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Introduction

Throughout the field of Differential Geometry (and related areas), one can find so-called normal
form theorems. One is given a submanifold N C M and some geometric structure I' on M, that
behaves nicely around N. The theorem would then typically state that I" has some “simple”, stan-
dard form in a neighborhood of N, with respect to a certain choice of local coordinates. Examples
are Darboux’ theorem and Weinstein’s Lagrangian neighborhood theorem in symplectic geometry,
the Morse Lemma for smooth functions and Conn’s linearization theorem in the case of Poisson
structures. A common element in proofs for all such theorems is showing the existence of a tubular
neighborhood around N that is somehow adapted to the structure I'. In two papers [16][2], E.
Meinrenken, along with Lima and Bursztyn, showed that such tubular neighborhoods correspond
with particular vector fields around N. These are called Euler-like vector fields. As we will see, each
Fuler-like vector field X determines a unique maximal tubular neighborhood, in which it looks like
the standard Euler vector field. This result allows one to prove a range of normal form theorems in
a similar way. One finds an Euler-like vector field that is adapted to the structure, and then uses
the unique tubular neighborhood it determines. Such vector fields often arise quite naturally from
the structure. We will see this technique in action for many examples of normal forms theorems.
Particularly we will prove (part of) Conn’s linearization theorem using this method, which has not
been done before.

We will start our treatment of the subject by looking at the normal bundle of a submanifold, and
the concept of the linear approximation of maps around N. This is important for the definition
of Euler-like vector fields, which we discuss afterwards. We will then look at various examples
of normal form theorems and how they are proved using this method. When necessary, we will
introduce first some basic notions of the field in question before looking at the theorem. For
example, an introduction to Poisson structures and Poisson cohomology is given in Chapter 4.

In the final chapter we will describe a generalization to a weighted version of the theory. Es-
sentially, the vector bundle structure of the normal bundle is replaced by that of a graded bundle
(as in Grabowski, [I]). This leads to the notion of the weighted normal bundle, and corresponding
weighted Fuler-like vector fields. We will introduce the ideas based on the paper by Meinrenken
[16] as well as a talk by Y. Loizides, in which some initial concepts are defined/discussed. This
generalization of the theory can be used to prove a wider range of normal form theorems, notably
the Isotropic embedding theorem.



Chapter 1

Normal bundle and linear
approximation

A normal form theorem typically consists of two parts, a geometric structure and a submanifold
around which it has a certain nice property. In this first section we will start by focusing on the
latter, and study what surroundings of the submanifold are like. In other words, how it is embedded
in the ambient manifold. This information can be obtained by considering the normal bundle of the
submanifold, and so it is not surprising that this object plays large role in the theory we will build.
In this section, we will look at its definition and the related notion of tubular neighborhoods. We
will also see that there is a natural way to approximate all kinds of objects on the normal bundle,
called the linear approximation.

Assumption. In this thesis, we will always assume that N C M is an embedded submanifold,
without boundary.

This assumption is required for the notion of a tubular neighborhood of N (see Definition|1.1.6)),
since N is always embedded as the zero section in its normal bundle.

1.1 The normal bundle

We recall the following definition.

Definition 1.1.1. The normal bundle of a submanifold N in M is defined as the quotient of vector
bundles
v(M,N):=TM|n/TN.

This is itself a vector bundle over N, with the projection given by restricting the natural projection
map 7 : TM — M to TM|y. We will also use the notation vy for this bundle.

Identifying N with the zero section of v(M, N), we can view N as a submanifold of v(M, N).

Remark. In a way, the normal bundle can be viewed as the ‘linear approximation’ of M around N
(asin [9]). For example, consider the case that v(M, N) is trivial. Then we can find a neighborhood
U of N in M that is diffeomorphic to N x R™™" (where dim M = m, dim N = n), therefore
‘linearizing’ M around N. In general, finding such an open set is of course not possible, consider
for example as submanifold the zero section of some non-trivial vector bundle. So the best we can
do is consider the vector bundle structure that is given precisely by the normal bundle. Within the
context of this thesis, one could say that the normal bundle is the ‘normal form’ of M around N
(which coincidentally also removes the ambiguity around the word normal here).
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What we want to do is look at this ‘operation’ of taking the normal bundle as a functor between
categories. We start in the category of manifold pairs (M, N) where N is a closed submanifold of
M. Morphisms (M, N) — (M’, N') are given by smooth maps f : M — M’ such that f(N) C N'.

Definition 1.1.2. The normal bundle functor v assigns to every smooth manifold pair (M, N)
the vector bundle v(M, N). For a morphism f : (M,N) — (M’,N’) we obtain a vector bundle
morphism v(f) : v(M,N) — v(M’', N'), as induced in the diagram below.

daf

™M > TM'

vy =TM|n/TN M, TM'|n//JTN' = vp:

Note that the v(f) is well-defined here since df (T'N) C TN’ by assumption.

Definition 1.1.3. For a smooth map f : (M,N) — (M’, N’) of manifold pairs, we will call the
vector bundle morphism
v(f):v(M,N)— v(M' N

the linear approximation of f.

Example 1.1.4. Consider a smooth map f: R — R such that f(0) = 0. The normal bundle of
{0} in R is of course just R itself. A simple calculation shows that v(f) : R — R is equal to the first

term in the Taylor polynomial of f, v(f)(x) = %(O)x.

1.1.1 Normal bundle functor and tangent bundle

One can show that the normal bundle functor interacts nicely with the tangent functor (i.e. taking
the tangent bundle). Particularly, we have a canonical isomorphism

Tv(M,N) ~ v(TM,TN), (1.1)

where this is an isomorphism as vector bundles over v(M, N), as well as TN (a so called double
vector bundle). See Appendix for details.

This fact is important in a special case of the construction above, when X € X(M) is a vector
field tangent to N (i.e. X, € T,N for all p € N). In this case we can view X as a morphism
X :(M,N)— (TM,TN), and obtain the morphism

v(X):v(M,N)— v(TM,TN).

Since we have v(T'M,TN) ~ Tv(M,N), we can then view v(X) as vector field on the normal
bundle, so v(X) € X(v(M, N)). This example will be of particular importance in this paper.

Definition 1.1.5. Let X € X(M) a vector field that is tangent to N. The linear approximation
of X is given as the induced vector field v(X) € X(v(M, N)).

As we will see in Section this idea can also be applied to other kinds of objects, for example
differential forms.



1.1.2 Tubular neighborhoods

To finish this first part, we define a notion of a tubular neighborhood, that will be convenient in
our setting.

Definition 1.1.6. A tubular neighborhood embedding is a smooth embedding ¢ : O C v(M,N) —
M, where O is an open neighborhood of N, such that the zero section is mapped to N C, i.e p|ny =
id. Additionally, ¢ should satisfy v(¢) = id, under the canonical identification v(vy, N) ~ vy.

Remark. In a lot of works Definition is given without the last condition. It makes sense to
require it in our context though, as we will see in a number of instances later.

For the last part in Definition we used the following lemma.

Lemma 1.1.7. Let m : E — M be a vector bundle. Then for M viewed as the zero section of F,
the normal bundle v(E, M) is canonically isomorphic to E.

Proof. This follows from the identification T'E|jy; ~ T'M @ E, which comes from the exact sequence
0—-F—TE|yy >TM — 0

that is split since the projection map « : E — M can be split by the inclusion of the zero section.
Exactness can be checked pointwise, see [5]. O

While the normal bundle abstractly gives the ‘linear approximation’ of M around N, a tubular
neighborhood is a concrete realization of this. The following theorem is a well-known result.

Theorem 1.1.8 (Tubular neigborhood theorem). Let N C M be an embedded submanifold. Then
there exists a tubular neighborhood embedding for N.

Proof. For a proof using Riemannian metrics, see for example [5]. Here a tubular neighborhood
is defined without the extra condition that v(yp) = id. A closer inspection however reveals that the
exponential map used in the construction of this proof satisfies this property, so that the theorem
also holds using our definition. O

1.2 The linear approximation

In the previous section we have defined the linear approximation v(f) of a map f between manifold
pairs. We have also seen that we can apply this construction to vector field that are tangent to the
submanifold N. The resulting linear approximation is then a vector field on the normal bundle in
a natural way. Since this construction was given very abstractly, to gain more insight we will do
some explicit computations in this section.

1.2.1 1In local coordinates

To start, let us calculate what the linear approximation of a vector field X € X(M), tangent to
N, looks like in local coordinates on the normal bundle. On some small open neighborhood U C M
around a point p € N, choose coordinates (x1,...%n, Y1, .- Ym—n) Where the x; are in the direction
of N, and the y; in the normal direction. So N can in these coordinates be given as N = {y; = 0}.

We can then express a vector field X € X(M) on this neighborhood as

x =Yg 9 1.2
;a (z.9) 5, + ; bj(m,y)ayj (1.2)



where the a’ and &’/ are smooth functions on the neighborhood U. The condition that X is tangent
to N then means precisely that the functions ¥’ (z,y) vanish on N, i.e. that

V(x,0) =0 for all z € N,
Viewing X asamap X : M DU — TU CTM, we can write
X(z,y) = (z,y,@(z,y),b(z,y)), in the coordinates (23,95, vi,w;) on TM|y .

We can then directly calculate dX : TM — T(TM) in these coordinates. Let us do this
calculation, but to simplify notation a bit assume that IV is 1-dimensional and M is 2-dimensional,
and that we have global coordinates (x,y) = (z1,%1) on M. In these coordinates, consider

X:M—=TM, (2,9) (z,y,a(z,y),b(z,y)) = (X', X?, X°, X1

For dX : TM — T(TM) we then see, in coordinates (x,y, v, w) on TM:

ox! oxXt  9X3(x,y) 0X?
v+

X =
d (LL',y,U,W) (ZL‘,y,(l,b, O v+ 8y w, O 8y w,
ox* L 0x* oxt 8X4w) (1.3)
ox oy Oz Dy '
= (@9, oz, ), bz, ), 0, w0, oy + D245, Dy 4 )

oz oy ' Ox oy

Now we want to obtain the induced map v(X) : TM|n/TN — T(TM)|rn/T(TN). First note
that restricting to "M |y in coordinates means setting y = 0. Using that b(z,0) = 0 by assumption,
this means that in the 2nd and 4th coordinate become zero, so that we get indeed an element
of T(TM)|rn. Taking then the quotient by T'(T'N), which is spanned by the 5th and 7th coordinate
vector, means that those terms drop out. Here we can remark that b(z,0) = 0 for all = also implies
that a%b(az?, 0) = 0, so that the resulting expression is completely independent of v. Concluding we
obtain the well-defined map

0b(z,0)
M 8y
The identification v(T'M,TN) ~ Tv(M, N) is induced by the canonical map that 'flips’ the 2nd
and 3rd term. All in all, generalizing to dimension n we get the following result.

v(X): TM|n/TN - T(TM)|rn/T(TN), (z,w)+— (x,a(z,0),w w).

Proposition 1.2.1. In local coordinates (z;,y;) in a neighborhood around N C M, one has for
X =" a'(x, y)aw +2005 [V (, y)ay € X(M) with b (z,0) = 0 for all j and x:

mnmn(%]xO i@
Zax() 321; 9 8yj

Remark. Looking at the expression in Proposition above, we can already find good reasons
why this could rightfully be called the linear approximation of a vector field on the normal bundle.
As you can see, in the direction of N we take the ‘constant part’ of the coordinate functions a,
while in the fiber direction we see again this first order term of the Taylor polynomial of the &’’s.
So really we are looking at the linear approximation in the fiber direction of v(M, N).



1.2.2 In terms of a Taylor expansion around N

We can look at v(X) also in a different way. The normal bundle vy is in particular a vector bundle,
so we have a scalar multiplication map m) : vy — vy, for A € R, at any point © € N given by

(mx)e s (WN)a = (UN)as (2,9) = (2, Ay).

For X\ non-zero, this map is a diffecomorphism. For now, fix a A > 0. Consider again a vector
field X, tangent to N, given in local coordinates as in . By choosing a tubular neighborhood
embedding, we can view X as a vector field on the normal bundle, X € X(v(M, N)). For such a
vector field, we can then consider the pullback (my)*(X).

Remark. Recall that in general for a diffeomorphism F : M — M’ between two manifolds, the
pullback of a vector field X € X(M') is given as

FYX)p := (dF ") pp) (X pgp)-

Note that m)_\1 = my-1, and that it is a linear map. So (dmy)~! = my-1. In local coordinates
then,
n ] m—n
(m2)* X(zy) = Zal(x,)\y 8I Z (x, \y) 8 (1.4)
i=1 ' j= vi

Note here the A\~! term that appears in front of the ai terms. We can Taylor expand A —
b (x, A\y) in A = 0, which gives

W (z, \y) = b (x,0) +)\Z ab]a;“ 0+ 002). (1.5)

We can do same for the function a’(z, \y). Then provided that &’ (z,0) = 0 for all i (which is true
if X is tangent to N), we can take the limit A — 0. Looking at [1.4] ﬂ and we then get the same
expression as in Proposition [T This gives the following result.

Proposition 1.2.2. For a vector field X on v(M,N), we can express
(my)*X = )\_IX[_” + X[O] + >‘X[1] + O()\2)

If X is tangent to N then the term X|_q) vanishes, and the limit A — 0 is well-defined. In that
case,
v(X) = Xg) = lim (my)" X.
A—=0

Remark. Because of the previous lemma, we will also sometimes use the notation Xy for the
linear approximation v(X) of a vector field X. Note that the 0 in brackets signifies the degree
of homogeneity with respect to the scalar multiplication map m). This can be different for other
objects, for f € C°°(M) one would for example have v(f) = f};) (provided the linear approxima-
tion exists). We will see this type of notation also in Section 1.5, when we discuss higher order
approximations.



1.3 For other types of objects

1.3.1 Bi-vectors and general k-vectors

We can also define the linear approximation for other objects than vector fields, and give these a
natural interpretation on the normal bundle in a similar way. The first example are bi-vector fields
(or more generally k-vectors).

Given a 0 € X*(M), in local coordinates (;,y;) around N we can write

=S ) L iy n L ) n L
8 81‘Z Gyj ’ 8yz- 8yj

To find (), consider 0 as a map M — A2T'M. We will assume then that 6|y = 0, so that

a’(x,0) = b (x,0) = ¢ (x,0) for all z € N, and i, j.
We will get a well-defined induced map
v(0) : TM|N/TN — AN*T(TM|y)/ A2 T(TN) = N°T(TM|y/TN),

which we can view as a bi-vector on the normal bundle. Now we could again compute v(6) directly
in local coordinates, but this would be rather involved. So let us instead look again at the expansion
using m). We get

0 8 0
— z] -1 ’Lj -2 lJ
using that
0 0 0 0
my)* — my A (my=—
(ma) (g A g, )0) = (mi o) A () 0)
0 0
= -1 A -1 -
( A)’"()‘3’?Jim(p> ) A(D)
0 0
=2 AN =—)(m .
5y " gy )

We can now Taylor expand all the functions a*,b%¢¥ in A = 0. This gives us an expansion
mi0 = N0 g + A0y +

As for vector fields, the ‘linear’ term is the second one, given by
oc’ J 0 0
Or_1(x b (x + (z,0) N —.
(@, y) Z axz ay] ZZ: Z kg ay: " oy,

Concluding, one has for 6§ € X2(M),

I/(H) = 9[,1} = )l\li%/\ (m,\)*9
In a similar way we get for general n € X¥(M) that

v(n) = N—k+1) = /1\11)% AL (ma)* .



