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Introduction

Abstract

Connections and fibre bundles A fibre bundle of fibre type F' is a smooth mapping
7 : M — B between manifolds, such that for every b € B the inverse image 7 '(b) is
isomorphic with F. A fibre bundle is often visualised as a map going downwards:

.
M

B

One may view the fibres then as hanging vertically above the base manifold B. We call the
tangent spaces to the fibre vertical. There is, however, no intrinsic way to determine the
horizontal direction. This leads to the notion of a connection. The idea of a connection on a
fibre bundle goes back to Ehresmann, who published his article in 1950, [10]. An Ehresmann
connection I' on a fibration 7 : M — B is a distribution Hor on M, such that

1. for all x € M the tangent a space T, M is decomposed in Hor, and the tangent space
to the fibre Vert,,.

2. for every piecewise smooth path 7 : [0,1] — B starting from b and for each z € 7=1(b)
there is a piecewise smooth path v# : [0,1] — M starting at x such that 7 o 4# = 7,
and 4~#(t) € Hor.#(,), for all ¢ € [0, 1], where it is defined.

~7# is called the horizontal lift of  starting at . This construction induces for every path ~y
in B a diffeomorphism ¢., : 7~ *(v(0)) — 7 (y(1)), called parallel transport. In this thesis
we study fibre bundles for which the fibre has a special structure, e.g. it is a symplectic
or Poisson manifold, and we study connections on them for which the parallel transport
preserves this structures. Parallel transport with respect to a loop v based at b € B is
a diffeomorphism from 771(b) to itself. All diffeomorphisms which can be constructed in
this way form a group ¢(b), called the holonomy group. An Ehresmann connection is a
distribution. The obstruction for being an integrable distribution is measured by the so
called curvature 2-form. One may see the curvature () as a map:

Q: X(B) x X(B) — Xven(M).

A visualisable description of the curvature is the following: consider the parallel transport
along a contractible loop in B. If we contract such loop we get a vector field on the fibre.
Vector fields which can be obtained in this way are in the image of the curvature.



Dirac structures A more recent development in mathematics is the introduction of Dirac
structures on manifolds by T.J. Courant in 1990 [6]. An almost Dirac structure on a manifold
M is a smooth subbundle L of the generalised tangent bundle of M:

LCTM=TM & T*M,

such that the rank of L is the dimension of M, and L is isotropic with respect to the natural
paring. In particular, graphs of 2-forms, and graphs of bivectors are almost Dirac structures.
An almost Dirac structure is called a Dirac structure if, moreover, the sections of L are closed
under the so called Courant bracket [,].. The graphs of 2-forms, and bivectors are Dirac if,
and only if they are respectively closed, and Poisson.

An almost Dirac structures of special type on the total space M of a fibration 7 : M — B
induces an Ehresmann connection. Moreover, such an almost Dirac structure induces a
horizontal 2-form, and a vertical bivector. If such an almost Dirac structure is really a Dirac
structure, then this 2-form is closed, and this vertical bivector is Poisson.

Conversely, all Ehresmann connections give rise to such an almost Dirac structure. It turns
out that an Ehresmann connection which can be described by a Dirac structure has a very
restrictive holonomy.

Connections in symplectic geometry A symplectic structure w on a manifold M is a
nondegenerate closed 2-form. Not all manifolds admit symplectic structures. For instance,
symplectic manifolds must be orientable and even dimensional. Connections on fibrations of
fibre type a symplectic manifold, for which the parallel transport preserves this symplectic
structure, are called symplectic connections. A symplectic connection can be described by
an almost Dirac structure L, which is the graph of an compatible 2-form 7 on the total
space. These are 2-forms which restriction to the fibres coincides with the given symplectic
structure on the fibres. A natural question to ask is whether we can find a compatible
symplectic structure on the total space. In particular, then L, is a Dirac structure. As said
before, this restricts the holonomy of the connection, even if we only ask 7 to be closed.
The main theorem on connections in symplectic geometry comes down to is the following
equivalence: there exists a closed 2-form 7 € Q?(M) such that the induced connection I'; = T'
is a symplectic connection, if and only if the holonomy group ¢(b) of I" around any contractible
loop in B is acts on the fibre 77!(b) in a Hamiltonian fashion.

Connections in Poisson geometry A Poisson structure on a manifold M is a Lie bracket
{.,.} on C*°(M), which satisfies a Leibniz rule:

{f.gh}y ={f,gth + g{f. n}.

Equivalently, a Poisson structure on M is a bivector m on M, for which the Schouten-Nijenhuis
bracket [r, 7| vanishes. In particular, all symplectic manifolds are Poisson manifolds. A re-
markable property of Poisson manifolds is that they are foliated into symplectic manifolds.



Meaning that there is a partition of (M, ) of immersed submanifolds ¢ : L < M all car-
rying an induced symplectic structure. Connections on fibrations of fibre type a Poisson
manifold, for which the parallel transport preserves the Poisson structure, are called Poisson
connections. In particular, the total space of a Poisson fibration does always admit a Poisson
structure. One simply glues the Poisson structures on the fibres all together and obtains a
vertical Poisson bivector my,. Recall that fibre nondegenerate almost Dirac structures also
induce vertical bivectors. A fibre nondegenerate almost Dirac structure for which these bivec-
tors coincide is called a compatible almost Dirac structure. The main theorem on connections
in Poisson geometry comes down to is the following equivalence: there exists a compatible
Dirac structure for which the induced connection is a Poisson connection if and only if if
the holonomy group ¢(b) with respect to this connection acts on the fibre in a Hamiltonian
fashion. Clearly, this is a generalisation of the main theorem for symplectic connections.

Principal bundles A special class of fibre bundles is formed by the principal bundles
m : P — M. The fibre type of these bundles are Lie groups G. Principal bundles are very
useful for several reasons. A principal connection is an Ehresmann connection for which
the diffeomorphisms obtained by parallel transport are group isomorphisms. They may be
described using a G-equivariant g-valued 1-form on the total space. Also the curvature may
be seen here as a g-valued 2-form on P. By the G-equivariance of the connection one can
describe the vector field in the image of the curvature here with a single element in g. The
holonomy group ¢(u) of a connection based a point u € P is a Lie subgroup of G. A theorem
of Ambrose and Singer [1] states that the Lie algebra of ¢(u) is generated by curvature of
the connection.

The problem Another nice property of principal G-bundles is the following: if one has a
G-space F', i.e. a manifold F on which G acts from the left, one can attach F' to P, such
that one gets a fibre bundle P x4 F' of fibre type F'. The other way round, we can construct
a principal G-bundle P — B of for any fibre bundle 7 : M — B. G is here a subgroup of
the group of diffeomorphisms of F', where F' is the fibre type of the fibration. If we attach F
to P — B, then we get our old frame bundle back. Moreover, an Ehresmann connection on
m: M — B induces a principal connection on P — B, and vice versa. The main theorems for
the symplectic and the Poisson connections can be proved by using the theorem of Ambrose
and Singer for this new P — B. But here is a problem: in the prove of this theorem it is
explicitly used that G is a finite dimensional group, while nothing guarantees us that that
is the case here. Fortunately, we can do better. We can reduce P — B to a principal ¢(u)-
bundle. It is not clear whether ¢(u) is finite dimensional, and if we indeed can prove our
main theorems in full generality.

The structure of the thesis

This thesis contains four chapters. In the first chapter we give an introduction to symplectic,
and Poisson geometry. We give an exposition on Hamiltonian group actions, and we introduce
the concept of Lie algebroid. We show that Dirac as well as Poisson structures may be viewed



as Lie algebroids. In the second chapter we explain Ehresmann connections and show how
(almost) Dirac structures can be used to obtain them. We finish the chapter with a short
excursion on Dirac gauging of the Dirac structures. In the third chapter we discuss vector
bundles and principal bundles. Connections on vector bundles may be viewed as covariant
derivatives. The fourth and the fifth chapter are devoted to the symplectic and the Poisson
fibrations.

Conventions

In this thesis all manifolds are second countable and finite dimensional.
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Chapter 1

Symplectic and Poisson geometry

Abstract In this thesis many of the concepts and the terminology of differential geometry,
symplectic geometry and Poisson geometry are used. The aim of this first chapter is to give a
short introduction in these fields, and at the same time to develop the notation. We restrict
ourself in this chapter to that material we will really use later. This chapter is divided in four
parts. In the first part, about differential geometry, we discuss the concepts of differential
forms, exterior derivatives, covariant and contravariant vector fields and Lie derivatives. Most
of the statements made here are well known results, and proofs are often omitted. The second
part gives a short introduction into symplectic geometry. It includes symplectic manifolds,
symplectomorphisms, Hamiltonian vector fields and Hamiltonian group actions. Also various
examples of symplectic manifolds are given like the symplectic structure on the cotangent
bundle of a manifold, the Fubini-Study structure, the orbit spaces of the coadjoint action of
a Lie group on the dual of its Lie algebra, are included. The latter is used in the part on
Poisson geometry, as an example of a symplectic foliation. Moreover we discuss the basics
of Dirac geometry. Dirac structures of a special type will turn out to be very usefull in the
study of connections.

1.1 Basic differential geometry

Fibre bundles

Definition 1.1.1. A fibre bundle 7 : M — B with fibretype a given manifold F is a smooth
mapping between two manifolds with the following property:there is an open covering {U;};
of B and for every i a diffeomorphism ¢; : 7= (U;) — U; x F, such that the composition of
¢; with the projection on the first component U; x F — Uj; is the mapping 7 : 7~ 4(U;) — Us.
These maps ¢; are called local trivialisations of the fibre bundle and the manifold B is called
the base space. We summarize this definition in a diagram:

M>r ' U) YU x F

lﬂ lm

U, c B—4




For every b € B we denote 7' ({b}) by Fy and we call it the fibre of the fibration above
b. For each b € U; and all i, we obtain a diffeomorphism, F, — {b} x F' by restricting ¢;
to Fp. We conclude that all fibres are diffeomorphic with F. For all 7,7 we construct the
map ¢;; : U; N U; — Diff(F) by b +— ¢;(b) o ¢;'(b), where ¢;(b), is the restriction of ¢; to
Fy, followed by the projection to F'. These maps are called the transition maps of the fibre
bundle.

Definition 1.1.2. A vector bundle is a fibre bundle of the fibretype F' a vector space, and
where the transition maps are linear isomorphisms.

A trivial example of a vector bundle is the product space M x R™, with the projection on M.
Also the tangent bundle of a manifold is a vector bundle. Here is the fibre F},, the tangent
space of M at m. A section of a vector bundle is a map s : M — E such that 7 o s is
the identity map on M. All sections together form a vector space which we will denote with
['(M, E), or, if the base is clear from the context over, with I'(E).

Vector fields An intuitive way to describe a vector field is by drawing an arrow on every
point on your manifold, such that if one walks along the arrows with a speed proportional to
the length of the arrow, one is not required to make impossible moves. An exact definition is
that a vector field X is a smooth section of the tangent bundle. Indeed, X assigns to every
point m of the manifold M a vector in the tangent space T;,, M. These vectors are the arrows,
and the smoothness takes care that 'the impossible moves’ are excluded. The space of vector
fields on a manifold M is so important, that it deserves an own notation; X(M).

Differential forms There is a dual notion to vector fields, obtained by replacing the
tangent bundle with the cotangent bundle T*M. The fibre of the cotangent bundle over m
is the dual 777 M of the tangent space T,,M. Smooth sections of the cotangent bundle are
called differential 1-forms, or shortly 1-forms. The space of 1-forms on the manifold M is
denoted with Q(M). A vector field X and a 1-form « can be combined to a smooth function
on M:

a(X): M —R:m— a(m)(X(m)).
Therefore a 1-form a can also be seen as a map:
a:X(M)— C*(M),
where C* (M) denotes the space of smooth functions on M. This map is C*°(M)-linear, that

means that for all f € C*(M), fa(X) = a(fX). Dually, a vector field X can be seen as a
C>°(M)-linear map:

X QM) — C®(M).



The name 1-form for the sections of the cotangent bundle already suggest that there is a
notion of n-forms, where n is a natural number. An n-form is a section of A" T*M the
n-th exterior product of T*M. For a discussion on the notion in of the exterior product we
refer to [12] . The space with n-forms on M is denoted with Q"(M). There dual notion
is that of n-vector fields, which are sections of the exterior product A" TM. The space of
n-vector fields are denoted with X"(M). In particular Q"(M) and X" (M) are empty for all
n > dim M. Analogous to the contruction above we may see n-forms w as C°° (M )-multilinear
antisymmetric maps:

w:X(M)x..xX(M)— C*(M),

. i
v~

n-times

and n-vector fields 7 as C°°(M)-multilinear antisymmetric maps:

T QI(M) X .. x QY(M) — C®(M).

J/

-
n-times

2-forms and bivectors, will be used frequently in this thesis.

The flow of a vector field Let M be a manifold, let X € X(M), and m € M. We
consider the following differential equation:

X((0) = S0, A0 =m. ()

v is, a priori, a path in M. It follows from the general theory of ordinary differential equations
that this equation has an unique maximal solution, i.e. there is an open interval I,, C R
containing 0, and a path v : I, — R, being a solution of (%), and all other solutions are
restrictions of v to an interval J C I,,,. The path v is called a integral curve of X through
m.

Definition 1.1.3. A vector field X on M is complete if for each m € M the integral curve
through m is defined for all of R.

Remark 1.1.4. Vector fields on compact manifolds are always complete.
Definition 1.1.5. Let X be a complete vector field on a manifold M. Then the flow px of

X, is a map
ox Rx M — M,
which satisfies the following properties:
1. px(t,—): M — M is a diffeomorphism for all ¢t € R.
2. For all m € M, px(—,m) : R — M is the solution curve of X through m.
3. ox(t,—)opx(s,—) =px(t+s,—) =px(s,—) o px(t,—), for any t,s € R.

Such a maps are also called 1-parameter groups. Sometimes we denote the flow with .

9



Lie derivatives The idea behind Lie derivatives is to measure how functions, forms, and
vector fields change under the flow of a vector field. The Lie derivative of functions, forms and
vector field are still functions, forms and vector fields, respectively. We start with functions.
For f € C°°(M), the Lie derivative of f with along a vector field X is defined by:

X)) = Lx D) 1= ol o () = lim L) 2T,

For differential n-forms a € Q™"(M), we define the Lie derivative along X € X(M) by:

. ((P%) ) (p) — alp)
Lxa(p) = Jim h ‘

Here (% )*a is the pull-back of o along f%. And, finally, for a vector field Y € X(M) we
define the Lie derivative with respect to X by:

(LsY)(p) = lim Y(p) - (:X*Y)(p).

Here ¢% Y is the push-forward of the vector field Y along ¢%. One often uses the notation
[X,Y] forLxY. [-,-] is a Lie bracket on X(M), i.e. (X(M),[-.-]) is a Lie algebra.

Schouten-Nijenhuis bracket The bracket [-,-] can be extended to multivector fields. It
is called Schouten-Nijenhuis bracket. We restrict ourself to the Schouten-Nijenhuis bracket,
between elements of X(M) and X*(M). Let m € X*(M), then 7 = Y, A; A B;, for some
Ay, By € X(M). The push forward of 7 under a homeomorphism ¢ : M — N, between
2-manifolds is defined by: ¢, m = Zij ¢+ A; N 9. Bj. The Lie derivative of m along X is defined
by:

Lxm(p) = [X,7](p) := lim

h—0

Definition 1.1.6. For X,Y € X(M), and p,7 € X¥*(M), and A, B € X(M), such that
p = A A B, the Schouten-Nijenhuis bracket is defined by

7(p) — (¢.7)(p)
, .

(X,Y] = LyY € X(M),
[(X,7] = [r,X]=LxmeX*(M),
[, p] [p, 7] = AN[B,n] — BA[A 7] € (M),

Projectable vector fields

Definition 1.1.7. Let 7 : M — N be a submersion between manifolds. A vector field
X € X(M) is called projectable if there is a vector field V € X(N), such that T, 7 (X (z)) =
V(m(x)) for all x € M. It is also said that X descends to V.

10



Lemma 1.1.8. Let m : M — N be a submersion between manifolds. Let X,Y € X(M)
descend to V,W € X(N) respectively, then [X,Y| descends to [V, W].

Proof.
Ta(X.Y)p) = Tyn(ing )
o W) — (o k) (W(n(p)
h—0 h

O

The exterior derivative An important tool in differential geometry is the exterior deriva-
tive. It is a map

d: QF(M) — Q¥ (M),

which satisfies the following properties:

1. dod =0

2. d(w1 + u)2> = dwl + dCLJQ

3. If wy is a k-form then d(w; A wy) = dwi A wy + (—1)Fw; A dw,.
This maps exists and the properties above determine d uniquely. We define d here using the
Lie derivative.

Definition 1.1.9. Let M be a manifold. The exterior derivative dw of a k-form w is defined
by:

k+1
(dw)<X17 "'7Xk+1) - Z(_l)l-l-le(w(Xl’ s Xiv [E3) Xk—i—l)) +

i=1
> (=) (W([Xs X)X Xy o, Xy ey X))

1<i<j<k+1

where Xl, -‘-,Xk—i-l S %(M)

Another way to define the exterior derivative can be found in the appendix The explicit
formula for the exterior derivative of a one form will be used frequently;

(dw)(X,Y) = X(w(Y)) = Y(w(X)) — w(X,Y]).

11



Foliations

Definition 1.1.10. A (regular) distribution D of rank r on a manifold M, is the assignment
to each p € M of an r-dimensional subspace D,, of T, M, in a smooth fashion in the following
sense: for every point p there is an open neighbourhood U, and there are vector fields
Xi,....X, on U, such that they form a basis of D, at every ¢ € U. In other words D C T'M
is a smooth subbundle of rank r.

We look for connected submanifold P C M such that for all p € P the tangent space T,P
coincides with D,. Such a submanifold is called an integral manifold of the distribution. More
exactly, if f: P — M is an imbedding of P into M, then is P called an integral manifold if
T,f(T,P) = D,, whenever p € P. P is called a leaf or a maximal integral manifold, if there
is no other integral manifold of D which contains M.

Definition 1.1.11. A distribution D on a manifold M is called integrable if through each
p € M there passes an integral manifold of D.

An important way to check if a differentiable distribution is integrable follows from the
theorem of Frobenius.

