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Introduction

This course treats geometric approaches to differential equations (DEs), both ordinary (ODEs)
and partial (PDEs). Geometry in this context means that certain results do not depend on
coordinate choices made to write down a DE, and also that structures like connection and
curvature are associated to DEs.

The subject can get very technical but we shall take a low technology approach. This means
that some times, for a sake of explicitness, a coordinate calculation will be performed instead of
presenting an abstract coordinate—free argument. We shall also skip some proofs, and replace
them by examples illustrating the assumptions and applications. The proofs can be found in
[3]. See also [11] and [7]. I shall assume that you have a basic knowledge of differential forms,
vector fields and manifolds.

Given a system of DEs it is natural to ask the following questions

e Are there any solutions?
o If yes, how many?
e What data is sufficient to determine a unique solution?

e How to construct solutions?

These are all local questions, i.e. we are only interested in a solution in a small neighbourhood
of a point in a domain of definition of dependent variables. We shall mostly work in smooth cat-
egory, except when a specific reference to Cauchy-Kowalewska theorem is made. This theorem
holds only in the real analytic category.

Problem 1. Consider an ODE
= F(,u) (1)

1

where F' and 0, F are continuous® in some open rectangle

U={(z,u) eR* a<z<bec<u<d}.

The Picard theorem states that for all (zg,ug) € U there exists an interval I C R containing
xo such that there is a unique function u : I — R which satisfies (1) and such that u(zg) = uo.
We say that the general solution to this first order ODE depends on one constant. The unique
solution in Picard’s theorem arises as a limit

u(x) = lim u,(z)

n—oo

In fact it is sufficient if F' is Lipschitz.



of uniformly convergent sequence of functions {u,(z)} defined iteratively by

xT

Uni1(T) = ug + / F(t, u,(t))dt.
x0
One can treat a system of n first order ODEs with n unknowns in the same way: The unique
solution depends on n constants of integration.
The conditions in Picard’s theorem always need to be checked and should not be taken for
granted. For example the ODE
du 1
— =u!/? 0) =0
has two solutions: u(z) = 0 and u(z) = 2?/4.
More geometrically, the solutions to (1) are curves tangent to a vector field
0 0

X:%—FF(I,U)%.

The Picard theorem states that the tangent directions always fit together to form a curve.

One can rephrase this in a language of differential forms. The one—form annihilated by X is (a
multiple of) § = du — Fdz and a parametrised curve x — (z,u(z)) is an integral curve of (1)
if § (or any of its multiples) vanishes on this curve. In general, if 6 is a k—form on a manifold
M the submanifold S C M is an integral of 0 if f*(0) = 0, where f : S — M is an immersion.
One aim of this course is to reformulate systems of DEs as vanishing of a set of differential
forms (in general of various degree). This gives a coordinate invariant formulation of DEs as
Exterior Differential Systems, and allows a discussion of dimension of integral manifold.

Problem 2. Consider a system of PDEs
uy = Az, y, u), u, = B(z,y,u) (2)

where u, = d,u etc. Both derivatives of u are determined at each point (z,y,u) € R where
A, B, A,, B, are continuous. This gives rise to a two—dimensional plane spanned by two vectors

0 0 0 0

Do these planes fit together to form a solution surface in a neighbourhood of (say) (0,0, ug) €
R3? Let us try two successive applications of Picard’s theorem.
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e Set y = 0,u(0,0) = ug. The Picard theorem guarantees the existence of the unique (x)
such that i
d—z = A(z,0,3),  @(0) = up.
e Consider @(x) and hold z fixed, regarding it as a parameter. Picard’s theorem gives the
unique u(x,y) such that

du
— = B(x,y,u), u(z,0) = u(x).

=By, u@0) =)

We have therefore constructed a function u(x,y) but it may not satisfy the original PDE (2)
which is overdetermined and requires that the compatibility condition

(us)y = (uy)a
holds. Expanding the mixed partial derivatives yields
A, — B, +A,B—-B,A=0. (3)

Do we need more compatibility conditions arising from differentiating (3) and using (2) to get
rid of ug,u, ? The answer is no. It follows from the Frobenius theorem which we are going
to prove in §1 (the left hand side of (3) is the obstruction to the vanishing of the commutator
[ X1, X5]). If (3) holds then solving the pair of ODEs gives the solution surface depending on
one constant.

What happens if (3) does not hold?

e If u does not appear in (3) then (3) is a curve in R? and there is no solution in an open
set containing (0, 0, uy).

e If (3) gives an implicit algebraic relation between (x,y, u), then solve this relation to get
a surface (z,y) — (z,y,u(x,y)). This may or may not be a solution to the original pair
of PDEs (2). In particular the initial condition may not be satisfied.

This simple example raises a number of questions. How to deal with more complicated com-
patibility conditions? When can we stop cross-differentiating? Theorems 2.1 and 2.2 proved in
§2 and more generally the Cartan Test 5.5 discussed in §5 give some of the answers.

Problem 3. Consider a system of linear PDEs
U, = au+ fv, Uy + Uy = yu + 0v, vy = €u+ Qv (4)

where «, 3,...,¢ are some functions of (z,y) defined on an open set U C R?. This is an
overdetermined system as there are three equations for two unknowns, but (unlike the system
(2)) it is not overdetermined enough, as the partial derivatives are not specified at each point.
Therefore we cannot start the process of building the solution surface as we can not specify
the tangent planes. One needs to use the process of prolongation and introduce new variables
for unknown derivatives hoping to express derivatives of these variables using the (differential
consequences of ) the original system. In our case it is enough to define

W= Uy — Uy
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(there are other choices, for example w = u,, but the solutions surface will not depend on the
choices made). Now

1 1
uy:§(7u+5v+w), vx:§(7u+5v—w)
and we can impose the compatibility conditions

(Uy)e = (Uz)ys  (Vy)e = (V2)y-
These conditions will lead to expressions
Wy = ..., Wy=...

where (...) denote terms linear in (u,v,w). The system is now closed as first derivatives of
(u,v,w) are determined at each point thus specifying a family of two—dimensional planes in R®.
Do these two planes fit in to form a solution surface

(z,y) — (z,y,u(z,y), v(z,y), w(z,y))

in R®? Not necessarily, as there are more compatibility conditions to be imposed (for example
(wy)y = (wy)z). These additional conditions will put restrictions of the functions (a, f3,. .., ¢).
In the course we shall see how to deal with the prolongation procedure systematically.

This simple example of prolongation arises naturally in geometry of surfaces. Assume you
are given a metric (a first fundamental form) on a surface

g = Edz* + 2Fdxdy + Gdy®.
Does there exist a one form K = udx + vdy such that the Killing equations
ViKy=0, a'=(z,y)

are satisfied, where V is the Levi-Civita connection of g7 Expanding the Killing equation in
terms of the Christoffel symbols leads to a system (4) where the six functions (a, 3, ..., ¢) are
given in terms of E, F, G and their derivatives. The consistency conditions for the prolonged
system to admit non-zero solutions give differential constraints on E, F,G. These constrains
can be expressed in tensor form as differential invariants of the metric g. In §3.1 we shall discuss
an approach to constructing such invariants.



Chapter 1

Exterior Differential System and
Frobenius Theorem

Definition 1.1 An exterior differential system (EDS) is a pair (M,Z) where M is a smooth
manifold and T C Q*(M) is a graded differential ideal in a ring of differential forms that is
closed under exterior differentiation:

dg €T if el

For example the set of forms
{dy — pdx, dp A dz, dx}

forms EDS where M = R®. We shall use the following notation: ZF = Z N Q*(M) is a set of all
forms of degree k in Z. The evaluation of a form 6 at x € M will be denoted 6, and Z, will
denote the evaluation of all forms in 7 at .

One way to present EDS is by specifying the set of differential generators

<O 0 S qg= N AO AOTBAdEY L By A dO™)

where ~, 3 are arbitrary differential forms. We shall assume that none of the generators are
O-forms (i.e. functions). Otherwise we shall restrict the EDS to submanifolds on which these
functions vanish. An EDS whose generators are 1-forms is called a Pfaffian system.

We shall also use the notation

<@, ... >algi= {y A0y A >

to denote the set of forms generated algebraically by exterior multiplication.

Definition 1.2 An integral manifold of T is a submanifold f : S — M such that f*(0) =0 for
allf € T.

