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ON THE THEORY OF GEOMETRIC OBJECTS

SARAH E. SALVIOLI

Introduction

Since the beginning of this century attempts have been made to define a
concept general enough to include all structures which appear meaningfully in
local differential geometry. Tensors were not general enough, as connections,
very popular since their discovery in 1918, were not tensors. The same applies
to bundles of jets and many other more recent constructions.

The first definitions of these ‘‘geometric objects” were published in 1936-1937
by J. A. Schouten and J. Haantjes [14] and by A. Wundheiler [16]. Attempts
to classify geometric objects have been made since; cf. J. Aczel and S. Gotab
[1] for further references. It was not until 1952 that, with A. Nijenhuis’ thesis
[8] a quite complete treatment of the theory appeared. In this work the
approach is what we may call classical or numerical: an object at a point P of
a manifold M is a correspondence which assigns to each coordinate system
defined at P a set of N numbers called components. The emphasis is placed on
the fact that if the object is a geometric object, the transformations of its com-
ponents are representations of the groupoid of transformation elements.

New attempts to formulate the theory of geometric objects were made by
Haantjes-Laman (1953) [4] and Kuiper-Yano (1955) [5], with their fiber bundle
approach. In the first paper the space of the object and the group of transfor-
mations operating on it are of primary importance.

We present here a “functorial” approach based on Nijenhuis’ “natural
bundle” (1958) [9] and a refinement of it due to E. Calabi. This approach
reflects the observation that most properties of geometric objects are more
easily—and more naturally—deduced from the basic conceptual property of
geometric objects than is possible from the extremely technical coordinate or
bundle definitions in previous literature. This basic property is that fields of
geometric objects (and the “bundles” in which these are sections) are carried
along by local diffeomorphisms. Accordingly, we define a ‘“natural structure”
on a manifold M as a triple (E, =, B) where z: E — M is the projection map
from the “total” manifold E to M, subject to a number of conditions, the most
important one of which is that Bis a functor which “lifts” every local
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diffeomorphism in M to one of E. Initially (E, z) is not a fiber bundle over M,
though local triviality follows easily. If (E, =, B) is of finite order the structure
group will be a group of jets of diffeomorphisms of the same order, yet our
treatment does not require finite order. Instead, we prove in § 5 that finiteness
of order follows, through only in a certain local sense.

The paper confines itself to the study of Lie derivatives of fields of geometric
objects and thus parallels Chapter II of Nijenhuis’ thesis. § 1 gives the basic
definitions related to the lifting of local diffeomorphisms. Calabi’s ‘continuity’
hypothesis ensures that families of diffeomorphisms in M lift to families in E.
In §2 we take families of diffeomorphisms generated by families of vector
fields, and obtain a lifting process for families of vector fields on M to families
of vector fields on E. This makes possible the lift of a vector field whose one-
parameter group of diffeomorphisms is unknown but which is known to be an
element of a family of vector fields. That is the case of a bracket of vector
fields whose lift and properties are studied in § 3. In § 4 we define the Lie
derivative of a field of geometric objects and prove several properties of it. § 5
deals with linear differential operators between vector bundles with the same
base manifold M. We define two operators B¢ and L¢ for a fixed field ¢ of
geometric objects with domain U C M, and show that their orders on suitable
open sets of M are finite and equal at every point. Some other properties of
them are proved.

We would like to express our deep gratitude to Dr. Albert Nijenhuis for his
kind encouragement and guidance during the preparation of this paper, and to
thank Dr. Miguel Herrera for his critical reading and many helpful suggestions.

1. Bundle of geometric objects

1.1. Notation. a. The manifolds we use in this work are all differentiable
C=-manifolds; all maps are also C*. C*(M) is the ring of real valued functions
on M. If p is a fiber bundle, C=(y) is the set of sections of p. If M is the base
manifold of x and U an open set of M, then C=(¢|U) is the set of sections of
p with domain on U.

b. If M is a manifold, we denote by T',,M the tangent space to M at m ¢ M
and TM =  T,M. If f: M — N is a map, its differential is df: TM — TN.

meM

For curves y: R — M we write 7, instead of dy.
c. fae=(a,:-:-,a,) isan n-tuple of nonnegative integers, we put |a| =
o+ -+ +a,and a! = !, I x = (x, - -, X,) is an n-tuple of real

numbers, then x* = x&. . .x2», and we write D= for the differential operator:

lal
D 9

o0xft. . -0x%»

d. If g is a differentiable fiber bundle, we denote by Ji(x) the space of
k-jets of p at p, and by jE(f) the k-jet of f at p, f e C=(p), ([121, [13]).
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e. If M is a manifold we denote by C(M) the category whose objects are
the open sets of M and whose morphisms are the local diffeomorphisms between
those objects.