Theorem 1.1.12 (Frobenius). Let D be a regular k-dimensional distribution on a m-
dimensional manifold M, such that for all vector fields X,Y € I'(D), [X,Y] € T'(D). Then
for every p € M there is a coordinate system (x,U) around p, such that

z(U) = (—€,€) X ... x (—e,¢) CR™,

for some € € R, and such that for all a***, ... a™, with all |a’| < €, the set

{geU:2"(q) =d", ... ,2™(q) = ™}

is an integral manifold of D. Moreover any connected integral manifold of the restriction D|y
18 contained in one of these sets.

For a discussion and the proof of this theorem we refer to the book of Spivak, [14]. It follows
that we can equivalently define a distribution D on M to be integrable if T'(D) is closed under
the Lie bracket, i.e. [X,Y] € I'(D) for all X,Y € I'(D). Note that if we have a integrable
distribution on M, we get a partition of M in submanifolds. These submanifolds lie in some
sense smooth next to each other. This leads to the notion of a foliation.

Definition 1.1.13. A foliation F of a manifold M is a partition of M by immersed k-
dimensional connected submanifolds L — M, such that around every point m € M there is
a coordinate system (z,U), with

z(U) = (—€,€) X ... x (—€,¢) CR™,
such that the connected components of LN U, for L € F are sets of the form

12



{ge U : 2" (q) =d", ... 2™(q) = a™}, ld'| <e
The elements of F are called the leaves of the foliation.

Definition 1.1.14. Let F be a foliation of a manifold M. TF is the subbundle of T'M,
which is at the point m € M the tangent space at m of the leaf containing m. Sections of
TF are vector fields which are tangent to the leaves of F. They are denoted with X(F'), and
they are called foliated vector fields. Similarly are foliated differential n-forms defined; these
are sections of A" T*F, and are denoted with Q"(F).

Singular distributions and Lie algebroids

Definition 1.1.15. A singular distribution D on a manifold M, is the assignment to each
p € M of a subspace D), of T,M.

The dimension of the vector spaces D, in a singular distribution may vary with respect to
p. In the sequel we meet quite a few possibly singular distributions. The notions of integral
manifolds and leaves for singular distributions are defined as for regular distributions. We call
such a singular distribution integrable if through every point p € M, there passes an integral
manifold of D. Unfortunately, for singular distributions there is not such a nice theorem as
the one of Frobenius, which would make it easy to check if a distribution is integrable. A
class of singular foliations which are integrable can be studied using Lie algebroids.

Definition 1.1.16. A Lie algebroid A over a manifold M, is a vector bundle p : A — M,
together with a bundle map p4 : A — TM, called the anchor map, and a Lie bracket [.,.]4
on the space of sections I'(M, A), which satisfies the following property:

[Oé, fﬁ]A = f[a7B]A + (LpAoaf)ﬁa
for all f € C™(M).

Remark 1.1.17. p, induces a map I'(A) — X(M), also denoted by pa, where pa(a)(z) =
pa(a(x)). Note that ps is C°(M)-linear, i.e. ps(f-a) = f-pa(a), for all f € C>*(M).

If confusion is unlikely, we sometimes omit the subscript A for the anchor map and the Lie
bracket.

Lemma 1.1.18. p: I'(A) — X(M), is a Lie algebra homomorphism.

Proof. We use the Jacobi identity for [,]4 and the Leibniz rule. Take «, 3,y € I'(A), and
feC>(M).

0 = [la, B8], fv+I[fv al, 6] + 18, f1], o]
o, B1, f4) = flla, Bl ] + Logaus) (f)y
[fv.al, 8] = fllv.al, B8]+ Lo ()7 ] + L) ()7 B] + Los) Ly (f)y
18, fAl,al = flIB,7], 0] = Loy (H) 7, &l = L) ()7, Bl = Lpgay Los) (F)7-



If we add those last three expressions, and use the Jacobi identity another time, we are left
with

Lp(a8) (1)1 = Lip).o3) (F)7;
for all a, 3,7 € I'(A), and f € C*°(M). Which implies that p preserves the bracket. H

The image of p4 is a distribution on M, which is not necessarily regular. We call a Lie
algebroid regular if this distribution is regular. For regular Lie algebroids the image of pa
is integrable by Frobenius theorem, and the previous lemma. To make sense of integrability
for singular Lie algebroids we use the so called A-paths.

Definition 1.1.19. An A-path on a Lie algebroid over a manifold M is a pair (a, ), where
a:[0,1] - Ais apathin A, and ~: [0,1] — M is a path in M, such that

1. a lies over v, in the sense that a(t) € p~'(y(t)) for all t € [0, 1].

2. pa(a(t)) = L~(t), for all ¢ € [0, 1].

We interpret the a of an A-path as an ‘A derivative’ of the path v, and one says that A-
derivative is related to the usual derivative by the anchor map. We find a equivalence relation
on M: z and y are equivalent if there is an A-path (a, ), such that « joins x and y. The
equivalence classes are called the orbits of A.

Proposition 1.1.20. The orbits of a Lie algebroid A over a manifold M are connected im-
mersed submanifolds of M, which integrate im p, i.e. any orbit O is an immersed submanifold,

and p,(A) =T,0, for all z € M.

The proof is based on to the local forms of Lie algebroids.

Remark 1.1.21. By an immersed submanifold we mean that the inclusion map i : O — M
is an injective immersion, but the image is not necessarily closed in M. What could happen
is that an orbit comes arbitrary close to itself.

Example 1.1.22. T'M itself is a Lie algebroid over M, where the anchor map is the identity,
and the Lie bracket is the usual Lie bracket for vector fields. For any path 7 joining two points
z and y, (4~(t),y(t)) is a TM-path. Hence the orbits are the path-connected components
of M.

Integration over fibres Let 7 : M — B be a fibre bundle of fibre type a compact
orientable manifold F'. We would like to make sense of integration over the fibre of a form
7 living on the total space. In this paragraph we set: dim M = m,dim B = b. Because F
is orientable, there are nondegenerate forms w € Q™ °(F). These forms are called volume
forms.

14



Lemma 1.1.23. Let 7 : M — B be a fibre bundle and let U C B be a neighbourhood over
which the bundle is trivial. Differential forms 7 € Q' (7=1(U)), with | > m — b are linear
combinations of forms of the form;

1. 7 = () f(z,y)n, with n a differential form on F of degree less then m — b, and a a
differential form on U.

2. 7= (r"a) f(z,y)w, with w a volume form on F, and « a differential form on U.

Now the integration map [, is defined by

[r=os@mm=0 [@o e =0 [ 1w

1.2 Symplectic structures

1.2.1 Defintion, examples and obstructions

Symplectic vector spaces Let V be a n-dimensional vector space over R and let € :
V x V — R be a skew-symmetric (or anti-symmetric) bilinear form, i.e. satisfying

Qu,v) = —Qv,u) for all u,v €V,
We call © nondegenerate if Q(u,v) = 0 for a fixed u € V and all v € V' implies that v = 0.

Definition 1.2.1. A symplectic vector space (V,) is a vector space V' equipped with a
nondegenerate skew-symmetric bilinear form 2.

2 is called the symplectic form of V. In a symplectic vector space one can always find a basis
{e1, ..., ek, f1, -y fr}, such that

Qeire5) = Qfi, f5) =0
Q(eiafj) = _Q(fjaei) 1

Such a basis is called a symplectic basis. The existence of such a basis implies that a
symplectic vector space is always even dimensional. Given a symplectic form €2, we find
immediately an isomorphism between V' and its dual V*;

Qu: V=V 0 Qv,—).

The nondegeneracy condition implies that €24 is an isomorphism.
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Definition 1.2.2. Given a symplectic vector space (V,Q2), and W C V be a subspace, the
symplectic complement of € is defined as

W ={uecV:Qu,w)=0 for all w € W},

One has:

dimV = dim W + dim W*.

We call a subspace W C V isotropic if Qyxw = 0 or equivalently if W C W, and we call
it symplectic if Qy«w is nondegenerate or equivalently W N W* = {0}.

Symplectic manifolds

Definition 1.2.3. A symplectic manifold (M, w) is a manifold equipped with a 2-form w,
such that

e cvery tangent space T, M together with w, is a symplectic vector space.
e w is closed, i.e. dw = 0.

Definition 1.2.4. Let (M;,w;) and (M, ws) be two symplectic manifolds. A diffeomorphism
¢ : My — M, is called a symplectomorphism if ¢*wy = wy.

The most basic example of a symplectic manifold is the even dimensional Euclidean space,
R?", with coordinates (z1,..., %, Y1, ..., yn), and symplectic form w = Y7 dx; A dy;.. A
famous theorem of Darboux which says that all symplectic manifolds locally look like this.
The nondegeneracy of a symplectic form w implies that the 2n-form

W= w A LA AW

n—times

is nowhere vanishing, i.e. it is a volume form. It follows that manifolds which admits a
symplectic structure must be orientable.

Example 1.2.5. An example of a symplectic manifold is the 2-dimensional sphere, S? =
{x € R3: |z| = 1}, with w = dh A df. Here h is the height function, and 6 is the angle in the
ry-plane. One would maybe expect that all even dimensional spheres S?* are symplectic,
but that is not the case. If w is a symplectic form for such a sphere, with n > 1, then w must
be exact since H3, gham = 0- Hence then there is a 1-form w = da, and w" is exact as well:
w" =d(a A (da)" ! :=df. Using Stokes’ theorem we get:

Theareaoszn:/ w":/ 0 =0,
SQ’VL aSQn

which is clearly a contradiction. Therefore such a symplectic form does not exist. More gen-
erally we conclude that compact manifolds M, without boundary, and for which H2, g;...(M)
is trivial, can not have a symplectic structure.

16



Example 1.2.6. Another example is the torus T? = S x S'. Let 6y, 0, be the coordinate
on the both circles. The symplectic form on the torus is now, df; A dbs.

Cotangent bundle The cotangent bundle of any manifold X carries a symplectic struc-
ture. To see this we first define a 1-form on it.

Aty - T*X - T*(T*X), (ZL’, 5) - g © T(xzé)ﬂ_'

Here 7 : T*X — X is the projection. This 1-form is called the tautological 1-form, and it
has the nice property that if 7 € Q'(X), then 7*(qq,) = 7. We define a 2-form on T*X by
taking the exterior derivative.

Wean = _datau'

It is possible to describe these forms locally in terms of the coordinates. Let U be a coor-
dinate neighbourhood on X, with coordinates {z1, ..., z,}. For every € U the differentials
{(dz1)s, ..., (dzy). } form a basis for TXX. Hence, for a £ € TFX, we find real numbers
&1, ..y &y such that & = Y1 &(dx;),. Now we have coordinates {x1, ..., z,, &1, ..., &, }, for the
2n-dimensional manifold 7*X. For the tautological 1-form we find

n
Qpay = § fzd%
=1

And hence,
Wean = Y _ d; A dE;.
i=1

The complex projective space Another example of a symplectic manifold is the complex
space C". Elements in this space are written as z = x + iy, where =,y € R™. The symplectic
form is then > " | dx; A dy;. There is also a less obvious way to define a symplectic structure
on C", the so called Fubini-Study structure. It has the nice property that it induces a
symplectic structure on the complex projective space CP" 1.

Definition 1.2.7. The projective complex space, CP™ is de the space of all complex-1-
dimensional subspaces of C"™!. Tt is obtained from C"*' — {0}, modulo the equivalence
relation (zo, ..., zn) ~ A(20, ..., 2,) for A € C—{0}. We denote the equivalence class ([zo, .., zn)
with [29, ..., 2n]-

Before we can introduce the Fubini-Study structure we have to introduce some more notation.

dzj = dxj; +1idy; and dz; = dx; — idy;
o _1(o 9N g 2L 1[92 .90
8zj N 2 81Ej 8yj 8Zj N 2 8xj 8yj

17



Note that with these definitions we can write the standard symplectic form on C™ as % Yo dziN
dz;.

A way to find a symplectic form w which is compatible with the complex structure i.e.
w(u,v) = w(iu,iv), is by taking a so called strictly plurisubharmonic function p. Then

i
W= 588,0,

is the form we were looking for.

Definition 1.2.8. Let M be a complex manifold. A function p € C®°(M;R) is strictly
plurisubharmonic if, on each local complex chart (U, z1, ..., 2,), where n = dim¢(M), the

o ) is positive definite at all p € U.

3 __9p
matrix ( 5,07 )

A discussion about why such functions give rise to compatible symplectic forms can be found
on chapter 16 of [5]. To obtain the Fubini-Study metric we choose

p:C" =Rz log(|z]* + 1)

For this function we find

( 82p ) _ 5jk(|2’2 + 1) — Zkij
0z;07(2) (|z* +1)

Recall that the unitary group U(n) acts transitively on S?"~1, and observe that p is invariant
under the action U(n); it depends only on the norm of z. Therefore, to check that the matrix
is positive definite, it is sufficient to check that the matrix is positive definite in our favorite
direction, which is given by the vector v = (1,0, ...,0)T. For this vector we have

- 0?p Y |22+ 1 — 217 -
55055 = (ETIP

So p is strictly plurisubharmonic. Let U; be the open subset in C™ defined by z; # 0. To
come to the projective space we study the behaviour of p and its induced 2-form under the
biholomorphic bijective map

1
oi Ui = Uy, (21, 00y 20) — f(zl, oy Zic1y Ly Zin1eees Zn)-
1

We take the pull-back of p along ¢.

vip(z) = log(zl(b‘!2 +1)) = p(2) — log(z) — log ().

7

Observe that the last two terms are holomorphic respectively anti-holomorphic. Hence
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90(log(z;) — log(z;)) = 0.

And we get

#1(00p(2)) = 00¢p(2)
= 00(p(=) —log(z) — log(2))
= 00p(z)

Which implies the invariance under ¢; of the Fubini-Study structure on C".

Coadjoint orbits. Another important family of symplectic manifolds is given by the orbits
of the coadjoint action of a Lie group G, on the dual g* of its Lie algebra. A Lie group G
acts on itself by conjugation.

Cy: G — G, hw ghg™".

The Lie algebra of a Lie group is the tangent space of G at its unit element e. If we take the
tangent map of Cj; in e we obtain a map g — g. In this way we find a map

Ad: G — GL(g),9 — T.C, = Ad(g).

This is called the adjoint action of G on g. If we take again the tangent in e, but now from
Ad, we get a map

ad : g — gl(g).

If X is an element of g, we obtain a vector field vx on G, by

where [, is the left multiplication by .

Denote with ax the maximal integral curve of vy, with starting point e. The exponential
map is defined as

exp:g— G, X — ax(1).

We obtain the following commuting diagram.

G —2$ GL(g)

exp T exp T

g—% ¢l(g)
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G acts on the dual of its Lie algebra with the so called coadjoint action Ad*, which is defined
by

(AdX(6),Y) = (€,Ady1(X)), for all Y € g.

Here (£, X) = &(X) is the natural paring of g* and g. We denote the orbit of this action
through a § in g* with Ok.

Lemma 1.2.9. The orbits of the coadjoint action of G on the dual of its Lie algebra g* have
a symplectic structure.

Proof. The coadjoint action gives rise to a vector field X# on g*, for every X € g. Let £ € g*,
then for every Y € g, X# is defined by

d
# _ *
<X§ ) Y> o dt [t=0 AdeXp(tX) ()

d
= EH:O <§7 Adexp(ftX) Y>

= (&Y. X))

The tangent space of the orbit through & is generated by the vector fields Xé# . To see this,
we define for every £ € g* a bilinear form on g;

we(X,Y) = (&, [X, Y]).

The kernel of this bilinear form (i.e. {X € g: we(X,Y) = 0for allY € g}) is the Lie algebra
of the stabilizer of £ under the adjoint action. So, if we restrict this bilinear form to the orbit
of &, we get a nondegenerate 2-form. It remains to show that this form is closed. Let, X,Y, 7
be in g tangent to the orbits.

dwf(XaKZ) = _(w§([X7 Y]7Z) +W§([Z’ X]’Y) +wf([}/v Z]aX))
+ Lzu)g(X, Y) + L}%dg(Z,X) + LXwg(Y, Z)
_5([[)(7 Y]7Z] + HZ’ X]’Y] + HY7 Z]’X]) +0=0

Here we used the Jacobi identity in g. O]

Moser’s stability theorem Often, one can find more then one symplectic form on a
compact manifold M. An interesting question is then: if M equipped with two different
symplectic forms wy and wq, is there a diffeomorphism ¢ : M — M, such that ¢*wy = w7 If
they are symplectomorphic, it would be interesting to know if we can deform one smoothly
into another, i.e. if there is a smooth family w; of symplectic forms joining wg to wy. It would
also be interesting if there was a family of symplectomorphisms, such that ¢;w; = wy. A
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necessary condition is that wy and w; live in the same De Rham-cohomology class. Moser
proved that such a family exists, provided one extra condition. The exact formulation of this
theorem, taken from [5], is as follows.

Theorem 1.2.10 (Moser). Let M be a compact manifold. Suppose that [wo] = [w1] and
that the 2-form w, = (1 — t)wy + twy is symplectic for each t € [0,1]. Then there ezists an
isotopy ¢ - M X R — M, such that ¢;w, = wy for all t € [0, 1].

Proof. This theorem is proved by a trick called the Moser trick. The idea behind it is to
show that the existence of the isotopy depends on the solution of a differential equation, and
that this equation can be solved if [wo] = [w1]. Here is the exact trick. Suppose that there is
a isotopy ¢ : M x R — M such that ¢;w; = wy, for 0 <¢ < 1. Let

déy
vt:d—tto@l, teR.

Then we find the following equivalence.

d, . . dw
Oza(qﬁtwt) = ¢t(vaWt+d_tt)
=
dw
Lvtwt#—d—tt = 0(x)

Conversely suppose that we can find a smooth time-dependent vector field v;, ¢ € R, which
satisfies this last differential equation (*). M is compact, so we can integrate v; to an isotopy
¢ M x R — R, with

d *

E(ﬁbt Wt) =0.
Which implies that ¢,w; = ¢owg = wy. So all we have to do is to find a solution of the
differential equation (*). For this we use the assumptions on wy and w;. Because w; =

(1 —t)wp + twy, we have

du)t

dt

= w1 —Wo

w1 and wy live in the same de Rham cohomology class, so there is a 1-form p such that

wy — wo = dj.