1.3.2 Differential forms

The construction also works for forms w € QF(M). Here we have to be a little more careful, since
we are now working with the dual of the tangent space, and there is for example no (natural)
embedding TN* < TM* (on the contrary actually).

Probably the most concrete way to go about defining the linearization of a 1-form w is to
interpret it as a map w : TM — R. The map d(w) (note: the differential of maps, not the
de Rham differential) then maps as d(w) : T(TM) — TR ~ R2. To get a well-defined map
viw) : T(TM)|n/TN — R, we need to require that w|ry = 0, or equivalently i*w = 0, where
i: N — M denotes the inclusion. Write, again in coordinates (z;,y;) around N, for w € Q' (M)

Wiag) = Y @' (@, y)dz; + Y b (2, y)dy;.
i=1 j=1

Then i*w = 0 is equivalent to a’(x,0) = 0 for all i and 2. Now one can do a computation similar
to the one for vector fields. Working everything out, one obtains:

n

m—n 8ai .CE,O m—n ]
V(@) @y = D D a(yj)yjdxi + >V (x,0)dy:. (1.6)
i=1 j=1

j=1
In terms of the Taylor expansion with my, we see
n ) m—n )
(MAW) (2,y) = Z a'(x, \y) dr; + X Z ¥ (x, \y) dy;.
i=1 j=1

Comparing with (1.6), we find that for w € Q(M)
() = wpy = im 5 (my)®
v(w) =wp = lim = (m))"w
and more generally for o € Q¥(M), k > 0, we get the same description;

.1 «
v(w) =ap = )I\L)OX (my)*a.

Remark. Looking at expression for the linearization of a 1-form, the reader will note that
the roles of z; and y; are essentially swapped when compared to the case of vector fields. This can
be explained by noting that while vector fields are sections of the tangent bundle T'M, forms are
sections of the cotangent bundle T* M. Now, looking at the normal bundle one notes that it comes
with the following exact sequence

0 —— TN —— TM|y —— TM|y/TN —— 0
Dualizing gives the exact sequence
0 —— (TM|y/TN)* —— (TM|n)* —— TN* —— 0

Since the kernel of the map (T'M|y)* — T'N* is the set Ann(T'N), we have (T'M |y /TN)* ~ Ann(TN).

This set is spanned in local coordinates by the dy;’s. Contrasting this with TN, which is spanned

by the elements %, gives some intuition why the coordinates should be “swapped”.
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1.4 General facts

We will finish our discussion of the linear approximation v by showing some useful facts about this
operation.

Proposition 1.4.1. The following properties are satisfied:

(1) If ¢ : v(M,N) — M is a tubular neighborhood embedding, and X € X(M) is tangent to N,
then
V(" X) = v(X)

(ii) For any w € QF(v(M, N)),
dv(w) = v(dw)

(i13) If additionally X € X(v(M,N)), we have
V(ixw) = txgwp) = bx)r(w)
(iv) If o1 : (M,N) — (M',N") and pg : (M',N') — (M",N") are maps of manifold pairs, then
v(p102) =v(p1) o v(pz).

Proof. All of these statements can be verified in local coordinates. O

Remark. Statement (i) of Proposition tells us that, when determining the linear approxi-
mation of some object, we are allowed to first pull it back to the normal bundle using a tubular
neighborhood embedding. This means we can from the beginning just assume that our object is
already defined on the normal bundle. Note that this justifies our computations using (my)* in

Section [1.2.2]

1.5 Higher order approximations

Consider a I-form w € Q!(M) such that :*w = 0. By choosing a tubular neighborhood embedding,
we can view w as a I-form on the normal bundle, w € Q!(v(M, N)). Then in general we have

(my)w = )\o.)m + /\2(,0[2] +...

where as before wjg) is the part of w that is homogeneous of degree d (with respect to my). And we

have seen that for the linear approximation v(w) = wyy) = limy o +(my)*w. Now let us consider
the situation where wy;) = 0, so that in particular for example there are no linear terms in the
local coordinate expression of w. It then makes sense to look at the ’quadratic approximation’ of
w, which would be given by

wig) = /1\1;% ﬁ(m,\)*w (note that this limit is now well-defined).

Definition 1.5.1. Let w € Q!(v(M, N)). The k-th order approzimation of w is defined, if it exists,
as the limit

wiy = lm = (my)"w

This limit is well-defined if wy;) = 0 for all 0 < i < k, and then wy, is a I-form on v (M, N),
homogeneous of degree k.

11



Remark. Of course, one can give a similar definition for the k-th order approximation of an [-vector
field 0 € X!(v(M, N)) on v(M, N).

Example 1.5.2. If f € C*°(R") such that f(0) = 0 and also D f(0) = 0 (i.e. f has a critical point
at 0), then the quadratic approximation of f is given as

n

1 af(0
fy(@) = B Z ai(xj) TiTj
1

©J=

which is of course the second term of its Taylor expansion around 0.

12



Chapter 2

Euler-like vector fields

In this chapter we will see that tubular neighborhoods embeddings as we have defined them, are in
one-to-one correspondence with a particular set of vector fields around N, called Fuler-like. This
forms the basis of our approach to proving general normal form theorems. Before we can define
what an Euler-like vector field is, we first need to look at the Euler vector field on v(M,N). We
will see that this vector field satisfies some useful properties, and is also important conceptually.

2.1 The Euler vector field

Definition 2.1.1. On the normal bundle v(M, N) we will denote for A € R
my:v(M,N)— v(M,N)
the fiberwise multiplication map, coming from the vector bundle structure.

Remark. Choose local coordinates (z;,y;) on v(M,N), where the z; are in the direction of N
(identified as the zero section of v(M, N), and the y; are in the fiber direction. Then m) is given
as

my < (@i, yi) = (T3, Ayi)
Definition 2.1.2. The Euler vector field (of N) is given as the unique vector field £ € X(v(M, N))
with flow ®f given as

(I)f(ﬂf) = Meexp(t) (ﬂ?)

forallt € R, x € v(M,N).

In local coordinates one can work out that £ is given as
0
&= ZZ: yzafy

Remark. In [2] and [16], the flow of a vector field is defined with a minus sign. This explains why
in these two papers it is stated that the flow of £ is given as meyp(—¢)-

Since the flow of £ is equal to the map m), we can use the Lie derivative of £ to determine
facts about the homogeneity of functions around N. This will be very important later on.

Definition 2.1.3. For a smooth function f on v(M, N), we say that f is homogeneous of degree d

(with respect to my) if
(my)*f =Xif forall A€ R.

We can define similarly the homogeneity of vector fields and forms on v(M, N).

13



Proposition 2.1.4. For f € C*°(v(M,N)),
Lef=d-f
if and only if f is homogeneous of degree d, with d > 0.
Proof. By definition,
d E\* *
Lef = %‘tzo (®7)"f = (dt‘t o (Mexp())"f)

= Gilieo (fg+efu+e fig+...)

If f is homogeneous of degree d, then we have f = f|g, and the statement of the proposition clearly
holds. For the converse, we can work again in local coordinates (z;,y;). Then

%‘t:o ((memp(t)) f)(z,y) dt‘t o flz ,e'y) Zyﬂa ,y).

So by assumption d-f = > i Yi %. Now we apply Euler’s Homogeneous function theorem (Theorem
below), from which the statement follows. O

Proposition 2.1.5. For X € X(v(M,N)), tangent to N, LeX = [X,E] = 0 if and only if X is
homogeneous of degree 1, i.e. v(X) = X.

Proof. Tt is instructive to look at the expression [X, £] in local coordinates (z;) on M, and consider
the case where in these coordinates N = {0}. Let X =), X ia%i.Then by the formula for the Lie
bracket of vector fields

LOE L0XT 9
:;(Zijxaxi—zg a%i)a—:ﬂj
X7 0
_Z Z 83:1)8:1:]

So we have [X,&] = 0 precisely if X/ =", iUZ ’ for all j, i.e. if all the coordinate functions are
linear. O

We used the following lemma in the proof above.

Lemma 2.1.6. A function f € C*°(R") is linear if and only if

fa) = w2,

=1

Proof. Clearly letting f be linear implies the other statement. Fix x € R", and let ¢ : R — R
defined by g(t) := f(efx). Then

g0 =3 2L () = g(eta) = (0

i

So g(t) = C - ¢!, where since g(0) = f(z) we see C = f(x). So f(elz) = g(t) = f(x)e!, so f

commutes with scalar multiplication. By Lemma below, this implies that f is linear. O
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This lemma is a special case of a theorem known as Fuler’s Homogeneous function theorem.
This theorem can be proved in a similar way.

Theorem 2.1.7 (Euler’s Homogeneous function theorem). A function f € C*(R™) is homogeneous
of degree d (i.e. f(\x) = \f(x)) if and only if

2.1.1 Remark on the philosophy

Besides the useful properties of the Lie derivative of &, this vector field is also conceptually of
importance. The philosophy here is that since the flow of £ is the map m), £ essentially captures
the vector bundle structure of v(M, N). For example, this is indicated by Theorem below.

Theorem 2.1.8. A map ® : E — F between two vector bundles over M is a vector bundle
morphism if and only if it intertwines the scalar multiplication maps on E and F'.

Proof. Note that on both vector bundles, my = 7 (the projection map). So such a & commutes
with the projection maps. The maps ®,, : £}, — F), on the fibers commute with scalar multiplication
and are smooth. By the lemma below, this implies that they are linear. So ® is a morphism of
vector bundles. O

Lemma 2.1.9. A function f € C®°(R"™) is linear if and only if it commutes with scalar multipli-
cation.

Proof. For an arbitrary € R", define 7 : R — R by ~(¢) := ¢f(x). Then ¢/(0) = f(z). Moreover,
since tf(x) = f(tx), we also have that 3/(0) = (Df)o(z) by the chain rule. So f = Dfy, so in
particular it is linear. ]

Following the work of Grabowski e.a, one can give an even stronger statement. The theorem
below makes concrete the relation between a ‘scalar multiplication map’ and a vector bundle struc-
ture. The theory behind this is somewhat involved, and not that relevant for our purposes. It
is best viewed within the context of graded bundles (a generalization of vector bundles), which
will play a role in a later part of the thesis. See Appendix for an outline of some important
definitions and theorems.

Theorem 2.1.10 (Grabowski, Rotkiewicz [10]). An action h: R x E — E from the monoid (R,-)
comes from a vector bundle structure m : E — Ey = ho(E) if, for the curve R — E, t — h(t,p),
the 1-jet vanishes if and only if p € Ey.

2.2 Definition of Euler-like vector fields

In the first section we saw that for a vector field X tangent to IV, there is the natural ‘operation’
of taking the linear approximation on the normal bundle, given by v(X). With the idea in mind
that the Euler vector field is characterizing for the normal bundle, it makes sense that the vector
fields in the definition below will be of special interest.

Definition 2.2.1. A vector field X € X (M)is called Euler-like if it is tangent to N, and addition-
ally
v(X)=¢&

15



Remark. The condition of being tangent to N can be replaced by the (a priori) stronger condition
that X|n = 0. Note that this holds true for £ (in v(M, N)), and it follows that these definitions
are equivalent.

In local coordinates (z;,y;) around N, X is Euler-like if it can be given as

n m-—-n m—-n m—-n ] 8
o =20 2 g @y 3 (5 S )
i=1 k=1 j=1 k,l=1 Yi

Here ¢** and h7* should be smooth functions on the coordinate domain. A different characteriza-

tion, which can be useful in certain circumstances, is given by the proposition below.

Proposition 2.2.2. Denote by T C C°°(M) the vanishing ideal of N. Then a vector field X is
Euler-like if
Lxf—kfeI forall f e TF

Proof. Easiest in local coordinates, see [7] (the proof uses Hadamard’s lemma). O

In Section below we will see the real reason why Euler-like vector fields are interesting to
us. Namely, they are in one-to one correspondence with tubular neighborhoods.

2.3 Main theorem

Theorem 2.3.1. Let N C M be an embedded submanifold. Any Euler-like vector field X for N
determines a unique mazimal tubular neighborhood embedding ¢ : U C v(M,N) — M such that
X =¢£.

The existence argument in the proof below is taken from [2], while the argument for uniqueness
is based on [16], where it was given in the case of (R",{0}).

Proof. Let us start by showing that such a ¢ exists. We can choose an initial tubular neighborhood
embedding
Y:VCv(M,N)— M.

We then have that Z := €& — ¢*X € X(V) has linearization equal to zero. The idea is now to use
the flow of this vector field to obtain the desired embedding. We start by defining

1
Zy = E(mt)*Z fort >0

Since my Z = (Zjg) + tZ)y) + O(t?)) and as noted, Zjg) = 0, this smoothly extends to ¢t = 0. Denote
by ¢ the flow of this (time-dependent) vector field (in particular g = id).
We have that Z;|y = 0, therefore the set

U={zeV:px)exists forall 0 <t <1}

is an open neighborhood of N in v(M, N). Also, since (my)*Z; = A\Zy; for 0 < A < 1, we get that
mU C U for all 0 <t <1 (this is of course clear for t =0, 1).
We can therefore do the following computation at all points in U:
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—[Z¢, & — (my)*Z] — %(mt)*[é’, Z]) (Lemma [2.3.4)

(
F(=126,E) + [Zs,t 2] — €, Zs]) = 0

Here we used that %(m;)*Y = 1(m;)*[€,Y] for any vector field Y, which can be verified by a
computation in local coordinates (compare to Prop. [2.1.5). Also we used that (m;)*€ = £. We
conclude that ¢ (€ — tZ;) is independent of ¢, hence

(#0)"(€) = € = (¢1)"(€ = Z) = p1 (¥ X)

Thus taking ¢ := ¥ oy : U — M, we obtain our tubular neighborhood embedding. What is
left to show is that v(¢) = id. Since Z; vanishes up to second order around N (with respect to
coordinates on the normal bundle) for any ¢, we will have v(¢;) = id for all ¢, so the same follows
for ¢.

Now for uniqueness, assume that both ¢; and ¢y are tubular neighborhood embeddings such
that piX = @5X = £. Consider then the composition ;' o ¢y : v(M, N) — v(M, N) (defined on
neighborhoods of N). Then we have

(p3' 0 p1)E = €.