In particular S is an integral submanifold of 7 =< 6',...,0" > j;q iff f*(6") = 0.
e Example. A system of N first order ODEs

du®

E:Fo‘(x,ul,...,uN), a=1,...,N



is modelled by the EDS 7 generated by N 1-forms < du® — F“dx >4; on an open set
in R¥*1. The integral manifolds of this EDS are integral curves of a vector field

- 0
X=— Fe—
ox + ; ou®
which annihilates all forms in 7.

e Example. The pair of PDEs u, = A(z,y,u),u, = B(z,y,u) is modelled by an ideal
generated by one 1-form
I =< du— Adx — Bdy > .

The vectors 0, + Ad,, 0, + B0, annihilating this one form are tangent to the integral
surface if one exists. There are no integral surfaces if the compatibility (3) does not hold.

Two EDS (M,Z) and (M, ) are equivalent if there exist a diffeomorphism such that
f:M— M, (1) =1

This notion can be applied to determine whether two systems of DEs are equivalent and, in
particular, to linearise some DEs. In the following two examples we shall use the following no-
tation: if § = 6;(x", ..., 2%) dz’ then § = 6;(&",...,4") d2/ where 2/ and 7 are local coordinates
on M and M respectively.

e Example. Consider the Monge-Ampere equation
U Uy — uiy =1,
where u = u(x,y). This nonlinear equation is modelled by the EDS
< 0! = du — pdx — qdy,6? = dp A dq — dx A dy > diff (1.1)

on R®. In particular, it is not a Pfaffian system. Consider f : R> — R given by

We verify that
(") = da—pdi—qdj = du—pdr—qdy, — f5(6%) = dpAdG—diNdg = dyAdp+dgAdz.
The integral manifolds of the pulled back ideal are

du — pdx — qdy = 0, dy N\ dp+ dg N\ dx = 0.

Vanishing of the one form gives p = u,, ¢ = u,, and vanishing of the two—form gives the
linear Laplace equation
Ugg + Uyy = 0.

Some care needs to be taken with this example: We have established a one-to-one cor-
respondence between integral surfaces of the Laplace equation and the Monge—Ampere
equation, but not between solutions as some integral surfaces may have dx A dy = 0.
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e Example. The similar procedure can be used to reduce the general four-dimensional
Ricci-flat Kahler metric with a tri-holomorphic Killing vector to the Gibbons-Hawking
form where the non-linear Ricci-flat condition reduces to the Laplace equation on R3.
Consider a Kéhler metric in an open ball in C? with local holomorphic coordinates (w, z)
given in terms of the (non—holomorphic) Kéhler potential 2 : C* — R

g = Quadw dw + Quzdw dz + Q,g5dz dw + Q,:dz dz. (1.2)
The Ricci-flat condition on g gives a non-linear Monge-Ampere equation on €2
waQZE - QwZQzﬂ} - 1 (13)

Assume that this metric admits a Killing vector' K = i(d,, — 93). The Killing equations
yield K(€2) = 0 and the Monge-Ampere equation reduces to

viin - szQvi = 17

where Q0 = (2, z,v) and v = i(w —w) € R. This nonlinear PDE is modelled by the EDS
generated by

< @' =dQ —pdv — qdz — qdz, > = dg ANdp Adz — dz A dZ A dv > diff
together with the independence condition dzAdzAdv # 0 on an open set in R”. Consider
FQ,z,0,p.q) = (Q,2,9,p,9) = (Q — pv, 2,p, —v, q).
Vanishing of the forms
(") = dQ — pdv — qdz — qdz,  [*(6%) = —dg A dv Adz—dz Adz Adp
gives the Laplace equation on R?
Quy + .2 = 0.

In this derivation we assumed non-vanishing of dz A dZ A dp. If this threeform vanishes
then 2 is linear in ¢ and the Monge-Ampere equations (which hats over all variables)
implies that the resulting metric g is flat.

Exercise. Implement the change of coordinates at the level of ¢ given by (hatted version
of) (1.2) to show that it is equivalent to the Gibbons-Hawking form

g=Vdx>+V~'(dr + A)?

where 2 = x + iy, w = (7 + iv)/2, the coordinates (z,y,v,T) are real, x = (x,y,p) and
(A, V) are a one—form and a harmonic function which satisfy

dA = xdV

as a consequence of the Laplace equation (here * is the Hodge operator on R?® with its
flat Euclidean metric).

n fact using the freedom Q — Q + k + & where k = k(w, z) is holomorphic and redefining the holomorphic
coordinates (w, z) — (W(w, 2), 2(w, z)) one can show that this is the most general form of a Killing vector which
Lie—derives the Kéahler form and the holomorphic two—form dw A dz.
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We shall now prove the existence theorem of integral manifolds which applies to ideals generated
by one—forms.

Theorem 1.3 (Frobenius - Version 1) Let T be a differential ideal generated algebraically

by one—forms 0*,...,0"" on some n—dimensional manifold M such that
o' = "y N g (1.4)
j=1
for some one forms yj» (so that T is closed). In sufficiently small neighbourhood of a point where
0% are linearly independent there exists a coordinate system (y',...,y") such that T is generated
by dy™*t, ..., dy"™ and the mazimal, r—dimensional integral manifolds are
Yy = const, y"T? = const, ..., y" = const.

Proof. Let W, =span(¢’|,) C T*M and let W,*- C T,M be an r-dimensional subspace? of
vectors annihilating (6°),.

We shall follow the proof given in [3] and proceed by induction with respect to r. If
r = 1 then W+ is spanned by one vector field X. The Picard existence theorem for ODEs
implies the existence of a local coordinate system? y!, ... y" such that X = 9/dy'. Therefore
W, =span (dy?,...,dy") and we are done. Note that no integrability condition is needed for
existence of integral curves so we did not have to use (1.4) which in fact holds identically if
r=1.

Now assume that r > 1 and suppose that the Theorem holds for » — 1 (which is to say that
it holds for (n —r + 1) one forms). Let z* be local coordinates such that the set of one—forms
7' = {0',...,0" " dz"} is linearly independent. The forms #',... 0" " satisfy the closure
condition (1.4) and so this condition is also satisfied by the generators of Z’. Therefore, by
the inductive hypothesis, there exist coordinates #!,...,y" such that dy", ..., dy" span Z' and
soz" =a"(y",...,y"). Assume, without loss of generality, that 0x"/0y” # 0 (no summation!)
and solve the relation

dx" = O dy" + Z O .dyr+i

for dy”. The one-forms @' are in the span of dy", ..., dy". Therefore, substituting for dy”, we
get

0'=bda" +Y aldyt, i=1...n—r
j=1
The forms 6° and dz” are linearly independent so the matrix (a‘;) is non-singular, or otherwise
> Vi(0" — b'dx") = 0 for some V' € ker(a). Thus a~'6 gives a new set of generators

0 =dy"t +pide”, i=1,....n—r.

2The integral manifolds in the Frobenius theorem are leaves of r—dimensional foliation of M by a distribution
Wti=u, W, c TM.

3To see it set X = 9/0y* at x = (0,0,...,0). Then, there is a unique integral curve through each point
(0,a%,...,a"). If a point x lies on the integral curve through this point we can use (y2,...,y") as the last
(n — 1) coordinates of x and the time interval it takes the curve to get to x as the first coordinate.



The closure condition (1.4) gives

r—1 i _
i = dp' Nda" =) %dyk Ade" =0 mod @
k=1

(recall that dy” is a combination of dz" and dy"** so it does not appear in the summation).
Therefore

pi — pi(yr7 yr—l—l’ o 7yn)
and the (n—r) forms 01, ... 0" " satisfy the Frobenius condition (1.4) in (n—7r+1) coordinates.
This case corresponds to r = 1 and was dealt with at the beginning of the proof.