Next we observe with Cartan’s formula and because w; is closed by assumption that

Ly,w; = du(v)wy + t(vy)dw, = di(vg)wy.
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Hence the original differential equation is reduced to

duv(ve)wy + dp = 0.

By the nondegeneracy of w; this can be solved pointwise. The result is an unique smooth
vector field vy. O

Theorem 1.2.11 (Darboux). Let (M,w) be a symplectic manifold, and let p be any point
in M. Then we can find a coordinate system (U, x1,...xn, Y1, ..., Yn) centered at p such that
on U

w = 2": dx; N\ dy;.
i=1

Proof. Choose a symplectic basis for T, M, and use this to contruct coordinates U, 24, ..., z},, i, ..., .,
around p such that

Wy = Z dz; A dy;l,.
i=1

On U’ we now have 2 symplectic forms. wy = w, and w; = > ., dr; A dy;. Let w, =
twy + (1 — t)wp. Then wi(p) = wo(p) = wi(p). Being symplectic is an open condition,
hence by the compactness of [0, 1], there is an open neighbourhood U of p, such that w; is
symplectic on U;. By Moser’s theorem there is a symplectomorphism ¢ : (U,wy) — (U, w1)
with ¢(p) = p. We obtain the desired coordinate system by setting the new coordinates
Ti = T;0 0, Yi = Y; 0 p. O

1.2.2 Hamiltonian actions and the Hamiltonian group

Hamiltonian vector fields Let (M,w) be a symplectic manifold. A vector field X on M
is called a symplectic vector field if its flow preserves the symplectic form w, i.e.

Ohw =w
Naturally, we find in that case, using that w is closed,

0=Lxw=uX)dw+ du(X)w = di(X)w.

The first De Rham cohomology group of a coordinate neighborhood is trivial so, at least
locally, we find a function f such that

U(X)w = —df

If we find such a function globally, then we call X a Hamiltonian vector field.
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Definition 1.2.12. A vector field X on on a symplectic manifold (M, w) is called Hamiltonian
if there is a function H : M — R, such that

(X)w=—dH
The function H, is then called the Hamiltonian function of X.
Conversely, starting from a f € C*°(M), we find a Hamiltonian vector field Xy, for which

f is the Hamiltonian function. To see this, we observe that there is at each m € M an
isomorphism

ToM — Ty M,v— w(v,—).
Such a vector field is a symplectic vector field as we see by the following computation:

Lx,w = du(Xf)w + 1(Xy)dw = —ddf =0

The flow of a Hamiltonian vector field preserves not only the symplectic form, but it also
preserves its Hamiltonian function.

Ly, f = duXp)f +u(Xp)df = o(Xyp)e(Xf)w = 0.
The cotangent bundle of a manifold M has a canonical symplectic form w.,, and a canonical

1-form ayg,,, which are related by weap = —daygy. If f: M — M is a diffeomorphism, then it
can be lifted to a diffeomorphism

F:T*M — T*M, (z,v*) — (f(z), ((T.f)*)"'v*).
In particular, F' is a symplectomorphism: F*w.., = Wwewn. But, even stronger, it pre-
serves (uq,. We have a look to a certain set of diffeomorphisms from M to itself: the
1-parameter group of diffeomorphisms, v, : M — M, generated by a vector field V. Let

X :T*M — TT*M be the vector field which generates the lifts W, : T*M — T*M. Then X
is a Hamiltonian vector field with Hamiltonian function

H:T"M — R: (m,v") — v*"(Y(m))

The Lie derivative of ay,, with respect to X is zero. Therefore

L(X)wcan = —dL(X)atam

and hence, it is sufficient to prove that H = ¢(X ). By the construction of X, we have

droX=Yon:T"M — TM
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Here m: T*M — M is the projection. We have:

U X))o (M, ") = gau(m, v™) (X (m,v"))
v*odmo X(m,v")

v* oY om(m,v")

= H(m,v")

Here we used that ayq,(m,v*) = v* od,,m.

Hamiltonian group actions Let (M,w) be a symplectic manifold, and let G' be a group
acting on it. This means that we have a group homomorphism ¢ : G — Diff(M). For a
complete vector field on M, then its flow % is an 1-parameter group of diffeomorphisms.
Hence, every complete vector field gives rise to an action of R on M.

Definition 1.2.13. An action ¢ is called a symplectic action, if for all ¢ € G, ¢, €
Symp(M,w).

Clearly, a symplectic action gives rise to a symplectic vector field and vice versa.

Definition 1.2.14. An action of R is called Hamiltonian if it is generated by a Hamiltonian
vector field.

If G is not R, but another Lie group, then we can act with R on M via G. Let X € g. Then
we obtain a l-parameter group of diffeomorphisms of M, by 9epix). Denote with X*® the
corresponding vector field.

Definition 1.2.15. An action ¥ : G x M — M of a Lie group GG on a symplectic manifold
(M,w) is Hamiltonian if there is a map

p:M—g
such that,

1. dp” = 1(X*)w, where u* : M — R, p — (u(p), X).

2. p is equivariant with respect to the given action ¢ of G, and the coadjoint action Ad*
of G on g*:
pothy = Adjopu, forall g € G.

The map p is called the moment map of the action.

We call (M, G, ) a Hamiltonian G-space. Hamiltonian actions appear in a natural way, as
will see in the next two examples
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Example 1.2.16 (The action of G on 7T*G). G acts on its own cotangent bundle 7*G by

G x T*G - T*Ga (ga (hv U*)) = (thgTLU,’I"Z;*U*)

where rg* is the transpose of r,,. For every g € G we define a map

Ly:g—TGC.E o (g.1.(E)).

For all £ € g the 1-parameter group ¢ + reqp(—¢e) is generated by the vector field

G—TG: g~ L.
The lift of the action by 7,4-1, is exactly the action G on T*G. Hence G acts Hamiltonian on
T*G, with moment map
pT°G — g% (h,v") = = Lyv*

Example 1.2.17. This example is similar to the previous one. If P is a principal G-bundle,
then G-acts on T™*P:

G xT*P,(g,(p.n) — (pg~ " rg-1.7).

This a Hamiltonian action with moment map

pp TP — g, (p,n) — —Lmn.
Hereis L,: g — Tp, & — p- &= L], _opexp(ts).
The Marsden-Weinstein quotient The goal of this section is to prove the following

theorem.

Theorem 1.2.18 (Marsden-Weinstein-Meyer). Let (M,w,G,u) be a Hamiltonian G-
space for a compact Lie group G. Let i : p=1(0) < M be the inclusion map. Assume that G
acts freely on pu=1(0), then u=1(0)/G is a manifold, and there is a symplectic form wy.q on
= H0)/G, satisfying i*w = T*Wyeq-

Definition 1.2.19. The action of a group G on a set M is called free if for all elements
m € M the stabilizers the unity element e.

Denote with g, the Lie algebra of the stabilizer of p € M, let g, C g be its annihilator.
Denote with orb(p) the the orbit of p in M.

Lemma 1.2.20. The map du, : T,M — g* has as kernel (T, orb(p))*», and it has as image
g,
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Proof. p is the moment map of a Hamiltonian action. So for all v € T,M and X € g, we
have

wp<X;;vU) = <d:“p(v)vX> .

Moreover, observe that 7, orb(p) = {X : X € g}. If X € g,, then

. d d
X, = d—t|t:0pexp(tX) = E|t:0p =0.
Now we are ready to compute the kernel of dy,. Let v # 0 be in this kernel, then

0 = (dpy(v), X) = wp( X3, 0).

Which is equivalent with v € 7}, orb(p)“». In order to prove that im(du,) C g, we take X € g,
and v € T, M.

(dpp(v), X) = wy(X7) = 0.

So du,(v) is indeed in the annihilator of g,. To finish the prove we count the dimensions of
the spaces involved.

dimorb(p) + dimg, = dimg

dim g, hence
dim g, dim orb(p).
dim M = dimkerdu, + dimimdpu,
= dim M — dimorb(p) + dimim dy,

dim g, + dim g,,

Finally we find
dimim dp, = dim g,

and we may conclude that these spaces are the same. O]

If an action is locally free in a point p € M, then is the stabilizer trivial and hence is y a
submersion in p. Now G acts freely on p=1(0), so 0 is a regular value of  and p~1(0) is a
closed submanifold of M.

Lemma 1.2.21. Let (V,w) be a symplectic vector space. Suppose that W is an isotropic
subspace, i.e., W C W*. Then w induces a canonical symplectic form Q on W« /W.

Proof. Let u,v € W, and denote [u], [v] for their respective classes in W« /W. Define

Q([u]v [UD = w(ua U)
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It has to be checked that €2 is welldefined and nondegenerate. For the welldefinedness we
compute for all i,7 € W

wu+i,v+7) =w(u,v) +w(u,j)+w(i,v) +w(i,j) =wu,v).

To check the nondegeneracy suppose that u € W*, such that w(u,v) = 0 for all v € W,
then u € (W*)* = W, and then [u] = 0. O

Theorem 1.2.22. Let G be a compact Lie group which acts freely on a manifold M, then
M/G is a manifold.

Proof. See[5] page 143. O

Proof of the Marsden-Weinstein theorem. G act freely on p~'(0), hence then p~*(0) is a
closed submanifold of M. By the previous theorem p~'(0)/G is a manifold. Using lemma
1.2.21 we see that all what is left to prove is that the orbits of G in p=1(0) are isotropic. For
p € p(0) we have

T, orb(p) C Tpp'(0) = Ker(dp,) = (T, orb(p))“”.
O

The flux homomorphism We study some properties of the group of symplectomorphisms
Symp(M,w). We assume, throughout this section, that M is compact and without boundary.
Symp(M,w) is a locally path connected Lie group. Denote with Symp,(M,w) the identity
component of Symp,(M,w). That means that for all ¢ € Symp,(M,w) there is an isotopy
Yy, such that ¢y = id and 11 = 1. Such a isotopy induces a family of symplectic vector
fields, by the following relation.

d
albt = X 0.

If, moreover, for all ¢ ¢(X;)w is exact, then the 1, are Hamiltonian symplectomorphisms.
Ham(M, w) denotes the set of Hamiltonian symplectomorphisms.

Lemma 1.2.23. Ham(M,w) C Symp(M,w) is a normal and pathconnected subgroup.
Proof. Let 1, and ¢; be Hamiltonian isotopies which are generated by H; and G, respectively

and let X; and Y; be their respective families of vector fields. Then ¢; o ¢y is a symplecto-
morphism for all ¢. Define the vector fields:

Zt:@*OXtO(ZSt_l‘l‘Y%-

This family of vector fields satisfies:
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d
%(ﬁbto%):th*OXt‘i‘Y;OQﬁtowt:(¢t*0XtO¢;1+Y%)O¢tO¢t7

and

UZ)w = (67 ') Xe + Yo)w = d(H, 0 ¢y + Go).

So ¢; 0 1, is a Hamiltonian isotopy with Hamiltonian function H, o ¢; * + G,. With a similar
computation we see that

Zy = —w,;l o X oy,

is the family of vector fields corresponding to ; ', with Hamiltonian function —H, o ;.
So, Ham(M,w) is a subgroup of Symp(M,w). Moreover, for any ¢ € Symp(Mw) H; o ¢
generates the isotopy ¢! o 1); o ¢, hence Ham(M, w) is a normal subgroup. Ham(M,w) is
path-connected by its very definition. m

Soon we will define the flux homomorphism. The flux homomorphism is a homomorphism

—_—~—

between the universal cover, Symp,(M,w), of Symp,(M,w), which exists out of homotopy
classes of smooth paths {t;} in Symp,(M,w), and the cohomology group, H'(M,R). The
flux homomorphism is of our interest, since Ham(M,w) appears exactly as its kernel. First
we recall that there is a natural identification:

HY(M,R) = Hom(m
- /

Definition 1.2.24. The flux homomorphism, Flux : S/3_/El/p0(M, w) — HY(M,R) is defined
by:

1
Flux({t}) = / (X wldt.
0
Here is X; induced by v; as above.

We have to prove that this is a welldefined homomorphism, i.e it depends only on homotopy
classes. By the identification given above, the Flux({«;}) corresponds to the homomorphism:

v [ seatn s

We define the map 1 S1 x [0, 1] — M, (s,£) > (1 (7(s))), and we get x(3(s,1)) = ()
If we differentiate this with respect to s and ¢t we get, since %z/;t = X; o1y,
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L1 (805,1)) = (55,1 2 = 4(s)

O0s
B

9
57 Ve(B(s, )] = (Xi 09 (B(s, 1)) + dipu(B(s, 1)) 5 = 0.

Therefore, we have:

Flux({$})(7) = / / (% P asa

- // 02 9 asat,

since ¥;w = w. This last expression depends on the homotopy class of 3 only. [ is dependent
on v with fixed endpoint. Therefore the Flux depends only on the homotopy class of
with 1y = id, and ¢y = ¢,and hence it is well-defined. It is left to prove that the Flux is a
homomorphism. To see that, recall that if ¢, generates X; and ¢; generates Y;, then ¢, o ¢
generates X; + (¢; 1)*Y;. Therefore;

Flux({6,}{t}) = / (X + ()Y wdt

_ / (X wdt + / () Yot
= Flux({¢:}) + Flux({¢+}),

and the Flux is a homomorphism. Now we come to our main theorem of this section.

Theorem 1.2.25. Let 1p € Sympy(M,w). Then ¥ is a Hamiltonian symplectomorphism
if and only if there exists a symplectic isotopy 1, with 1y = id, and ¥, = ¥, such that
Flux({u;}) = 0. Moreover, if the Flux({¢,}) = 0, then {4} is isotopic with fixed endpoints
to a Hamiltonian isotopy.

In the proof of this theorem we will integrate families of vector fields. With fol Xidt we mean
the vector field:

1
/ X,dt : M — TM,m — lim ZXt — X, (m).
0

n—oo

Here the ¢; make a partition of [0, 1], such that the mesh of this partitions goes to zero, if
n — oo.
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Proof. Let v be Hamiltonian, then it is the endpoint of a Hamiltonian isotopy ¢y, corre-
sponding to a family of Hamiltonian functions. We get

1 1
Flux({¢:}) = / (X)) = / dH]dt.
0 0
Elements in this last class are clearly exact, so indeed

Flux({:}) =0

For the converse we start with a isotopy class {1}, for which the flux is zero. We want to
change this isotopy such that +(X;)w is exact. We make use of the following lemma:

Lemma 1.2.26. «(X;)w is ezact for all t € [0,1], precisely if fo (Xy)wdt is exact for all
T €[0,1].

Proof. Proof of the lemma. Let there be for all ¢ € [0, 1], functions f; such that, fOT [L(X})w]dt =

df,. Then
T T T
/ L(Xt)Wdt = / dftdt = d/ ftdt,
0 0 0

ie. fo (X¢)wdt is exact. The other way round, if fo (X¢)wdt is exact for all T' € [0, 1], then
it is in particular closed. We get, using lemma ?7?, that «(X;)w is exact for all ¢ € [0, 1].

]

Flux({¢:}) = 0, and hence there is a function F': M — R, such that

1
/ (X} )wdt = dF.
0

Let ¢ be the Hamiltonian flow of F. Then it is the flow of a vector field Y, such that
1(Y) = dF. Therefore

o= [,

hence Y = fol X,dt. Now we change the 1; by juxtaposition with ¢,. It we get an isotopy

This isotopy generates a vector field X, which we integrate:

1 1 1
/X;dt:/Xtdt—/Ydt:Y—Yzo.
0 0 0
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Without loss of generality, we may assume in that v); is an isotopy such that fol L(Xp)wdt =0,
and fol Xidt = 0. For every t € R, define the symplectic vector field.

t
Zt = / XSdS7
0

which flow we denote with ¢!. Now we consider the isotopy ¢; = (! o ;. Observe that
(% = ¢! = id, and therefore we have

¢o =id, ¢ = 9.

¢, is our desired Hamiltonian isotopy. We check this:

Flux({¢¢fo<i<r) = Flux({¢{}o<e<r) + Flux({ }o<i<r)

= Flux({TYoerer) + / (X))t

= [(Y7)w] +/0 [1(Xy)w]dt = 0.

1.3 Poisson geometry

The Poisson bracket The idea of Poisson geometry is to look to the properties of the
space of smooth functions on a manifold: C*°(M). A Poisson structure on a manifold is
defined in terms of a bracket on this space.

Definition 1.3.1. A Poisson bracket on a manifold M is a map

{,.}:C®(M) x C*(M) — C*(M),
such that the following properties are satisfied:
1. C*(M) equipped with a {, } is a Lie algebra, i.e. for all f,g € C*(M):

{fi9y=—1{9, f} (skew-symmetry),
gk by +{{h, f},9} +{{g,h}, f} =0 (Jacobi-identity),

2. {.,.} satisfies a Leibniz rule:

{f.gh} = {f,g}h+ g{f. 1}
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Definition 1.3.2. A manifold M with a Poisson bracket {., .} is a Poisson manifold (M, {.,.}).

Example 1.3.3. Any symplectic manifold (M, w) is a Poisson manifold. Recall that for every
function f € C*°(M) there is Hamiltonian vector field X; on M, such that ¢(Xf)w = —df.
The Poisson bracket on M is defined by;

{f, 9} = w(Xy, Xy).

This bracket is clearly skew-symmetric, and since w(Xy, X,) = —df (X,) = dg(Xy) = Lx,9 =
—Lx, [, the Leibniz rule follows directly from the Leibniz rule for the exterior derivative. We
have to check the Jacobi identity. First we compute the exterior derivative of {g, f}:

d{f,g9} =dLx,9g= Lx,dg = —Lx, (((Xy)w) = —¢([Xf, Xy])w.
Here we used that Ly ;w=0Iin the formula:
([ Xy, Xg)w = Lx, (((Xgw) — [’(XQ)LXfw'

This expression for d{f, g} implies:

Xirgy = X5, Xyl

We take an arbitrary h € C°°(M), and let this work on both sides:

Hfghhy = X{fg}(h):[vaX](h)

= Xp(Xg(h) — Xg(Xy(R))
Xi({g,h}) — Xg({f. h})
= {fAg,h}t} —{g.{f h}}.

This equation is equivalent to the Jacobi identity, which one can see by rearranging compo-
nents using the skew symmetry of the Poisson bracket.