So, by Lemmam (3 o) omy =myo(pyt opr), in other words (¢, ' o) commutes with the
scalar multiplication. This means that the map is ‘linear’, that is we have v(p5 Lo ©1) = Pgy Loo.
But since ¢ and g3 are both tubular neighborhoods, we should have v(¢5 Lo p1) = id. Tt follows
that gpz_l o1 = 1d, and similarly gpl_l 0 g = 1d, so that we must have oo = ;. O

Remark. A lot of normal form theorems (especially in symplectic geometry) can be proved with a
‘Moser type’ argument. This then involves an argument based on the Moser trick, see for example
Section 7.2 in [3]. Here one finds a time-dependent vector field X; and uses its flow to find a suitable
diffeomorphism, very similar to what we do in Theorem The argument is roughly speaking
as follows.

Moser trick: Assume we are given a smooth family (w;)e[o,1] of symplectic forms, such that

%wt =da; for some oy € Ql(M)

We would then like to find a smooth isotopy ¢; such that for all ¢, ¢fw; = wq (typically, what one
is really interested in is that ¢jw; = wp). The trick is now to try to obtain ¢; as the flow of a
time-dependent vector field X, i.e. %gpt = Xy 0y, and @o = id. Say such a ¢y is given, then if
%gp}‘ w = 0, the condition is certainly satisfied. With Lemma and Cartan’s formula, we have

d , * *(d
Ferwr = of (Gwe + dix,we).

Therefore defining X; by ay + tx,ws = 0 will do the trick.

Remark. If we assume that N is a compact submanifold, then given an Euler-like vector field X,
we can always multiply X by some bump function around N to make sure that X is complete. In
Theorem above, we can then always take U as the whole v(M, N). This makes the notation a
bit more convenient, which is why this assumption is used in [16] (here N is, somewhat ambiguously,
assumed to be closed, which one can assume to mean compact without boundary).
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If one is given some tubular neighborhood embedding, the push-forward of £ under this map
will determine an Euler-like vector field around N. Conversely, in the proof above we saw that
the flow of an Euler-like vector field can be used to construct a tubular neighborhood embedding.
Following [2], we can make this more precise.

The idea is to obtain ¢ ~! completely in terms of the flow of X. Since ¢,€ = X, it holds that
®X = o ®F o p! Let us first look at the image of ¢, which will be the domain of ¢~'. By

definition, the flow of £ is given by m ., ) : v~ — vn. Put differently, we have m; = @igt. Let us

define for convenience \; := @fggt.

Note now that since vy is invariant under my, it follows that its image under ¢ is invariant
under )\;, by using that ®* o = @ o ®¢. Note that lim;_,om; gives the projection map of vy onto
its zero section, i.e. the projection to N. It follows that

pvn)={pe M : %ir% At(p) exist and lies in N} =: U
%

Clearly ¢(vy) is contained in U, the reverse inclusion follows by uniqueness of integral curves. So
we see that the image of ¢ is indeed determined fully by the flow of X. Now for the map ¢~. We
have seen that the equality

Aop(v) =pom(v) e M

hold for all v € vy. We can differentiate with respect to ¢ on both sides to get
%’t:o (Ao p(v)) = (d‘v")mo(v)(%’tzo my(v)) € T,M

where p = ¢(mg(v)) € N. We can then pass to the quotient 7,M /T, N (i.e. go again to the normal
bundle of N), and using that v(p) = id we see

#lico (o w(v)) mod T,N = (g, mi(v)) mod T,N
Looking at this last term, we see that this is just the element v again. Therefore, we must have
o Hz) = (%‘t:O At(z)) mod T,N for all z € p(vn).
Concluding, we have proved the following Proposition.

Proposition 2.3.2. Suppose that X € X(M) is Euler-like. Then the inverse of the associated
tubular neighborhood ¢ : U C v(M, N) — M can be given explicitly as

o () = (%‘tzo Ai(z)) mod T,N for all x € (vy). (2.1)
where A\ := @fggt

In the proofs above we used two technical lemmas, both of which are generally well-known
results.

Lemma 2.3.3. If FF : M — N is a smooth map between two manifold, and X € X(M) and
Y € X(N) are such that F.X =Y, then ®) o F = F o ®X.

Proof. See for example [13], Proposition 9.13 O

Lemma 2.3.4. Given a time-dependent vector field with flow ¢, then for any vector field Yz,
froi (V) = ¢} (Lx.Ye + §Y3).

And similar for forms wy.

Proof. See for example [3]. O
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Chapter 3

Examples of normal form theorems

In this section we will outline various examples of normal form theorems throughout differential
geometry. We will show how to prove them using the theory of Euler-like vector fields that we have
built in the previous sections.. We will see that all these proofs proceed along similar lines. We
will assume the reader is familiar with the basics of symplectic geometry.

3.1 Basic theorems

We start with a proposition that follows almost directly from the definitions.

Definition 3.1.1. A vector field Y tangent to IV is called linearizable if there exists some tubular
neighborhood embedding ¢ : v(M, N) — v(M, N) such that ¢*(Y) = v(Y'). Such a map ¢ is then
called a linearization of X.

Proposition 3.1.2. A vector field Y tangent to N is linearizable if and only if there exists an
Euler-like vector field X in some neighborhood around N such that [Y, X] = Ly X = 0.

Proof. Assume we are given such a X. Let ¢ be the unique maximal tubular neighborhood as
determined by so ¢*(X) = &. Then we have

Le(@™Y) =" (LxY)=0.

So ¢*Y is linear (i.e. v(p*Y) = ¢*(Y)). Since v(p) = id, so v(¢*(Y)) = v(Y), it must be equal to
the linear approximation of Y.

For the other direction, assume there exists a tubular neighborhood embedding such that ¢*Y =
v(Y). Let X = ¢.&, then X is Euler-like. Now ¢*([X,Y]) = [¢*X,¢*Y] = [E,v(Y)] = 0, by
Proposition The map ¢ is a diffeomorphism on a neighborhood of N, so it follows that
[X,Y]=0. O

The next theorem is a famous theorem in symplectic geometry, giving the local standard form
for a symplectic form.

Theorem 3.1.3 (Darboux). Let (M,w) be a symplectic manifold of dimension 2n. Around any
point xg € M, there exists a tubular neighborhood o : R?™ — M such that

*
W =W = Y dwgg N duggi1.
k
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Proof. By working locally, we can assume that M = R?", x5 = 0. We then want to find a
tubular neighborhood ¢ (i.e. a diffeomorphism R?" — R?" around 0) such that p*w has constant
coefficients. From (symplectic) linear algebra we then know that there exists a linear coordinate
change that puts w into the standard form (consider w,, as a bilinear form on 7,,M ). Using
similar reasoning as in Proposition ©*w is constant if

Le(p*w) =2¢*w (note that w is a 2-form)

So, what we want to find is an Euler-like vector field X such that £xw = 2w, since then for the
associated tubular neighborhood ¢,

Le(p*w) = ¢*(Lxw) = ™ (2w) = 2" w.

Let now X € X(M) be determined by ¢txw = 2a, where we choose « such that da = w. The
existence of such an « follows by the Poincare Lemma, using that dw = 0. The non-degeneracy of
w means that X is uniquely determined.

Using Cartan’s formula, we have

Lxw=d(txw)=2da = 2w,

which means that we are done if we can show that this X is Euler-like. To do this, let us look at
w and « in local coordinates. Writing

Wy = Zcij dx; N\ dx; +Zd§€j xpdr; Ndrj+ ..., where cij,dg eR
i?j i7j7k
the condition da = w implies that (if without loss of generality we assume that o has no constant
terms)

o= E c’xidr; + higher order terms .
i?j
Now consider

y y P y o
i g N — o (s . e o Y
Lg(Zc dz; Ndxj) = Zc :Uz(da:zawi) Ndxj+ Zc xjdz; A (dx; ang)
17.7 z?] z’-?
= 2Zcijxidwj =2«
i?j
We chose X such that txw = 2a. Since w is non-degenerate, X is determined by this uniquely.

By the computation above, we then conclude that the first order term of X must be equal to the
Euler vector field. In other words, that X must be Euler-like. O

The next theorem (which is usually referred to as a lemma) forms the basis of Morse theory.

Theorem 3.1.4 (Morse Lemma for R"). Let f € C*°(R"™) such that 0 is a non-degenerate critical
point of f, and assume f(0) = 0. Then there exists a diffeomorphism ¢ around 0 such that @* f is
quadratic on this neighborhood.

Proof. Since f(0) =0 = Df, we have that (by Taylor’s theorem)
1
fla)y=>" 5 Aij(@)ziz,
i?j
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where A(-) is a smooth matrix valued function, with A;;(x) = Aji(x). The partial derivatives of f

are then given as
of 1 0Ax
783% = gk (Azkxk + 5 El xlmk E sz

Since A(z) at any x is symmetric (by how we defined 1t), the same holds for B(z) (i.e.
B, = Byg;i). The non-degeneracy condition means exactly that the matrix valued function A(x) is
invertible near 0. Since B(0) = A(0), the same is true for  — B(z) in some neighborhood of 0.
On this neighborhood, consider the vector field

X = Y (Aw)B@) g

Clearly, AB™! is the identity matrix in its linear part, so X is Euler-like. Now,

12
Z ik(AB™)ij xzxk)(:c)

’.7’

ZBJIC ZA””BmJ xlxk)( )

’.7’

= (Y (BB Aimuizy) ()

/[:7j7k7m

= ( Z (BB_l)kmAiml'ixk) ()

i,k,m

- ZAik(m)xz‘iUk =2f(x)
ik

So Lxf = 2f. By Proposition this shows that ¢*f is homogeneous of degree 2, so is
quadratic. ]
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3.2 Group actions and equivariant versions

For our next normal form theorem, we consider a compact Lie group G acting on M. For g € G,
we denote the action by ag : M — M.

Definition 3.2.1. Assume zg € M is a fixed point of the action of a Lie group G on M, i.e.
ag(xg) = xo for all g € G. Then the linearization of this action is given by the differentials
(dag)z : TpoM — TpyM for every g € G.

Definition 3.2.2. A smooth action of a Lie group G on a manifold M with a fixed point zg € M
is called linearizable if around {zo} there exist a tubular neighborhood embedding ¢ : T,y M — M
that is G-equivariant, i.e. intertwines the action a4 : M — M of each element g € G with its
linearization v(ay) = (dag)z,-

(M, z0) —=2— (M, x0)

T

TogM s ToM

Theorem 3.2.3 (Bochner’s Linearization theorem). Let G be a compact Lie group acting on M,
with fized point xo. Then the action is linearizable around x.

Proof. We claim that the theorem is proven if we can find a G-invariant Euler-like vector field X.
By Lemma the flow of such a vector field commutes with the group action. Equation [2.1
then gives for the induced tubular neighborhood ¢

M ag(®) = £,y Pivg(r)(ag(®))
= %‘t:o g © (I)i)gg(t) (2)
= (dag)z, © %‘tzo (I)l)gg(t) (v)

= (dag)ayp ™" ().

So it satisfies the requirements.

To find such a vector field, the idea is to start with any Euler-like vector field X (for N = {x})
and then average it over the group action. So let X € X(M) be an Euler-like vector field. Define
then

X¢ .= / (ag)«Xdg
G

where dg is the normalized Haar measure, which exists because G is compact. For any h € G,

(an)e XE = (an). /G (ag) X dg = /G (an).(ag). X dg = /G (agn). X dg = /G (ag). X dg

using the left-invariance of the Haar measure (see Lemma below). So X¢ is G-invariant. Now
the integration over G commutes with the linear approximation (we can locally differentiate under
the integral sign), so consider the integrand

(ag)«X = (ag)«(€ + X[1) + higher order terms).
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If we want the find the linearization of this expression, only the first order term will be of importance.
So let us calculate

((ag)+E)p 1= (dag(p)) ;1 ()0t () = (A9 (D)) a1 D (a5 l(p”iai'

%

The linearization of this is, using the description in local coordinates, where ¢ = 0,

0(day) <a;1<x>>j
W(ag))y =0+ 33 2oy oy (S0 0

=1 j=1 8yj
= (dag) ;1 (aq) © (dag o Zyz Zy’ dyi &
So we get that v(X©) = fG Edg = &, so XC is Euler-like. O

Looking closely at the proof of Theorem [3.2.3] we have actually proved the following.

Proposition 3.2.4. Assume G is a compact Lie group acting on M, with a fived point x¢. Denote
the action of g € G by ag: M — M. If X is any Euler-like vector field for {zo}, then

X¢ ::/(ag)*ng
G

is a G-invariant, Euler-like vector field.

This ‘trick’ allows us to easily prove G-equivariant versions of the previous normal form theo-
rems. We first give the following definition.

Definition 3.2.5. Let G be a compact Lie group acting on M, such that a submanifold N C M
is invariant under the group action. A G-equivariant tubular neighborhood embedding is a tubular
neighborhood embedding ¢ : O C v(M, N) — M such that the following diagram commutes for all
g € G:

M—% M

d d
v(M,N) @ v(M,N)

The proof of the next theorem can be given by a rather straightforward generalization of the
proof Theorem [3.2.3

Theorem 3.2.6 (Equivariant tubular neighborhood theorem). Let G be a compact Lie group acting
on M, such that a submanifold N C M 1is invariant under the group action. Then there exists a
G-equivariant tubular neighborhood embedding for N.

Proof. The theorem is as before proven if we can find a G-invariant Euler—like vector field. This
follows as in Theorem [3.2.3] by considering the description of Equation [2.1] Given a such a vector
field X, one obtains that for all g € G,

v~ (ag(x)) = (dag)s, o %}tzo @fgg(t) () modT,N.

from which it follows that g ov(ay) = a4 0. Now we pick any Euler-like vector field X on M, and
let X¢ = fG ag)«Xdg. Then X G is G- invariant, and we claim that it is still Euler-like. This can be
verified by the same computation in local coordinates as in Theorem [3.2.3] except that derivatives
are now only taken in the fiber direction. Since X |y = 0, the argument still works. O
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To give one other example, consider the G-equivariant version of the Morse Lemma.

Theorem 3.2.7 (Equivariant Morse Lemma on R™). Assume G is a compact Lie group acting on
R™, with fized point x¢. Let f € C*°(R"™) such that xy is a non-degenerate critical point of f with
f(xo) =0, and assume furthermore that f is G-invariant, i.e. foag = f for all g € G. Then we
can find a G-equivariant tubular neighborhood in which f can put into quadratic form.

Proof. As in the usual Morse Lemma, we can find an Euler-like X € X(M) such that Lx f = 2f.
Now let X be defined as in Proposition then we still see Lyef = 2f (apply d to both sides
of foag = f). So the tubular neighborhood determined by X G pulls back f to quadratic form, and
since by construction it is G-invariant this tubular neighborhood will be G-equivariant (compare

to the proof of Theorem [3.2.6]). O

We used the following lemma when working with the Haar measure. Recall that on a compact
group G, the Haar measure is defined as the unique left-invariant density dg such that fG dg = 1.
See for example [19].