1.2. Definition. A “natural structure” on a manifold M is given by a triple
(E, w, B) where: E is a manifold, E + 0; r: E — M is a C>-map (projection);
B: C(M) — C(E) is a covariant functor called ‘“natural functor” satisfying:

i) if U e Ob (C(M)), then B(U) = =~'(U) € Ob (C(E)),

ii) if f e Mor (C(M)) with f: U — U’, then B(f): =~'(U) — =~ '(U’), where
Ob stands for object, Mor for morphism, and B(f) e Mor (C(E)) and satisfies:

a. if f(x) =y, then B(f)(z"'(x)) = =~'(¥), i.e., =B(f) = fr,

b. if We Ob(C(M)), W C U, then B(f)|=~(W) = B(f|W);

iii) if N is any manifold and f,: M — M is a diffeomorphism for every
n e N such that the map

HNXM—NXxXM
(n, m) -——— (n, f,(m))

is also a diffeomorphism, then the map

H*: NXE—NXE
(n’ e) == (n’ B(fn)(e))

is a diffeomorphism.

1.2.1. Remark. The projection = and the fibers over every point of M, in
the definition above, have the following properties:

A. = is surjective. It is obvious from condition ii) and the fact that we can
always get a local diffeomorphism which sends any point of M to any other
point of M.

B. The fibers over every point of M are not empty (by property A) and
isomorphic to each other.

C. dr is surjective. It follows from the fact that if v, € T,,M, there always
exists a vector field v defined in a neighbourhood U of m, with local one-
parameter group of diffeomorphisms {f,} such that v(m) = v,,. Then by con-
dition ii), {B(f,)} is a local one-parameter group of diffeomorphisms on z~*(U)
such that if b is any element of z~'(m) and A ¢ Cy(z~(U)), then

VW = -5 hBEe)

is a tangent vector of E at b. The projection dx(V' (b)) is v,, by condition ii a).

D. As a consequence of the fact that dr is surjective it is possible to get a
C~-manifold structure on z~'(n) for every m ¢ M such that if i: z7'(M) - E
is the identity map, (z~'(m), i) is a submanifold of E with dim z~'(m) =
dim E — dim M, [15].
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1.3. Definition. A manifold M together with a “natural structure” (E, =, B)
is a bundle of geometric objects denoted (M ; E, , B). A section g of n: E — M
with domain on an open set U of M is a field of geometric objects on U and
for every x e U, ¢(x) is a geometric object at x.

1.4. Given an element fe Mor (C(M)), f: U— U’, and a field ¢ of
geometric objects with domain on U, we define a new field ¢* of geometric
objects on U’ by

¢*(x) = BH(f'(x) , xelU’.

That ¢* is a field of geometric objects on U’ follows from the following com-
mutative diagram:

vt )

f ‘IT lB(f)

U — o Y(U)

We say that ¢* is induced by ¢ by means of f.

1.5. Examples of bundles of geometric objects. Later we shall make use
of some bundles of geometric objects derived from a given one, say
(M; E, n, B), and therefore it seems to be useful to study them now.

A. Tangent bundle of M. It is obviously a bundle of geometric objects
where the functor

B': C(M) — C(T(M))

is given by

i) if U e Ob(C(M)), then B (U) = TU,

ii) if f e Mor (C(M)), then B'(f) = df.
Clearly df satisfies ii a) and ii b) of Definition 1.2. We shall see that it also
satisfies iii). Let

H:NXM-—-NXM

with H(n, m) = (n, f,(m)), be a diffeomorphism where N is any manifold and
fo: M — M is also a diffeomorphism for every n e N. Then df,: TM — TM
is a diffeomorphism and so is dH: T(N X M) — T(N x M). Therefore the
map

H*: N X TM - N X TM

which can be factored as follows:
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NXTM —TN XTM — TN XTM —— TN X TM
(n, v(m)) ---»> (0(n), v(m)) ---»> (0(n), df,v(m)) ---»> (n, df,v(m)) ,

is a diffeomorphism.

B. If the projection n*: TE — M be such that z*(v,) = =n(e), and the
functor B*: C(M) — C(TE) be such that

i) B*(U) = T(z"'(U)), U € Ob (C(M)),

ii) B*(f) = dB(f), f e Mor (C(M)),
then (M ; TE, =*, B*) is a bundle of geometric objects.

C. Let (M; E, r, B) be a bundle of geometric objects. By Remark 1.2.1 we
know that for every x € M, z~'(x) has a unique manifold structure such that
(7~'(x), i) is a submanifold of E (i: the inclusion map). Moreover if dim E =
m, dim M = n, then dimz~(x) = m — n. Obviously T(z"'(x)) is also a
2(m — n)-dimensional manifold. Therefore

X =y TE'(x)
TEM
is a (2m — n)-dimensional closed submanifold of TE. We may then build a
new bundle of geometric objects on M with the data (X, z’, B’), where:

: X—-M

satisfies 7/(v,) = w(e). This means that z’ is the composition of the restriction
of p’: TE — E to X and #, both of which are C~-maps.