Poisson bivector There is an equivalent way to define a Poisson manifold. Let 7 be a
bivector on M. Recall that we may consider 7 as a map:

7 QY M) x QY (M) — C=(M).

A bracket is now defined by:

{f,9} = =(df,dg).
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This bracket may fail to satisfy the Jacobi identity. It satisfies this identity exactly if 7 yields
[r, ] = 0 for the Schouten-Nijenhuis bracket. In that case we call 7 a Poisson bivector. This
construction gives rise to a bundle map:

7 T*M — TM, p— 7 (p),

with v(7#(u)) = 7(u, v) for all v € T*M.

Poisson maps and submanifolds

Definition 1.3.4. A map ¢ : (M,7y) — (N, 7y) between two Poisson manifolds is called a
Poisson map if for all f,g € C*(N)

{fop,fovtu={fgtnop
Definition 1.3.5. A Poisson map ¢ : (M, ny) — (N, my) which is a diffeomorphism is called

a Poisson diffeomorphism.

There is not a well defined way to pull-back a Poisson structure along a map, unless this map
is a diffeomorphism. Therefore the definition of a Poisson submanifold looks a bit ugly.

Definition 1.3.6. A Poisson submanifold (M, ) C (N, 7y) is a submanifold such that the
immersion ¢ : M — N is a Poisson map.

Note that not on all submanifolds of IV, such a Poisson structure exists. If it exists, then it is
unique. Later we will derive some conditions for submanifolds, which guarantee the existence
of the Poisson structure.

Hamiltonian vector fields Given a function f € C*°(M), we get a derivation {f,.} on

C>°(M). There is an one-to-one correspondence between derivations on C*°(M) and vector
fields X(M): for every f € C*°(M), there is a Xy € X(M), such that for all g € C>(M)

{f,9} = Lx,g.
Definition 1.3.7. A vector field X on a Poisson manifold (M, {.,.}) is called a Hamiltonian

vector field if there is a f € C°°(M), such that for all g € C*°(M)
{f.9} = Lxg.

The function f is then called the Hamiltonian function of X.

Hamiltonian vector fields are not dependent on the function, but on the exterior derivative
of the function. In relation with the bundle map 7% it yields X; = n# o df. In the case that
M is a symplectic manifold we found that {f,g} = Lx,g for the Hamiltonian vector field we
defined above. So, the two definitions of Hamiltonian vector fields are compatible.
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Group actions Like in symplectic geometry we distinguish some types of group actions of
Lie groups G. Let p : G x M — M be such an action. Denote with p, : M — M the map
one gets if one fixes an element g € G.

Definition 1.3.8. We call an action on a Poisson manifold (M, 7) a Poisson action if p, is
a Poisson map for all g € G.

Definition 1.3.9. Let (M, {.,.}) be a Poisson manifold, and let G act on it in a Poisson
fashion. The action is called Hamiltonian if there is a moment map:

p:M— g,
such that for all X € g, X = 7#(dp™), where ¥ : X - R :p — (u(p), X).

Note that in this situation X is the Hamiltonian vector field of the function 4~. The definition
seems therefore suitable.

Symplectic foliation and the splitting theorem Let (M, ) be a Poisson manifold. We
have seen that this means that we have a bundle map
7 . T*M — TM.

The image 7% (T*M) C TM is a distribution, which we denote with D, and which is not
necessarily regular.

Lemma 1.3.10. Let (M, ) be a Poisson manifold. D, = 7% (T M) C T,,M is a symplectic
vector space, for every m € M. On D, the symplectic form w,, is defined by:

wm(u,v) = m(a, B).

Here is ©# (o) = u, and 7% (3) = v.

Proof. First we prove that w,, is well-defined. Suppose that o/ € T* M, such that 77 (o) = u.
Then

m(a—d,B) = B(r"(a) - B(r" () = 0.

Therefore 7(a, 3) = w(a/, ), and hence w,, is well-defined. That w,, is skew-symmetric
follows directly from the skew-symmetry of 7. Suppose that w,,(u,v) = 0 for all v € D,,,
then it yields for all g € T)* M, that (u) = 0. Which implies that u = 0. We conclude that
Wy, is nondegenerate, and really defines a symplectic structure on D,,. O]

Definition 1.3.11. Let (M, 7) be a Poisson manifold. The distribution D = im «# (T*M)
is called the symplectic distribution of 7.
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It is natural to wonder if this distribution is integrable to a foliation, and if that is the case
if the symplectic forms on the tangent spaces can be extended to symplectic forms on the
leaves. The answer is yes, as we will later see using Lie algebroids. The following theorem
describes the local structure of Poisson manifolds.

Theorem 1.3.12 (The splitting theorem, Weinstein). Let (M, ) be a Poisson manifold
and choose x € M arbitrary. Denote rankw, = 2k, and let dim M = 2k + 1 = m. There
exists a neighbourhood centered as x with coordinates (qi, ..., Qk, D1, -, Pk, Y1, ---Y1), Such that

9

P Di yi  Oy;

Proof. In case k = 0 we are done. If k& > 0, then there are two functions f,g € C*(M),
such that {f,g}(x) # 0. Label g = ¢;. Because X, (f)(z) = {f, g}(x) # 0, we have X, # 0.

One can find local coordinates x4, ..., x,, around x, such that a = X,. Then {q1, 71} =

821 (x1) = 1. Now choose p; to be z1. Note that X,, and qu are hnear mdependent at z,
because otherwise 1 = X, (¢1)(x) = {q1, Aq1 }(x) = 0, which is clearly a contradiction. Linear
independence of vector fields is an open condition, so X, and X, are linear independent
on a neighbourhood of . Since [X,, X,,| = X{4, p,3 = 0, we can use Frobenius theorem to
find a two dimensional foliation, i.e. we ﬁnd local coordinates p1, g1, s, ..., ym round z, such

that {p1,¢1} = 1,{p1,vi} = {¢1,v;} = 0. The Jacobi identity implies that {p1, {vi,y;}} =
{¢1,{vi,y;}} = 0. Which means that a%l{y,-,yj} = aipl{yl,yj} = 0. So, in this coordinates
the bivector is of the form:

8
™= —/\——I— y .
opr Oq %:(b] yj

If £ = 1 we are done, otherwise we can find two functions h,k € C*(M), such that
{h,k}(x) # 0, and, moreover, such that X, (z), X, (z), Xs(z), X(z), are linear indepen-
dent. With this functions we repeat the construction. O

Remark 1.3.13. The splitting theorem states that all Poisson manifolds look locally like the
product of a transversal N and some symplectic plaques. These transversal Poisson structures
are unique up to Poisson diffeomorphisms, as we will see later using Dirac geometry.

Proposition 1.3.14. The space of 1-forms QY (M) on a Poisson manifold (M, ) is a Lie
algebroid over M with anchor map 7. The bracket on the sections is defined by:

L] @ QYM) x QY M) — QY(M)
[, 8, = Lp#)B — La#(p)a — d(7(a, B))
= 1" (a))df — «(n*(8))da + d(r(a, §)).
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Proof. We have to prove that [, ], is a Lie bracket, and that it satisfies the Leibniz rule:

[a/a fﬁ]w = f[Oz, ﬁ}ﬁ + (Lw#(a)f)ﬁ~

We start with the Leibniz rule.

o, [l = u(x®(a))d(fB) = fu(®(B))da + d(fr(ex, §))
Flo Blx + o(x# (a))df A B+ m(a, B)df

Flo Blx + (7 (@))) 8

= fla Bl + (Lr#()5.

It is left prove that [,], is a Lie bracket. [, ], is clearly skew symmetric. First we check the
Jacobi identity on two exact forms; df dg. If we put those in our second expression for the
bracket we get:

[df , dglx = d(n(df,dg)) = d{f, g}

So the Jacobi identity for the exact forms is equivalent with the Jacobi identity for the Poisson
bracket. Because all 1-forms are locally linear combinations of functions times exact 1-forms,
it is sufficient to check the Jacobi identity for (fdz,dy,dz), where f,x,y,z € C®(M).

[fdz, [dy,dz],] fldzldy, dz]z]x + La#(ay,az).) (f)da
ldy, [dz, fdz].). = [dy, f[dz, dz], + Lo (f)dz]

= fldy,[dz,dz] ]+ Le#ay(f)ldz, dz],
Lot a2 (f)[dy, dz]r + Lw# (dy) Ln# (a2) () d
fldz, [de, dyl ] + La#az)(f)lda, dylz
— Lq# (dy) (N)ldz, dz], er# dz) Lo (dy) (f)dz

+

dz [fdx, dy].]

When we add those three expression then everything cancels by the Jacobi identity for exact
1-forms, and the following identity for Lie derivatives:

Lot ((ay,a=)) (F )T = Lot ayy Lt (az) () A2 — Lot g2y Lt (ay) (f ).
]

Definition 1.3.15. The orbits of the Lie algebroid described above are called the symplectic
leaves of the Poisson 7 structure on M. The foliation is called the symplectic foliation on of
the Poisson structure.
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All Hamiltonian vector fields are tangent to the symplectic leaves. We find the symplectic
leaves in a set theoretical way by an equivalence relation; two points x,y are equivalent if
there are Hamiltonian vector fields X7, .., X,,, with respective flows ¢!, ..., ", and a t € R",
such that

y=ep, 0o ().

Linear Poisson structures

Definition 1.3.16. A Poisson structure on a vector space V is called linear if the bracket of
two linear functions on V' is again linear.

The space of the linear functions on V' is the dual V* of V', and hence a linear Poisson structure
gives a Lie algebra structure on the dual space. We take V' to be finite dimensional, such
that V' is canonically isomorphic to V**. So V' is the dual of a Lie algebra g, and we denote
V with g*.

A way to define a Poisson structure on g* is by:

{fa g}(:u) = <:u> [duf’ dug]> .

Again we made use of the fact that g** = g. That this bracket satisfies the Leibniz condition
follows directly from the Leibniz rule for the exterior derivative. To check the Jacobi identity
we make use of structure of the Lie algebra.

Definition 1.3.17. Let zq, ..., z, be a basis of a Lie algebra g. There are constants c,’fj

that:

such

[z, 7] =Y  cFay.
J
i

These constants are called structure constants.

So, chosen a basis for g, we find the following expression:

Of g
— E k 00 [ *
{fag}_ Cij'%kaxiaxja f?gec (g )

ijk

Therefore the structure constant of g are exactly the structure constants of (C*(M),{.,.}),
and the Jacobi identity is satisfied. The Poisson structure described here is called the
Konstant-Kirilov-Souriau Poisson structure.

We have a look at the symplectic leaves of g*. Let u,v € g*. We may consider them as linear
functions on g, and hence they have Hamiltonian vector fields:

Xuv(p) = {u, v} (1) = (p, [u, v]) = (ady (1), v) .
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So, X, is tangent to the coadjoint orbits, and the symplectic leaves are these orbits. We did
meet this orbits already as examples of symplectic manifolds in the previous section.

Example 1.3.18. We compute an explicit example. Take g to be R? and denote the (ey, es)
basis. The Lie product is defined by [e;, es] = e;. Denote with (f1, f2) the dual basis, and
with (hy,hy) the dual of that basis of g**. The isomorphism, g** — g, which is in fact
independent of all these bases, is given by ahi 4+ bhy +— ae; +bey. Take uy = arhy +biho, us =
ashy + bahy € g** and p = cf; + dfs € g*, then:

{Ul, Ug}(ﬂ) = u([alhl + blhg, CLth + bghg]) = M((albg — b1a2)61) = c(a11)2 — blaz).

1.4 Dirac geometry

1.4.1 Linear Dirac structures

Let W be a finite dimensional vector space. On the direct sum W @ W* there is a natural
paring:

((v,v), (v',1)) = V' (v) + ().

Definition 1.4.1. A linear Dirac structure on W is a subspace L C W & W*, such that
L is maximal isotropic with respect to the paring, (,), or equivalently L is isotropic and
dim(L) = dim(WW).

The image of the projection pry : L — W is called the range R of L. We claim that the
annihilator R° is the set {ao € W*: (0,0) € L} = W* N L.

Proof. Let a € R°, then a(v) = 0 for all v € R. So for all (v,£) € L it yields ((0, «), (v,é))
0, and hence L + ]R(O «) is isotropic. By the maximality of L, this means that (0, a) €
For the other inclusion, we just take (0, ), (v,&) € L. Then a( ) = ((0,), (v,€)) =

a € R°.

D%Jhn

Denote with pry : L — W* the projection of L on W*. The annihilator of pry(L) is called
the kernel K of the Dirac structure. In a very similar way as the prove above one can prove
that K ={v e W:(v,0) € L} =WnN L.

Given a Dirac structure L, we define a natural 2-form w on the range of L. Let (v,&), (u,n) €
L, then w(u,v) = {(u) = —n(v). Conversely, given a subset R of W and a 2-form w, we
obtain a Dirac structure Lp,, in the following way.

Lrp,={(v,§) e W W":veRE|r=1iw}.

This set is isotropic because: ((v, &), (u,n)) = {(u)+n(v) = t(v)w(uw)+(u)w(v) = 0. Counting
the dimensions gives the maximality property. Note that if we reconstruct the range and the

38



natural 2-form from Lg,, we indeed get R and w back. Introducing an R and a w is an
equivalent way of defining a Dirac structure.

With the kernel we can do more or less the same trick. A Dirac structure L implies a bivector
on W/K. Let again (v,§), (u,n) € L, and define 7(&,n) = &(u). This is a antisymmetric
form which has K as kernel. Such a 2-form can also be seen as a map 7 : pro(L) — pra(L)*.
And using the canonical isomorphism W ~ W** we find a bivector 7 : (W/K)* — W/K.

Definition 1.4.2. Let V' C W be a subspace, we call a Dirac structure Lg,, V-nondegenerate
if w|yng is nondegenerate.

Proposition 1.4.3. Lg,, is V-nondegenerate if and only if (V x V°)N Lg,, = {0}.

We postpone the proof of this proposition a little. First we explore some nice properties of
linear Dirac structures.

Proposition 1.4.4. Let L be a Dirac structure on a vector space W, and subsets V of W,
such that (V x V°)N L ={0}. Then the space

H={veW:thereisal €V suchthat (v,§) € L}.

1s an orthogonal complement of V in W.

Proof. We check that H NV = {0}. Take v € H NV, then, since v € H, there is a £ € V°
such that (v, &) € L. Hence we obtain

(v,6) € (V xV*)nL={0},

and v has to be 0. Next we check that W =V + H. Counting dimensions we find dim L =
dim W = dim(V x V°), and since L and V' x V*° intersect trivially, we must have

Wx W= (VxV°)a L.

Therefore, for all w € W there is a decomposition

("LU,O) = ("U,f) + (h777)a

with v € V,& € V° and (h,n) € L. It follows that n = —¢, and hence in V°, so h € L. We
found that w = v 4+ h, and we conclude

W=HaoV.

Corollary 1.4.5. Dually there is the decomposition W* = H° @ V°.
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Example 1.4.6. We consider the case that V' = R. Then Ly, is V-nondegenerate exactly
if w is nondegenerate. H = {0} and V' = R = W is a symplectic vector space.

Example 1.4.7. The other extreme case is VNR = {0}. Then all Ly, are V-nondegenerate.
And for all X € R there is o € V°, such that a|g = ¢«(X)w. Hence R = H.

Lemma 1.4.8.

H®={a e W~*: thereis a X €V, such that (X,«a) € L}

Ve={pgeW*: thereis aY € H, such that (Y,3) € L}

Proof. We only prove the first equation, the second can be proved in a similar way. Take
X €V, such that there is an a € W* for which (X, ) € L. By the definition of H, there is
for every Y € H a f € V°, with (Y, 3) € L. Because L is isotropic we find

(X,a),(Y,0)) = a(Y) + B(X) = a(Y) = 0.
Therefore, such « indeed annihilates H. Moreover, the decomposition W xW* = (VxV°)&L,
induces that we can write every £ € W*, as
(0,8) = (X,n) + (Y,a) € (V x V)& L.

It follows that ¥ = —X € V. The decomposition W* = H° & V° induces that if £ € H®,
then n = 0. Hence for any @ € H* there is a Y € V, such that (Y, «) € L. O]

Proof of proposition 1.4.5. If VN R = {0}, then V is clearly nondegenerate and the intersec-
tion (V x V°)N Lg, = {0}. Assume that there is a X # 0in V' N R. Suppose first that L is
V-nondegenerate, then there is an Y € RNV, such that

L(Y)§|Rmv = u(Y)u(X)w|vnr # 0,

which implies that & ¢ V°, ie. (V x V°)N Li, = {0}. For the converse we use the
decomposition W = H @& V. Assume that there is a X € V N R such that w(X,Y) = 0 for
allY e VAR, w(X,Y) =0. Then there is a £ € W* such that (X,§) € L, i.e. {|p = t(X)w.
Moreover ¢ € H°, and H C R. Therefore this implies that ¢(X)w = 0, which on its turn
implies that X = 0 or w = 0. In the first case we are done, in the second we get

Lr, = {(X, ) eWaW": X eR,{r=uX)w}
{(X, ) e WaeW": X € R &€ R}

(Vx V)N (R x R°) = {0} implies that V' N R = {0}, which we assumed not to be the case.
Hence w is V-nondegenerate. O]
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1.4.2 Dirac manifolds

To go from the study of linear Dirac structures to the study of Dirac manifolds we first
generalise the tangent bundle of a manifold M:

TM =TM & T*M,

on which we have again a natural paring.

((z,6), (2", &) = ¢'(x) + £(@).

Note that sections of 7 M are described by elements of X(M) x Q'(M). On them we define
the so called Courant bracket:

[(z,8), (", &)]e = ([z, 2], Lo€’ — L€ + d(&(2")))-

Definition 1.4.9. An almost Dirac structure on a manifold M is a subbundle L C T M of
rank dim M such that («, 5) =0 for all o, 5 € T'(L).

Definition 1.4.10. A Dirac structure on a manifold M is an almost Dirac structure which
is closed under the Courant bracket, i.e. [a, 5], € I'(L) for all o, 3 € T'(L).

Note that on an almost Dirac structure the Courant bracket is anti-symmetric.

Example 1.4.11 (Dirac structures of closed 2-form type). The graph {(X, ¢(X)w)} of
a 2-form on M defines an almost Dirac structure L,. This almost Dirac structure is a Dirac
structure if for all vector fields X, Y € X(X), it yields

U([X, Y w = Lx (e(Y)w) = Ly (e(X)w) + d((«(X)w)(Y)).

