalvergelijkingen mee te
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bepalen en verbanden te leggen met het werk van Gardner and Kamran [38], Juras [44] en
McKay [51].

Eén van de structuren die wordt gevonden in Hoofdstuk [4| voor elliptische eerste orde
stelsels is een bijna-complexe structuur op de contact distributie. Het blijkt dat we de verge-
lijkingen voor pseudoholomorfe krommen voor een bijna-complexe structuur exact kunnen
beschrijven met behulp van de Nijenhuis tensor voor eerste orde stelsels. Dit wordt be-
schreven in Hoofdstuk [/| Voor tweede orde vergelijkingen leidt een zelfde analyse van de
Nijenhuis tensor tot de Monge-Ampere vergelijkingen.

In Hoofdstuk [9] wordt een definitie gegeven van pseudosymmetrieén voor distributies,
voor eerste orde stelsels en voor tweede orde vergelijkingen. Er wordt een methode be-
schreven (ontwikkeld samen met Robert Bryant) om deze pseudosymmetrieén efficiént uit te
rekenen voor tweede orde vergelijkingen. Ook wordt het verband gelegd tussen pseudosym-
metrieén en de begrippen integreerbare uitbreiding en Bicklund transformatie.

In de hoofdstukken [§ en [I0] bestuderen we Darboux integreerbaarheid. De methode van
Darboux is in de 19¢ eeuw geintroduceerd door Gaston Darboux. Het oplossen van een
eerste orde stelsel of tweede orde vergelijking die voldoende invarianten bevat voor beide
karakteristieke systemen, wordt hiermee gereduceerd tot het oplossen van gewone differenti-
aalvergelijkingen. De methode van Darboux is een speciaal geval van een pseudosymmetrie
waarbij het quotiént een bijzonder eenvoudige structuur heeft. Generalisaties van de methode
van Darboux waarbij het quotiént een iets minder mooie structuur heeft, worden beschreven
onder de naam vector pseudosymmetrieén in Hoofdstuk [TT] Het quotiént is dan een systeem
voor pseudoholomorfe krommen voor een bijna-complexe of bijna-product structuur.

Tot slot wordt in Hoofdstuk [TT]een overzicht gegeven van de verschillende projectie me-
thoden die behandeld zijn. Ook wordt aangegeven wat mogelijkheden zijn voor toekomstig
onderzoek.
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