O

We shall now give two more formulations of the Frobenius theorem. One in terms of vector
fields, and one in terms of overdetermined PDEs.
Assume that the Frobenius condition holds and extend the ideal Z to a basis

or, ..o e
of T M so that
ol =
do' = 5 o Ch Ak, i=1,....n
jk=1
for some C’;k The closure condition (1.4) is equivalent to

Cha =0, m=1,....n—r, p,g=n—r+1),...,n.
Define the dual basis X; of T, M by
df = iXi(f)é)i,
i=1
where f is any function on M. Differentiating this relation gives
0= =3 X,(XN0 A0+ 3 X (T A6,
irj i,k

and finally
Xy, Xy = —Cp X, p,g,s=(n—r+1),....n

where the vectors {X,,_,11,..., X, } span the distribution W+, However the same distribution
is spanned by {9/dy',...,0/dy"} which gives

Theorem 1.4 (Frobenius - Version 2) Let {X,_,.1,...,X,} be an r—dimensional distribu-
tion on M such that

Xy, X = —C5 X, pqg,s=Mm—r+1),... n. (1.5)

In sufficiently small neighbourhood of a point where X; are linearly independent there exists a
coordinate system (y',...,y") such that

spar{ Xo—rs1, ..., Xu} = span{0/0y',...,0/0y"} .



For the last formulation of the Frobenius theorem consider a system of PDEs

ou”
ox?

:wf(zvu)v Z'Zl,..,’n’ p=1,...,N, (16)

where u : R" — RY. We want to construct a solution through each point
(', ... 2™ ut, . u) e RV,

This is the same as constructing a foliation of R"*" by n-dimensional integral surfaces of the
ideal generated by '
< 07 = du’ —Yfda’ > g, p=1,...,N.

The annihilator W+ of this ideal is spanned by the vector fields

0 , 0 o
8x2+;’¢1%, Z—l,...,n.

Xi:

The Frobenius integrability condition
[XZ', X]] = 0

gives the necessary and sufficient condition for the existence of the integral manifolds. Note
that in this case the commutators must vanish exactly as there is no way of generating 9/0x"
on the RHS of the commutator. Expanding the commutators yields

Theorem 1.5 (Frobenius - Version 3) The necessary and sufficient conditions for the unique
solution u® = u®(x) to the system (1.6) such that u(xg) = wuy to exist for any initial data
(ug, o) € RN s that the relations

%—%JFZ(W? s 07

—_— ) - /8 pu— .‘: p—
o o &Lﬁwl) 0, ij=1,....n, a,f=1,....N (17

B

hold.
e Example. The one-form
0 =du— A(z,y,u)dxr — B(x,y,u) dy

in R? satisfies (1.4) iff
dd=~vyN0

for some one—form -, or, equivalently, iff

O Ndf=D0.

This condition holds iff the compatibility condition (3) for a pair of overdetermined PDEs
uy = A,u, = B are satisfied. The Frobenius theorem implies that in this case 8 = pdf
where i, f are some functions of (z,y,u) and that f = const is the solution surface in R3.
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e Example. Another simple application of the Frobenius theorem is used in General
Relativity. Any metric g with a Killing vector K on an n dimensional manifold can
locally be written as

g=Vh+Vdr+ A)?

where (7,2!,...,2"1)

is a local coordinate system such that K = d/0r and
V=V(z), A=Afx)ds', h=hy(z)dx'dz’.

Moreover in the twist—free case K A d K=0 one can redefine the coordinates, the function
V and the metric h to set A = 0 (we follow the usual abuse of notation and denote the
vector K and the one—form ¢(K, ...) by the same symbol).
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Chapter 2

Involutivity

Any system of DEs can be rewritten as a system of algebraic equations on a manifold where
higher derivatives are regarded as independent variables. This idea is formalised by the appa-
ratus of jet spaces. Let u : R® — R¥ so that we can write u = u®(2*%). The space of k-jets
JE(R™ RY) is the space of Taylor polynomials of u of degree k. It is a smooth manifold of

dimension )
n 4+
N
n 4+ < 2 )

i, (o' _ ;—
{2 u 005 P i), =1, N, i=1,... n.

with local coordinates

Any map u : R® — RY can be lifted to a k-graph of u (a section of the jet bundle
JHR™,RY) — R") by

8u°‘( ) o — Frur (z)
o L)y ooy Pigig.ip — Or Ori2 ... Orik x).

ut =u(x), pif=

The system of r k-th order PDEs

Out Orut )
T Oxt’ T Qxtroxtz ... Oxtk

gives a submanifold M®*) of co-dimension r in J*(R",R") and a k-graph of the solution to
(2.1) is an n-dimensional integral submanifold S C M®) of the ideal associated to (2.1) such
that dz' A dz?... Ada™ # 0 on S. The (k + 1)st graph of the solution lies in a manifold
ME+D c Je+L(R™ RY) called a prolongation of M®*). The manifold M*+Y is defined as a zero

locus

=0, p=1,...r (2.1)

o

dFr
F?P =0, - = (), p=1....r, 1=1....n
dzt

in JHL(R™ RY).
For any integer [ > 0 define the family of projections

m JH(RY,RY) — J(R",RY)

7 o .« « (e% . 7 a .« «
m(z' u®, py, ... 7pilig...z’l7pi1i2...ilil+1) = (2", upf, . . 7pi1i2...z'l)‘
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Therefore Im(M®*+D) c M®*) (this is obvious as F* = 0 holds on M**Y) but m;, does not have
to be surjective: differentiating the PDEs (2.1), mixing partial derivatives, and using (2.1) gives
rise to new PDEs of order lower than k. So the image of M*+Y under 7, will in general be
a submanifold of M®*) of some non-zero co-dimension. Therefore the k-jets of a solutions do
not have to extend to (k + 1) jets. We keep differentiating and adding lower order conditions
restricting M®*). When can we stop this process? The combined system of equations and lower
order conditions must be involutive. In general one needs Cartan test which will be discussed
in §5. Theorems 2.1 and 2.2 which we will prove in this section answer this question for systems

of 1st order PDEs (1.6)

8xi:¢ip(x,u), i=1,...,n, p=1,...,N.

If the Frobenius integrability conditions (1.7) hold, the general solution of (1.6) depends on N
arbitrary constants. Otherwise (1.7) give a set of algebraic equations

Fi(u,z) =0

which must be satisfied by any solution to (1.6). Differentiating these equations and eliminating
the derivatives of u using (1.6) leads to a new set of equations

Fy(u,z) = 0.
Proceeding in this way we get a sequence of sets of equations
Fi(u,x) =0, Fy(u,z)=0, Fs(u,x)=0,....
If the system (1.6) admits a solution there must be an integer K such that the equations in

the set Fxr1 = 0 are satisfied as a consequence of the equations in the first K sets. Otherwise

we would obtain more than N independent conditions on (u!,...,u") which would imply a

relation between the independent variables. In particular we must have K < N. This proves
the ‘only if” statement in the following

Theorem 2.1 The system (1.6) admits solution if and only if there ezists a positive integer
K < N such that the set of algebraic equations

FL=FK=...=Fx=0

is compatible for all x € U C R™ and that the set Fxy1 = 0 is satisfied identically. If p is
the number of independent equations in the first K sets, then the general solution depends on
(N — p) arbitrary constants.

Proof. It remains to prove the ‘if’ part. We follow the classical treatment given for example
n [12]. Assume that the first K independent sets impose p < N independent conditions

G,(u,z) =0, v=1,...,p. (2.2)

Therefore




and, by implicit function theorem, the relations (2.2) can be solved for (say) the first p functions

ul, . . uP

uA:gbA(uerl’,..,uN’x)’ A=1,...,p.
Differentiate this and use (1.6) to eliminate the derivatives

woy
! ou

v=p+1

o>
ort 0

¥i —

These equations belong to the set Fix, 1 = 0 so they hold by assumption. We rewrite the above
equations substituting ¢ = Ou*/0z' and subtracting:

N

ou? N O™ 1 Ou” y
ori i_V;rl@u”<8xi_¢i)_O
SO g
(AR TAN" (2.3)

where v =p+1,..., N and

The system (2.3) is Frobenius integrable as the consistency belongs to the set
F1 = ... = FK - 0
so, by the Frobenius Theorem 1.5, there is a solution which involves (N — p) constants.
O

In many applications the functions ¢¢ in (1.6) are linear and homogeneous in w”. This allows
the following geometric interpretation of the last theorem. Let us write the system of linear
homogeneous PDEs

ou’

as
du+Qu=0 (2.4)
where u = (u!, ..., u™)? and Q = —@/}fﬂ-dxi is a matrix valued one—form on an open set U C R".