Because,

d((e(X)w)(V)) = Ly (1(X)w) — (¥ )d(t(X)w) = Ly (1(X)w) — 1Y) Lxw + 1(¥ )o(X)do,

we get that L, is Dirac exactly if

([ X, Y)w = Lx((Y)w) — (Y)Lxw + t(Y)t(X)dw.

Which is equivalent to dw = 0, i.e. to w is closed. Dirac structures of this form are called of
closed 2-form type or presymplectic Dirac structures. Note that for such Dirac structures the
map pry : L — TM is surjective. The other way round, given a Dirac structure L for which
this projection is surjective, one can find a 2-form for which this structure is the graph; for
any vector field X € X(M) there is an unique 1-form ax, such that (X,ax) € I'(M). We
find w to be

CU(X, Y) = C(X<Y) = —Oéy(X).
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Example 1.4.12 (Dirac structures of Poisson bivector type). The graph of a bivector
mon M, {(7#(£),€) : £ € T*M} is an almost Dirac structure, as is easily seen by this
computation:

((7(€),8), (7%(&),€)) = (&, &) + m(&,€).
This structure is Dirac if for all £,&" € T*M, [7#(£), 7% (&')] = 7% (n), where

N = Lo#©)& — Lo#en& + d(E(7#(£))) = [£, ]

Which is equivalent to requiring that 7% ([¢, £'],) = [7#(€), 77 (£')], i.e the bivector preserves
bracket or equivalently it is a Poisson bivector. Note that for such Dirac structures the map
pro : L — T*M is surjective. The other way round, given a Dirac structure L for which this
projection is surjective, one can find a bivector for which this structure is the graph. For
every & € T*M there is an unique X¢ € TM such that (X¢, £) € L. Define the bivector by:

7 T*M — TM : & — Xe.

A way to measure if L is Dirac There is a 3-form 77, on an almost Dirac structure L,
which vanishes identically if and only if L is a Dirac structure. Let (s1, $2, s3) € I'(L), then

TL(81>52, 33) = <[31, 52]07 33>-

For later computational purposes we give a more explicit expression for this 3-form. Denote

s1=(X,a), so = (Y, ), s3=(Z,7).

Tus1,52,5) = 5(Lx(B(Z)) + Ly () + Laa(Y)) +
a(lY; Z) + 8(17, X)) + (X, V)

Proof.

Ty(s1.s0s0) = 5((Lxf — Lya+ d(a(Y)))(Z) +1(X.Y])

= LI (2)) ~ (X, Z))5

~ Ly (UZ)0) + (Y, 2o+ U Z)d(a(Y)) + (X, V])
= Sx(B(2) + Ly((X)) + Ly(a(Y)

Ya([Y, Z]) + B(1Z, X)) + (X, V).
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The Dirac structure as Lie algebroid

Theorem 1.4.13. A Dirac structure L on a manifold M is a Lie algebroid over M with
anchor map pr : L — T'M. The bracket on the sections is the Courant bracket.

Proof. We have to check the Jacobi identity and the Leibniz rule, which both can be done
by straight forward computations. We only do the Leibniz rule:

[(ZE,S), f(CC/, flﬂc = ([1}, f l] L ffl - Lfﬂc’g + d(éu(fx/)))
= (flz, 2T+ (L)€ (Lo f)E + fLoE — fLoE = E(2)df + f(E(2)) + &'df)
= fl@,8), @ e+ Lo fE

]

Definition 1.4.14. Let (M, L) be a Dirac manifold. The orbits of the Dirac structure are
called the presymplectic leaves of the Dirac structure. They form the presymplectic foliation
Fi of the Dirac structure.

Lemma 1.4.15. Let (M, L) be a a Dirac manifold. All presymplectic leaves carry a natural
closed 2-form.

Proof. For every X € X(Fy) there is a ay € Q*(F), such that (X,ax) € T'(L). Let S be a
leaf of F7,, and define wg as follows:

ws(X,Y) = ax(Y)|s = —ay (X)]s.

We check that this form is closed.

dws(X,Y, Z) = (ax([Y, Z]) + ay([Z, X]) + az([X,Y]))]s
‘l‘Lz(wS(X, Y)) + Lx(wS(K Z) + LywS(Z,X))
= TL((X,Oéx),(Y,Oéy),(Z,Oéz))‘S.

T, vansihes, because L is a Dirac structure. O

Theorem 1.4.16. A Dirac structure L on a manifold M such that the characteristic dis-
tribution is reqular, is determined by a reqular foliation F together with a foliated 2-form
w € Q(F), which is leafwise closed, i.e. the restriction of w to any leaf S is closed.

Proof. Let F and w be as in the theorem. The Dirac structure is given by:

L={(X,u(X)w): X € X(F)}.
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Corollary 1.4.17. Let M be a manifold. There is an one-to-one correspondence between
Poisson structures on M for which the symplectic distribution is reqular, and reqular symplec-
tic foliations of M, i.e. foliations F and a nondegenerate leafwise closed 2-form w € Q*(M).

Proof. The graph of a Poisson bivector determines a Dirac structure on the manifold. The
presymplectic leaves of this Dirac structure are precisely the symplectic leaves induced by
the Poisson structure. The other way round, a symplectic foliation on a manifold induces
in a unique way a Dirac structure. By the nondegeneracy of the 2-form is the projection of
this Dirac structure to the cotangent bundle bijective. Therefore, it is the graph of a Poisson
bivector. O

In the other extreme example, where the Dirac structure is the graph of a closed 2-form,
there is only one presymplectic leaf; the manifold itself.

Remark 1.4.18. The theorem above can be extended to the situation where the character-
istic distribution is singular.

Dirac gauging Given a Dirac structure L on a manifold M, one could wonder how to
change it a little such that it is still Dirac. This can be done using so called Dirac gauging.
The idea is to change the foliated 2-form on M by adding a 2-form B € Q?(M), such that
for all leaves S the restrictions

ws + Bls € Q(S)

are closed. In particular all closed 2-forms on M would work. Doing this one obtains a new
Dirac structure which is the image of the map

8 TM —TM:(X,§) — (X,&—(X)B).

Such a 2-form is called a Dirac gauge 2-form, the map 75 is called a Dirac gauge transfor-
mation, and the new Dirac structure is called the gauge transform.

Remark 1.4.19. Set theoretically, the leaves of the presymplectic foliation of a Dirac struc-

ture don’t change.

Poisson gauging If we gauge a Poisson Dirac manifold (M, L, ) structure then we wonder
if the gauge transform is again the graph of a Poisson bivector. In this paragraph we discuss
the conditions this imposes on the gauge 2-form. The natural condition is that for all the
leaves S the restrictions

ws + B |s€ Q(S)

are symplectic. A calculation yields that
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ker((ws + Bls).) = ker((idry —7% o By),),
for all x € S and all symplectic leaves (S,wg). This proves the following lemma.
Lemma 1.4.20. wg + Blg is symplectic for every leaf S of the foliation if and only if
idpy —7# 0 By : TM — TM is an isomorphism.
Which is the motivation for the coming definition.

Definition 1.4.21. A closed 2-form B on a Poisson manifold (M, ) for which all symplectic
leaves (S,wg + Blg) are again a symplectic manifolds, is called a Poisson gauging form for
(M, ).

Proposition 1.4.22. Let B be a is a Poisson gauging form for (M, ), then

7% = (idpy — 7% 0 By) tor® i T*M — TM
defines a Poisson structure on M.

Proof. We have to check that [rp, 7] = 0 for the Schouten-Nijenhuis bracket. Note that for
all 1-forms on M we have (&, 1) = 7(E+75(£),1). So [, 7] = 0 implies that [r3, 75] = 0. O

7@E is called the gauge transformation of 7w, with respect to B. We use this theory of Poisson
gauging to prove for some special manifolds that they are Poisson diffeomorphic. We do this

using a result very similar to the Moser theorem in the symplectic case.

Theorem 1.4.23. Let M be a compact manifold and be g, m be Poisson structures on M.
Assume that there is a smooth family {By}icpoq) of gauging forms for (M, m) such that

2. m is a gauge transformation of my with respect to By,

3. d[dB;d = [0] in ng Rham(M))

then (M, mo) and (M, ) are Poisson diffeomorphic.

Proof. We consider the problem leavewise, and use the Moser theorem from symplectic geom-
etry. Denote the symplectic leaves of (M, m) and (M, m;), with (S,w%) and (S, w}) respective.
On each leaf S, ws; = w? + By|s is a smooth family of symplectic forms, in the same coho-
mology class, such that wgp = w¥ and wg; = wg. So, all leaves are symplectomorphic under
the gauge transformation. This means that there is a diffeomorphism

v:M— M,

such that for all leaves S, ¥lg : (S,w?) — (S,w}) is a symplectomorphism. ¥ is the desires
Poison diffeomorphism. O
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Maps between Dirac manifolds In general one can say that a nice feature of vector
fields is that one can push them forward, and a nice feature of forms is that one can pull
them back. For Dirac structures, being a combination of those two, we define concepts in
both directions.

Definition 1.4.24. Let ¢ : (M, Ly/) — (N, Ly) be a smooth map between Dirac manifolds.

1. ¢ is called a forward Dirac map or shortly f-Dirac, if:
Ly =¢. Ly ={(Y,8) € TN &T*N : thereis a X € TM, with
dop(X) =Y and (X,d¢p*3) € Ly}

2. ¢ is called a backward Dirac map or shortly b-Dirac, if:
Ly=¢"Ly ={(X,a) e TM & T*M : thereisa € T*N, with
d¢*(8) = o and (d¢(X), 3) € L}

In case ¢ is a diffeomorphism, these notions coincide.

Reduction Dirac reduction looks quite similar to the reduction we have seen in the Marsden-
Meyer-Weinstein quotient. First we translate the notion of a Hamiltonian group action to
the Dirac language.

Definition 1.4.25. Let Gx M — M be a proper action of a Lie group G on a Dirac manifold,
(M, L). We call the action Hamiltonian if there is a moment map:

i : M — g* such that: (X, du®) € T(L) for all € € g,
which is G-equivariant:

plg - ) = (Ady) o p(x)

Xe € X(M) is defined by:

d
Xe(m) = E|t:0 exp(t§) - m,

and p® : M — R:m— (u(m),€).

Lemma 1.4.26. p : M — g* is a f-Dirac, where g* is equipped with the Dirac structure
induced by the Konstant-Kirilov-Souriau Poisson structure.

Proof. For every n € g, we have T;g" ~ g. We use this identification to give an explicit
description of the Dirac structure on g*:
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So 4 is a f-Dirac means that d,,u(Xe¢(m)) = (n,[-,¢]), for p(m) = n, and all £ € g, and
moreover du*(€) = dub. The last requirement is true by the definition of the dual of a linear
map. For the first requirement we compute:

dni(Xe(m)) = dmﬂ(%h:o exp(tg) - m) = adg(p(m)) = (u(m), [-,£]) .

Where we used the G-equivariance of the moment map.
]
Proposition 1.4.27. Let G x M — M be a Hamiltonian action of a compact Lie group G

on a Dirac manifold (M, L), with momentum map p: M — g*. Let 0 be a reqular value of
w, and let the action of G on u='(0) be free, then

1. i:pY(0) — M, is a Dirac submanifold so it inherits the pull-back Dirac structure i*L.

2. The orbit space Myoq = p~(0)/G inherits a Dirac structure Lyeq, which is uniquely
defined by the requirement that the quotient map, 7 : =1 (0) — u=*(0)/G, is a f-Dirac.

Proof. 1. 0 is a regular value of y, so u~'(0) is a submanifold of codimension dim G = ¢
of M. The only thing to check is that the pull-back Dirac structure *L is of constant
rank dim M — dim G. First we give the explicit expression for ¢* L.

L= {(Xva\Tufl(O)) X € T/fl(O), (Xa a) < L}

Let X¢ be a vector field induced by the action of G, and let x € p~'(0). Then, by the
G-equivariance of p,

plexp(t) - x) = Adggye) () = 0.

So all vector fields X¢ are tangent to = '(0). i*L contains the pairs (X, dp|ru-1(0)) =
(X¢,0), for all £ € g, because T, *(0) = kerd,u, for all p € p~1(0). Define for all
m € p(0), H,, = span{X¢(m) : £ € g}. Then L contains all pairs (0, @), such that «
annihilates H,,, and so does i*L. Because G acts freely on p~'(0), all X, are nonzero
and moreover rank of H is dim G. So the rank of i*L is at least, g+ (m—g)—g = m—g.
Because i* L is isotropic it rank is also at most m — g, hence i*L is of constant rank.

2. G is a compact Lie group which acts freely on ~1(0). Hence ;71(0) is a manifold. Li,.q
is desribed by:

Ly = {(drX, 8) € T(u™'(0)/G) @ T*(n~(0)/G) :
X € T (0),drn*B8 = a|ru-1(0) (X,a) € L}.

Note that dr(X¢) =0 for all £ € g.
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1.5 Poisson geometry continued

Recall that it is not always possible to find a compatible Poisson structure on a submanifold
of a Poisson manifold. In this section we discuss a type of submanifolds on which such a
Poisson structure always can be found.

Transversal and cosymplectic submanifolds

Definition 1.5.1. A transversal of a Poisson manifold (M, ) through x is a submanifold
N C M such that

T,.M =T,N & T,S,

where S is the symplectic leaf containing x.

In fact transversal submanifolds are Poisson manifolds, as we will see later.

Definition 1.5.2. Let N C M be a submanifold. Define

(T,N)* = a*((T,M/T,N)*) C T,M
N is called of constant rank if dim(7,N)* is independent of x.

The notation (T, N)* suggests that this has to do with some kind of orthogonality. In fact
if M is a symplectic manifold, then we (T,N)* = (T,N)“=, the symplectic orthogonal. In
general (T, N)* is the symplectic orthogonal of T, N N T,.S inside T,.S.

Definition 1.5.3. A submanifold N C M is called cosymplectic in (M, x), if for all x € N

T,M = T,N + (T,N)*

Proposition 1.5.4. If N is cosymplectic in (M,7), then T,M = T,N & (T,N)* for all
x € N. In particular is N of constant rank.

Proposition 1.5.5. For x € M, there is at least one cosymplectic transversal that passes
through x. Moreover, for each transversal , N, that passes through x, there exists an open
subspace N C N, containing x, such that N is a cosymplectic transversal.

Proof. N is transversal in z, so T,N N T,S = {0}. Because (T,N)' is the symplectic

orthogonal of T, N N T,S inside T,S, this implies that (TIN )t = T,5. So at x we have
indeed

.M = T,N @ (T,N)*.

This is an open condition, so there is an open neighbourhood of x for which this is true. [
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Theorem 1.5.6. A transversal cosymplectic submanifold N of a Poisson manifold (M, )
inherits a Poisson structure, such that it is a Poisson submanifold.

Proof. Let L = L, be the Dirac structure on M induced by w. N is a Poisson submanifold
exactly if there is a Poisson bivector 7 on N, such that the pull-back Dirac structure,

Ly = {<X7&|TN> : (X7 a) € L}

is the graph of a 7. Ly is a graph of a Poisson bivector precisely pro : Ly — T*N is a
bijection, or here equivalently an injection. The kernel of this projection is

ker(pre) = {(X, a),y) : (X,a) € L,ay,, =0}.

We conclude that Ly is the graph of a bivector exactly as for all «T*M, 77 (a) = 0 if and only
if a |[pny=0, i.e. Ly is the graph of a Poisson bivector 7 if and only if N is a cosymplectic
transversal. O

Poisson diffeomorphic transversals

Theorem 1.5.7. Let xg,x1 be elements of one symplectic leaf of a Poisson manifold (M, ).
Let Ny and Ny be transversals through respective xo and x1. Then (No,xo) and (Ny,x1) are
Poisson diffeomorphic.

Proof. Symplectic leaves of a Poisson manifold are path connected, so it is sufficient to prove
this for xy and x; in one coordinate neighbourhood U of M. By the splitting theorem we may
assume that there are coordinates x, ..., Tg, Y1, .-+, Yk, 21, -...2; around xzg, such that zi,....z
are the coordinates in Ny. U looks like Ny x R?*. N is cosymplectic in M, hence there is
an induced Poisson structure my on Ny, such that mo(x) = 0. On the product Ny x R?* we
have a Poisson structure my X meen. Where 7oy, = Zle 821- A %. N is also transversal,
therefore in this product we may write N; as the graph of a map ¢ : Ny — R?**. Because
Ny is cosymplectic as well, we also have an induced Poisson structure m; on N;. The first
projection pry : (x,¢(x)) — Ny gives a map from N; — Ny. This induces a second Poisson
structure m, on Ny, such that pr; is a Poisson diffeomorphism. Now we have to prove that
(No, m) and (Ny,ms) are Poisson diffeomorphic. We do this using the theory of Poisson
gauging and the Moser theorem, discussed above.

On R?* we have the canonical symplectic 2-form weq, = Zf dx; N\ dy;. Let B = ¢"(wean) €
O%(Ny).

Lemma 1.5.8. B is a gauging form for (Ny,m) if and only if Ny is cosymplectic in M.
We postpone the proof of the lemma a little. We finish the proof of the theorem with noting
that B, = tB is a family of exact gauging for (Ny, ), with By = 0, and 7, is the gauge

transformation of 7y with respect to B;. So, by the Moser theorem, we have that (Ny, 7o)
and (N, ms) are Poisson diffeomorphic. O
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Proof of the lemma. In this prove we omit the 0 from (Ny, 7). It suffices to prove the
following equality for any x € N:

ker(idTN —7T# o B#)x

We have:

T(w(x))Naﬁ = {(X,T:¢(X)) : X € T,N}
(T M/ To@No)” = {(07(€),) € TyN x Tj, R*}
(T<a:,¢(x>>N¢) = {(#*(¢°€), 7, (9)) : € € T, R*}
= {(7" 0 (¢"Wean)#(V), V) : V € TyyR¥*}.

77 )71 = (Wean)#. We compute the intersection:

In the last equality we used (

Tiwse))No N (Tws@nNo) ™ = {(X, Tup(X))) : X € T,N, X = 7% 0 By(T,.¢(X)))}
~ ker(idTN —ﬂ'# ¢) B#)gc
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Chapter 2

Connections on fibre bundles

2.1 Ehresmann connections

Abstract In this chapter we discuss the notion of connections on a fibre bundle. These
can be described with the help of a special kind of almost Dirac structures on the total space
of the fibration.