B': C(M) — C(X)

is a covariant functor which satisfies:
i) if U e Ob(C(M)), then B'(U) = z/~'(U) = U T(z"(x)),
zeU

ii) if f e Mor (C(M)), then B’(f) = dB(f).
Conditions ii a) and ii b) of Definition 1.2 are obviously satisfied. We have to
prove that condition iii) is also satisfied. Let N be any manifold and let

H:NXM->NXM
be a diffeomorphism such that H(n, x) = (n, f,(x)) with f,: M — M a diffeo-
morphism for every n € N. Therefore, as (M; E, n, B) is a bundle of geometric
objects,
H*: NXE—->NXE
with H*(n, e) = (n, B(f,)(e)) is a diffeomorphism and so is dH*. Then the map
H¥*: N XX ->NxX

with H**(n, v,) = (n,dB(f,)(v,)), which can be factored as follows:
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NxX—»NxTE——»TNxTEﬂTNxTE

—>NXTE — 5>NXxX
(n,v,) -—-> (n,v,) -—--> (0,,v,) —-—- > (0, dB(f,)v.)

---> (n, dB(f,)v,) -—-~> (n, dB(f,)v.)

is a diffeomorphism. Therefore (M; X, ', B’) is a subbundle of geometric
objects of (M ; TE, n*, B*).

2. The lift of a family of vector fields in a bundle
of geometric objects

2.1. Let W be an open set of R X M, where R is the real line and M is
a manifold. A family {v,} of vector fields on #,(W) C M is a map [10]

v: W — T(x,(W))

with v(z, x) = v,(x), C"' at ¢t and C* at x, which makes commutative the follow-
ing diagram:

W "> T(z,(W))

-\ /-

where p is the projection of TM — M.

The theory of differential equations says that every pair (s, y) ¢ W determines
an integral curve ¢, , of {v,} defined for every ¢ of an open neighbourhood of
s € R, such that

(0) v,(¢s,,(1) = ¢5,#(d/dr) and ¢, () =y,

where d/dr is the unit vector at the origin of R. These integral curves have,
among others, the following properties:

a. each integral curve belongs to a maximal integral curve;

b. two integral curves have a point of W C R X M in common if and only
if they are joinable (if they have the same value at a common point of their
domains they have the same value at every point of the intersection of their
domains, and the union of the curves is the curve defined on the union of those
domains).

The family {v,} of vector fields defines also a map

fIRXRXM—)M

given by
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f(S, t, )’) = cs,y(t) s

where s € -;(W) C R and ¢ € dom ¢, (maximal). For each fixed pair (s, ), f
defines a local diffeomorphism on M

fs, t,¥) = f,,.(»)

and, for each fixed s, a family {f,} of local diffeomorphisms on M, which we
say is generated by the family {v,}. The map f has the following properties:

C) ft,r(js,t(y)) = fs,r(y)a

d) fs. =15

e) f, = id for every s.

If the family {v,} of vector fields does not depend on the parameter ¢ it
becomes a unique vector field v = v, for all ¢, defined on an open set U of M,

and therefore the family {f,} of local diffeomorphisms generated by {v,} satisfies
the condition

fs,t = fo,t-s .

In fact, as the curve ¢, , is a reparametrization of c, ,, both curves are solutions
by y of the same differential equation because v, = v,_,. Then

Coy(D) = ¢y (t — 5) .

If we put f, = f,,, the family {f,} satisfies:
¢)  ffe = fs, for all 5, ¢ such that s + ¢ e dom (¢, ,), x € U,
) =17
e) f,=id.
Therefore, when the family {v,} consists of a unique element v which does

not depend on ¢, it generates a one-parameter group {f,} of local diffeo-
morphisms.

Then, given a family {v,} of vector fields with domain on an open set U of
a manifold M, and given a function k e C(U), we can write, by (0),

_d
V(o o)) (k) = =

K@)

t=
which we shall write omitting s when it does not lead to confusion. Moreover,

considering that f,, ,, = id and f, , = f; f;},, We obtain the more convenient
formula:

_ d _d
W) = G| Ko =4

kfs,tfs_,}o s
to

t=

or omitting s
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_d| g
(1) 2,00 = | K0

If the family {v,} does not depend on the parameter ¢, the above formula
becomes:

mm®=iﬁmx
dt |
or

_d
(2) v(xX)(k) = i

K@ .