Lemma 3.2.8. Let G be Lie group, denote by ly : G — G the left multiplication with an element
g € G. For a left-invariant density A on G, and f € C.(G), we then have for all g in G:

/ / A (3.1)
Here (I,)*f = fol,

Proof. Since A is left-invariant, we can write (1g)*(f)A = (Ig)*(f)(lg)*(A) = (Ig)*(fA). Since I, is a
diffeomorphism of G, [, fd\ = [(l4)*(fd)) and the result follows. O

3.3 Weinstein’s Lagrangian neighborhood theorem

We will end this first exposition of normal form theorems by showing another famous theorem in
symplectic geometry, the Weinstein’s Lagrangian neighborhood theorem.

Theorem 3.3.1 (Weinstein’s Lagrangian neighborhood theorem). Let (M,w) be a symplectic man-
ifold, and L C M a Lagrangian neighborhood. Then there exists a neighborhood U of L and a sym-
plectomorphism ¢ : U — V C T*L that maps L to the zero section of T*L. Here T*L is equipped
with the canonical symplectic form of the cotangent bundle.

Let (M,w) be a symplectic manifold, and assume that N C M is a Lagrangian submanifold,
so that dim NV = 2m and the pullback of w to N is zero, i.e. t*w = 0. Choosing local coordinates
(x4,y;), we know that w must have the following form around N.

W(g,y) = Z adz; A\ dzj + Z bidz; A dy; + Z cdy; A dy,
Y i, i\j

The assumption ¢(*w = implies then that a”/(z,0) = 0 for all 4,j. As we have done a number of
times in Section 2, we can look at the linearization v(w) = wyy) in these coordinates. We see

da' (z,0)

yi(dz; A dzj) + b (x,0)dz; A dy;
Y

it

We have wpy) € Q*(v(M, N)), but a priori it is not clear that this is again a symplectic form. First
we note that d(wp)) = (dw)j;) = 0, so it is a closed form. For wyy) to be symplectic, what is left to
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check is if wyy] is non-degenerate. Non-degeneracy is an open condition, so it suffices to check this
only for points p € N, where wyy] is given as

(wnyp = Zbij(:r:,O)dmi Ndy; for p=(z,y) € N.

2%
Compare this to
wp = Z b (2,0)dx; A dy; + Z c(z,0)dy; Ndy; forp € N.
i,j 1,
o)

Let now X be a vector field tangent to IV, so in local coordinates X =), al 5, - Lhen, looking
at the two expressions above, we have that at all p € N, and for all Y € X(M),

(W[l})p(Xpa Yy) = wp(Xp, Yp)-

Since w is non-degenerate, there thus exist some Y such that (wp;j)p(Xy,Y}) # 0.

Now let Y’ be a vector field normal to N, so in local coordinates Y’ = 3. bja%j. Since N
is Lagrangian, we have that TN“ = T'N. In particular Y'|y &€ TN¥, so for p € N there must
exist some X', tangent to N, with w,(X},,Y,) # 0. Since then we have again (wp)),(X,Y,) =
wy (X}, Y,) # 0, this combined with the above shows non-degeneracy of wyj; at all p € N.

It follows that wyy) is also non-degenerate at points in an open neighborhood of N. Then we
can use the fact that wy;) is homogeneous with respect to the scalar multiplication to get that it is
non-degenerate on the entire normal bundle (we have (wj])(z,xy) = AW (zy))-

Following a remark in [I6], we also have the following. As we have seen above wyy] 1s a linear
symplectic form on v(M, N). Restricting this form to a bilinear form on Tv(M,N)|y ~ TN &
v(M,N) gives a non-degenerate pairing between v(M,N) and TN. This induces a canonical
isomorphism v(M, N) — T*N, and one can check that this map is a symplectomorphism between
(v(M,N),wpy) and (T*N, wean,)-

By the discussion above, we have that Weinstein’s Lagrangian neighborhood theorem is equiv-
alent to the theorem below.

Theorem 3.3.2. Let (M,w) be a symplectic manifold, and N C M a Lagrangian neighborhood.
Then there exist a tubular neighborhood embedding ¢ such that

Orw = W]

Proof. Choose as usual an initial tubular neighborhood around N so that w can be consider as a
2-form on the normal bundle. We claim that we can find a primitive « (i.e. a 1-form such that
da = w) by defining (the reader might notice that the construction below is similar as that in the
proof of the Poincare Lemma):

1
a:/ —(my)*Lew dt.
o t

We can consider here the integral at ¢ = 0 since both w and £ vanish on N, and myg is equal to the
projection to N. To see that da = w, note that

1
1
da:d/ —(my) Lew dt
o t
1
:/ —m;d(tew) dt
o t

'
:/ —myiLew dt
o t

25



using that we can (locally) differentiate under the integral sign, and the fact that dw = 0 (when
applying Cartan’s formula). Recall that the flow of £ is given by mey,). By applying a change of
coordinates t = exp(s), dt = exp(s)ds, we get

0 e * 0 * *
/ 7mexp(s)(£5w) -ds = /—oo mexp(s)(%}t:(} mexp(t))(")ds

S
oo €

0
= / &limo (Mexp(s)exp(ny) “wds

0
= / %(mexp(s))*st

= mjw —myw = w

So « is indeed a primitive of w . Now clearly a pulls back to zero on N (since this is true for w),
so its linear approximation is well-defined. Using that mjwy; = twyy; and Prop. we have

1

1 1 1 1 1 !
0 0 0 0

so that aq) = tewpy) (note that taking the linear approximation “commutes” with the integration).
Now define X € X(M) by requiring
Q= Lxw.

Since w is symplectic, X exists and is determined uniquely. Taking the linear approximation in the
equation above we see that o) = LX W] Since wyy) is also symplectic, and we already saw that
ap] = tewp), we must have Xjg = v(X) = £, so X is Euler-like.

So X defines a tubular neighborhood embedding ¢ : U C v(M, N) — M. For this ¢, we can do
the by now familiar computation:

Le(@'w) = 9" (Lxw) = ¢"(dixw) = ¢* (da) = ¢"w.

This means ¢*w is linear, so must it must be equal to wyy).
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Chapter 4

Normal forms in Poisson geometry:
Conn’s linearization theorem

In this section we will give a proof of an important normal form theorem in Poisson geometry. We
will first introduce some basic notions in this field, after that we will talk about the theorem itself.
Our goal is to prove part of the theorem using Fuler-like vector fields, in the same way we did in
the previous section.

4.1 Basic notions in Poisson geometry

We will start by giving a short introduction to Poisson Geometry. This is based in large part on
[9].

Definition 4.1.1. Let M a manifold. A Poisson bracket on M is a binary operation {.,.} :
C®(M) x C>®°(M) — C>°(M) satistying for all f,g,h € C*°(M):

[

- Af.9} = —{g, f} (skew-symmetry)

. A{f,ag+bh} =a{f,g} + b{f,h} for all a,b € R (linearity)
-AS A9, h}} +H{g:{h, f1} + {h.{f, 9}} = 0 (Jacobi identity)
A f,gh} = g{f,h} +{f,g}h. (Leibniz identity)

= W N

Because of the Leibniz identity, the bracket {-,-} is determined in local coordinates entirely by
how it acts on the coordinate functions, i.e. by expressions of the form

7Tij = {xi,a:j}.

One then has locally that

of 9y
{f.g}lv= izj%@xiaxj'
The Leibniz identity moreover means that for any f € C°°(M) the operation {f,-} is a derivation,
so it corresponds to a unique vector field Xy for which {f,g} = Lx,(g) (recall that there is
a 1-1 correspondence between derivations on C*°(M) and vector fields). This Xy is called the

Hamiltonian vector field for f.
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4.1.1 Poisson bivector

We can alternatively characterize a Poisson bracket in terms of a bi-vector field, i.e. a smooth
section of A2T'M. For this, let us first look a little closer at the spaces X*(M) of k-vector fields.
Recall first that a differential k-form w € Q¥(M) can be viewed as a k-linear, alternating map

w: XY M) x ... x EH (M) = C°(M).

A differential form is a section of A*T* M, while a k-vector is a section of A¥T'M. Noting this
duality, a k-vector § € X¥(M) can be viewed as a map (k-linear, alternating)

0: QY M) x ... x QY (M) = C>®(M).

Since 1-forms are determined by expressions of the type df for f € C*°(M), given a Poisson
bracket {-,-} we can define a bi-vector = € X2(M) by

w(df,dg) = {f, g}

In local coordinates, we then have

N I
T :Z”](x)ax- N ow,
i J

1<J
Conversely, given a bi-vector field m one could define a bracket by setting {f, g} := w(df, dg).
This bracket however will in general not satisfy the Jacobi identity, so we need an additional

condition for it to be a Poisson bracket. With some work, one could find such a condition on the
local structure functions 7;;, but it turns out there is a more convenient description available.

4.1.2 Schouten-Nijhuis bracket

To do this, we will generalize the Lie bracket to multi-vectors. What would we want for such an
operation? After some deliberation, the theorem below gives the natural conditions to ask for, and
these uniquely determine the operation.

Theorem 4.1.2. There exists a unique bilinear operation [-,-] : XX xXY(M) — XFH=1(M) satisfying
1. For k=1=1, it is the usual Lie bracket.
2. Fork=1,1=0, one has [X, f]| = Lx(f) (just as for the Lie bracket in the case | =1).
3. 10,n] = —(=1)*=DU=Dn 0] for 6 € X*(M),n € X' (M) (graded skew-symmetry)

4. 0.0nE =100 AE+ (—1)ED A [, €] for 0 € XE(M),n € XY (M) and £ € X™(M) (graded
Leibniz)
Proof. We can give an explicit formula (as in [9], (1.11)) by setting for 8 € X!(M), n € X™(M)
(6,7 =6 en+ ()" DDy e, (4.1)
where
0 en(dfy,....dfsri1) = Y (=170 df 51y, - - > i) Urtor1)s - Potirior))

and we sum over all (k,l — 1) shuffles (note the resemblance with how one might define the wedge
product of forms). Then [, 1] € X¥*/=1(M), and one can check that this satisfies the requirements.
Bi-linearity and the graded Leibniz together with the first condition then give uniqueness (the
operation is determined by what it does on 1-vectors). O
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Definition 4.1.3. The operation [-,-] : X¥ x X!/(M) — X*+=1(M) is called the Schouten-Nijhuis
bracket.

Proposition 4.1.4. For§ € X*(M),n € X'(M), ¢ € X™(M), the Schouten-Nijhuis bracket satisfies
the graded Jacobi identity

(~)EDE=9, ], €] + (~1)DED [, €], 0] + (=)D 6], ) = 0.

Theorem 4.1.5 (Prop. 1.2.4 in [9]). Let 7 € X%(M) be a bivector associated to some Poisson
bracket {-,-}. For f,g,h € C*°(M), one has

Sl wl(df. g, dh) = {£. {9, W1} + {9, (B T3} + (£, 93

In particular, we have that {-,-} satisfies the Jacobi identity if and only if [r, 7] = 0.

4.1.3 Different viewpoint: the map =*

There is another way to look at Poisson structures, that will put what we are doing in a more
general context. Given a bivector m € X2(M), one gets a induced map of vector bundles

™ T*M — TM
which is determined by requiring for a, € T; M,
Bu (¥ (a0)) = a(as, By) for all B, € Ty M.
This also induces a map on sections, also denoted 7t
QY (M) — XY (M).

Under this map, one can show that
m(df) = X;.

What does the ‘Poisson condition’ [, 7] = 0 mean for the map 7*? For a useful characterization,
we introduce another new bracket operation; [, | : QY(M) x Q' (M) — Q' (M), given by

Definition 4.1.6.
[0475]71’ = Ewﬁa(ﬁ) - ‘Cwﬁ(ﬁ)(a) - d(ﬂ(av 5))

Note that in the definition above we use the map ¥ to ‘take Lie derivatives’ along the 1-forms
« and .

Proposition 4.1.7. For a bi-vector 1 € X2(M), the following are equivalent:
(i) [m,m] =0 (where [-,-] is the Schouten bracket)

(i1) [,-]x satisfies the Jacobi identity
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The triple (T*M, =%, [-,-];) is an example of what is called a Lie algebroid. These are defined
as follows.

Definition 4.1.8. A Lie algebroid over M is a triple (A, p, [+, -]4) with
e A a vector bundle over M
e [,]]a:T(A) xT'(A) — I'(A) a Lie bracket on the space of sections of A
e p: A— TM a vector bundle morphism, called the anchor.
satisfying (another ‘Leibniz rule’):
(X, fY]a = Lyx)fY + fIX,Y]a
for XY € I'(A), f € C®(M).

One of the ideas of a Lie algebroid is that it replaces the tangent bundle T'M of a manifold with
the vector bundle A. The Lie bracket for vector fields is replaced by the bracket on I'(A), while
the anchor map allows one to still ‘take Lie derivatives’ along these sections. In the special case of
Poisson structures, this gives rise to the idea of Poisson Geometry as contravariant geometry. That
is, geometry where the tangent bundle is replaced by the cotangent bundle. Note that here there
is always the choice of a Poisson bi-vector 7, there is no canonical option. For more background
on Lie algebroids the interested reader could look at [4], which is also what most of our treatment
to come is based on.

Example 4.1.9. Some easy examples of Lie algebroids are

e (T'M, [-,], id), the usual tangent bundle with the Lie bracket for vector fields.
e (g, [,]], 0), M ={pt}, where (g,[,]) is a Lie algebra.
o (T*M, [-,"]x, ©*), the Poisson Lie algebroid as we discussed above.

4.2 Poisson cohomology

With the idea of contravariant geometry in mind, we could wonder if there is a way find a ‘con-
travariant version’ of the de Rham cohomology. Recall that for a manifold M with tangent space
TM the de Rham cohomology is given as the cohomology of the cochain complex (Q¥ (M), d), where
the differential d can be given as the following formula:

k
dw(Xl,. Xk+1 :Z Xl,...,Xi,...Xk+1))

=0 (4.2)

+Z ’ﬂw XZ,X]Xl,...,Xi,...,Xj,...Xk+1),
1<J

for w € QF(M), X; € X(M). For a contravariant version of this, we would like to replace the
spaces QF(M) with the spaces X¥(M) (instead of section of A¥T*M, we should consider sections
of AT M). To define then a differential using a similar formula as , we would need to have
a notion of ‘taking the Lie derivate along a 1-form’, as well as a Lie bracket on the space Q!(M).
But this is exactly what the Lie algebroid (T*M, [, ], 7%) gives us.
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Definition 4.2.1. Let (M, 7) a Poisson manifold. The Poisson differential d, : X¥(M) — X*+1(M)
is given by:

k
dwe(al,...akﬂ Z (al,...,o?i,...akﬂ))
=0 (4.3)
+Z g ([ e, @1y ooy gy ey Ay e Q1)
1<J

Proposition 4.2.2. The Poisson differential d; can be given in terms of the Schouten bracket as
dr(0) = [r,0].