Fibre bundles

Theorem 2.1.1. Let M be a compact connected manifold. A smooth mapping w : M — B
18 a locally trivial fibration if and only if w is a surjective submersion.

Proof. Let 7 be a locally trivial fibration of fibretype F. Then for every b € B, there is a
neighbourhood U;, and a diffeomorphism ¢; : 77 1(U;) — U; x F, such that 7|-1(y,) = prioe;.
pry is a surjective submersion, so 7 is a surjective submersion as well. For the converse we
use the submersion theorem. HAS TO BE REPAIRED. O

Let m: M — B be a fibre bundle. The vertical subspace Vert, of T, M at x € M is:

Vert, = Ker T, 7.

The vertical space Vert, at x € M is the tangent space at x of the fibre containing x. All
vertical spaces together for the the vertical bundle Vert € TM. Sections of this bundle
are called vertical vector fields. The space of vertical vector fields on M is denoted with
%Vert (M)

Ehresmann connections

Definition 2.1.2. An Ehresmann connection I" on a fibration 7 : M — B is a distribution
Hor on M, such that
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1. for all x € M, T,,M = Hor, & Vert,,.

2. for every piecewise smooth path v : [0,1] — B starting from b and for each = € F,
there is a piecewise smooth path % : [0, 1] — M starting = such that 7 o y# = v, and
%”y# (t) € Horyx (), for all t € [0, 1], where it is defined.

Remark 2.1.3. Note that 4# will be unique. It is called the horizontal lift of v with respect
to I'.

A connection I' on a fibration 7 : M — B allows us to decompose every X € T M into a
horizontal and a vertical part, which we denote with X = X" 4 XVer*, Moreover, for every
x € M one gets an isomorphism:

Ty 7|tor, : Hory — Ty B.

Definition 2.1.4. Let 7 : M — B be a fibre bundle, and let I' be a connection on it. The
horizontal lift of a vector field X € X(B) with respect T is the vector field X# € X(M),
which is defined by:

X#(2) = (Tomlwor,) (X (7(2))).
In other words, X# is the unique horizontal vector field on M which is projectable to X. See
also the paragraph on projectable vector field in chapter 1.
Lemma 2.1.5. Let 7 : M — B be a fibre bundle with a connection I'. For vector fields
v1, V9 € X(B) the following equality holds:

[0#7 Uf]hor = [Ulv UQ]#'

Proof. The horizontal lift vl# is defined exactly such that it descends to v;. It follows by
lemma 1.1.8 that [vf, v¥] descends to [vy,vs]. Also, [v1,v5)# is horizontal and descends to
[v1,v2]. Hence, [Ufavf]hor = [v1, va]#. 0

Definition 2.1.6. Let 7 : M — B be a fibre bundle, let I" be a connection, and let v be a
path in B. Parallel transport along v with respect to I' is a map:
¢y 21 (9(0)) — 7 (9(1)),

which sends a p € 7 '(7(0)) to the point #(1). Here ¥ is the horizontal lift of ~ which
starts at p.

Proposition 2.1.7. A fibre bundle m : M — B of fibre type a compact manifold F admits
connections.
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Proof. First we consider the local problem. Let v be at path in B contained in a coordinate
neighbourhood (U, z) such that the bundle is trivial over that neighbourhood. There is a
diffeomorphism ¢ : 77 }(U) — U x F, such that pr; o ¢ = 7. The horizontal lift of the local
vector field a%i, is given by (B%ﬂ v;) with v; : FF'— TF a vector field. We describe the path ~
as the solution curve of > ai(t)a%ih(t)' The horizontal lift of v is of the form (v, {)(¢), such
that

(56 = 3 ault) (b (1)

7

So, in fact all we have to do is to find a path ( in F', such that

(1) = D as(tyui(t).

Since F' is compact, this differential equation has an unique solution. Next, we have to prove
that a path which is not contained in such a neighbourhood is still uniquely liftable. Since B
is covered by open coordinate neighourhoods U, as above on which the bundle is trivial, and
since the interval [0, 1] is compact, we find finitely many ¢; with to =0 < t; < ... < t, = 1,
such that ([t;, t;11]) is contained in such a neighbourhood. On all this neighbourhoods « has
horizontal lift. On the overlap of to the lifts conicide, hence the lifts can be glued together
to one lift. m

Curvature

Definition 2.1.8. Let " be a connection on a fibration 7 : M — B. The curvature 2-form
Q) € Q*(M, Vert) of T is a defined by:

0O - (X, Y) s [)(hor7 Yhor]vert.
The curvature 2-form is a horizontal form in the sense that +(X ) = 0 for any vertical vector

X. Therefore one can also view () as a form on the base space, having values in the vertical
vector fields, i.e. as a map:

Q:X(B) = Xverr(M) : Qu1,v) = [0}, 0F ] = 0¥ 0] — [v1, va]7.

Remark 2.1.9. Th Lie bracket of two horizontal vector fields is not necessarily horizontal,
and this failure is measured precisely by 2. In particular, the horizontal distribution in
integrable if and only if the curvature vanishes identically.
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2.2 Connections defined by almost Dirac structures

In this section we discuss connections induced by almost Dirac structures. This discussion is
inspired by [4], and we use our discussion on linear Dirac structures 1.4.1.

Definition 2.2.1. Let p: M — B be a fibration. An almost Dirac structure L on the total
space of the fibration is called fibre nondegenerate if

(Vert & Vert®) N L = {0}.

Proposition 2.2.2. A fibre nondegenerate almost Dirac structure defines a connection 'y,
on the fibration. The horizontal spaces are:

Hor = {X € TM : there is a o € Vert®, (X, a) € L}.

Moreover, any connection on p: M — B can be obtained in this way.

Proof. Note that for each x € M, L, is Vert,-nondegenerate in T, M. We saw in the section
about linear Dirac structures that this induces the existence of a natural orthogonal com-
plement H, of Vert, in T, M. Note that this H, coincides with the Hor, described above.
Indeed we find a splitting:

TM = Hor & Vert .

This proves the first part of the proposition. Conversely, given a connection I" on M, then
we find a fibre nondegenerate almost Dirac structure by

L = Hor ® Hor® .
The associated connection to this fibre nondegenerate almost Dirac structure is the old I'. [

Remark 2.2.3. Two different fibre nondegenerate almost Dirac structures may lead to the
same connection. In fact, a fibre nondegenrate Dirac structure induces much more then a
connection.

The horizontal 2-form and the vertical bivector Note that the splitting TM =
Hor @ Vert induces a splitting on the dual bundle T*M = Hor* & Vert®, and we have the
following identifications:

Hor® ~ Vert*, and Vert® ~ Hor".

We use these identifications several times in the sequal.
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Proposition 2.2.4. Let p : M — B be a fibration. Any fibre nondegenerate almost Dirac
structure L on M induces a smooth horizontal 2-form
wy, : Hor x Hor — R,

which is the restriction of the natural 2-form to the horizontal subspaces.

Proof. For every X € Hor there is an unique o € Vert®, such that (X,«) € L. Define the
2-form wy, by:

(X1, Xa) = Sen(X) — ax(X1)) = ar(Xa) = —ax(X0),

where a1, ap € Vert®, such that (g, X7), (ag, X3) are in L. O

Proposition 2.2.5. Let p : M — B be a fibration. For any fibre nondegenerate almost Dirac
structure and any fibre i : F, — M the pull-back almost Dirac structure is well defined and
coincides with the graph of a vertical bivector field mp, € X3 (M).

Proof. We define a 2-form 7, : Hor® x Hor® — R, and then use the identification Hor® ~
Vert* to obtain a vertical bivector field. For every o € Hor® there is a unique X € Vert, such
that (X, «) € L. Define:

mala1,02) = 3(03(Xa) — 02(X1) = 1(X2) = —a(Xa),

with X7, Xo € Vert such that (X3, a1)(Xs2,az) € L. By the identification mentioned before
this defines a bivector field on the fibres of p : M — B. Fix a fibre i : I, — M, and consider
the pull-back of the Dirac structure ¢*L:

'L = {(X,a|ver) € Vert @ Vert™ : (X,a) € L}
= {(X,«a) € Vert & Hor’ : (X,a) € L}
= {(X,a) € Vert@®Hor’: X =m(a,-) € L}
= graph(mp).

]

Summarizing this section: a fibre nondegenerate almost Dirac structure L on a fibration
p: M — B induces:

1. a connection I'y,
2. a horizontal 2-form wy, € Q% (M),

3. a vertical bivector field 77, € X3, (M).
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Conversely, given such a triple (I',w, ) there exists a unique fiber nondegenerate almost
Dirac structure L which induces it. It is given by:

L = graph(my,) & graph(wr,).

2.3 Connections defined by Dirac structures

Conditions on (I';w, 7). Some connections can be described by fibre nondegenerate Dirac
structures. In the next proposition we see which conditions this requirement imply on
(I',w,m). In the last chapter about Poisson fibrations we investigate the influence on the
so called holonomy group. In fact, to ask that the almost Dirac structure is Dirac turns out
be a quite strong requirement.

Proposition 2.3.1. Let (I'y,wy, m) be the triple which is determined by a fibre nondegen-
erate almost Dirac structure L on a fibration p : P — M. Then L is a Dirac structure if and
only if the following conditions hold:

1. The vertical bivector m;, s a Poisson bivector.

2. Parallel transport with respect to I'f, preserves the vertical Poisson structure my,:

Lymp, =0, for allv e X(M).
3. The horizontal 2-form wy, is closed.

4. The following identity for the curvature Qr of I is satisfied:

Qr(vy,v3) = 7 (du(0y)u(Ba)wy), for all vy, vy € X(M).
Proof. Recall that L is a Dirac structure if and only if the 3-form T}, on L vanishes identically.

1. Let a, 3,7 € ['(Hor®), then X =« (a),Y = 77 (3), Z = 77 (7) are the unique vector
fields in Xvert (M) such that (X, «), (Y,3),(Z,v) € T'(L). The explicit formula for 77,
gives:

Tu((X, ), (Y. 0),(Z,7)) = %(@([X, Y]) + 812, X)) + (X, Y]) +
Lx(B(Z) + Ly (v(X)) + Lz(a(Y)))

_ %((Lza)(Y) + (LxB)(Z) + (Ly7)(X))

1
= (ML) B) + 7oL ()8, 7) + 7oLt )7, @)

1

= —i[ﬂL,WL](aaﬁuf}/)'
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We used the following formula for a 1-form ¢ and vector fields V, W;

o([V,W]) = =Lwo(V) + (Lwo)(V).

2. Let v € X(M), and let 3,7 € I'(Hor®). There exists an unique 1-form a € I'(Vert®)
and unique vector fields Y, Z € TI'(Vert) such that (v¥, «),(3,Y),(v,Z) € T'(L). The
explicit expression for T}, gives:

TL((U#v Oé), (ﬁa Y)> (77 Z))
= %(a([Y, Z)) + B([Z,v%]) + ([0, Y]) + o7 - B(Z) +Y -y (v*) + Z - a(Y))

B %(5([2, o)) +y(#,Y]) + 0¥ - B(2))

= SO0M)LaB — Ls (B(2)) — ) Lyy + Los(5(Y)) + 0% - B(2))

= %(LU#WL(ﬁa 7) + LU#WL(ﬁa ’Y) - Lv#ﬂ—L<577))

1
= §LU#WL(5,7)-

We used that the Lie bracket of vertical vector fields is vertical, and that Lz3, Lyy €
I'(Hore).

3. Let vy,v9,v3 € X(M). There exists unique 1-forms «, 3,7 € T'(Vert®) such that

(¥, a), (¥, B), (w¥,v) € I(L). The explicit expression for T}, gives:

T ((vf, a), (vf, B), (vF 7))

= S (a(id of) + B0F, o) + (o oFD) o - BeE) + o (o) +of -a]))
= S (ald 1) + B0 o) + A ((of o)

+U1 ‘B(U ) ‘1‘“# "7(“1 ) +U3 'Q(Uf))
= L o, o)+ wn (o (o, 0BT + wn (o o, o)

2
+U1 WL(U;#,% ) +U2 WL(U:?&a% )+ U3 WL(U#W#))

1
= §de(U?E,U§E,U;¢).

4. Let vy,vp € X(M), and let v € T'(Hor®). There are unique o, € T'(Vert®) and

Z € T'(Vert) such that (v, ), (v¥,3),(Z,~) € T(L). The explicit expression for T},
gives:
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To((0f ), (F.8),(Z7) = 50F - B(Z) +uff () + 2 - alo)
+a((uf, 2)) + 512, 08) + 2 (of oF])

— %(Z-a(vfwv([ﬁ,vﬁ))-

We used that the Lie bracket between a horizontal and a vertical vector field is verti-

cal. We continue the computation after making the observation that d(wy(vl, v¥)) €
I'(Hor®).

52 a@}) +(ef 1) = Sda@d)(2) +A(of )

= %(d(wL(Ul, Ug))(Z) + ’Y(QF(’UM ’1)2)))

— %(WL(d(wL(vl, v2)), ) + Y(Qr(vy, v2))).

Therefore if L is Dirac structure we get that

Qr(v1, v2) = 77 (d(u(o)e(v5 )wr)).
[l

A natural question to ask is how fibre nondegenerate symplectic Dirac structures and Poisson
bivector Dirac structures look like.

Lemma 2.3.2. Let w be a closed 2-form on the total space of a fibration p : P — M. Then
the associated Dirac structure is fibre nondegenerate if and only if the pull-back of w to each
fibre is nondegenerate.

Proof. The Dirac structure is fibre nondegenerate if and only if at every x € P, w, is Vert,-
nondegenerate, which is equivalent to the requirement that the pull-back of w to all fibres is
nondegenerate. 0

Fibre bundles with a nondegenerate closed 2-form on the fibres are called symplectic fibra-
tions. To them we have devoted a whole chapter.

Lemma 2.3.3. Let m be a Poisson structure on the total space of a fibration p : P — M.
Then the associated Dirac structure L, is fibre nondegenerate if and only if the bilinear form

T |verte: Vert® x Vert® — R

18 nondegenerate.
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Proof. L, is fibre nondegenerate means that ¢ € Vert® if and only if 7% (£) ¢ Vert. So in
that case £ € Vert® and 7(£,n) = 0 for all n € Vert® indeed implies 7#(£) = 0, i.e. T|veree 18
nondegenerate.

For the converse note that 7 |yee is nondegenerate implies that for £ € Vert®, 7#(£) = 0 if
and only if & = 0.Therefore, if we assume that & # 0, we get that there is a n € Vert® such
that 7(&,n) # 0, hence 7% (&) ¢ Vert. O

In this case, the horizontal form wy, is nondegenerate. Hor is constructed such that 7% |y
Vert® — Hor is an isomorphism.

2.4 Dirac gauging of fibre bundles

We wonder when the gauge transforms of fibre nondegenerate Dirac structures on M are
again fibre nondegenerate. We start with the extreme case.

Example 2.4.1. Assume pri(L) N Vert = {0}. Then the horizontal distribution is given by
pri(L). This implies in fact that Hor is integrable and that the foliation it induces coincides
with the presymplectic leaves of the Dirac structure. Moreover, since gauge transformations
leave the range of the Dirac structure as well as the vertical bundle invariant, all gauge
transformations leave the Dirac structure fibre nondegenerate.

Things get less obvious if we assume that pri(L) N Vert is nontrivial. Analogue to the linear
case we get:

Lemma 2.4.2. A Dirac gauging transformation tg preserves the fibre nondegeneracy condi-
tion if and only if for all presymplectic leaves S,

ws + B’pm(L)ﬂVert;
18 still nondegenerate.

Corollary 2.4.3. Any horizontal Dirac gauge 2-form preserves the fibre nondegeneracy con-
dition of a Dirac structure.

Proof. Since horizontal 2-forms vanish on vertical vectors we get for a horizontal gauging
2-form B:

wg + B |p7“1 (L)NVert — wSlprl (L)NVert-
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Chapter 3

Connections on vector bundles and
principal G-bundles

Abstract A broad and important family of fibre bundles are the so called principal G-
bundles. Here G is a Lie group which acts on the total space. The fibre type of a principal
bundle is this Lie group GG. Connections on a principal bundle can be defined in terms of a
Lie algebra valued 1-form on the total space of the fibration. One of the nice properties of
principal bundles is that if one has a manifold F' on which G acts, one can construct a new
fibration which has as fibre type F. This is called the associated bundle. We will see that
associated bundles are very useful to find a relation between a fibre bundle and its so called
linear frame bundle. We use this relation to show that connections on linear frame bundles
are in one-to-one correspondence with covariant derivatives V.

3.1 Connections on vector bundles
Vector bundle valued differential forms We extend the notion of differential forms to

the notion vector bundle valued differential forms.

Definition 3.1.1. Let (E,7) and (E’,7") be two vector bundles over a manifold M. The
homomorphism bundle Hom(E, E’) consists of bundle maps ¢ : E — E’, such that for every
m € M, ¢, B, — E! is linear, i.e. it has the fibre Hom(E, E’),, = Lin(E,,, E,).

Definition 3.1.2. Let M be a manifold and let (E,7) be a vector bundle over M. A E-
valued 1-form on M is a smooth section of Hom (7'M, E). The space of E-valued 1-forms on
M is denoted with Q'(M, E).

Similar as with the 1-forms discussed in chapter 1, we may consider ¢ € Q' (M, E) as a
C>°(M)-linear map:

o:X(M)— C®(M,E):o(X)(m)=0c(m)(X(m)).

Where C*°(M, E) is the space of smooth sections of E.
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Definition 3.1.3. Let M be a manifold and let (E,7) be a vector bundle over M. A E-
valued k-form on M is a smooth section of Hom(A"* TM, E). The space of E-valued k-forms
on M is denoted with QF(M, E).

We may consider o € QF(M, E) as a C*(M)-multilinear skew-symmetric map:

o X(M) % - x (M) — C®(M, E).

S

TV
k—times

Denote with S,, the group of permutations of {1,...,m}. An n, k-shuffle with n+k = m is a
permutation s such that s({1,...,n}) = {1,...,n}. We use shuffles to define a wedge product
for w € Q"(M) and o € QF(M, E):

(WA )X, Xy Xty s X)) 1= Y sign(8)w(Xor), oy X))o ( Xy -oos Xa(nihy)-

s is a n,k-shuffle

Note that w A o € Q"tF (M, E).