11

2.2. Let(M; E,x, B) be a bundle of geometric objects, {v,} a family of
vector fields defined on an open subset U of M, and {f,} the family of local
diffeomorphisms generated by {v,}. It is possible, by means of the functor B,
to define a new family {B(f,)} of local diffeomorphisms with domain on the
open subset z7!(U) of E. This family defines in turn a family of vector fields
on =~ '(U), given by

(3)  BOLOW = 5| hBG,)0) = 9| KBEIBEI®)

where, in the third member, the parameter s has been omitted, 4 ¢ C=(z~'(U)),
and b e z7'(U).

If the family {v,} does not depend on the parameter ¢, formula (3) becomes
(as we saw in Remark 1.2.1)

(4) B(v)(b)(h) = % _BUI®) .

2.3. Lemma. The family {B(v),} of local diffeomorphisms on =~(U) defined
above has the following properties:

a) If {v,} and {v}} are two families of vector fields on U, then
B(v + v), = B(v); + B('), .

b) If a: R — R is a C*-function, and {v,} a family of vector fields on U,
then

B(a-v), = a(t)- B(v), .

Proof. a) If {f,} and {f;} are the families of local diffeomorphisms generated
by {v.} and {v;} respectively, and k ¢ C*(U), we have:
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d / d d ,
dt li=to kfta,tfto,t(x) ar lr=to fto,r(-x) + —dS L=to fzo,s(x)

= (1,,(x) + vi,(D))(K) .
Then by putting fta,tﬁo,t = f;i,u

@, + V@) = | kft )

and applying formula (3) of § 2.2, we have for b € z7!(U) and h ¢ C~(z~(U)),

B + ), b)) = L

hB{Z,)(0)

Il

t hB(f,, ) B(f:,,)(b)

dt
4
dt |t=
d d .
e hB(f,, )(b) + s b hB(f;, )(b)

r=to s=tg

= (B(v),, + B(®),)(b)(h) .

b) Let @: R — R be a C>-function. It can be considered as a vector field

on R, which defines a one-parameter group of local diffeomorphisms {g,} such
that

_d
al(g(t)) = I

gt(to) ’
t
and in particular

d
1 = —
a(t) dt

g.(t) .
=0

t

Let k € C~(U), and let {f,} be the family of local diffeomorphisms generated
by {v,}. Then

J d
4k T de,(t)
Fo,0000 (%) dg,(t)

dt |t=o
= a(ty) - v,,() (k) = (a-),,(X)(k) .

d
f 0,000 (%) —E t=ogz(to)

ge(to)=to

This result and formula (3) of § 2.2 lead us to the following expression, where
berx ' (U) and he C(z~Y(U)):

Bla-),(b)(h) = -+
dt

=ohB(flo,az(ta))(b)

t
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d
dgt(to) ge(to) =to

= a(ty) B(v),,(b) .

d
hB(fto,gz(to))(b) . —dt— z=ogt(t0)

2.4. We claim that the family {B(v),} is well defined, that is, if {v,} and
{v;} are two families of vector fields with domain U such that v, = v; on an
open subset V C U, then B(v), = B(v’), on = }(V). Or, considering the
properties of {B(v),} proved above, if the element v, of {v;} isnullon V C U,
then B(v), = 0 on #~'(V). In order to prove it, we need the following lemma.

2.4.1. Lemma. Let M be a manifold, and {v,} be a family of vector fields
defined on an open subset U of R X M such that

v(t, x) = v,(x) for each fixed t ,

and
2(0,x) = v(x) =0 for all x e n,(U) .

Then there exists another family {w.} of vector fields with the same domain of
{v.} such that

v,(x) = tw,(x) for each t .

(for the proof see [11, p. 8]).
Therefore, returning to our claim, we see that there is a family of vector

fields {w,} with domain on V such that {»,} = {tw,}, and in particular v, = 0-w,
= 0. Then, putting

{v.} = {tw} = {(id w).},
by property b) of Lemma 2.3 we have

{B(»),} = {BGd w),} = {tB(w),} ,
B(v), = 0-B(w), =0 on z~}(V) .

3. The lift of a bracket of vector fields in a bundle
of geometric objects

3.1. Let (M; E, x, B) be a bundle of geometric objects, and let u and v
be two vector ficlds defined on an open subset U of M. If {g,} and {f,} are the
one-parameter groups of local diffeomorphisms generated by u# and v respec-

tively, it is possible to define a family of local diffeomorphisms on U, by putting
for each ¢:

he =g 7 y78s:F % -
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The family {h,} generates a family {w,} of vector fields on U, where w, =

[v, ul, [2, p. 18]. That is, if kK e C=(U), considering formula (1) of §2.1 and
the fact that 4, = id we have

wa)(K) = gt-

=0kht(Jr) = [v, ul(x)(k) .

Then formula (3) of § 2.1 gives, for ¥’ ¢ C=(z~(U)) and b € =~ (U),
B([v, u)(b)(K") = B(w),(b)(k")

=41 KBt®)
= 4| KB DBG BB ®)
= [B), BWIB)K) .