Therefore solutions to (2.4) correspond to parallel sections u : U — E of a rank N vector bundle
E — U with connection D = d + €. Locally the total space of this bundle is an open set in
RN, To simplify notation let us assume that n = 2 and (z!,2?) are local coordinates in
U CR2

Differentiating (2.4) and eliminating du yields Fu = 0, where

F = dQ + QANQ = (0192 — 8291 + [Ql, QQ])dZIZl A dl’2
= Fdz' A da?

is the curvature of D. Thus we need



where F' = F(x',2?) is an N by N matrix. This is the first set of conditions F;, = 0 in
Theorem 2.1. In this case these conditions are just linear homogeneous equations. If F' = 0 and
the connection is flat, there exist N—independent parallel sections. In this case the Frobenius
integrability conditions (1.7) hold. On the other hand if det (F) # 0 then no non-zero parallel
sections exists.

In general we want to determine the dimension of the space of parallel sections. To achieve
it, differentiate the condition (2.5) and use (2.4) to obtain

0=dFu— FQu = ((&-F - Fﬂi)u> dz’

Using F'u = 0 we rewrite this as
(D;F)u =0,

where D;F = 0;F + [, F.
We continue differentiating to produce algebraic matrix equations

Fu=0, (D;F)u=0, (D,D;F)u=0, (D;D;DyF)u,

These are the conditions F; = 0,F5 = 0,F3 =0,... in Theorem 2.1. After K differentiations
this leads to r(K) linear equations which we write as

]—"Ku = 0,

where Fi is a r(K') by N matrix. We also set Fy = F. Theorem 2.1 adapted to (2.5) and (2.4)
tells us when we can stop the process

Theorem 2.2 Assume that the ranks of the matrices Fx, K = 0,1,2,... are mazimal and
constant'. Let K, be the smallest natural number such that

rank (Fr,) = rank (Fry+1)- (2.6)

If Ky exists then rank(Fk,) = rank(Fr,+xr) for k € N and the space of parallel sections (2.4) of
d + Q has dimension (N — rank(Fg,)).

Thus if the curvature of (E, D) does not vanish, the non—zero solutions to the system of linear
PDEs can exist if the holonomy D on the lies in some proper subgroup of GL(N,R).

IThis can always be achieved by restricting to a sufficiently small neighbourhood of some point = € U.
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Chapter 3

Prolongation

The theorems presented in the last section apply to systems of 1st order PDEs. Given an
arbitrary system of PDEs we could aim to represent it as a first order system on a jet space
of higher dimension by introducing new variables for second, and higher derivatives. This
process will however lead to systems where not all first derivatives are determined (compare
the system (4) in the Introduction) and Theorems 1.5 and 2.1 can not be applied to construct
the solution surfaces. The idea of prolongation is to introduce more new variables for unknown
derivatives aiming to express derivatives of these variables using the (differential consequences
of) the original system. Apriori it is not clear that this process will work (i.e. the process of
adding new variables may never terminate). The relevant theorems which state under what
circumstances the prolongation works were, in case of linear PDEs, given independently by
Spencer, Kuranishi and Goldschmidt. See Chapter 5 of [3] for complete exposition of these
ideas.

Let P : E; — FE5 be a linear kth order differential operator between two smooth vector
bundles over a manifold M. In local coordinates

kv n
oxh1 9z ... Jx

P(v) = @™

where (...) denote the lower order terms. The leading term a2 transforms as a tensor
under the change of coordinates and gives rise to a bundle map called a symbol of P

o(P): O"AY M) ® B, — FEs.
Thus the symbol is a matrix whose components are polynomials homogeneous of degree k:
o(P) = (a2 & &, ... &,)7, a=1,...,rank(E)), f=1,...,rank (Ey).
For any integer s > k define the vector spaces
V, = (0"AY (M) ® Ey) N (0¥ MAY (M) ®@ Ker(a(P))).

The system (P, Ey, Es) is said to be of finite type if V; = 0 for s sufficiently large. The seminal
result of Spencer [10] is that for systems of finite type the equation

P(v)=0
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is equivalent to a closed system of PDEs of the form (1.6), where all partial derivatives of the
dependent variables are determined. The criterion for a given system to be of finite type is
given in [10], but in practice it can be difficult to implement, as the vector spaces Vi can not
be easily constructed. For systems not of finite type the process of adding new variables and
cross differentiating the equations will never end.

In the last Section we explained how to regard this closed system as a vector bundle E with
a connection D. In the work of Spencer the bundle [E arises as a direct sum @,V,. Theorem
2.2 can be adapted to the systems of finite type:

Theorem 3.1 For systems of finite type there exists a vector bundle E — M with a connection
D and a bijection

{v € I'(E}) such that P(v) =0} — {u € I'(E), Du = 0}.
The dimension of the kernel of P is bounded by the rank of E.

The determined system of equations for Du = 0 is the prolongation of the system P(v) = 0.
Theorem 2.2 can now be applied to give an algorithm for calculating the dimension of the kernel
of D. In many geometric applications, where P is build out of covariant derivatives of some
connection on T'M, the bundle with connection (I, D) is called the tractor bundle.

e Example. Let (M, g) be an n—dimensional (pseudo) Riemannian manifold and let V be
a Levi—Civita connection of g. The Killing equations

Vivj) =0 (3.1)
can be put into the framework described in this section with
B, =A(M), E,=A(M)oA(M).
The system (3.1) is equivalent to the first order system
Vivj = i
Vz‘,ujk = Rjkimvm
where 41;; is anti-symmetric, R;;;"" is the Riemann curvature of g and we arrived at the

second equation by using Vi, = 0 and commuting the covariant derivatives on v. We
combine (v;, ;;) into a section
u=
i

of a vector bundle E = A'(M) @ A?(M) with connection D

vl [ Vi) (3.2)
i Vittjx — Rjki" Um

The solutions of the Killing equation (3.1) are in one-to—one correspondence with parallel
sections of D. The number of these parallel sections does not exceed

rank(E) = rank(A') + rank(A?) = w

This upper bound is also the dimension of the Lie algebra of the orthogonal group. It is
achieved for spaces of constant curvature.
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e Example. The Cauchy—Riemann equations

f:c = Gy, fy = —0z

where f and g are functions of (z,y) are not of finite type (the reader is invited to try
first few iterations of the prolongation procedure). In fact no uniqueness result analogous
to Theorem 2.2 is expected to hold. The general solution to the CR equations depends
on one holomorphic function of (z + iy) rather than on a finite number of constants.

3.1 Differential invariants

The prolongation procedure together with Theorem 2.2 gives a straightforward algorithm of
constructing invariants which obstruct existence of certain geometric structures: We shall look
at two examples: a relatively simple (but sufficiently nontrivial!) example of Killing equations
in Riemannian geometry and more involved problem of existence of metric connections in a
given projective class [5]. Our treatment of the subject is based on restricting a holonomy of
a connection of some vector bundle. The more common principal bundle approach (due to
Cartan) is used in [3].

e Question. Let g be a (pseudo) Riemannian metric on an open set U in R?. When is g
a metric on a surface of revolution?

Any metric on surface of revolution takes a form
g = dz* + f(x)dy?

in some coordinates where f = f(z) is a non—vanishing function of one variable. This metric
admits a Killing vector v = 9/dy. Conversely, the existence of a non-trivial solution to the
Killing equations (3.1) guarantees the existence of this coordinate system. Therefore an equiv-
alent form of the question is: When does a metric on a surface admits a solution to (3.1)7
The answer must have been known to the classical differential geometers in 19th century: Dar-
boux states it in his book [6]. We shall give the answer as a vanishing of two weighted scalar
invariants constructed out of g: one invariant of order 4 and one invariant of order 5.

The metrics of constant curvature admit three Killing vectors (which is the maximal num-
ber). The following theorem (also known to Matveev and proved in [8] using different methods)
applies to metrics with non-constant curvature.