The covariant derivative Let 7 : EE — M be a vector bundle over a manifold M. To
generalise the exterior derivative to vector bundle valued forms, we need the notion of a
connection.

Definition 3.1.4. Let (£, 7) be a vector bundle over M. A connection on £ is a differential
operator

V:C®(M,E)— Q'(M,E),

which satisfies a Leibniz rule:

V(fo)=df No+ fVo.
for all 0 € C°(M, E) and f € C*(M).

Example 3.1.5. Let £ = M x R be the trivial line bundle over M. Then C*(M, E) =
C>(M), QY (M, E) = QY(M), and the exterior derivative is a connection.

Connections V are used to differentiate sections of E with respect to any vector field X on
M. More precisely one defines:

Vy:C®(M,E) — C>(M,E)
o — (Vo)(X).
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Example 3.1.6. Let E be again the trivial line bundle over M, and let d be the connection.
Then for X € X(M) and f € C*(M), we get:
dx f = X)df = df(X) = Lxf,
the Lie derivative of f along X.
Definition 3.1.7. Let E be a vector bundle over a manifold M. A covariant derivative is a
map
V:QNM,E) — Q"Y(M, E),

for all nonnegative intergers k. Moreover, it has to satisfy:

V(wAp)=—wAVu+(=1)kdw A p,

for € Q¥(M, E) and w € Q"(M).

The covariant derivative V is characterised in a very similar way as the exterior derivative.
Namely by the relation

k+1

(VI)(X1, oo Xp1) = D> (=1 (X0, o, Koy, Xir)) +

i=1

> (=D (X X, Xy Xy, X, X)), (3.1)

1<i<j<k+1

In particular, for a 0 € QY(M, E), and X,Y € X(M) we have:
Vo(X,Y) =Vx(o(Y)) = Vy(o(X)) — o([X,Y]).

The curvature Note that in the definition of a covariant derivative we do not have the
analogue of the property dod = 0 for the exterior derivative. In fact V o V does not need to
vanish. It gives the so called curvature of the connection.

Definition 3.1.8. Let E be a vector bundle over M, and let V be a connection. The
curvature Q of Vis VoV : C®(M,E) — Q*(M, E).

Proposition 3.1.9. Let E be a vector bundle over M, and let V be a connection. For all
X, Y € X(M), and 0 € C*°(M, E):

Q(U)(X, Y) = VXVYU — VYVXU - V[X’Y]O'.

Moreover, this expression is C*°(M)-linear in all arguments.
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Proof.

Q0)(X,Y) = V(Vo)(X,Y) = Vx(Vo(¥))— Vy(Vo(X)) - Vo([X,Y))
= vayO' — VyVXU — V[Xy]a.

Which proves the first the first part of the proposition. For the second part, take f € C*°(M):

V(Vfo) = V(df Ao+ fVo)
= —df NNVo —ddf No+df NVo+ fVo
= [Vo,

and

Q(O’)(fX, Y) = vaVyO' — Vy(vaO') — Vf[)gy] - V(fo)yo'
= [VxVyo — fVyVxo — Ly fVxo — fVixyjoc — LxfVyo
= Qo) (X,Y).

Corollary 3.1.10. The curvature Q2 € Q*(M,End(E)).

Definition 3.1.11. Let E be a vector bundle over a manifold M, and let V be a connection.
V is called a flat connection if the curvature vanishes identically.

Remark 3.1.12. For any trivial vector bundle £ = M x V there is an unique flat covariant
derivative. This covariant exterior derivative is denoted with d, and it coincides with the
exterior derivative when V' = R.

Pull-back vector bundle Let ¢ : N — M be a differentiable map between manifolds.
Let (E,m) be a vector bundle over M. The pull-back vector bundle ¢*F is the bundle over
N defined by:

¢"E ={(e,a) € Ex N :7(e) = ¢(a)}.

As general notation, for each s € I'(M, E), we denote by ¢*(s)['(IV, *FE) the section given
by ¢*(s)(z) = s(¢(x)). In general, every section of ¢*E can be written as a sum of sections
of type fo*(s), with f € C*(N),s € I'(M, E). Let with a covariant derivative V on E. The
pull-back of the covariant derivative along ¢ is the covariant derivative on ¢* F is characterised
by:

VOE(fo's) = df No"s + fo"(Vs).
for all s e T'(M, E), f € C*(N).
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Parallel sections Let E be a vector bundle over a manifold M. For a path v : R — M we
are looking for lifts in the total space E, i.e. paths a : R — E, such that a(t) € E, ) for all
t. Such lifts can be viewed as sections of the pull-back vector bundle v*E. In the presence of
a connection V on F| it is interesting to look at the following special class of lifts. Namely
lifts a such that:

Viga(t) =0, forallteR.
Such lifts are called parallel with respect to V.

Proposition 3.1.13. Let E be a vector bundle over a manifold M, and let V be a connection.
Lety:[0,1] — M be a path joining the points v,y € M. For any p € E, ), there is a unique
parallel lift a(t) € C*(R,y*E) starting at p.

This proposition follows directly from the theory of ordinary differential equations.

3.2 Principal G-bundles

Definition 3.2.1. A principal G-bundle is a manifold P together with a free and proper
right action from G.

The orbit space M := P/ is called the base space of the principal G-bundle, and 7 : P — M
is the natural projection. We denote a principal G-bundle with total space P with P(M, G).

Proposition 3.2.2. P(M,G) is a fibre bundle of fibre type G.

Proof. ]

Remark 3.2.3. The fibres of a principal G-bundle are isomorphic with G, but not canoni-
cally. Once one has chosen a u € 7 !(x), then all other elements of 7!(z) are of the form
ug for g € G, and one obtains a isomorphism G — 7 () : g — ug.

Example 3.2.4 (Hopf fibration). Let P = S = {z = (21, 22) € C*: |21]* + |22|* = 1} and
let G be the circle group S'. Then G acts on P by

GxP— P:(e% (21,2)) — (e%21,¢%2).

For a point (21,2) € P we find an element €’ of S!, such that e’¢z; is a real number. In
this way we find the quotient S3/S', and the projection 7.

8 — S$/S' =S ={(r,2) eERxC:2°+|z|> =1}
(r1€%1, 15e%2) 1= (1, e P27#1)),
Example 3.2.5 (Frame bundle). Let M be a m-dimensional manifold. A frame u at
p € M is a ordered basis of T, M, which we see as a linear map u : R™ — T,M. Let L(M) be
the set of all linear frames above all p € M, and let the projection m map a frame u at p to

p. The linear group GL(m) acts on L(M) by precomposition, and L(M) becomes a principal
GL(m) bundle. We call this bundle the linear frame bundle of M.
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The vertical bundle Since any principal G bundle P(M, G) is a fibre bundle we can talk
about vertical subspaces and the vertical bundle VP C T'P. In this case however, there is a
nicer description of vertical vectors:

Lemma 3.2.6. For all p € P there is a linear isomorphism between o, : g — V,P.

Proof. For p € P define

d
op:8— 1P %‘t:o exp(t€) - p.
We check that ¢,(§) is vertical for all € € g. Let f € C*°(M), then

d

%h:o(ﬂ*f)(pexp(tf)) = %’t:of(ﬂ(p)) —0.

¢p is linear. The fibres of the fibre bundle are diffeomorphic to G, hence g and V,P have
the same dimension. It is left to show that the map is injective. G acts freely on P hence,
% li=o pexp(t&) = 0 if and only if exp(t&) = e. O

Definition 3.2.7. Let P(M,G) be a principal bundle. The fundamental vector field on P
induced by £ € g is the vector field constructed by

£:P — TP,p— py(6).
Note that all fundamental vector fields are vertical. They lead to a map ¢ : g — Xvert(P) :
§—¢.

Example 3.2.8 (The Hopf fibration). We consider the infinitesimal action of S' of the
Hopf fibration. The Lie algebra of S*, is iR, and the exponential map is the usual exponential
map: i — ¢?. Hence, the fundamental vector field for i is given by ip(21, 22) = ip(21, 22).

Reduced subbundles

Definition 3.2.9. A homomorphism f between two principal bundles, P'(M’, G') and P(M, G)
is amap f: P’ — P and a homomorphism [’ : G’ — G, such that f(u'¢") = f(u')f'(g).

Remark 3.2.10. A homomorphism between two principal bundles sends fibres to fibres,
hence it induces a map from M’ — M.

Definition 3.2.11. We call P'(M’,G’) a reduced subbundle of P(M,G) if M' = M, f :
P’ — P is an imbedding, f' : G’ — G is injective, and the induced map M’ — M is the
identity mapping.
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Example 3.2.12. Let M be an orientable manifold. A frame u above p € M is a orthogonal
ordered basis of T, M, which we see as a orthogonal linear map u : R™ — T,M. Let OL(M)
be the set of all orthogonal linear frames above all p € M, and let the projection m map a
frame w at p to p. The orthogonal linear group O(m) acts on OL(M) by precomposition.
OL(M)(M,0O(m)) is a principal O(m) bundle. We call this bundle the orthogonal linear
frame bundle of M. The orthogonal linear frame bundle is a reduced bundle of the linear
frame bundle.

Lemma 3.2.13. Let P(M,G) be a principal G-bundle over M and let H be a Lie subgroup
of G. Let QQ C P. Assume that:

1. the projection ™ : P — M maps () onto M.
2. 1h(Q) =Q for allh € H.
3. for all u,v € Q such that w(u) = w(v), there is a h € H, such that uh = v.

4. every point x € M has a neighbourhood U and a section o : U — P such that o(U) C Q.

Then Q(M, H) is a reduced subbundle of P(M,G).

Proof. Let x € M and U a neighbourhood of z as in assumption (4). For u € 7~ !(x) there
is a g € G such that u = o(z)g. Define a map ¢ : 7= (U) — U x G,u + (x,g). Restrict ¢
to @ and get a bijection ¢ : QN7 Y (U) — U x H. Endow @ with the following topology;
V C Q is open if ¢; : 71 (U;) — U; x H is open. Here {U;} is a suitable open cover M,
and 1); is defined as 1) above. For this topology the 9;|-1(,)ng are homeomorphisms. Let
(V, k) be a coordinate neighbourhood in U; x H, then (¢; (V) o Yily-1(1y) @ coordinate
neighbourhood in (. This induces a smooth structure on @ for which all ¥;|-1,)ng are
diffeomorphisms. It follows easily that Q(M, H) is a reduced subbundle of P(M,G). O

Associated bundles Given a principal G-bundle P(M, G) and a manifold F' on which G
acts from the left, we construct a new fibre bundle over M of fibre type F.

Definition 3.2.14. Let P(M, G) be a principal bundle and let F' be a G-manifold. Then the
associated bundle of F' to P(M, Q) is the following fibre bundle over the space M. The total
space P X F is the orbit space of the action of G on P x F given by g- (p, f) = (pg, g~ f).
The projection map 7p : P Xg F' — M sends the equivalence class [p, f] to 7(p), where 7 is
the projection of the original principal bundle.

We need to prove that P xg F' is a fibre bundle over M.
Proof. Note tha 7p is well defined because 7(pg) = 7(p). Note that the fibres of P x F' are

diffeomorphic with F. Let U be an open neighbourhood M such that 7='(U) 2 U x G say
by isomorphism ¢. We find an isomorphism

T (U) = U x F : [p,&] — (x(p), pra 0 (p)€).
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Here is pry the projection to the second component. The transition functions of this associated
fibre bundle are by means of the group action on F'

Vap : F— F, & — (pro o ¢o(b))(pra o gbﬁ(b)_l)f.

Hence the associated fibre bundle is a local trivial bundle. O

3.3 Connections on principal (G-bundles

Like for general fibre bundles a connection on a principal bundle is a horizontal distribution
on P. In the definition of a connection on a principal G-bundle the action of G is taken into
account.

Definition 3.3.1. Let P(M,G) be a principal G-bundle. A connection I" on P is a distri-
bution H, such that for all p € P and g € G:

1. T,P=H,P®V,P

2. HyyP = (rg).(Hp).
Vectors in H,, are called horizontal vectors, and sections of H are horizontal vector fields.
The space of horizontal vector fields on P is denoted with Xy, (P).

Remark 3.3.2. A connection I on P(M, G) determines a decomposition X = Xhor gy xvert
for all X € T'P.

The connection 1-form. An equivalent way to define a connection on a principal G-
bundle is by using a g-valued 1-form.

Definition 3.3.3. A connection 1-form on a principal G-bundle is a g-valued differential
1-form w on P that satisfies the following conditions:

1. forall £ € g, w(p(§)) =¢&.

2. forall g € G and p € P, wyy(T,ry(X)) = Ad(g7 " )w,(X).

Proposition 3.3.4. Let w be a connection 1-form on a principal bundle P(M,G). Then

H,P = {X € T,Plw(X) = 0},
is a connection on P(M,Q).

Proof. Choose p € P. First we check that T,P = H,P ® V,P. Take X € H,P NV,P, then
there is a £ € g such that X = ¢,(£), and w(X) = £, which implies that £ =0. H, C T,Pisa
subspace of codimension dim g. Dimension count gives T, P = H,P®V,P. Take X € H, and
g € G, then w(T,(r,)(X)) = Ad(g~")w(X) = 0, and hence we have T,r,(H,P) = Hy,P. O
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Conversely, for a connection I'" on a principal bundle we find a connection 1-form, for which
the kernel is the horizontal distribution.

Lemma 3.3.5. Let P(M,G) be a principal bundle with a connection T'. Define w € Q'(P, g):
for X € T,P, wy(X) = &, such that v,(§) = X" w is a connection 1- form, and the
connection it induces is I'.

Proof. The first condition for connection 1-forms is clear by the contruction of w. All el-
ements X of T,P can be written as a unique sum X" + XVer*. Therefore it suffices to
check the equivariance condition for horizontal X and vertical X. Let X be horizontal then
Ad(g H(w(X)) = 0. T,(ry)(X) € Hy,P, and therefore T),(r,)*(w(X)) = 0 as well. For a
vertical vector X, there is a £ € g such that X = ¢,(&). For the fundamental vector field £,
we find

—~—

d d -
Ad(g=1)é(pg) = T limopg exp(t Ad(g71)8) = - li=opgg ™" exp(tA)g = (Tyre) (€ (p)).
So for the connection 1-form we have indeed wy,(Tpr, (X)) = Ad(g7")(w,p(X)). O

It is now a natural question to ask if connections exists. To prove that this is the case we
use the locally trivial nature of principal bundles.

Theorem 3.3.6. Any principal G-bundle admits a connection.

Proof. By the very definition of a principal fibre bundle there is a covering {U;}; of M such
that 7=1(U;) = U; x G. Note that T, ,(U x G) ~ T,U & g. Subordinate to the covering we
find a partition of unity; that is for every ¢« € [ we find a function y; which is zero outside
a compact subset of U;, and moreover, for every m € M, the sum ) ., x;(m) = 1. By
the trivial structure we find for all i € I a connection 1-form w’; W/(X @ &) = £ for all
X®¢eT,,(UxG). A connection 1-form for the whole principal fibre bundle is now given

by w=">,c; 7 (X:)wi- O

Proposition 3.3.7. Any connection on a principal G-bundle is a Ehresmann connection on
m: P — M viewed as a fibre bundle

To prove this theorem we make use of the following lemma.
Lemma 3.3.8. Let G be a Lie group. For any path A : [0,1] — g, there is a unique path
v:[0,1] = G, with 4(0) = e and L~(t)(v(t))~! = A(t), for t € [0,1].

Proof. We may assume that A(t) is defined for all ¢ € R. We define a vector field X on
G x R:

d

X(ga 5) = ((I(S) 9, £|s)

The integral curve of this vector field starting at (e, 0) is of the form (y(¢),t), with v our
desired path. O
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Proof of the propostion. We have to prove that there exists horizontal lifts for paths v in M.
Let v : [0,1] — M be a path in M and let € 7 '(7(0)). There are finitely many open
neighbourhoods U; such that 7=1(U;) ~ U; x G, and, moreover, ~(t) is contained in U;U;.
Using this isomorphisms we find a path u in P such that 7(u(t)) = v(¢) and w(0) = . The
horizontal lift v# of «y a starting at z is of the form u(t)a(t), where a(t) is a path in G starting
at e. We have a look at the tangent vectors:

VE(t) = a(t)a(t) + u(t)a(t).

Note that v#(t) is horizontal precisely when w(%#(t)) = 0, i.e. when:

Ad(a(t) Nw(a(t)) + alt) " a(t) = 0.

Now Ad(a(t)"Hw(u(t)) plays the role of A(t) in the lemma above. Therefore, we conclude
that such a path a in G exists. n

Connections on associated bundles Let F' be a manifold on which G acts, then a
connection onP(M,G) can carried over to the associated bundle P x F, which has fibres
diffeomorphic to F'. As we see in the following proposition.

Proposition 3.3.9. Let G be a Lie group which acts on a manifold F from the left, and let
P(M,G) be any principal G-bundle. Any connection T' on P(M,G) determines a connection
on the associated fibre bundle P X F.

Proof. Define the map @ : P x F' — M by (p, f) — w(p). At (p, f) the tangent space of
P x F has the following property.

Tpp)(Px F) = T,P®TiF
= H,P®V,P®T;F

Moreover, Ker T{, )@ = V, ® Ty F. Consider natural projection npyp : P X F' — P xg F|,
and observe that @ = 7 o pr and that T, nmpxr(V,) = {0}. Therefore, we conclude that
Ker Ty, sy = Tip, pypr(T¢F). 1t is now natural to require that

Hyp (P % F) =T, pympxr(H))
This defines a connection on P x4 F. O

Remark 3.3.10. Let X € T, M, and denote with X (p) the horizontal lift of X to T,P, forp €
7~ 1(b). Then the horizontal lift [p, f] in Px ¢ F is given by X#([p, f]) = T(, pympxr(X(p), 0f).
Here 0y is the zero vector in T¢F'.
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3.4 Curvature

Analogue to the fibre bundles we define the curvature for connections on principal bundles.
Definition 3.4.1. Let P(M, G) be a principal G-bundle and let I" be a connection on it with

connection 1-form w. The curvature 2-form Q € Q?(p, g), is defined by

QX,Y) = w([XPer, yhor]),

The curvature form can also be defined in terms of the connection 1-form w.