Therefore

(5) [B(v), B@)] = B, ul) .

4. The Lie derivative of a field of geometric objects

4.1. Let v be a vector field defined on an open subset U of a manifold M.
We may consider v as the element v, of a family {v,} of vector fields such that
if {f,} is the family of local diffeomorphisms generated by {v,}, then f, = id.
In fact, if v is the element v,, of a family {v,} which generates a family {f,} of

local diffeomorphisms, we define a new family {g,} of local diffeomorphisms by
putting for each ¢

& = ft+tofz_ol s

which implies g, = id. Let {v;} be the family of vector fields which generates
{g:}. Then for each x e U we have vy(x) = v,,(x) = v(x).

4.2. Let v be a vector field defined on an open subset U of a manifold M,
the base of a bundle of geometric objects (M ; E, x, B), and suppose that v is
the element v, of a family {v,} of vector fields on U which generates a family
{f;} of local diffeomorphisms on U with f, = id. If ¢ is a field of geometric

objects on U, and for x e U, U, C U is a neighbourhood of x such that for
some ¢ > 0

f.(U) CU for |t] < e,

then we may define the curve

7z: (—&8) > a7 '(U)
given by
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7:(8) = B(fz—l)ﬂﬁft(:c) en '(x) .

The curve y, is a C>-curve because it is the composition of the following
C>-maps:

(—&,8) —> (—&,8) X U—> (—¢,¢) X a7'(U)

LN (—&e) X a7'(U) —> =7 '(U) ,
t ———> (t> ft(x)) """"" > (t, ¢ft(.7:))
—> (t5 B(ft_l)qsfz(-‘ﬂ)) > B(fl—l)¢f¢($) H

where the map ¢ is C* due to condition iii) in the definition of B.

4.3. Definition. Let ¢ be a field of geometric objects, and let v be a vector
field, both defined on an open subset U of the base manifold M of a bundle of
geometric objects such that they satisfy the conditions established in § 4.2. The
Lie derivative at x € U of a field ¢ of geometric objects with respect to a vector
field v is given by

(6) Lgh) = 0| B

where 4 e C=(z~'(U)). If v is an element v,, of a family {v,} of vector fields,
by § 4.1, (1) becomes

(7) Lo = G| BOS s

4.4. The Lie derivative l; ¢, of a field ¢ of geometric objects with respect

to a vector field v is well defined. That is, if there are two families of vector
fields {v,} and {v]} such that v = v, = v;, then

(8) Lg.=Lg..

In order to prove this, we need the following lemma in the theory of families
of vector fields, [2], [9]:

4.4.1. Lemma. Let {v,} and {u,} be two families of vector fields defined on
an open subset U of a manifold M such that they generate the families {f,} and
{f7} of local diffeomorphisms, respectively. Then the following equality holds

(9) v, = —dfu, .

Proof. It follows from § 2.1 that the family {v,} of vector fields defines a
map f: R X R X M — M by f(s, t,y) = ¢, (). If we fix s and omit it, as we
have been doing up to now, we may consider f as a map
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f:RXM-—->M,

which for every fixed ¢ is given by

fit,») = £, .
Therefore, if we put g, = f;* for |¢| < ¢, ¢ determined by {v,}, then the maps

fi(—ee) X U—-U,
g:(—€,€) X U_)Us

df: T((—e, &) X U) > TU ,
dg: T((—e, &) X U) - TU
satisfy

g(t7f(t7 m)) =m,
dg((r, »), df((r, D), (m, v))) = v(m) ,

and, in particular,
df((r, 1), (m,0)) = t-v,(f,(m)) .
Therefore
0y = dg((r, 1), df((r, ), (m, 0))) = dg((r, 1), (f,(m), tv,))

= dg((r,0), (f.(m), tv,)) + dg((r, 1), (f,(m), 0))
= dg,(tv,(f,(m))) + tu,(g,(f.(m))) ,

which implies
dg,(v,(f,(m)) = —u,(m) ,
or
df;v,)m) = —u,(m) .

Returning to our claim we see that if {f,} and {f;} are families of the local

diffeomorphisms generated by {v,} and {v;} respectively, what we have to prove
is that for 4 e C=(z~'(U)),

d -
—('17 2=0hB(f; I)Sbf;(:b) =

d

_(E t=0hB(f;—l)¢f2(z) .

But the left hand side of this equality can be written as
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_ d d
hB(f: )¢z = a t=0hB(ft_1)¢z + ar £=0h¢fz(-77) ’

Ll
dt |t=0
and the right hand side can be written in a similar way. If, as in the above
lemma, {u;} and {%;} are the families of the vector fields which generate {f;}
and {f;~'} respectively, then we have

d . B
(10)  dr /BN ) = Bugg, + dgvy(x)  (by the lemma)
= dgw,(x) — B4, ,
d o
a1 di e BE e = B, + dgo@  (by the lemma)

= dgvy(x) — B(v)g, .