Because of this Proposition, we have in particular that d2(0) = [r, [, 0]] = 2[[r, 7], 0] = 0 (here
we used the graded Jacobi identity for the second equality). So d is indeed a differential, and we
can define a cohomology.

Definition 4.2.3. For (M, n) we define its Poisson cohomology H*(M) as the homology of the
complex (X¥(M),d,). Specifically,

HE(M) = ker(d) /Tm(d5 L),
Example 4.2.4. For k = 0, the differential d, : X°(M) = C>°(M) — X(M) is given as
[ atdf) = X
So we find that HO(M) = {C € C®(M) | {C, f} =0, Vf € C°(M)}. This is known as the space
of Casimirs of (M, ).
4.2.1 Lie algebroid cohomology

It should by now not come as a surprise that the Poisson cohomology fits in as a special case of a
more general construction with Lie algebroids.

Definition 4.2.5. For a Lie algebroid (A, [+, -], p) we define the set of k-chains C¥(A) as
CF(A) ={w:T(A) x ... xT(A) — C®(M) | w is k- linear, alternating}

The Lie algebroid cohomology H®*(A) of (A,[-,-]a,p) is then given as the homology of the chain
complex (C¥(A),d4), where the differential d4 : C¥(A) — CFT1(A) is defined by

k
dAw(al,...ak+1 Z al,... a',...ak+1))
=0 (4.4)
+Z D' w([ai, ala, aty -y diy- .oy djy e agr),
1<J

Example 4.2.6. Consider the Lie algebroid (g, [-, -], 0) over M = {pt}, where g is some Lie algebra.
Then because I'(g) = g,

Chg) ={w:gx...xg— R:wis k-linear, alternating, }
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while d : C*(g) — C**1(g) is given by

k

dw(ay,...,ax41) = Zw([ai,aj],al, ey iy, Gy Gy )
1<J

This complex is known as the Chevallier-Eilenberg complex, and its cohomology is the Lie algebra
cohomology.
4.2.2 Cohomology with coefficients in a vector bundle

Given a vector bundle £ — M, one can consider cohomologies with coefficients in the section of
E. This requires the choice of a connection, i.e. a bilinear map

V:X(M)xT'(E) - T(E), V(X,s) := Vx(s)
that satisfies
fo(s) = fVX(S), Vx(f . 8) = Vx(s) + (fo)s.

Moreover, this connection should be flat, meaning that
VX OVY — VX OVY — V[ny} =0.
This allows us to define a differential on the complex

QF(M, E) =T(A\*T*M ® E)
={w: X' (M) x ... x X}{(M) = T(E) | C®(M) k-linear, skew-symmetric}

using a by now familiar looking formula:

k
dVW(Xla .- 'Xk-‘rl) = Z(_l)z-i_Jw([Xia Xj]va D, G 7Xj’ .- 'Xk-‘rl)
1<j

i (4.5)
+) (1), (WX, Xy X))
=0

Note here that for dy o dy = 0 to hold, we need the condition that V is flat (see for example
Prop. 1.30 in [5]).

In a completely similar way, we can also define the Lie algebroid cohomology with coefficients
in a representation. Given a Lie algebroid (A, p,[-,-]a) over M, and a vector bundle E — M, we
require the choice of a flat A-connection. That is, a map

V :[(A) x [(E) — [(E)

satisfying the same conditions as a normal connection, but with the Lie bracket on vector fields
replaced by [-,]4, and using the anchor map when necessary.

Example 4.2.7. Consider again the situation as in Example where the Lie algebroid is just
given as a Lie algebra g — {pt}. A vector bundle E over {pt} is of course then just a vector space,
while a g-connection should be a bilinear map
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V:igx E—E.

The condition that V is flat then means we should have
V[X7y}(€) =VxoVy(e) = VyoVx(e)

foralle € B, X,Y € g. If we view V as amap V : g — gl(F), X — Vx(-) this is exactly saying
that V is a Lie algebra representation.

Example 4.2.8. In the example above we can take E = g, and for our flat connection we could
then take the adjoint representation, ad : g — gl(g), adx = [X,-]. The k-chains are then given as

Ck(g,9) ={p:gx...xg— g|p k- linear, alternating}

The differential d then also has a very concrete description, we have
k
dp(X1, ... Xp1) = Y (=) p((X3, X5), X1, Xy X, X )
Z<] (4.6)

+Z X’Lalev”'aXiw"XkJrl)}-

4.3 Linear Poisson structures and the Isotropy Lie algebra

In this final section about Poisson structures we will look at the important concept of the lineariza-
tion of a Poisson structures, which relates this subject to the rest of the thesis. We are given a
Poisson manifold (M, 7) and a point xg € M that is a zero of m. The idea is now that on the
space T, M there exists a natural Lie algebra structure. Below, we give three different ways of
defining a Lie bracket on this space. These however are all equivalent, which can be verified by
some straightforward computations.

Let us consider the situation locally, so we can assume M = R"™ and zg = 0. As note before, ™

0
Z ﬂ-Z] 8:1:1 8756]

By assumption, we have m(0) = 0, so we can expand as

can then be given as

0 0 0
Z W” A =—— + higher order terms
vy axk 81'2 Ox;

Note that in the language of the previous section we have here

= Ois (0 a0 n 0
ik 8xk kal‘z 8.217]' '

Denote

k= 2T (). (4.7)

oxp

Let g = T, M. We claim that the c i; form structure constants for a Lie algebra structure on g,
defined on the basis {dz1|o,...,dzy|0} =: {e1,...en} by
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lei,e;] = Z cfjek.
k

For this to be a Lie algebra, this bracket has to satisfy the Jacobi identity, which in terms of the
structure constants can be formulated as

l [ ! S
Z cil Gk, + Cjicr + cgrei; = 0 for all 4, 5, k,m.
l

We know that the bracket {-,-} defined by 7 satisfies the Jacobi identity, and a rather tedious
computation in local coordinates shows that this is equivalent to

n
O
Z Wil% + cyclic terms =0 for all i,j,k.
=1 o

Applying then the partial derivative % on the equation above, a straightforward (but again

tedious) computation shows that Jacobi identity for the structure constants is indeed satisfied.
Alternatively, the Lie bracket on g = T, M can be given as

[(df)J?m (dg)xo] = d{f, g}xo = v(m)(df, dg) (4'8>

where we note that the last equality is true since the normal bundle to {z¢} is just the whole
of TM|,,. We of course should check if this expression is independent of the choice of f and g.
However, this will also follow by consider one final other way to obtain this Lie algebra structure.
It turns out that this construction works more generally for any Lie algebroid. We will need the
following observation:

Lemma 4.3.1. Let (A, p, [, ]a) be some Lie algebroid over M, and let xo € M. Then for a, 3 €
CH(A) (ie. a,B :T(A) — C®(M)) such that ag,, s, € ker(pz,) (where pry @ Agy — TuyM ), the
erpression

[a, Ba(zo) € ker(pg,
only depends on oy, Bz, In particular, it induces a Lie bracket on ker(ps,) C Ay, .

Proof. Consider 8 + f7v, where v € C1(A) and f € C°°(M) such that f(z¢) = 0. Then

[, B+ f)a(@o) = [a, Bla(zo) + f(wo) e, Y] a(@o) + (Lo(a) (f)B) (w0) = v, Bla(zo)-
Where we used that a,, € ker(py,), so that (£, (f)B)(z0) = 0. O

If g is a zero of m, then for the map 7? associated to the Lie algebroid (TM*, h, [, ]x) we have
that ker(mh,) = Ty M*, s0 [-,-]» induces a Lie algebra structure on ;M =g.

As we mentioned before, these three ways of endowing g with a Lie brackets are all equivalent.
We can then give the following definition.

Definition 4.3.2. Given a Poisson manifold (M, 7) and x¢ € M such that m(x¢) = 0, the isotropy
Lie algebra is the space g := T, M endowed with the Lie bracket given by

[dfazoa dgzo] = [df, dg]ﬂ(:zO) = d{f7g}z0

So we know that the linearization of 7 induces a Lie algebra structure on Tj; M. One could
wonder of the opposite also holds: does a Lie bracket on T;; M induce a Poisson bracket on T, M?
It turns out that this is indeed the case.

Theorem 4.3.3 (Proposition 7.3 in [12]). Let V' be a vector space. The construction above gives
a one-to-one correspondence

{Linear Poisson brackets on V } «<—— {Lie algebra structure on V*}
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4.4 Conn’s linearization theorem

If xg is a zero of a Poisson bracket, then we have the canonical structure of the isotropy Lie algebra
on the space g = T, M. Moreover (and equivalently), there is a canonical linear Poisson bracket
on g* = T,,M, defined by the linear approximation 7, = v(m). An interesting question one could
ask is how much this linear Poisson structure resembles the Poisson bracket around xg.

Definition 4.4.1. A Poisson structure (M, ) is called linearizable around a point zy € M with
Tz, = 0 if there exists some tubular neighborhood ¢ around zg such that ¢*m = v(7).

The theorem that we will present below shows that a Poisson structure is linearizable at a point
xo if its isotropy Lie algebra g,, at that point satisfies a certain condition.

Definition 4.4.2. A Lie algebra g is called semi-simple of compact type if there exist a simply
connected compact Lie group G that has g as its Lie algebra

Remark. As the name suggests, there are also separate notions of a semi-simple Lie algebra and
a compact Lie algebra . However, it is not important for the story here to go deeper into this. But
we leave the reader with the assurance that a Lie algebra that is both semi-simple and compact,
is also semi-simple of compact type as defined above. The interested reader could look at [§], in
particular Corollary 3.6.3. Recall also Lie’s third fundamental theorem, which states that every
finite-dimensional Lie algebra can be given as the Lie algebra of some unique simply connected Lie
group (see for example [13], Theorem 20.21).

Theorem 4.4.3 (Conn’s linearization theorem). Let (M, m) be a Poisson structure, and xo € M
a zero of m. If the isotropy Lie algebra g., is semi-simple of compact type, then 7 is linearizable at
xo.

Following the paper [6] by Crainic and Fernandes, the proof can be split into four distinct
parts. The first part, which is the one relevant to us, shows that 7 is linearizable under certain
cohomological conditions. The rest of the proof then consist of showing that these conditions are
indeed satisfied if g is semi-simple of compact type. We refer the interested reader to the paper
mentioned above for these parts. We will restrict ourselves to the following theorem, which is where
the theory of Euler-like vector fields can be used.

In the formulation of the theorem, the local Poisson cohomology HY(M, x) is used. The idea
is that this is basically H2(M), except that instead of the whole M we can look at an arbitrarily
small neighborhood of zy. To be precise, we can give the following definition.

Definition 4.4.4. The local Poisson cohomology H2 (M, x¢) is defined as the Poisson cohomology
of the germ of (M, 7). That is, it is the categorical limit lim HX(U) over a decreasing filter of
—

neighborhoods U.

Remark. In principle, we could just formulate the theorem by requiring the vanishing of the whole
H?(M), but that would be a far too strong condition. Note that requiring H2(M,zo) = 0 means
that for any cochain § € H2(V'), where V' C M is a neighborhood of z, there is some neighborhood
U of xg so that this @ is a boundary in H2(U), as well as for all neighborhoods U’ C U.

Theorem 4.4.5. Let (M,m) a Poisson manifold, and let xo be a zero of m. Assume that both
H'(gs,) and H (9o, 9z) vanish. If H2(M,zq) = 0, then {-,-} is linearizable at xg.
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Proof. In the same fashion as the previous normal form theorems, we will look for a suitable
FEuler-like vector field X and then use its uniquely determined tubular neighborhood ¢ as the
desired diffeomorphism. We can work locally by choosing coordinates, and view 7 as an bivector
on the normal bundle (which is now just T,,M). For any bivector 7 on the normal bundle,
(mp)*(v(7)) = A~ty(7). From a similar computation as in Proposition we conclude that 7 is
linear if and only if Lem = —m. So we will need the vector field X to satisfies Lxm = —m. If so,
then we calculate
Le(p'm) = " (Lxm) = —¢" (7).

It follows that ¢*(X) is linear, and therefore as we have seen before it must be equal to the linear
approximation of X.

Our task is now to find this Euler-like vector field X. Since always d,m = 0, the assumption
that that H2(M,xo) = 0 already gives us that there must be some Z € X(M) (in a neighborhood

of x) such that
dpZ = —Lgm = .

Claim. We must have Z, = 0.
Let us work out what the equation [r, 7] = —7 looks like in local coordinates. Writing Z =

o)
Zi Z’Lax 9 Zl]ﬂ-zjax /\ 83{? ,We see

[m, Z|(df,dg) = n(Z(df),dg) — m(dg, Z(dg)) — Lz((df,dg))
o, =9h) o of 0,23 of 0
N Zﬂkj oxy, — axj) B ka(@iéxlﬁa) _EZ(Z ”31; (9:;(]])

i,k 1,7

_Z 0z; Of g _Z 0zj Of Og ZZ omi; Of Og

ik 7 k 7
ki Oxy, 0x; 8$] = i Oxy, Ox; 8333 Oxy, Ox; Oz

where we note for the third equality that all second order derivatives cancel each other out. Now
given that m,, = 0, the first two summands in the expression above will vanish at xg, so that

Omij 0 0
[ﬂ-’ ]960 ;j - Zk(ﬁo) Oy, (xo)(aéﬂl 81‘3' )060 T ( )
(since by assumption [r, Z] = —m). Using again the notation ck] = (?%:k (z0), as in Section we

have that for Z,, € Ty, M, viewed as a map Tj M — R (i.e. in C'(g)):

dy(Zzy)(eirej) = Zuy(leires]) = > zi(xo)cy =0
k

This holds for all 4, j, because of . So Z,, is a boundary in C'(g). The assumption H'(g) =0
then implies Z,, = 0 (note that C%(g) = {0}).

So we can conclude that the linear approximation v(Z) = Z|g) is well-defined. Now, in general
we will not have Zjg) = €. However, we will show that Z differs from being Euler-like by at most a
boundary in the Poisson cohomology.

To see this, let Y be any Euler-like vector field on M, so we can write Y =& + Y;;+ ... . Let
R=7-Y, and consider

dr(R) = de(Z —Y) =71 — dp(Y) =7 — |1, Y]
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A direct calculation shows that [7,&] = —Lem = M1 + 71 + ..., so the right hand side of the
equation vanishes up to second order. Therefore, it follows that

v(dr(R)) = 0.