Theorem 3.2 A (pseudo) Riemannian metric g with non—constant scalar curvature R admits
a Killing vector in a neighbourhood of a point x € U such that dR # 0 at x iff

I :=dRAd(R]?) =0, I:=dRANdA(R)) =0, (3.3)

where N g
[R> = g'V:RV,R,  A(R)=g'V,V,R.
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Proof. Solutions to the Killing equation (3.1) are in one to one correspondence with parallel
sections of the connection (3.2). We want to find necessary and sufficient conditions for the
existence of one such section. The prolongation procedure simplifies in two dimensions. Firstly
any two—form is a multiple of a (chosen) volume form, thus we can write

1/2

pij = |97 p

where |g| = | det g| for some section of the canonical bundle . Moreover the Riemann tensor
is determined by the scalar curvature R

R
Rijr = E(Qikgjl — GjkGit)-

With these simplifications the connection (3.2) reduces to a connection D on a rank three vector

bundle E — U
Uj Di Viv; — |g|1/25ij w
" Vin— 3lg|**e]Ru; )
Using V[;V;ju = 0 and elliminating the first derivatives of u = (v;, u)* gives
v'V;R =0, (3.4)

where v' = ¢g%v;. This is the condition (2.5) leading to Theorem 2.2 where the curvature of the
tractor connection is given by a 3 by 3 matrix of rank one

0 0 O
F= 0 0 O
VIR V2R 0

Differentiating (3.4), or equivalently differentiating the tractor curvature F' covariantly with
respect to D gives two more conditions

1912(V'R)p + €7 (V; Vi R)v" = 0. (3.5)
Therefore the determinant of a 3 by 3 matrix

ViR VoR 0
—VQV1R _VQVQR |g\3/2V1R (36)
V1V1R V1V2R |g\3/2V2R

should vanish for non—zero parallel sections of (E, D) to exist. Calculating this determinant
yields the first obstruction I; in (3.3). This is the necessary condition for the existence of
a Killing vector. Assume that this condition holds. The rank of the matrix (3.6) has to be
smaller than three. It is equal to zero if the scalar curvature R is constant. In this case tractor
connection is flat. Otherwise, in a neighbourhood of a point where V;R # 0, the rank is
equal to two and constant. Theorem 2.2 implies that the sufficient conditions are obtained
by demanding that the rank of the 6 by 3 matrix obtained from the matrix (3.6) and the
second derivatives of (3.4) does not go up and is equal to two. This could a priori lead to three
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additional obstructions. However only one of them is a new condition and the other two follow
as differential consequences of (3.4). To see it write the first algebraic obstruction (3.4) as

V.-u=0,

where V = (V1 R, V3R, 0). Let V;;_ denote the vector in R?* orthogonal to u which is obtained
by eliminating the derivatives of u from 0;0;...0,x(V - u) = 0. Vanishing of the first obstruction
(3.4) implies the linear dependence condition

cV -+ 01V1 + CQVQ =0 (37)
for some functions ¢, ¢1, co on U. Assume that we add one more condition
eV + €1V1 + €2V2 + 612V12 =0

for some functions (e, ..., e2) on U. This gives an obstruction I := det(V, V;, Vi3) = 0 where i
equals to 1 or 2 (there is only one obstruction because of the earlier linear dependence condition).
Now differentiating (3.7) with respect to z' and using V15 = Vy; which holds modulo lower
order terms, implies that Vi; and V5, are in the span of V, V, V5 and no additional conditions
need to be added. To write the second obstruction Iy we could differentiate (3.5) and take a
determinant of one of resulting 3 by 3 matrices. Alternatively we can take Laplacian of (3.4)
and eliminate the first derivatives of u. This leads to linear dependence of dR and d(A(R))
which is equivalent to vanishing of I5 in (3.3). Both methods lead to obstructions of differential
order 5 in components of the metric g. The argument presented above shows that the resulting
sets of obstructions are equivalent. This completes the proof.

O

We shall give one more example of using the prolongation procedure and Theorem 2.2 to
produce differential invariants. This time two iterations of the prolongation procedure will be
needed to close the system. The aim is to answer the following

e Question. Cover a two—dimensional plane with curves, one curve through each point in
each direction. How can you tell whether these curves are the geodesics of some metric?

This is an old problem which goes back at least to the work of Roger Liouville [9] in 1887. The
soultion was given in [5]. The following discussion summarises the main results. Assume that
the curves are presented to us as integral curves of a second order ODE

Thus we want to find conditions on the ODE so that its integral curves are unparametrised
geodesics of some metric connection. First of all they need to be geodesics of some symmetric
connection with Christoffel symbols Ffj Eliminating the parameter ¢ between the geodesic

equations
i i gk i i i
i+ Tl ~ it ' = x'(t)
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with (2!, 2%) = (z, %) yields a second order ODE of the form

d?y B dy dy\ 2 dy\3

where
Ag = _F%p A = F%l - 21—‘%% Ay = 2P12 _1—32’ Az = P%z-

Conversely, any ODE of the form (3.8) defines an equivalence class of connections which share
the same unparametrised geodesics. Thus

O*A
y')*
is the first necessary condition for metricity of paths. One can check that this condition is

invariant under the coordinate transformations (z,y) — (2(z,y), 9(z,v)).
Now assume that there exists a (pseudo) Riemannian metric

g = Edz? + 2Fdxdy + Gdy?

such that I'}; is the Levi-Civita connection of g. Following R. Liouville [9] introduce a 2 by 2

matrix
ol — ( Y1 P )
Yy b3 )7

E= 7vbl/Av F= 7vb2/A7 G = 7vb3/A7 A= (¢1¢3 - 7vb22>2-

Calculating the Levi—-Civita connection in terms of the s shows that the integral curves of the
ODE (3.8) are metrisable on a neighbourhood of a point x € U iff there exists 0/ such that
det(o) # 0 does not vanish at z and following set of equations holds!

where

% _ %Alwl — 2 Ao,
%_1/; = Ay — %Azwg,
%_@21 N 2% _ %Aﬂpl - §A1¢2 — 2Ag,
% 4 2% = 2450 — gAﬂ/J?, + %Ang- (3.9)

We need to prolong this system and look for integrability conditions, but let us first rewrite
the system in more invariant form. Recall that a projective structure on an open set U C R? is
an equivalence class of torsion free connections [I']. Two connections I" and I are projectively
equivalent if they share the same unparametrised geodesics. The analytic expression for this
equivalence class is R

I'Y =T + 6fw; + 6Fw, i j, k=12 (3.10)

!Calculating the expressions Ay, ..., Az directly in terms of (E, F,G) and their first derivatives without
introducing s would lead to non—linear relations.
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for some oneform w = w;dz’.

Thus, in the language of projective differential geometry, we are looking for local conditions
on a connection Tfj for the existence of a one form w; and a symmetric non-degenerate tensor
gi; such that the projectively equivalent connection is the Levi-Civita connection for g;;, i. e.

1 kl(agil i dgji _ agij).

k k ko
B 00 039 = 50\ 50d + Bt~ 2l

This is an overdetermined system: there are six components in Ffj and five components in the
pair (gij, w;)-
Let I' € [I'] be a connection in the projective class. Its curvature is defined by

[Vi, Vj]Xk - Rijlle
and can be uniquely decomposed as
Riji* = 6FPj — 5;?Pil + B0y (3.11)

where (3;; is skew. In dimensions higher than 2 there would be another term (the projective
Weyl tensor) in this curvature but in two dimensions it vanishes identically.
If we change the connection in the projective class using (3.10) then

pij = Pij — Viwj + wiwj, Bz’j = 6@' + 2V[Zw]]

If the de Rham cohomology class [3] € H?(U,R) vanishes then we can set 3;; to 0 by a choice of
w; in (3.10). We are looking for a local metrisability condition on U so we shall assume that this
global cohomological obstruction vanishes. The residual freedom in changing the representative
of the equivalence class (3.10) is given by gradients w; = V, f, where f is a function on U.

Now P;; = P;; and the Ricci tensor of I' is symmetric. The Bianchi identity implies that I'
is flat on a bundle of volume forms on U. Thus the equivalent way to normalise V; is to require
the existence of a volume form ¥ such that

Vi€jk = 0.