As v, = vy, it follows, by § 2.4., that (10) and (11) imply (8).

4.5. We obtain two important conclusions from §§ 4.3 and 4.4.:

a) Formulas (6) and (7) show that % ¢, is a tangent vector to the curve
7z C m~'(x) at the point ¢,. This means that % ¢, ¢ T, E. Moreover, by observ-
ing that lv, ¢(h) = 0 for each function 4 ¢ C*(E), which is constant on z~'(x),
we conclude that

Lg, e Ta ') .

Therefore L ¢, is, at each point where it is defined, a geometric object of the
bundle (M; X, =, B') (see § 1.5 C) and a subobject of (M; TE, z*, B*) (see
§1.5 B).

b) Formula (10) is an important result in the theory of the Lie derivative
of a geometric object, which can be generalized by means of Lemma 4.4.1
and formula (7). As we shall make frequent use of it, it will be useful to
establish the following proposition.

4.5.1. Proposition. Let v be a vector field defined on an open subset U of
the base manifold of a bundle of geometric objects, and ¢ be a field of
geometric objects defined on U. Then for every x e U we have

(12 L ¢, = dp(v)(x) — B(v)g, .

If v is an element v,, of a family {v,} of the vector fields which generates the
family {f,} of local diffeomorphisms on U, we have

(13) L ¢, = dg(dfijv.)(x) — dB(f;)B), -
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4.6. Proposition. Let (M; E, x, B) be a bundle of geometric objects, ¢ be
a field of geometric objects defined on an open subset U of M, f: U — f(U) C

M a diffeomorphism, and v be a vector field on U. Then the following expres-
sion is satisfied :

dBOL $. = L Bf. .

Proof. Assume that v is the element v, of a family of vector fields such
that the family {f,} of local diffeomorphisms generated by v satisfies the condi-
tion f, = id. Then, for 4 ¢ C>(z~'(U)),

(&, BOGIH) = S| hBUDBDS, v

= —57  (BBOYBUGD s-sc01

= L (¢ ;-1 (hB(f)) = (dB(f) L ¢,)(h) .
4.7. Corollary. If the diffeomorphism f of the above proposition is an

element f, of the one-parameter group of diffeomorphisms generated by the
vector field v, then, for any h e C=(z~Y(U)),

dB(f_z) %’ ¢f¢<z)(h) = % (B(f_z))¢f;(z)(h) = % th(f_t)ﬂﬁf,(z) .

Proof.

d _
_dT thB(f—t)‘ﬁh(z) -

_ohB(f-s-l)¢f,+c(I)

S

hB(f_s)B(f_z)Sﬁf.f:(z)

s=0

d
= L B(_D¢s.0(W) = dBG_0) L 6,5
= dB(f_z) l;; ¢fz<1) ’

because (df,v)(x) = v(x) for each t.

4.8. Proposition. Let ¢ be a field of geometric objects defined on an open
subset U of a manifold M, and let v, u be two vector fields with domain on U.
Then for any pair (a, b) of real numbers the following expression is satisfied

avl-l-lbu¢‘t = a%¢‘z + bl‘u.lszs‘27 :

Proof. It is obvious from Proposition 4.5.1, the linearity of d¢, and the
operator v — B(v).
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4.9. Definition. Let (M; E, r, B) be a bundle of geometric objects, and
{f:} a family of local diffeomorphisms defined on an open set (—e, ) X U C
R X M. A field ¢ of geometric objects is invariant under the deformation {f,}
if:

a. dom (f,) C dom (¢), im (f,) C im (&) for each [t| < e,

b. B(f)¢, = ¢5,y  foreach xe U and |f] <e.

4.9.1. Corollary. If a field of geometric objects is invariant under {f,}, it
is also under {f;'}.

4.10. Proposition. Let (M; E, r, B) be a bundle of geometric objects, and
{v.} be a family of vector fields on an open subset U of M generating a family
{f;} of diffeomorphisms. Then a field ¢ of geometric objects defined on U is
invariant under the deformation {f,} if and only if I; ¢, = 0 for each x e U and
[t <e.

Proof. 1If ¢ is invariant under the deformation {f,}, it is invariant under
{f-}. Thus, if h e C=(z~'(U)), we have

d d
vl¢; ¢$(h) = —dt— hB(.fz_o?t)ﬁsz,o £(2)

= h =0.
t=to ' dt |i=to b

Conversely, if L ¢, = 0 for each x e U and [t| < ¢, then L ¢ft @ = 0 for

|t,) < e and, by hnearlty, dB(f,ol) L ¢ oo = 0. Therefore for any heC=(z~(U))
we have

0= L ¢, hB()

hB(fg_.,l)B(fzofz-l)qf'f,f;,!(f,oum

hB(le)Séft(z) )

t=to

“dt |i-
A
dt

which implies that the curve y,(t) = B(f; )¢y, , has vanishing tangent at each
point. Thus the curve is constant so that

B(ft_l)¢fz(:v) = ¢x , Or ¢f¢<z) = B(ft)¢z .