Let us again compute this in local coordinates. Write R, = > 1", ri(x)%. Note that the linear
approximation v in the current situation is just the sum of all partial derivatives at xg. Fixing a
coordinate x,,, we have

or; or; 0 0

d 0 Org Oy Omij

1,5,k

. aﬂ'kj 87“1' 87Tik aT’j 8?”k 37&‘]‘ 8 8 _
N Z (8mm 0xr Oz, Oxp Oz, Oxyk )<x0)8xi A Ox;j =0

i7j7k xo
where we note that all terms involving second derivatives vanish since we have 7y, =0, Ry, = 0.
Define p : g — g by (p)ij = %(mo), then p € C!(g,g) (as in Example [4.2.6). Note that
J

v(R)z =3, 3;; (:Co)xja%i. We can calculate:

dgp(ei, ej) = [plei), ¢j] = [ei, pej)] + p([eis e5])

= lpimerej] = Y _lew, pjker] +p(Y_ cler)
k k k
= Z piklex,e;] — Z piklei ex] + P(Z ijek)
k k k
= Z Dik Z CZ}em — Z Pik Z szem + Z Z pkmc'l;:jem
k m k m mk
= Z (CZ}pik — Cirpik + Pkmcf})em
k,m

Carefully comparing the two equations above we conclude that dgp = 0, so that p is a boundary in
C(g,9). From the assumption H!(g, g) = 0 it follows then that there exists an element v € g such
that dgv = p. Here recall that dgv is given by dgv((df)s,) = [v, (df )z0] = v(7)(dh, df).

Since v € g = T, M, we can write v = (dh)y, for some h € C°(M). Let now X = Z — d(h).
Then we have d, X = 7, and v(X) = v(Z) —d,(r)v(h). Now looking at the expressions for p and R,
and the definition of the isotropy Lie algebra, we see that d, yv(h) = v(R) = v(Z-Y) =v(Z)-E.
We conclude that v(X) = £, so that X has the required properties, and we are done.

O
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Chapter 5

Weighted Euler-like vector fields

In this final part of the thesis, we will take a look at a generalization of the theory of Euler-like
vector fields. This is based on the last section in Meinrenken’s paper [16].

Remark. The main goal of this section will be to give an exposition of the work done in [16]. We
will attempt to work out the underlying ideas, and to provide some more details. At the end, we
will indicate a possible extension to the theory, not found in the paper, but here work remains to
be done.

5.1 Motivating example: isotropic embedding theorem

Let us begin by looking again at the Lagrangian neighborhood theorem, this time formulated more
explicitly in coordinates.

Theorem 5.1.1 (Lagrangian neighborhood, local version). Let (M,w) a symplectic manifold of
dimension 2n, with N a Lagrangian submanifold. Then around any point p € N we can find local
coordinates (T1,...,Tn,Y1,--.,Yn), Such that in these coordinates: N = {y; = ... =y, = 0} and

n
w = Z dx; N\ dy;.
i=1

Consider my : v(M,N) — v(M, N), we see that w then satisfies
(m)) w = Aw,

i.e. it is homogeneous of degree 1. This is of course what allowed us to prove this theorem using
Euler-like vector fields. There is a similar theorem in symplectic geometry (the Isotropic Embedding
theorem), that gives a standard form for w around general isotropic submanifolds. The local version
is as follows.

Theorem 5.1.2 (Isotropic embedding theorem, local version). Let (M,w) a symplectic manifold of
dimension 2n, with N a isotropic submanifold of dimension k < n. Then around any point p € N
we can find local coordinates (x1,...,Tn,Y1,--.,Yn), Such that in these coordinates: N = {xp1q =
e =Tp=y1=...=yp =0} and

n k n
w:Zda:i/\dyi:dei/\dyi—i- Z dx; N dy;.
=1 =1 i=k+1
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In this last equality we are just splitting the summation into two parts. There is an important
difference when comparing this theorem to Theorem [5.1.1] which stems from the fact that a fiber of
: : o) o) o) o)
the normal bundle is now spanned at each point by the tangent vectors {m, e B By By )
Because of this, we have

k n
(mA)*w = )\Z:dxZ /\dyi—i—)\Q Z dx; N\ dy;.
=1 i=k+1

So the ‘normal form’ here is not homogeneous (of any degree). However, we do have clearly one
linear part and one quadratic one, both in a disjoint set of coordinates. Note that the coordinates
y; in the quadratic part are exactly those belonging to the symplectic normal bundle, defined as
TN“/TN Cv(M,N). Now what if instead of the usual scalar multiplication my, we considered in
local coordinates the map given by

k)\ : (xla" s Tns Y1y oo Yk Yk+15 - - - 7yn) = (:L'lv"'xnaA2y17' : '>‘2yka)‘yk‘+17' aAyn)

Essentially, what we are doing then is giving these coordinates different weights. Then the normal
form could be expressed by saying it is homogeneous of degree 2 under this new multiplication
map, i.e. (ky)*w = N\w.

In this chapter, we are going to use this idea of replacing the scalar multiplication with a
weighted version. This leads to a more general version of the theory. An important concept in this
will be the weighted normal bundle.

5.2 The situation in R"

To start, let us look at what happens in R™ if we replace our standard scalar multiplication with
a weighted version. Inspiration for this section is taken from a talk given by Y. Loizides at the
Friday Fish Seminar.

5.2.1 Weighted Euler-like

Definition 5.2.1. Let w = (wy, ... w,) € N, called a ‘weight vector’. The weighted multiplication
map ky : R™ — R" is given as

Ex(x1,...xp) = (A 2y, ..o, A 2y)
We will denote R™ equipped with this weighted multiplication as (R™, w).
We could then also consider the notion of the weighted Euler vector field

Definition 5.2.2. On (R", w), the weighted Euler vector field is defined as the unique vector field
Ew with flow given by
(I)fw = ke:r:p(t)-

In coordinates, this means that & can be given as

- 9
Ew(zx) = Zwlxlg
i=1 t

In analogy with the non-weighted case, we could then define the following.
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Definition 5.2.3. A vector field X € X(R") is called weighted Euler-like (for w) if its weighted
linear approximation is equal to & . By this we mean that

lim (ky)*X = Ew
lim () &

A weighted Euler-like vector field determines a tubular neighborhood (on R™), in much the
same way as a ‘regular’ one. This is shown in the next lemma.

Lemma 5.2.4. Let X € X(R") be weighted Euler-like for w. Then there exists a diffeomorphism
¢ around 0 such that ¢(0) =0, Dp(0) =id, and p*X = &E.

Proof. The proof is very similar to the proof of Lemma ?7, the one for the non-weighted case. We
can define, for ¢ # 0, a time-dependent vector field

1
Zi= Sk (Ew = X)

which then smoothly extends to ¢t = 0. Let ¢; be the flow of this vector field.
Then the same computation as in Theorem shows that %gpf (Ew — tZ;) = 0. This means
that we can again take ¢ = 1 as the diffeomorphism with the required properties. O

Note that the argument above also works when some of the weights w; are 0. The flow ¢; will
then be constant in the corresponding directions.

Remark. The diffeomorphism ¢ is determined uniquely (up to choice of domain) if one requires
that limy_,o(ky) "' o ¢ o (k) = id. This could be called the weighted linear approximation of .
See [16].

Using the Lemma, we can give a proof of the Submersion theorem for functions f € C*°(R").

Proposition 5.2.5. Let f : R™ — R be smooth function such that f(0) = 0, and assume that
Df(0) #0 (i.e. f is a submersion). Then there exists a diffeomorphism ¢ around neighborhoods
of 0 in R™, such that fo g : (x1,...2y) — 1.

Proof. Assume Wlthout loss of generality that ( ) # 0. Then on some neighborhood around 0,

(aajl( )= 1/ - () is well-defined. Let w = (1,0, ...,0). Then the vector field X given as
of
X (@) = J@) 5 @) 5

is weighted Euler-like for w. Note also that Lx f = f. So it determines a diffeomorphism ¢ around
0 € R™ such that p*X = &. Then

Le, (0" f) =" (Lxf)=¢"f

By Lemma below, from this we can conclude that ¢*f = fo¢ = x1 - g(x2,...x2), where

g : R — R is a smooth function depending only on the coordinates xo,...,z,. Since ¢ is a
diffeomorphism, we still have D(f o ¢) # 0, from which we conclude that ¢g(0) # 0. So let
V(X1 .. Tp) = (m,@, ..., xy) defined in a possibly smaller neighborhood of 0. Then we
see fovpop(xy,...,xpn) =x]. ]
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5.2.2 Filtration of the ring of function

We now want to investigate which functions are homogeneous with respect to this new, weighted
multiplication k). Denote

Ty ={f € CF(R") K f = N'f} C C®(R").
Lemma 5.2.6. Let f € C*(R"). If
K f(zy, .. an) = FO 2y, . A a,) = Mf (21, ... xp)
holds for some d € N, then f is polynomial function in the coordinates x; with w; > 0.

Proof. We calculate

0 L of J .4 d
w1 Wn, — \w; w1 Wn — —
8l’if(>\ 1y Ax) = A (a%)()\ T1,.. ATy Gaci()\ flxy,... xn)) = XY

of
a.m

(T1,...,2p))

So therefore
( of
aﬂfi

In other words, % is homogeneous (with respect to ky) of degree d — w;. We can do this

calculation for all partial derivatives, and iterating this will give that for some order of partial
derivatives the degree of homogeneity becomes negative. But then these derivatives should vanish,
otherwise taking the limit A — 0 is not possible. We conclude that there exist an N € N such
that all N-th order partial derivatives of f vanish. This implies that f is polynomial, by Taylor’s
theorem. O

10
YAz, . A Ey,) = A<dw0(8i)(m, )

Remark. A polynomial f such as in Lemma [5.2.6] is sometimes called a quasi homogeneous poly-
nomial.

Definition 5.2.7. We define a filtration C*°(R") = C*°(R")p) 2 ... 2 C*®(R")4) 2 ..., associ-
ated to a weighting w by

Ciy=C(R") ) = (@' ...ayris-w>i)=(f: f€Tp, k> 0)

for i € N ( here (---) denotes the ideal generated in C°°(R™)). The last equality follows by Lemma
. 2.0l

Note that regardless of the weighting w, the first filtration subset C(;y will be equal to the
vanishing ideal around zero, Zy. Using the ‘standard’ weighting w = (1,...,1), the higher order
filtration degrees will exactly be powers of this ideal, C) = ZF. With a different weighting this
idea still holds true in a sense, except that certain coordinate functions x; are counted with a higher
multiplicity.

Example 5.2.8. Consider R?, with coordinates {z,y} and weight w = (1,2). Then J; = (z), Jo =
(22,y), Tz = (a®, xy),.... We get:

Cay = (z,9)

Clay = (y,77)

C) = (zy, 2%, %)
Clay = (v, 2", 2%y)
Cs) =
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Remark. The ‘greater or equal to’-sign used in in Definition is necessary mostly because
we want C(1) to be this vanishing ideal around 0. If we would use an equal-sign instead, then
coordinate functions with weight higher than 1 would not appear here.

The idea of giving a weighting w was that some directions are given a higher weight than
others. We can actually recover this information from the associated filtration C;). For this, what
we would have to do is look at how long a coordinate function x; ‘survives’ in the filtration. In
other words, find the highest k& such that z; € C;). Going the other way around, for each k¥ € N
we could try to find all coordinate functions that are in C(yy. So for i > 1, consider

Fi = CF(R") 5/ (C=(R™) i) N I§)
Example 5.2.9. In the previous example, we would have

Fa = C(9)/(Czy NT§)
2% /((y,2®) 0 (2%, 2y, y7))
).
In general, the F; will precisely be generated by representatives of those coordinate functions
of weighting degree greater or equal to i. The intersection with Zy is used to quotient out all other
coordinate functions, since these will appear as a square or higher in C(;).
Note that by construction we have F; C Zy/ZZ = (R™)*, the dual space of R". Being a linear

subspace of (R™)*, there must exist a (unique) subspace F_;y; of R such that F; is the annihilator
of this subspace.

=(y
=(y

Definition 5.2.10. For i € N, let F_; 11 C R" be the subspace determined by
Fi= ADH(F_Z‘_H) = {f S (Rn)* ‘ f(l') =0Vzr e F—i+1}-

Proposition 5.2.11. The subspace F_iy1 is spanned by exactly those basis vectors e; such that
w; < k—1.

Proof. This follows from how the subspace F_;_) is defined. By definition, Fy, = C(3)/(C NZ3),
which will consist of those z;’s that appear in C() not as a square of higher, i.e. that have weight
greater or equal to k. The annihilator of this is of course spanned by the remaining ones (under
the identification of the dual), so those with weight less then k. O

Let r = max{w; }. We then get a filtration of R", given as
R"=F ,DF ,412...2F={0.

Now let us return to the filtration C(;). Any filtration of an algebra defines an associated graded
algebra.

Definition 5.2.12. Given a filtration {A(;} of a real algebra A, the associated graded algebra
gr(A) is defined as

gr(A) = @QT(A)i = @A(z‘—l)/A(z‘)-

The multiplication is given by [f]; - [g9]; = [f - gli+;-

Remark. As a caution to the reader, in Definition [5.2.12] the filtration does not appear as part of
the notation. Of course, the resulting graded algebra will depend on it.
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For C*°(R"), we get the graded algebra gr(Cg5), where one sees by Lemma that each
gr(CR%) consists precisely of all functions that are homogeneous of degree k with respect to the
weighted multiplication map k).

gr(C)e = {f € Cga | K f = 1*f).

As a general fact, the graded algebra gr(A) is canonically isomorphic to A as an R- module (i.e.
as vector spaces). However, it is in general not isomorphic as an algebra. It is isomorphic if A was
a graded vector space to begin with, and the filtration agrees with this grading.

Example 5.2.13. R" with trivial weighting, gives the usual graded polynomial algebra.

5.2.3 The sheaf C3.

For what is to come, it will be necessary to consider the sheaf Cg5 = C*(R")(-) instead of just the
algebra C°°(R™). A reader unfamiliar with this language of sheaves could for example look at [18§],
Section III. For now though, it is enough to know that for any open set U C R", Cg5.(U) consists
of all smooth functions defined on U, i.e. is equal to C*°(U). In the same way as above, we can
also define a filtration of sheaves of Cg;, by setting Cp5 = Cﬁi,(o) ) Cﬁ;{%’(l) D ..., where then

Crniy(U) = (21! ... 2y s w = i),

where this is now the ideal generated in Cg5, (U). For any open U, we now can then consider again
the associated graded algebra,

gr(C55(U)) = D gr(Cra(U))s
k

If the filtration comes from a weight vector w, we will denote this sheaf of graded algebras by

grw(R") = grw (R")(:).
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5.3 Filtrations and Gelfand duality for manifolds

In the previous section we saw that a weighted multiplication map on R™ naturally gives rise to a
filtration of C°°(R™). We also obtained a graded algebra gr(C°°(R™)), isomorphic (as an algebra)
to the algebra of polynomial functions. Now the question is how to proceed in the general situation
of a submanifold N C M. First, we could look at the case of a trivial weighting, w = (1,...,1).
Somehow, we should then obtain a structure that is just the usual normal bundle with its scalar
multiplication m).