We shall use the volume forms to raise and lower indices according to z; = €;;27, 2" = z;e/".
Locally, such a volume form is unique up to scale: let us fix one.
With these preliminaries there exists a representative I' in a projective class such that the
linear system (3.9) becomes
Viojr =0,

where 0;; = 5ilajk0kl. Its prolongation gives rise to a connection on a rank 6 vector bundle [E over
U. Specifically, sections of this bundle comprise triples of contravariant tensors u = (%, iit, p)
with 0 being symmetric. The connection is given by

ol¥ Vot — &k — ki
T = Vi — 6! p + Pyo’* ; (3.12)
P Vip + 2Py — 2Yi07"
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where Y, = %(Vink —V,;Pj) the Cotton tensor. The curvature of the connection D obtained
from V;V;; = 0. It is a 6 x 6 matrix of rank one. The first condition analogous to (2.5) is

5Yiu' + (V,Y;)o" =0,  where Y =&Y,

Differentiating this equation twice and eliminating the first derivatives shows that the 6 x 6
matrix

0 0 0
M = 5, |, D\ svi |, DeDy| Vi (3.13)
V(Y a0 VYo

must be singular. Its determinant gives the first obstruction to metrisability of a projective
structures. More detailed calculation shows that the expression for det(M) involves raising an
index 14 times using the volume form e and gives rise to a projectively invariant section of a
14th power of the canonical bundle

det (M) (dx A dy)®*

which gives a projective invariant.

Analysis of the necessary conditions using Theorem 2.2 leads to higher order obstructions.
If det (M) = 0 and rank(M) = 5 there will be two additional obstructions of order 6 in the
components of a connection. If 2 < rank(M) < 5 then there is one obstruction of order 7 in
the rank 4 case and of order 8 in the rank 3 case. If rank(M) = 2 there always exists a four
dimensional space of metrics compatible with the projective structure. Finally if rank(M) < 2
then I' is projectively flat. See [5] for details and proofs.
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Chapter 4

Method of Characteristics

If a differential ideal on M generated by one 1-form 6 is closed then the Frobenius Theorem
1.3 provides a simple local normal form: There exist functions p,y on M such that 8 = udy.
The next theorem gives a stronger result and can be applied to the case when the Frobenius
conditions do not hold

Theorem 4.1 (Pfaff) Let (M,Z) be an EDS such that T =< 6 > ;g for some non-vanishing
one—form 6 and let r > 0 be the smallest integer such that

OANdI™ = 0.

Set dim (M) = N. For each v € M such that 0 N df" # 0 at x there exists a coordinate system

1 r 2r+2 N
(Uaya---7y7QI7---7Q7‘7Z yeees R )

in the neighbourhood of x such that T =< dv > if r =0 and, if r > 0,
T =<dv—qdy' —...—qdy" > Jiff
and moreover

e There exists a mazimal (N — r — 1)—dimensional integral manifold of T
v=qg1=q=...=¢q =0.
o Any integral manifold near this one depends on one arbitrary function of r wvariables,
fyt, ..., y") and is given by
" of "
U:f(y17"'7y)7 q"f:a—yk(yl’”"y)’ ]{7:1,...,7’.

This theorem is proved in [3]. We shall not reproduce this proof, but instead concentrate on
one important application: The method of characteristics.
Consider a single first order PDE

ou ou
1 n —_— —_— pr—
F(x,...,x,u,axl,...,axn> 0. (4.1)
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This PDE defines a co-dimension one manifold M C J'(R", R) of the (2n+1) dimensional first
jet space J'(R™ R) with coordinates (z%,u, p; := Ou/0x"). If we assume that F is smooth and
not all partial derivatives OF'/Jp; vanish at any single point then the implicit function theorem
implies that the surface M given by

F(z',. .. 2" u,p1,...,pp) =0
is a smooth manifold. The PDE (4.1) is modeled by an EDS Z generated on M by one—form
0 = du — p;da’.
On M the one-forms {dz’, dp;, du} are linearly dependent as

oF . OF oF

-dx’ dp; + —du.

R e G M

Moreover 6 A (d6)" = 0,0 A (df)"' # 0. Therefore the Pfaff theorem 4.1 implies the existence
of a coordinate system

0=dF =

(U>y1> s >yn_1>Q1, . '>qn—1>z)

such that
0= p(dv— qdy' — ... — guady™™)
for some non—vanishing function p. The vector field
9
0z

is a characteristic vector field as it satisfies’

0 0
&_IQ—O, &_Idé’—().

Using the original coordinate system we verify that the vector field

_OF 0 n O_F£_<8F+ E?_F)@
~ Op; Ox bi Jp; Ou oz Py op;

on J'(R™ R) is tangent to the level set M = F~1(0) and it satisfies

A

(4.2)

Z10=0, Z1df=0mod§@.

Thus, Z = v d/0z for some non—vanishing function v. The initial value problem for the PDE
(4.1) can now be solved in the following steps

e The initial data for (4.1) is an (n — 1) dimensional submanifold ¥ of R™™! given in
parametric form by '
(51,...,8n-1) — (2°(s),u(s)) C R™*,

The natural lift of this submanifold to a graph in J'(R" R) gives an (n — 1) dimensional
integral manifold > C M of Z that is transverse to Z.

In general Z is a Cauchy characteristic vector field if Z 160 € Z for all § € T
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e Construct an n—dimensional integral manifold by solving a system of ODEs to find integral
curves of Z (called the characteristic curves) and taking the union of these curves through
Y. If a characteristic curve has a point in common with a graph of a solution, it lies entirely
on the graph.

e In the coordinates of Pfaff theorem 4.1 the n—dimensional integral manifold is give by

_ 0 e
U:f(yla~-ayn 1)7 qiza;(yl,...,y 1)

for some function f which should be determined from the initial data.

Consider the special case of quasilinear PDE (4.1) where

ou

:Euay

: 0
) = R’(x,u)a—; + S(z,u)
and the Cauchy characteristic vector field (4.2) is

OR' 05 (
Piggi T og TP

i 0 i 0
Z=R x.—i—piR%—(

OR; 0 0
a_ip”a_i))@'

The classical treatment of this quasilinear problem does not use the jet space formalism. Eval-
uating Z at F' = 0 shows that the integral curves of Z project to curves on the solution surface
x — (z,u = u(x)) which are integral curves of

~ ) 0
J=R— —-5—.
oxt ou
The PDE F = 0 can be rewritten as B
Z-n=0,

where the vector
n = (0u,...,0u,—1)

is normal to a solution surface u = u(x) in R™. Therefore Z is tangent to this surface. The
characteristic curves which foliate the solution surface are solutions to the system of ODEs

it = Ri(z,u), u=—S(z,u), i=1,...,n
(where =0/0z) with the initial conditions given by the initial data for (4.1)
7°(0) = 2'(s1, ..., 5p-1), w(0) =ug(s1,...,80-1).

The method breaks down if the initial data is not transverse of Z. A surface tangent to Z
is called characteristic. Thus initial data specified along the characteristic surface does not
determine the solution uniquely.
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e Example. Consider the initial value problem for the dispersionless KdV equation
up + uu,y =0, u(z,0) = f(x).

The characteristic equations are

dx_ dt_l du_

E—u, E— s d—Z—O

The solution surface must contain the curve ¥ C R? which we parametrise as

s — (x(5), 1(s), u(s)) = (5,0, f(s)).

Using this as the initial condition for the characteristic ODEs yields
x(s,z) = f(s)z+s, t(s,z) =2z u(s, z) = f(s).
Eliminating (s, z) between these formulae yields the general solution in the implicit form
u= f(x —ut).

This will be valid in the domain where the coordinates (s, z) are well defined and can be
used instead of (z,t). In general one needs to analyse the Jacobian of the transformation to
specify the domain of solution. In our case we can proceed as follows: The characteristic
curves project to the straight lines z(s) = f(s)t(s) + s in the domain of (x,¢) in R
These lines have different slopes for different values of s (say s; and s3) and thus they
can intersect. The intersection will take place at a point (z,t) € R? where

S2 — 81

f(s1) — f(52).

At this point the solution becomes multivalued, taking values f(s;) and f(s2). To under-
stand it better, differentiate the implicit solution to find

oy
T4 tf(s)

t=

Hence if f(s) < 0 the derivative u, becomes infinite at the finite positive time ¢ =
—(f(s))~t. At this time the solution experiences the gradient catastrophe.

27



Chapter 5

Cartan—Kahler Theorem

The Frobenius Theorem 1.3 gives the criterion for the existence of integral manifolds for EDS
generated algebraically by one—forms. The Cartan—Ké&hler theorem (proved by Cartan for
Pfaffian systems, and extended to the general case by Kéhler) deals with arbitrary EDSes. Our
brief presentation of the subject in this section follows [4].