4.11. Lemma. Let (M; E, r, B) be a bundle of geometric objects, and ¢
a field of geometric objects on an open subset U of M. If the families of the
vector fields {v,} and {u,} satisfy the condition

Lo =L =0

for each x e U and |t| < e, and {f,} is the family of local diffeomorphisms
generated by {v,}, then we have
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L #e=0 ol <els|<e,
and, in particular, dev;¢’ =0 for|t] <e|s| <e.

Proof. If L¢,=0 for each x e U and |¢| < ¢, and ¢ is invariant under
the deformations {f,} and {f;'}, then

8o = L, BESD s
= dB(f,) 5; B0 s, s710a
= dB(fs) 5; ¢f'—1(‘7;) = 0 .

4.12. Lemma. Let (M; E, n, B) be a bundle of geometric objects, and &

the tangent bundle of M: & = (TM; p,M). If ¢ is a field of geometric objects
defined on an open subset U of M, then the set

G, ¢) = {v; ve C(§|U), L ¢, = 0, for each x e U}
is a vector subspace of C=(&|U), and the set

YU, ¢,¢) = {{f:}; {f:} generated by {v,}; v, e G(U, ¢), |t]| < ¢}

is a group under the composition {f;}-{g,} = {f.-&}, |t| <e.

Proof. 1. a) O0eG(U,¢).

b) If v e G(U,¢), then —v e G(U, ¢).

c) Ifv,ueG(U,¢) and a,b e R, then av + bue G(U, ¢).
B 2. a) The family {f;} with f, = id for each ¢ belongs to (U, ¢, ¢) because
0 ecG(U,¢).

b) If {f;} e 9(U, ¢,¢), then {f;'} € ¥(U, ¢, o).

c) Let {f;} and {g,;} be elements of %(U,¢,e) such that there exists the
composition f,- g, for |¢| < e. If k e C=(U) and |t,)| < &, then

i’ k(f,8) (g ()
dt |t=te

kf, 8.8 (%) + gd—

r=to S |s=

dt
= V(0K + (df,1h ) (X)) = (v, + dfp U)K

t kf.,858:5 12 (%)

From the first part of this lemma and Lemma 4.11,
vto + dftouto € G(U7 ¢) ’

so that {f,- g} is an element of ¥(U, ¢, ¢).
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5. The linear differential operators B¢ and L¢

5.1. Definition. Let M be a manifold, and x, » be two vector bundles over
M. A linear differential operator from p to w is a C-linear map

P: C*() — C~(w)
such that

(14) supp (P(s)) C supp (s)

for any s € C=(y).
The operator P is of order k if k is the smallest integer (k < oo) such that
for each m € M and each f e C=(y) (see § 1.1),

EH =0 implies P()(m) =0 .

5.2. We shall now recall Narasimhan’s rewording [7] of a theorem due to
Peetre: Let M be a manifold, ¢ and » be two vector bundles over M, and P
be a linear differential operator from p to . Then every m e M has a neigh-
bourhood U diffeomorphic to an open set 2 in R" such that x| U and w|U are
trivial and the induced operator from u| U to w| U over {2 has the form

(15)

IalsZk<oa aa(m)Da ’

where if s, r are the ranks of g and o respectively, then the a,(m)’s are s X r
matrices.

Remark. The theorem of Peetre says that for every m e M there is an open
neighbourhood U of m where the order k of the operator is finite. Therefore
the order will be finite in every relatively compact open set of M.

5.3. Let(M; E,r, B) be a bundle of geometric objects, and ¢ a field of
geometric objects defined on an open set U of M. If (TE, p’, E) is the tangent
bundle of E, then its restriction to z~!(U) is a new vector bundle, and the pull
back of this vector bundle by ¢ [5, pp. 38, 39]

(T 0)) 2L, T-1v))

¢*(p’)l lp’

v . w

is a vector bundle y
p= (U TG @), . U)
TeU

where ¢*(p’) = zp’ with the corresponding restrictions.
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If £ is again the tangent bundle of M:
§=(TM,p,M),
we may define the operator
Bg: C=(&|U) — C=(p)
by

Bg(v)(x) = B(v)$,

satisfying:
i) Bg(v) is a section of 4,
ii) B¢ is a linear differential operator:

a) it is linear by Lemma 2.3,

b) it satisfies condition (14) of Definition 5.1. In fact, since supp (v)
= Cl {x e dom (v); v(x) # 0}, the complement of supp (v) is open, and if
z belongs to it there is a neighbourhood U, of z such that U, N supp (v) = 0.
Then v(y) = O for every y € U,, and