We will see how this works exactly later, but first we should introduce two theorems. These,
in some sense, give a different way of looking at manifolds and vector bundles. Denote by
Homyjo(C*°(M),R) the set of all algebra morphisms from C*°(M) to R. If p € M, then the
evaluation map ev(p) : C*(M) — R, f — f(p) is such a morphism. It turns out that this is
actually all of them.

Theorem 5.3.1. If M is a smooth manifold, then the map
ev: M — Homgy(C™(M),R)

is a bijection. Moreover, if Homgqy(C™(M),R) is equipped with the Gelfand topology it is a home-
omorphism.

More details and a proof are provided in the Appendix. A basic fact about manifolds is that
two smooth atlases are equivalent if and only if they induce the same smooth functions. This
means that we can recover the smooth structure of M on Homg,(C*(M),R). For f € C*(M),
let Evg : Homye(C*°(M),R) — R be given by Evy(®) := ®(f). Since all maps ® are of the form
evp, for p € M, under the bijection M — Hom,,(C*°(M),R) requiring that all Evy are smooth is
just saying that all f should be smooth. So the smooth structure can be recovered in this way.

Now consider a vector bundle £ — M. By the above theorem, £ = Homgs(C*(F),R), but
we can actually make this description simpler. Let us denote by ngl(E) all functions that are
polynomial on the fibers E,,.

Theorem 5.3.2. If 7 : E — M 1is a vector bundle over a smooth manifold M, then the map

ev: B — Homgy(Cpy(E), R)

s a homeomorphism.

We can then recover the multiplication map m) : E — E by noting that there exist a natural
scalar multiplication on CSSZ(E ), given by multiplying a degree k polynomial by A\¥. This commutes
with the evaluation maps ev,, so we also get a scalar multiplication on Homalg(C’;gl(E ), R), which is
just the usual multiplication on £ under the identification. The projection onto M can be recovered
by identifying the degree 0 polynomials with C*°(M).

Remark. The identification of Theorem probably seems somewhat mysterious. One can keep
in mind that statement of the Serre-Swan theorem, that provides a one-one correspondence between
E and its space of global section I'(E). Again, more details are provided in the Appendix.

Now let us look at the normal bundle v(M, N) — N. What are the fiberwise polynomial
functions here?
Definition 5.3.3. Let N C M be a submanifold. By Zny we will denote the vanishing ideal of N
in C*(M)
In:={feC®M)| f(zr)=0Vx e N}.
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Then we define a filtration C*°(M) = Ag D A1 D ... of C*°(M) by letting

A, =1V

Proposition 5.3.4. The graded algebra gr(A) associated to the filtration C*°(M) 2 Iy D I% D ...
is isomorphic (as a graded algebra) to the algebra of fiberwise polynomial functions on v(M,N), so

gr(A) = Cpu(v(M, N))

Proof. Inlocal coordinates (z;,y;) around N, we have that Zy = (y1,...yn), as an ideal in C>(M).
Writing gr(A) = C®°(M)/Z, ® In/I% @ ..., we see that this first term corresponds to functions
that are fiberwise constant on v(M, N), the second term are the fiberwise linear ones, etc. ]

Corollary 5.3.5. If gr(A) is as above, then v(M,N) can be realized as
v(M,N) = Homgy(gr(A),R)

Now look back at Example [5.2.13] where we showed that on R™ with the trivial weight vector
w = (1,...,1) we obtain as associated graded algebra the polynomial algebra CEEZ(R”). In the
proof of the Proposition above we see something very similar happening, if we think of the y;’s
as having weight 1. Intuitively, if we now want to introduce a weighted structure around N we
would want to give some y;’s a different weight w;. This would corresponds to some other filtration
of C*°(M), but ideally the graded algebra should (at least as an algebra) still be the polynomial

algebra. This is what inspires Definition [5.4.2]in the next section.
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5.4 The (1,2) -weighting

We will now focus on the case where w; = 1,2 for all 4. In this situation a (relatively) simple
definition can be given. Note that for the example of the isotropic embedding theorem, this kind
of weighting suffices.

Let us start with a definition.

Definition 5.4.1. A (1,2)- weighting of N C M is the choice of a vector subbundle
F C v(M,N).

Having chosen such a subbundle, we can determine a filtration of the sheaf C°°(M) in the
following way. Consider the vanishing ideal sheaf 7 := Z of N, and additionally the ideal sheaf
J, where

JWU) ={f € C=W) | flunn = 0,df |lpynp = 0}

Here by F C TM|n we denote the pre-image of F' in T'M|y. Then the filtration C*°(M) = Ay D
Ap D ... 1is given as ) )
Agp1 =17 Ay =J"

So Ay(U) is spanned by products fi--- fog1--- g with f; € Z, gj € J with a + 2b > k (note that
72 C J). We can look at this in local coordinates. For this, choose coordinates (z;, Yyj,2) such that
N is given by the vanishing of all y; and z;, while FNTU is additionally given by the vanishing
of the differentials dz;. This can be done for example by choosing a submanifold N C ¥ C M
such that v(M,3) = F. Then the z; can be chosen such that ¥ is given by the vanishing of these.
Within such coordinates, one sees

Ak(U) = (yil"'yiazll“‘zlb | a+2b> k).

Comparing this to the situation in R”, specifically Definition [5.2.7] what we are doing here is
giving the y; ’s weight 1, the z;’s weight 2 and the x;’s weight 0.

The filtration {fl(k)} defines an associated graded sheaf of algebras gr(A) (as we have seen
before), given by

97’(1‘1) = @ A(k)/A(k+1)~
k

By looking at this gr(A) in local coordinates as above, we see that as an algebra it is still
isomorphic to Cpg(v(M, N)). However, importantly, the grading is now different.
Following [16], we can now define the weighted normal bundle.

Definition 5.4.2. Given a (1,2) -weighting on N C M, determining a graded algebra gr(A) as
above, we define the weighted normal bundle (M, N) as

vw (M, N) := Homge(g7(A), R)

On this, we have the projection map 7 : y(M,N) — N which is induced by the inclusion

C>®(N) — gr(fl).

In the definition above, note that always gr(A)o = C*°(M)/In ~ C*(N). Since, as we

remarked before, the algebra gr(A) is isomorphic to Cpg(v(M, N)) ~ gr(A), we see that as the
underlying set we have just vyy(M, N) = v(M, N). However, there is a difference beyond that. We
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can consider the scalar multiplication on gr([l) given by multiplication with A*¥ on gr([l) &, Which
induces a scalar multiplication

ky: Vw(M,N) — llw(M,N).

This ky will (in general) be a different map compared to the usual my on v(M,N). It makes
vw (M, N) into a graded bundle (and in general not a vector bundle).

Definition 5.4.3. A graded bundle with weight vector w and degree d is a smooth fiber bundle
p: F — M with typical fiber R”, that admits an atlas of local trivializations ¢ : p~}(U) — U x R"
such that the transition functions U N U’ — Diff(R"”,R™) are automorphisms of the standard
graded space (R™, w). In other words, given two trivializations 1,1’ the composition 1’ o ¢)~1 :
UNU' xR" — UNU' x R" should be given as

¥ oy (z,v) = (z,7(z)),
where 7(z) : R — R™ is an automorphism of (R", w) for all x.

See Appendix for some more details. The fact that 1 (M, N) is a graded bundle can be
concluded from Theorem [A.2.0]
To better understand the map k), we have the following result.

Proposition 5.4.4. Let (M, N, F) be a (1,2)-weighting. The choice of a submanifold N C¥ C M,
such that v(M,%) = F, determines a isomorphism of graded bundles

Ry :vw(M,N) - F@&v(M,N)/F =: gr(v(M,N)).

Here the scalar multiplication on gr(v(M, N)) is given as multiplication by X\ on F, and \* on
v(M,N)/F.

Proof. See [16]. This can also be seen in local coordinates (z;,y;, 2;) as we used earlier. O

Remark. Note that isomorphism in Proposition above is not canonical, it depends on the
choice of ¥. Also, concretely realizing the quotient v(M, N)/F requires the choice of a metric.
Therefore, simply defining the weighted normal bundle as gr(v(M, N)) is not desirable.

5.4.1 Further constructions

Having defined the weighted normal bundle, one can now proceed along the same lines as the
unweighted case, and consider constructions like the weighted linear approximation. We will give
a brief outline of this here, based on the work in [I6]. For details, we also refer to that paper.

First, one has to show that the construction of the weighted normal bundle is again functorial.
In this case, that means that if f: (M, N,F) — (M’', N, F’) is a map of manifold pairs, with the
additional condition that v(f)(F) C F’, then there should be a induced isomorphism of graded
bundles

VW(f) : VW(Mv N) - VW<M/7 N/)'

Then also we would like the property, similar to the usual normal bundle, that
VW(VW(MaN)7N) = VW(MvN)

where this is a canonical isomorphism of graded bundles (note that for this we have to view F
as also a subbundle of vy (M, N)). We can then define a notion of weighted tubular neighborhood
embedding.
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Definition 5.4.5. A weighted tubular neighborhood embedding is an embedding ¢ : U C vyy(M, N) —
M of an open neighborhood of N in vy (M, N), such that ¢|y = id, v(¢)(F) C F and

vw(p) = id.

In analogy with the situation in R"™, we can define the weighted Euler vector field £ €
X(vw(M, N)) as the vector field with flow k.pp). A vector field X € X(M) that is tangent to N,
and additionally ‘preserves F”, is called weighted Euler-like if vy (X) = Xjo) = Ew € X(vw (M, N)).
And then we have the following theorem.

Theorem 5.4.6. A weighted Euler-like vector field X for a (1,2)-weighting (M, N, F') determines
a unique mazimal weighted tubular neighborhood embedding ¢, such that * X = & .

With Theorem [5.4.6] one can give a proof of the Isotropic Embedding theorem. This proof is
very similar to the Lagrangian case, if one translates everything into the weighted situation. As
we discussed in Section 5.1, we want to choose weight 1 on the symplectic normal TN /TN, and
weight 2 in the remaining normal directions. This means we should choose the (1,2)- weighting
with ' = TN*/TN. We will use the following claim without proof, and refer to the paper instead.

Claim. Let (M,w) a symplectic manifold, and N C M an isotropic submanifold. Then the
weighted approximation wiy), for weighting F' = T'M /TN C v(M,N), is a well-defined, symplectic
form on 1y (M, N).

The theorem can then be formulated as follows.

Theorem 5.4.7. Let (M,w) a symplectic manifold, and N C M an isotropic submanifold. Con-
sider the (1,2)-weighting defined by F' = TN¥/TN C v(M,N). Then there exists a weighted
tubular neighborhood embedding ¢ around N with

P w = wiy-

Proof. We will give an outline of the proof. Working locally, we can (similar as to the proof of

Theorem [3.3.2)) define
1
1
fe! —/ — (k)" 1e,,w dt.
o ¢t

Then da = w. Also, one checks that the second order (weighted) approximation ay is well-defined.
Define a vector field X by setting
Lxw = 2a.

Then it holds that
LX[O]W[Q] - ngw[Q]a

so that X[g) = &w, l.e. X is weighted Euler-like. The weighted tubular neighborhood ¢ determined
by X then satisfies
Le, o w=¢"(Lxw)=2¢"(da) = 2¢p*w.

And we conclude p*w = wyy). O
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5.5 Possible alternative definition

With the definition of the weighted normal bundle as we have just given, one could see two problems.
First of all, the construction using the Hom,j, (-, R)-functor is not very geometric, and it takes quite
some work to see what is really going on. Secondly, it is not immediately clear how one would
generalize it to weightings other than (1,2). To solve these two issues, we propose an alternative
definition that more directly incorporates the fact that we should obtain a graded bundle in the
end. As of now, this is purely a suggestion, the theory that would use this definition has not been
fully developed (yet). Some inspiration is again taken from the talk by Y. Loizides.

Definition 5.5.1. Given a manifold M, a general weighting with respect to w € R"™ is a filtration
C>®(M) = Ay 2 A1 D ... of the sheaf of smooth sections, and an atlas U = {(U, ®r;)} with the
property that @y : U — V C R" induces an isomorphism of graded algebras

gr(A)(U) = grw(®™)(V),  [f] = [fo ®u],
for all U where the filtration is not trivial.

Lemma 5.5.2. Given a weighting of M, we have that the first filtration degree A1 C C*°(M) is
equal to the vanishing ideal sheaf of some submanifold N.

Proof. This is true locally, for if { 4;(U)} is the trivial filtration then N is the empty set, while if the
filtration is non-trivial then the submanifold can be recovered in local coordinates using the algebra
isomorphism. Specifically, in these local coordinates it is given by the vanishing of all coordinates
that do not have weight 0. O

Example 5.5.3. In (R",w), with all weights w; > 0, and as atlas just the identity map, the
submanifold of Lemma would be {0}.

The idea is that with this definition we can obtain the structure of a graded bundle on N. This
is based on the proposition below, which says that a graded bundle is essentially determined by its
transition functions. Note that the construction given in this proposition is similar to a method
that is often used to create a vector bundle structure.

Proposition 5.5.4. Let M a smooth manifold, and suppose we are given an open cover U = {U,},
and for each a,b a smooth map T4 : Uy N Up — Autw(R™) (where Autw (R™) denotes the space of
graded automorphisms for (R™,w)). If moreover these functions satisfy

Tab © Toe = Tae  0n Ug NUy N U,
then there exists a graded bundle structure ' — M with transition functions given by the Tup.

Proof. The argument is virtually the same as for vector bundles, F' can be realized as
(LIt x )/ ~
a

with for p € Uy, q € Uy, (p,v) ~ (q,w) if and only if p = ¢, w = 74 (p)v.
[

Consider a general weighting on M, and pick two opens U,V with non-empty intersection.
Let N be the submanifold that is given by the vanishing of the first filtration degree. Under
Oy : U — R = R" x R™, N is then mapped to R" x {0}, the ‘part with weight 0’. The idea
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is now to obtain a graded bundle structure over N, with fibers R™. For this, we want to find a
transition function on (UNN) N (VN N).
The composition @y o @51 induces a morphism of graded algebras

grw(R™TM)(U') = gro (R™T)(U"),

where U’, U" are two opens in U. Both these algebras are generated (as algebras over C*°(U"), C*°(U")
respectively) by the coordinate functions {x1,...zn, Y1, ... Ym—n}, where the x; have weight 0. The
isomorphism should map generators to generators, and since it preserves weight it should have the
following form on generators:

xi— f(xy,...xy) : R" 5 R

vir Y L@ )y - Yy
j

From this, we obtain transition functions 7gy : (UNN) N (VN N) — Autw(R™) by setting,

(TUV(p)U)i = Z fj(q)U(p)lv e @U(p)n)vjl <o Vg (51)

We can then use these transition functions to build a graded bundle, leading to the next definition.