The proof of the Frobenius Theorem 1.3 was based on Picard’s existence theorem for ODEs.
Thus the Frobenius theorem works in the smooth category. The proof of the Cartan—Kahler the-
orem involves the Cauchy—Kowalewska existence theorem for PDEs. The Cauchy-Kowalewska
theorem which we shall state below is valid in the real-analytic category. Let u : R**! — RV,
Thus the collection of functions u® o = 1,..., N depends on (n + 1) independent variables
(2%,t),i=1,...,n. The system of PDEs in the Cauchy form is

aua ol 0 a @
U=ty = g*(z")

Theorem 5.1 (Cauchy—Kowalewska) If the equation (5.1) and the initial data are real-
analytic then there exists a unique solution in the form of a power series

w1, 1) = 6 () + g~ o) + 5e5(a)E — t0) +

which converges on some domain containing t = t.

This theorem can be refined if the first derivatives of u with respect to t are specified only
for the first » components of u, i.e. if « = 1,...,7 < N in (5.1). In this case the system is
under-determined as there are fewer equations than unknowns. The general analytic solution
to (5.1) depends on (N — r) arbitrary functions. This is quite obvious, a choice of (N — r)
functions is needed to put the equation in the ‘determined form’ (5.1) with a =1,..., N.

Definition 5.2 A k-dimensional subspace E C T, M is an integral element of T if
O(er,...,ex) =0

forall € IF ande;, € E,i=1,... k.
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The set of all k~dimensional integral elements is denoted Vi (Z). It is clear that tangent space
to any k—dimensional integral manifold is an integral element. We aim to answer the following

e Question. When is an integral element tangent to an integral manifold?
Certainly not always, as obstructions can arise from Frobenius theorem
e Example. The EDS
T =<dx Ndz,dy A (dz — ydx) > qif

has a two—dimensional integral element
{0, +y0.,0,}

at each point, but no two-dimensional integral manifolds as the vectors spanning E do
not satisfy the Frobenius condition (1.5).

If EC Vi(Z) and G C E is a p-dimensional subspace of E then G C V,,(Z). Thus restrictions
of integral elements are integral elements. But the converse is not true, and not every extension
of integral element may be an integral element.

Definition 5.3 Let E C Vi(Z) be spanned by {e1,...,ex}. A polar space of E is
H(E) = {veT,M,0(v,ei,...,e,) =0,Y0 € I} C T, M.

The polar space is a vector space containing F, but it does not have to be an integral element.
However if v € H(F) and v is not an element of E then a direct sum E @ span{v} is a (k+ 1)
dimensional integral element. Thus H(FE) is the space of possible one-dimensional extensions
of a given integral element. Constructing H from a given E comes down to solving a set of
linear homogeneous equations for components of v. In practice to compute a polar space of
a k—dimensional integral element F, contract all (k + 1) forms in the ideal with all vectors in
E. The resulting one—forms should be annihilated by all vectors in H(FE). An integral element
E' is called regular if the dimension of the polar space is constant in a neighbourhood of E in
Vi(Z). Moreover E is called ordinary if the intersection of Vj(Z) with an open neighbourhood
of E is a smooth submanifold of the Grassmanian Gry(T'M) of all k planes in 7M.
For a given E € Vj(Z) define

r(E) = dim (H(E)) — k — 1

to be a dimension of the set of (k+ 1) integral elements that contain £ with r(E) = —1 if there
are no such elements.

e Example [4]. Let
I =<dx Adz,dy A (dz — ydz) >gig

be an EDS on R3. One-dimensional integral element F is spanned by e; = ad, +bd, + c0,.
The vector v = f0, + g0, + ho, is in H(E) if two linear equations

cf —ah =0, —ybf — (c—ya)g+bh =0

for (f,g,h) hold. If c —ya # 0 we get H(E) = E and thus r(E) = —1. If ¢ —ya = 0 then
dim (H(F)) =2 and r(E) = 0. In particular £ is not a regular integral element.
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An integral manifold S C M is called ordinary/regular iff all of its tangent spaces are ordi-
nary/regular elements. For regular integral manifolds we define r(.5) = r(7,.5).

Theorem 5.4 (Cartan—Kahler) Let (M,Z) be a real analytic EDS and let > C M be an
n—dimensional analytic submanifold whose tangent spaces are reqular integral elements such
that dim(H (T,X)) = n+ 1. Then there exists an open neighbourhood of x € ¥ and a unique
analytic (n + 1)—dimensional integral manifold S C U containing X N U.

The Cartan—Kahler theorem states when an n—dimensional integral manifold can be thickened
to an (n+ 1) dimensional integral manifold. This theorem needs to be modified by introducing
so called restraining manifold if the dimension of the polar space of T,% is greater that (n+1).
This is needed for uniqueness. The restraining R manifold is an analytic submanifold of M of
co—dimension r(X) such that ¥ C R and T, RNH (T,,X) has dimension (n+1) for all z € ¥. Then
there exists a unique connected (n+ 1) analytic integral manifold S which satisfies ¥ C S C R.
The reader is referred to [3] where this is discussed.

The proof of the Cartan—Kéhler theorem is obtained by adopting local coordinates and
reducing the problem to a solution of the system of PDEs of the form (5.1). This uses the
Cauchy—Kowalewska theorem and so one needs to require real-analyticity. Again, consult [3]
or [7] for details.

The integral manifolds can in principle be constructed successively using the Cartan—Kéahler
theorem. At each step the integral manifold is determined by a choice of restraining manifolds
and the arbitrary functions in the maximal integral manifold parametrise these choices. We shall
now discuss the Cartan test which gives a handle on how to calculate this freedom in the ‘general
solution’. Applying the Cartan—Kéahler theorem succesivelly, starting from one-dimensional
integral manifolds gives a sufficient condition for the existence of an integral manifold tangent
to a given integral element: If F C V,,(Z) contains a flag of subspaces

{0}=EyCE,C...CE,=FECT,M,

where the integral elements Ej, C Vi(Z) are regular, then there exists a real analytic n—
dimensional integral manifold ¥ C M passing through x and satisfying T,,P = F.

This corollary from theorem 5.4 is not of great practical significance, as the regularity
assumption needs to be checked at each step. Also, it gives a sufficient condition which is not
necessary as not all integral manifolds have tangent spaces which are final objects in a flag of
regular integral elements.

To get around this, consider the integral flag F = (Ey, ..., E,), not necessarily regular, and
set

c(Ey) = dim (T, M) — dim H(Ey), k=1,2,...,n

and let ¢(F_;) = 0. The Cartan characters of the flag F are the non—negative numbers defined
by
Sk(f) = C(Ek) - C(Ek_l).

Theorem 5.5 (Cartan Test) Let (M,Z) be an EDS and let F = (Ey,. .., E,) be an integral
flag of T. Then V,(Z) has co—dimension at least

C(f) = C(EQ) + C(El) + ...+ C(En—l)
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in the Grassmannian' Gr,(TM) at E,,. Moreover V,,(I) is a smooth submanifold of Gr, (T M)
of co—dimension c(F) iff the flag F is reqular.

Performing Cartan’s test on a given flag is just a matter of linear algebra. If the flag passes
the test and therefore is regular, the Cartan-Kahler theorem implies the existence of at least
one real-analytic n—dimensional integral manifold S C M such that 7,5 = E, (there will be
exactly one such manifold if the r(£,_;) = 0. Otherwise the restraining manifold has to be
chosen). Of course for a given integral element FE, there may be more than one flag which
terminates at F,. It practice it makes sense to choose the first element in a flag such that the
first Cartan character s is as large as possible, then choose the second element such that the
next character is is as large as possible etc. The sum s; 4+ so + ... + s, is fixed regardless of
these choices. In what follows we shall drop the reference to the flag and write s; instead of
sk(F). The highest k such that s, # 0 is called Cartan character. Moreover let ¢(E,) = s.
Using the definitions of Cartan characters and ¢, = dim M — n we can write

So+Ss1+...+8L=2c¢
and can rewrite the inequality in Cartan’s test as
dim (V,(Z)) —dim (M) < s1 + 253+ ...+ ns,, (5.2)

where the LHS is the fiber dimension of V,,(Z).
Given a flag F which passes the test it is possible to chose a coordinate system

centered at x € U C R""* such that E), is spanned by

0

9,
e A <
{8x1’ ’8xk}’ 0<k<n

and elements H(FE}) are annihilated by the one forms
{du', ..., du}.