Bp(v)(2) = B(v)g, = 0

by § 2.4 (z cannot be a frontier point).
Therefore the operator B¢ defined above is a linear differential operator,
and by § 5.2 for each x e U C M, there is an integer 0 < k < o such that

(16) Bo(v)(x) = | |<Zk<m b, (x)D*(v)(x)

with the identifications &, ~ R™, gy, ~ R™ (n = dim M, m = dim E).
We saw in § 1.5 C that the set

X= U T@'x)

z€

is a closed submanifold of TE, so that the vector bundle (X, p’, E) is a vector

subbundle of (TE, p’, E). If ¢ is a field of geometric objects on an open set U
of M, the pull back of (X, p’, E) by ¢:

p'*($)

X)) — X
¢*(p’)l lp'
v —% . E

is a new vector bundle w, where ¢*(p’) = zp’ = n’ with the corresponding
restrictions,
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0= ( U T, (z"'(x), o', U) .
TEU
Therefore it is possible to define a new operator

Lé: C=(&|U) — C~(w)
by

L)) = L g, .
By Proposition 4.5.1 we know that
L ¢, = dg(v) — B()g.
so that there exist (n X m)-matrices a, such that

an Lg, = | SZM a,(x)D*(v) (x) .

al

From (17) it is clear that Lg is a linear differential operator which has the same
order as B¢ at every x ¢ U.

5.4. Suppose that ¢ and ¢’ are two fields of geometric objects defined on
an open set U of M with ¢,, = ¢/, for some x, € U, and assume that for some
open set W, x,e W C U, there exist k and k’ such that, for x e W,

B¢, = X b (x)D(v)(x),

lal<kE<o

B¢, = Y, b.(x)D*(v)(x) .

lal <k’ <

As ¢,, = ¢,,, we have B(v)¢,, = B(v)¢,, and therefore
k=K, b.(x,) = bl(x,)

for each a, || < k = k'.

5.5. Lemma. Let Lg: C*(§|U) — C=(w) be the linear differential operator
defined in § 5.3. If the order of L¢ is k < o on an open set W C U, and
f: U— f(U) C M is a diffeomorphism, then the order of LB(f)¢ is also k.

Proof. If the order of Lg on W is k, then k is the samallest integer such
that for any v e C~(¢|U) and x e W,

) =0 implies Lé(v)(x) =0 .

But being f a diffecomorphism, if ue C~(£|f(U)), then j%,(v) = O implies
j®(df~'u) = 0, and, by hypothesis.

0= _L ¢ = _L B )BH$(x) = dB(™") L (BHFX)) .

af—1u df-1lu
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Therefore by linearity,
i3@@) =0  implies L (B()§)(f(x)) =0,

where k is the smallest integer which satisfies this condition. If there is an
integer k' < k which satisfies the condition, it will be the order of Lg.

5.6. Let, as before, & = (TM, p, M), and let U be an open'set of M such
that U is homeomorphic to R and &| U is trivial. It is possible to introduce a
topology on C=(§|U) defining a fundamental system of neighbourhoods for
every v € C=(£|U) as follows [6]:

B(m, v, k,e) = {ueC(&|U); ||lu—v|E <},

where m is an arbitrary positive integer, K runs over all compact subsets of U
and ¢ over all positive real numbers. We recall that the norms are given by

Nulls = > L supp |D*U(x)| (= oo if § #* compact) ,
lal=m a! =zes

where u ¢ C*(¢|U) and S C U. This topology satisfies:

a) if has a countable basis,

b) {v;} — v if and only if D*v, — D*v uniformly on compact sets for all «
with |a] < k (all @ if k = o0),

c) it is metrisable,

d) it is complete.

5.7. Now let W be an open subset of M, homeomorphic to an open subset
of R™ such that &|W and w| W, as defined in § 5.3, are trivial and

L()(x) = 3 a,(0)D*(v)(x)
lal Sk<eo
for x € W and v ¢ C~(£|W). By Peetre’s theorem such W exists.

5.7.1. Lemma. Let {v;};.; be a sequence of vector fields of C=(¢| W), such
that {v;};c; — v uniformly on each compact subset S C W. If % ¢ = 0 for
some field ¢ of geometric objects defined on W,x e W and every iel, then
I; ¢, = 0.

Proof. Clearly from property b) of the topology of C=(&| W).

5.7.2. Lemma. Let W and ¢ be the same elements defined above. Then

GW,¢) = {v,v e C~(§|W), L ¢, = O for each x e W}

is a closed vector subspace of C(&|W).

Proof. G(W,¢) is a vector subspace of C*(§|W) by Lemma 4.12. If {v;}
is a sequence such that v, e G(W,¢) for every iel, and {v;} — v, then
v e G(W,¢) by Lemma 5.7.1.
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