Definition 5.5.5. Given a general weighting of M with respect to w, where A; is the vanishing
ideal sheaf of a submanifold N, the general weighted normal bundle

vw(M,N) — N
is the graded bundle induced by the transition functions as in Equation [5.1

Example 5.5.6. A;, = I]"{,, with atlas a trivializing atlas for v(M, N). Then the transition functions
are linear (they are exactly the vector bundle transition functions ), and we simply get back the
normal bundle.

Assume we are given (1, 2)-weighting (M, N, F), with the associated filtration fl(k) of C*°(M).
Let k£ := dim F'. Choose as an atlas a covering of trivializing open sets for the normal bundle, such
that the charts ¢ : 7= 1(U) — U x R™ consistently map F to the first k& coordinates. Then one
finds that the graded bundle constructed as in Definition agrees with the definition for the
weighted normal bundle we gave earlier.
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5.6 Final remarks

5.6.1 Frobenius theorem

One well-known normal form theorem that we have not yet looked at is the Frobenius theorem,
which is an important theorem when studying foliations.

Definition 5.6.1. A distribution D C T'M is called involutive if for all X, Y € D, also [X,Y] € D.

Definition 5.6.2. A distribution D of dimension k is said to be completely integrable if around
any point p € M we can find coordinates (z1,...,2,) on an open U such that D is spanned by the
first k£ coordinate vector fields 8%1, ey %.

Theorem 5.6.3 (Frobenius). Let D C TM be a smooth distribution. If D is involutive, then it is
completely integrable.

Our hope is that this theorem is also provable using the theory of Euler-like vector fields. We
expect that this would involve using the weighted version of theory. Looking at Definition [5.6.2] a
natural choice might be to, in local coordinates, assign weight 1 to the coordinates z1, ...,z and
weight 0 to the rest. But this remains to be worked out.

A starting point could be to consider a special type of codimension-one distribution, given as
the kernel of a nowhere-vanishing 1-form. Then involutivity has a simple characterization, given
by the proposition below.

Proposition 5.6.4. Let D be a defined as D = ker o, where o € QY (M) is nowhere vanishing.
Then D is involutive if and only if a A da = 0.

5.6.2 Co-isotropic embedding

Let (M,w) a symplectic manifold, and assume that N is a co-isotropic submanifold. In particular
dim N > % dim M. We could then formulate a local version for the Co-isotropic embedding theorem,
similar to the isotropic case.

Theorem 5.6.5 (Co-isotropic embedding theorem, local version). Let (M,w) a symplectic manifold
of dimension 2n, with N a co-isotropic submanifold of dimension k > n. Then around any point

p € N we can find local coordinates (x1,...%n,Y1,...Yn), Such that in these coordinates N =
{Yk—n = ... =yn =0} and
n—k n
w:Zd:Ui/\dyi—i— Z dx; N\ dy;.
i=1 i=n—k+1

If w is given in this way, then

n—k n
(mA)*w = Z dx; N\ dy; + A Z dx; N\ dy;.

i=1 i=n—k+1
so we see a linear part and a constant one. Now there is a problem, because if we want to choose
weights such that the equation above becomes homogeneous, the only choice we have is to assign
weight 0 to all yp—k+1,...,yn (note that these are the coordinates normal to N). But then the
Euler vector field £x = 0, so that in particular the zero vector field is Euler-like. Therefore, the
theory seems to break down in this particular case. Inherently, the problem is here that for this
method to work we would want to manipulate coordinates also in the direction tangent to NV ( the
coordinates yi, ..., Yn—k). But with our method of using Euler-like vector fields we can only change
things in the direction normal to V.
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Appendix A

A.1 Tangent and normal bundle functor

Lemma A.1.1. Given a manifold pair (M, N), we have the following isomorphism of double vector
bundles over N and TN
v(TM,TN) ~Tv(M,N).

Where the double vector bundle structures are given as

v(TM,TN) —— TN

|#ta) lqw

v(M,N) ——— N

and
Tv(M,N) —%~ TN

| |

v(M,N) —*— N

Proof. We consider the double tangent bundle TT'M = T (T'M). There are two ways to view this as
a vector bundle over TM. There is the usual projection of a tangent bundle pryy : T(TM) — TM,
but we can also consider the differential d(prys) : T(TM) — TM of pras : TM — M. These two
fit in the following commuting diagram, giving T"T'M a double vector bundle structure

M, "M Tr

|

™™™ — M

We claim that there is a map J : TTM — TTM (called the canonical involution) such that
d(prar)oJ = prrar, and which interchanges the two vector bundle structures. Choose a trivializing
neighborhood U of M, then we can choose local coordinates (z, v, (y,w)) on TTM. We have prray :
(z,v, (y,w)) — (x,v) € TM, while since prys : (x,v) — = € M, we see d(pryr) : (z,v,y,w)
(z,y). So locally we should have

J:(z,0,y,w) = (z,y,v,w).

See [15], Section 9, for a proof that this map is globally well-defined, and that it has the required
properties.
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This J restricts to an isomorphism T(TM|y) — (TTM)|rn (both viewed as submanifolds

of TTM). Moreover, when viewing also TT'N as a submanifold of TTM, the restriction of J

becomes the canonical involution of TT'N. Since TTN is also a submanifold of both T(TM|y)

and (TTM)|rn, J induces a vector bundle morphism when passing to the quotient for the normal
bundle

O

A.2 Graded bundles

We first give the main definitions. This is taken from [I].

Definition A.2.1. The standard graded space (R™,w) of degree d is R™ together with a weight
vector w = (w1, ...wy,), with d = max{w;}, equipped with an action h : R x R” — R" h(t,x) =
hi(x) of the monoid (R, ) given as

hi(x1,...xp) = (" 2y, ..., t2y)

Definition A.2.2. A graded space (M,w) (of degree d = max{w;}, where w = (wq,...wy,) is a
manifold M of dimension n equipped with an action h : R x M — M of (R,-), such that there
exists a diffeomorphism ® : M — R™ to the standard graded space (R™,w), that intertwines the
two actions.

Definition A.2.3. A graded bundle with weight vector w and degree d is a smooth fiber bundle
p: F — M with typical fiber R”, that admits an atlas of local trivializations ¢ : p~1(U) — U x R®
such that the transition functions UNU’" — Diff(R™, R™) are automorphisms of the standard graded
space (R™, w).
In other words, given two trivializations ), 1)’ the composition ¢/otp =1 : UNU'xR"™ — UNU’ xR™
should be given as
W o v @,0) = (z,7(@)o),

where 7(z) : R" — R" is an automorphism of (R", w) for all z.

Given a graded bundle F' — M as above, clearly every fiber F) is a graded space with weight
vector w, and F' comes with a monoid action i : R x F' — F' that in local coordinates is given as
the standard graded action A : R x R" — R™ for (R™, w). Under this action, M = ho(F).

And these are the theorems relating graded bundles to a ‘scalar multiplication’ , i.e. an action
of the monoid (R, ). See [I1] and [10] for the proofs. Let E be some manifold.

Theorem A.2.4. An action h: Rx E — E from the monoid (R, -) such that there exist an 0F € E
with ho(v) = 0¥ for all v € E, comes from a vector space structure on E if and only if

Oh(0,v)
ot
Theorem A.2.5. An action h : R x E — E from the monoid (R,-) comes from a vector bundle

structure ™ : E — FEg = ho(E) if, for the curve R — E, t — h(t,p), the 1-jet vanishes if and only
if p € Ey.

=0 v=0"

Theorem A.2.6. Any action h: R x E — E from the monoid (R,-) comes from a graded bundle
structure
ﬂ'iE—)Eo:ho(E)

of degree d, where d € N is the lowest integer N such that for the curve R — E, t — h(t,p), the
N -jet vanishes if and only if p € Ey.
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Proposition A.2.7. Any action h: R x M — M from the monoid (R,-) such that there is a fized
ho(M) = 0M € M comes from the structure of a graded space on M.

A.3 Gelfand duality for manifolds

The following is based on the book “C'* Differentiable Spaces” by Navarro Gonzalez and Sancho
de Salas, [17].

Definition A.3.1. Given a real algebra A, we define
Homyig (A, R) = Spec,.(A)
as the set of all R -algebra morphisms from A to R.

Given an element ® € Homyg(A,R), its kernel will be an ideal of A, denoted by m with
A/m ~ R. In particular, it is a mazimal ideal of A.

Let f € A, then we can define a map f : Hom,s(A,R) — R by f(x) = z(f). The Gelfand topol-
ogy on Hom,e (A, R) is defined as the smallest topology in which all maps f are continuous. If A =
C>°(M) for M a smooth manifold, then any p € M defines an element ev, € Hom,,(C*>(M),R)
by letting

evp(f) = f(p) for f € C=(M).

The map ev : M — Homye(C°(M),R) is then given by p — evp.

Theorem A.3.2. If M is a smooth manifold then the map ev : M — Homgyy(C>®(M),R) is a
bijection. Moreover, if Homg(C™(M),R) is equipped with the Gelfand topology it is a homeomor-
phism.

Proof. First we show injectivity. Let p,q € M with p # q. Let K be a compact neighborhood of
p that does not contain q. Then we know there exist an f € C*°(M) with f(p) =1, and f =0
outside K (argue with partitions of unity). So we conclude that ev, # ev,.

For surjectivity, assume ® € Hom,(C*(M),R), and let m = ker ®. We want to show that
m=m, = {f € C®°(M) : f(z) = 0} for some = € M. Since M is a manifold, we can choose a
compact exhaustion of M, i.e. a sequence {K,} of compact sets such that K, C int(K,+1) and
M = |JK,. Again using partitions of unity we can find f,, € C°°(M) such that 0 < f, < 1,
fn=0o0n K, and f, = 1 outside int(K,11). Let f = >, fn, then f > n on M\K,; for any
n € N, and it follows that the level sets f~!(a) C M are compact for any a € R, since they will be
contained within some K. Now let b = ®(f) € R, so that f —b € m. Now assume for the sake of
contradiction that

g '(0)=0

gem
(so that in particular m # m,). Then since f~1(b) is compact, there must exist some g1,...gm €
C*°(M) (finitely many) such that g;*(0) N...N g, (0) N (f —b)~1(0) = §. Consider then
hi=gl+...+¢ +(f—b?em.

By construction, h is nowhere zero, and so gives an invertible element in the ideal m. But that
would mean m = Homys(C*°(M),R), which is impossible. So we conclude that there exist some
T € ﬂgem g~ %(0), and we see then m C m,. By maximality, we conclude m = m,. For the proof
that ev is a homeomorphism we refer to the book. O

o4



Remark. Theorem can be compared to the Gelfand-Naimark theorem, that relates a (com-
pact) topological space X to its set C'(X) of continuous functions. The correspondence between
M and Hom,,(C* (M), R) could thus be referred to as ‘Gelfand duality for manifolds’.

Now let £ — M be some vector bundle over M. The theorem above gives us the correspondence
E = Homys(C*(E),R), but we will see that we can do better than that. This is based on the
paper [14].

Definition A.3.3. Given a vector bundle E' — M, by Cp¢(E) we will denote the fiberwise poly-
nomial functions on F.

Theorem A.3.4. If 7 : E — M is a vector bundle over a smooth manifold M, then the map

ev: B — Homgy(Cpy(E),R)

s a homeomorphism.

Proof. For injectivity let p,q € E with p # ¢. If also n(p) # 7(q), then ev, # ev, by the same
argument as in Theorem [A.3.2] (note that we can identify C°°(M) with the constant functions in
5 (B)).

If we do have p,q € E, (where z = w(p) = m(q)), then let U > x be some trivializing neighbor-

hood of z, with ¢ : E|yy — U x R¥ its vector bundle chart. Write

o) = (z,v) ¢(q) = (z,w).

Let U : RF — R¥ be an affine linear map such that ¥(v)) = e, V(o ' (w)) = ey (clearly ¥
exists). Now let f :=prioWop: E|y — R, then we can extend f to f: E — R by multiplying
it with a function that is zero outside a compact neighborhood in U, and 1 around z. One checks
that f € Cro(E) (note that the bump function only depends on the base coordinates), and we see

f(p) =1, f(g) = 0. So again ev, # evy.

For surjectivity, let again ® € Homas(Cpy(E), R) and let m be its kernel. By a similar argument

as in Theorem we have that for finite g1,...gm, € m,

(o(0) #0.

Fact: We can find an embedding ip : E — R?" x R?" over iy; : M — R?" with coordinate
functions ((x1,---X2n), (&1, ... &2n)) such that the x; are smooth functions on M, and the &;’s are
fiberwise affine linear. This follows by using the Whitney embedding theorem, combined with the
fact that for each vector bundle E there exists another vector bundle F such that E® F ~ M x RY
for some N.

Let now

fi=xi—®0a), Fj=§ —2(&)
so f;, F; € mfor all 1 < 4,5 < 2n. We know that there is an element b € () £, (0)) N (N Fj_l(O)).
For any such b, x;(b) = ®(x;), so we see

ip(b) = (((x1), .-, P(x2n)), (P(&1), ..., P(&2n)))-

Since ip is injective, we conclude therefore that () f;(0)) N (N ijl(O)) = {b}. For any other

f € m we then also get f(b) = 0 by considering f~1(0)n{b} = f~1(0)N (N £(0))N(N Fj_l(O)) #
(), therefore b € f~1(0). So m C my, so by maximality m = m;, and we conclude ® = euvy,.
For the proof of that the map is actually a homeomorphism we refer to the paper. O
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Remark. We can understand the theorem above in the following context. All the arrows in the
diagram below indicate 1-1 correspondences.

{vector bundles over M} SgreSwan theorew r5) oo projective C°°(M) - modules}

ISerre’s theorem

v

{total spaces of algebraic vector bundles} <+—— {locally free sheaves of C*° (M )-modules}

The horizontal arrow on the bottom is a construction that is used in Algebraic Geometry. If we
start with a vector bundle F — M, one gets the following sequence of objects in the corresponding
diagram.

E I'(E)

!

Spece(Sym(€%)) ——— E() = T(E)()

Homgy(C25(E),R)

pol

For the equality Spec,(Sym(E*)) = Homalg(ngl(E), note in particular that for any vector space
V, the symmetric algebra Sym(V') is isomorphic to the polynomial algebra of V' in a chosen basis.
The condition in the Serre-Swan theorem that I'(F) is a finitely generated projective module,
corresponds to the property that for every vector bundle F, there exists another vector bundle F
such that F @ F is trivial. This fact was used in the theorem above, and now this provides an

explanation of why this was really necessary.
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