Let S be the collection of the real analytic integral manifolds near S. This means that Ses
if it can be represented by
u® = F*(xt, ... 2",

where the analytic functions F'* are defined in the neighbourhood of x = 0. Then the collection
S depends on sy constants, s; functions of one variable, ..., s, functions of n variables. Thus
the integers (s, s1, - - ., S,) measure the arbitrariness of the general integral manifold.

'Recall that the Grassmannian Gry(FE) is a set of k—dimensional subspaces of a vector space E. It is a
smooth manifold of dimension k(dim E — k). The set of all k~dimensional subspaces in T, M as x varies over
M is denoted Gri(T'M). It is a manifold of dimension dim (M) + k(dim M — k). Given a k-plane FE in T, M
on which dz! A ... Adxz® # 0 we can choose coordinates (2!, ..., 2%, u',...u®) on M such that E is spanned by

vectors

0 S 0 ,
6:ci+azpi(E)@’ z-l,...,l@

-1
where p® = p$*(E) are coordinates on the fibres of Gry(TM) — M.
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e Example. A Lagrangian submanifold of R?" is an integral manifold of an ideal generated
by a symplectic structure

0 =dx* ANdu + dx? A du® + ..+ dx™ A du”.

Choose a flag

0 o 0 o 0 0
{O}C{a? C{$7@}C”'C{ﬁxl’axz,”"&x”}'

For this flag H(E)) is the whole tangent space, so ¢o = 0. Then H(FE;) consists of all
vectors which annihilate du' and more generally

H(Ey) = {du',. .. du"}" .
Thus
00:0,01:1,02:2,...,cn:n

which implies
s5o=0, s1=8=...=s5,=1.

To calculate the fiber dimension of V,,(Z) note that the vectors spanning FE, annihilate
the one forms du®, k = 1,...,n. The nearby integral planes are given by

n

duf =Y "ptdat, k=1,...,n,

i=1

and the total number of symmetric coefficients p’* = p*7 is the fibre dimension of V,,(Z)
which appears on the LHS of the inequality (5.2). This number is

n+1
2
which is also equal to the RHS of (5.2). Thus we have an equality and the flag is regular.

The general integral manifold depends on one function of n variables and functions of
lower number of variables. Explicitly

k_ Of

u:@, ]{5:1,...,71,

where f = f(z!,2?%,..., 2").
e Example. Consider the EDS (1.1) in R®
< 0! = du — pdx — qdy, 0> = dp N dq — dx N dy > qiff

for the Monge-Ampere equation. The four-dimensional space Vi(Z) = {0'}* of one-
dimensional integral elements is spanned by

{0z + POy, Oy + q0u, Op, Oy}
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Pick Ey = {0,} to be the first element in the flag. The two—forms in the ideal are
62, dP' =dezANdp+dyndg, 6N~y

where v is any one form. Therefore the polar space H(E;) will consist of all vectors
annihilating 9, 16,0,.df" and 0'. Thus H(F,) = {dq,dz,0'}*+. This space is two
dimensional and there is a unique extension of E; to an integral element

Ey ={0,,0, + q0,}

(we would have got the same integral element Ej, if we had picked E; = {0, + ¢0,}).
Contracting the two vectors in Ey with all three forms in the ideal shows that this can
not be further extended i.e. H(FEy) = E5. Therefore we pick a flag

{0} € {0,} € {0,,0, + g0} = E C T,R®.

This flaghascy =5—4=1,¢ =5-2=3,c0 =5—2 =3 and so sg = 1, s; = 2. To perform
the Cartan test we need to compute the co-dimension of V5(Z) in the Grassmannian of
two planes. The two—planes close to F, are spanned by

v = 0p + a0y + p0y) + B0y + YOy, v = 0y + q0y + 6(0y + p0y,) + €0y + PO,
for some («, f3,...,¢). The conditions
0 (v1) =0, 0% (vy) =0, db*(vi,v3) =0, 6*(vy,vy) =0
give four linear equations
v=0, ¢=0, e—a=0, B+5=0.

Thus the fibre co-dimension of V5(Z) is 4 which is equal to ¢o + ¢; + ¢2. The Cartan test
holds and the general solution to the Monge—Ampere equation depends on two functions
of one variable.

In theory one could always reduce a problem to analysis of a Pfaffian system (i.e. one where

7 is generated by one—forms) as any EDS can be prolonged to such system. If a Pfaffian system
is generated by

<0 ...,60N >

then the vectors {ey, es, ..., e} spanning Ej in a flag

{0} cEyCEy,C...CE, CT,M

are found by solving a system

e, 10 =0, eJ(e;1d8%) =0, i,j=1,....k, a=1,...,N.

This however comes at a price of introducing more variables and working in spaces of high
dimension: For a system of » PDEs of order k£ for N functions of n unknowns

ou® O u )
T Oxt’ T Qxtroxtz ... Oxtk

F”(:ci,uo‘ =0, p=1....r, a=1,...N, i1=1,....n
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the Pfaffian system is generated by one forms
du® — pf‘dmi, dp§* — p?jdmj, e al])f;i%iki1 — pgi%ikdxik

on a manifold M given by the zero locus
FP <xi, ut, p, ... ,p?li%ik) =0

in the kth jet space J*(R",RY). There are however more economical tricks to reduce a problem
to a Pfaffian system. The following example, modified from [1], shows one such trick.

e Example. Consider the Ricci-flat Kéhler equation (1.3) in four dimensions. We are
interested in the real analytic solutions, so we can complexify the dependent and inde-
pendent variables and regard (w, z,w, z) as independent holomorphic coordinates on an
open ball in C*. The equation (1.3) is modelled by the ideal generated by one 1-form
and one 4-form on C°

< dQ — pdw — pdw — qdz — qdz, dp Ndg N dw AN dz — dw Ndz A dw N dz > gig

together with the independence condition dw A dz A dw A dz # 0. To reformulate the
problem as a Pfaffian system rewrite the vanishing of the 4-form as

d(pdgq — wdz) A dw A dz = 0.

The independence condition implies dw Adz # 0. Thus locally there exist functions a, b,
such that
pdq — wdz = d¥ — adz — bdw

on integral manifolds. Conversely equation (1.3) can be modelled as a Pfaffian EDS
T =< 6' = dQ — pdw — pdw — qdz — qdz, 6° = d¥ — adz — bdw — pdq + wdZz > qiff

in C'? with coordinates (w, z,w, z, p, ¢, p, ¢, a, b, Q, 2).

The space of one-dimensional integral elements {#', 02} is 10 dimensional, thus ¢y = 2
and sop = 2. Let E; = {e1}. The polar space of E; is the 8 dimensional vector space

H(El) = {91,92 e1d d91,61J d92}J'.
Thus ¢; =4 and $1 = ¢; —co = 2. Let Ey = {e1,e2}. Then
H(Eg) = {91, 92, el d@l, eqd d92, €9 d@l, (! d92}J_,

so co = 6 and sy = 2. We continue looking for polar spaces and extending the integral
elements. Let E3 = {e1, ea,e3}. This gives? c3 = 8, s3 = 2. Pick some e, € H(F3) and set
E4 = {61, €9, €3, 64}. Now

H(Ey) ={0",6% ¢;0d0"  e;0d0*}",  i=1,...,4

2The flag must be chosen carefully for this to be true. The choice (5.3) will do.
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and dim H(E,) < 4. However E, C H(FE;) and we must have H(E,) = E, and the
integral element Fj is not extendable. We have ¢4 = 12 — 4 = 8 and s, = 0. Thus the
maximal integral manifolds may be at most four dimensional if we can pick a regular flag.
We can verify the computations of Cartan characters by choosing the flag with

e = 8w + 8@ + (p "‘]5)8{2 + b827 €y = 8p — 815, €3 — 85 + 8a, €4 = 85. (53)
Then

H(E\) = {6",6% dp+dp,db+dz}*

H(Ey) = {0',6 dp+ dp,db+ dz,dw — dw,dq}*

H(Es) = {0',0°,dp+dp,db+ dz,dw — dw,dq,dz, dz}*

H(Ey) E,.

The codimension of V4(Z) around E = E; can be now computed as in the last example.

The Cartan test holds and thus the general real-analytic Ricci-flat Kahler metric in four
dimensions depends on two arbitrary functions of three variables.
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