Proposition 3.4.2. Let w be the connection 1-form for a connection I' on a principal G-

bundle, then Q(X,Y) = (dw)(X"or, Yhor).

Proof. The explicit formula for the exterior derivative gives:

(dw) (‘X'hor7 Yhor) _ (Xhor>(w(yhor)) . (Yhor)(w<Xhor)) . w([Xhor’ YhorD — w([Xhor7 Yhor])'
Here we used that w vanishes on horizontal vectors. O

There is another relation between the connection form and the curvature form. This relation
is given by the so called structure equation.

Theorem 3.4.3. Q,(X,Y) = (dw),(X,Y) + [wp(X),w,(Y)], for X, Y € T,P,p € P.

In the proof of this theorem the following lemma is used.

Lemma 3.4.4. Let P(M, Q) be a principal bundle and let I' be a connection on it. The Lie

bracket [ X, €] between a horizontal vector field and a fundamental vector field on P is again
horizontal.

Proof. The flow of € is exp(t£). Hence, for all p € P

(X, &)(p) = —[€, X](p) = lim X(p) — (rexp(ee)=X) (p).

t—0 t

the horizontal spaces are constructed such that 7expe)«X (p) is horizontal. Therefore, [X, &
is horizontal.

—

Proof of the theorem. A vector in T,P can be decomposed in a horizontal and a vertical
component. Therefore it is sufficient to consider the cases that X,Y are both horizontal,
both vertical or that X is horizontal and Y is vertical. If X and Y are both horizontal then
w(X) =w(Y) = 0, and then the equation is the same as in the previous proposition. Note
that Q(X,Y) = 0, whenever X or Y is vertical. If X and Y are both vertical, then there are
elements £, n € g such that ¢,(§) = X and ¢,(n) =Y. Hence:
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dw (€, 1) = E(w(i7)) — H(w(€)) — w((€, 7)) = —[w(€), w()]:

Because w,(£(p)) = £ for all p € P, 7i(w(€)) vanishes, and &(w(7)) vanishes similarly. We are
left with

dw (&, 1) = —[w(&),w(@)],

and hence the equation is satisfied. The last case is that X is horizontal and Y is vertical.
Since w(X) = 0 it is sufficient to prove that dw(X,Y) = 0. Extend X to a horizontal vector
field on P, which we denote again with X. Let £ € g such that ¢,(§) =Y. We find

dw(X,€) = X (w(€)) — E(W(X)) — w([X.£]) = X(w (&) — w([X, )
w([X, €]) disappears because [X, €] is horizontal, as is proved in the lemma above. O

Definition 3.4.5. A connection I" on a principal bundle P(M, G) is called flat if the curvature
2-form vanishes identically.

Curvature on associated fibre bundles

Proposition 3.4.6. Let P(M,G) be a principal G-bundle, and let G act on a manifold F'.
Denote with pp : g — X(F) the infinitesimal action of G on F. Let I' be a connection on
P(M,G), and let 0 be the connection induced on the associated bundle P xq F. Let X(p)
denote the horizontal lift of X € X(M) at p in P(M,G). Denote with wpyp the projection
P x F — P xgF. The curvatures Qr and Qg are related in the following way:

(X, V) ([P f1) = Tp.py 7 r (0, (pr © (X3, V7))

Proof. Let X,Y be to vector fields on M. The vector fields X’ = (X,0),Y(Y,0) € X(Px F)
descend under 7pyp to X7 Y# € X(P x¢g F).

Define a 2-form on P x F':

V(XY = [X, Y] - [X,Y]

Q'(X',Y") descends to [X#, Y#]—[X,Y]# = Qy(X,Y). On the other hand we have /' (X', Y") =
(IX.¥1,0) - (IX. Y], 0). Hence,

Q/(le Y/) = (QO(QF(Xa Y))? O)

We finish the prove by showing that T'mpyr(,(£),0) = Tmpxr(0, pr(€)). This last equality is

is equivalent to Tmpyxr(p,p(€), —pr(§)) = 0. Consider the path v(t) = (pexp(t§), exp(—t) f)
in P X F. mpxp(y(t)) is a constant path in P X F. Hence we have:

d

0= dt|t oLmpxr(y(t)) = T7TPxF |t 0Y(t) = TWPXF(SOp(5)>_PF(f))-

71



3.5 Connections and the covariant derivative

The linear frame bundle Above we defined the linear frame bundle L(A/) on a manifold
M in terms of bases of the tangent spaces. We extend the notion of the linear frame bundle
to a general vector bundle.

Definition 3.5.1. Let 7 : £ — M be a vector bundle of rank n over manifold M. A frame
u above p € M is a ordered basis of £,, which we see as a linear map u : R® — E,. Let
GL(E) be the set of all linear frames above all p € M, and let the projection = map a frame
u at p to p. The linear group GL(n) acts on GL(F) by precomposition. GL(E)(M,GL(m))
is a principal GL(m) bundle. We call this bundle the linear frame bundle of 7 : £ — M.

GL(n) acts on R™ in the usual way. The associated bundle GL(E) Xgr,n) R™ is isomorphic
with the original vector bundle E. The isomorphism is given by [u, v] — u(v).

On vector bundles we have defined the covariant derivative and in principal bundle we have
defined the connections. The aim of this section is to prove the following proposition.

Proposition 3.5.2. There is an one-to-one correspondence between connections on the frame
bundle GL(E) and covariant derivatives on the vector bundle E.

From a covariant derivative to a connection We start with a covariant derivative, and
construct with that a connection on the frame bundle. We defined the covariant derivative
to be the linear map:

V:C®(M,E)— Q'(M,E),

which satisfies the Leibniz rule: for f € C*(M), s € C*(M, E),

V(fs) = fVs+df As.

A local section o of the frame bundle on a neighbourhood U is of the following form.

o:mw— {o1(m),...,on(m)},

where {o1(m),...,0,(m)} forms a basis of E,,. So in fact o exists of n sections M — FE
such that the o;(m) are linear independent for m € U. We call a section of a frame bundle
horizontal if Vo;(m) = 0 for all . Now we define the horizontal subspace of T, GL(E), to
be the tangent spaces of the horizontal local sections i.e. H, GL(E) = T,m)=po(m), where
Voi(m) = 0. We have to check that H, GL(E) is invariant under the action of GL(n). If
A € GL(n), then forms A o g(m) a new basis of E,,; {¢;(m)}. The covariant derivative is
linear so Va;(m) = 0, exactly if all Vo;(m) = 0. Therefore, the in this way defined horizontal
spaces, are invariant under the action.
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From a connection to a covariant derivative Next we start with a principal G-bundle,
P(M,QG). Let E be a vector space, and let p : G — GL(E) be a linear representation of G.
P x ¢ E be the associated bundle. Denote with C*(P, E) be the space of equivariant maps.
Those are maps f : P — E satisfying f(pg) = p(¢g~)f(p). If X € g, then exp(tX) € G, for
t € R, hence we have

f(pexp(tX)) = p(exp(—tX))f(p).

Therefore we have on the infinitesimal level that

(X)) + pu(X)f(p) =0, for X € g,

Definition 3.5.3. A form « on a principal bundle P(M, G) is called horizontal if «(X)a =0
for all vertical vector fields X € X(P)

Definition 3.5.4. A form « on a principal G-bundle, taking values in a representation (F, p)
of G, i.e a € QY (P, E) is called basic if it is horizontal and invariant, i.e. ga = « for all
g € G. The space of basic forms with values in £ is denoted with .s(P, E).

Next two proposition come from [3] on page 19 and 20.

Proposition 3.5.5. There is a natural isomorphism between I'(M, P x ¢ E) and C=(P, E)¢,
given by sending s € C®(P, E)% to sy defined by

su(r) = [p,s(p)l;

here p is any element of 7=Y(x) and [p,s(p)] is the element of P xg E corresponding to
(p,s(p)) € Px E.

Proposition 3.5.6. If « € Q] (P, E), define ap € QI(M, P x¢ E) by

bas

(apr) (M Xy, oo, e Xy) (2) = [p, a(X, ..., X)) (D))

Here p is any point in 7 *(z), and X; € T,P. Then the map o — ayy from QF (P, E) to
QUM, P x¢g E) is an isomorphism.

Proof. First we have to check that this map is well-defined. For p’ € 77!(z) another, there is
a g € G such that p’ = pg. We observe [p/,a(X1,..., X)) ()] = [pg, a(Xy, ..., X,)(pg)] =
[p,(X1,..., Xy)(p)]. The last equality follows from the fact that « is basic. The map
a + ay is linear, so to prove injectivity let @ € Qf (P, E) be in the kernel. Then
ay(m Xy, ..., mX,)(z) = 0 for all X; € X(P). This only happens if & = 0. For surjectivity, let
p € QP x¢g E), and define a € Qf (P, E) by a(X1, ..., X,)(p) = (8)(m: X1, ..., m X)) (7(p)).

[
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Let w € QY(P, g) be a connection 1-form. Let p : G — GL(E) the representation of G. Then
the differential p, := Tp is a mapping gg — gl(F). We define the map:

p.(w) : C=(P,E)¢ — QY(P,E)°,

(pe(w)s, X),, = p(w(X(p)))s(p).

And in a similar way we define:

p*(dw) : Ql(P7 E)G - QQ(Pv E)G7

(p:(dw)ar, (X, V), = pu(dw(X(p), Y (p)))a(X (p), Y (p))-

We find a covariant derivative of an associated vector bundle by means of the following
diagram.

ce(p,E)S_ 4+ o1 (pp

12
12

(M, E) - QOYM, E)

Let s € C®(P, F) end let X € g, then

U(X)(ds + p.(w)(s)) = X(s) + p(X)(s) = 0

Moreover ds+p.(w(s)) is G-equivariant, if s equivariant. Therefore ds+p,(w(s)) € Q. (P, E).
To check that V is a covariant derivative, we choose a sy € I'(M, P xg E) and a C-
function f on M, and we observe what V fs); is. The isomorphism of 3.5.5 sends fsy,
to (fom)s € C®(P E)Y. Since d(f om)s = d(fow)- s+ (fomn)ds, so it is sent to
d(fom)-s+ (fom)ds+ (fom)p(w)s € O, (P, E). On its turn the isomorphism of 3.5.6
sends it to df - s + fVsy € QY(M, E).
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The curvature For both, the vector bundles and the principal bundles we discussed the
notion of curvature. These are related by the following extension of the diagram above.

d+px(w) d+px(dw)

COO<P7E>G *)Ql (P7E) *)ngas<P7E)

N - -

(M, E) —Y— QY (M, E) ——= Q*(M, E)

Note that dw is the curvature of the principal bundle here, because it maps from the basic
forms.

3.6 Parallel transport and the holonomy group

Parallel transport The concepts of a horizontal lifts and parallel transport are similar as
for fibre bundles. Nice is that parallel transport in principal bundle preserves the additional
date; the group structure of the fibre.

Lemma 3.6.1. Let P(M,G) be principal bundle, and let I' be a connection on it. Parallel
transport ¢~ : m1(v(0)) — 7~ (v(1)) along a path v with respect to T is an isomorphism.

Proof. ¢, is bijective because the different horizontal lifts of v don’t intersect each other.
Recall that one can obtain all elements from a fibre 7—!(x), by multiplying one chosen
element by the elements of G. Because multiplying with elements of GG, sends horizontal
paths to horizontal paths, we observe that ¢, is really a homomorphism and therefore a
isomorphism between the fibres. O

The holonomy group.

Definition 3.6.2. Let P(M,G) be a principal fibre bundle with a connection I'. Choose
x € M. The holonomy group ®(z) in z with respect to I' is the following subgroup of
Aut(rm7!(z)): ®(z) exists out of those automorphisms of 7! which can be obtained via
parallel transport ¢, with respect to I' along a loop in M around z.

This definition requires a prove that ®(z) is really a subgroup of Aut(z™1).

Proof. Take two elements ¢, ¢, € ®(x). Then ¢, o (¢,/)~! is obtained by parallel transport
along v * (7)1, with

S N

IA A
~ ~~
IA A

2
*
—~
\Q\
SN—
L
—~
~
SN—
I
——
2
=~
~
SN—
= O

Hence, ®(z) is a subgroup. O
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Lemma 3.6.3. Let P(M,G) be a principal fibre bundle with a connection I'. For two points
x and x’ in the same path connected component of the base space M the holonomy groups
O(x) and ®(x') with respect to I are isomorphic.

Proof. Let a be an path joining  and 2’. Then

®(z) = () : ¢y = da© by,

is an isomorphism. O

There is another equivalent way to define the holonomy group. It uses that the fibres of a
principal G-bundle are isomorphic with G.

Definition 3.6.4. Let P(M,G) be a principal fibre bundle with a connection I', and let
u € P. The holonomy group ®(u) in u with respect to I' is the subgroup of G which exists
out of those g € GG such that there is a horizontal path from g to ug.

Again, this definition requires a prove that ®(u) is a subgroup of G.

Proof. For g, h € ®(u), there are paths 7, a in M such that ¢,(u) = ug and ¢,(u) = uh. By
combining these paths we get ¢quy (1) = ¢u(ug) = ¢o(u)g = uhg. Hence hg € ®(u). ]
Lemma 3.6.5. Let P(M,G) be a principal fibre bundle with a connection I, and let u € P

and x = m(u). The holonomy groups ®(z) and ®(u) are isomorphic.

Proof. The map which sends ¢, € ®(z) to that g € ®(u) such that ¢,(u) = ug, is the
isomorphism. O

Proposition 3.6.6. ®(u) is a Lie subgroup of a G

A proof of this proposition can be found in [11].

Definition 3.6.7. Let P(M,G) be a principal G-bundle, and let T" be a connection on it.
The restriction of the holonomy group ®(u) in u to elements generated by the loops in M
which are contractible is called the restricted holonomy group in u, and denoted with ®°(M).

Lemma 3.6.8. Let P(M,G) be a principal G-bundle whose base manifold is connected, and
let T' be a connection on it. Choose uw € P, and let x = w(u). There is a surjective group
homomorphism from the fundamental group (M, x) of M to the quotient ®(u)/®"(u).

Proof. Let v and v’ be loops in around x, such that [y] = [y/] € 71 (M, x). v and 7' both define
an element in ®(u). -+ is null-homotopic, so they define the same element in ®(u)/®°(u).
This defines the homomorphism from f : (M, z) — ®(u)/®°(u). O

Corollary 3.6.9. For principal G-bundles for which the base manifold is connected is ®(u) /D% (u)
countable.

Proof. Manifolds which are connected have countable fundamental groups. ]
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A theorem on holonomy There is an important result due to Ambrose and Singer which
gives a relation between the holonomy group of a connection and its curvature. First we
introduce the notion of the holonomy bundle.

Definition 3.6.10. Let P(M, G) be a principal fibre bundle with a connection I'. Let u € P.
The set of all elements v in P such that there exists a horizontal path joining u and v is
called the holonomy bundle with respect to connection I' of u, and denoted with P(u).

That P(u) is a fibre bundle is hidden in the proof of the following theorem.

Theorem 3.6.11 (Reduction). Let P(M,G) be a principal fibre bundle with connected base
M, and let I" be a connection on it. Let uw € P, then

1. P(u) is a reduced bundle with structure group ®(u).

2. the connection I' is reducible to a connection in P(u).

Proof. To prove this theorem we use lemma 3.2.13. For the first statement it is sufficient to
check the assumptions of this lemma. Let x = 7(u). Since M is connected there is a path
to any y € M. Therefore 7(P(u)) = M. If v € P(u), then va € P(u) if a € ®(u), by the
very definition of ®(u). To verify assumption (4) we take a local coordinate system z, ..., z,
around x, where x is mapped to the origin. Let 6 > 0 and define U by U = {|z;| < 0}. For a
y € P such the w(y) € U, let v be a path in U joining x and 7(y). Define o(y) to be obtained
by parallel transport along this 7. Then o is a section and o(y) € P(u). This proves the first
statement of the theorem. To prove the second statement, we observe that H,P C T,(P(u)),
for p € P(u). We now define H,P(u) to be H,P. O

Now we are ready to state and prove the holonomy theorem.

Theorem 3.6.12 (Holonomy). Let P(M,G) be principal bundle. Let I' be a connection
on P, and denote with w its connection 1-form and with € its curvature. Let u € P be an
arbitrary point, and denote with P(u) the holonomy bundle through u. Then the Lie algebra
of the holonomy group ®(u) is equal to the following subspace g' of g.

g ={Q(X,Y):ve Pu), X,Y € Hor,}.

Proof. By the reduction theorem we may assume that P(u) = P, and hence G = ®(u).
Because for all horizontal X,Y, we have Q(X,Y) = —w([X,Y]), and because of the G
equivariance of w, we find that g’ is Ad G invariant. Therefore g’ is a Lie algebra itself. We
will prove that in fact g’ = g. Thereto we define a distribution S in P. Let

S, = Hor,+g, for v € P, here
g, = {Al):Aeg}
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We claim that S is differentiable and integrable. Let v € P, and let U be an open neighbour-
hood of y = 7(v) in M such that 771(U) ~ U x G. Let X1, ..., X,,, € X(M) be differentiable
vector fields such that for all ' € U, X;(v/), ..., Xin(y') forms a basis for T,y M. Let Ay, ..., A,
be a basis for g/. Then we obtain a basis for S,: X7 (v),..X#(v), A;(v), ..., A,(v). By the
differentiability of the vector fields involved, this implies that S in diﬂerenﬁiil_ale. We use
this basis to prove the integrability. Because g’ is an algebra and [A;, A;] = [4;, 4;], we have
that [A;, A;] € S. We proved before that [A;, X J# ] is horizontal, so, vectors of that form are
also contained in S. For horizontal vectors we have w([ X7, XJ#]) = —QXF, X ]# ) € ¢, hence
(X7 (v),X]#(v)] — A(v) for some A € g'. We conclude that S is integrable. Let Py be the

maximal integral manifold in of S through u. Because S contains the horizontal distribution,
P = P(u) C Py = P. Therefore:

dimg =dim Py —r =dim P —r = dimg,

and hence g’ = g. ]

3.7 Connections on the frame bundle

In this section we take a fibration 7 : M — B with fibre F'. The structure group G of the
fibration is a subgroup of Diff (F'), and is not necessarily finite dimensional. We introduce a
more general concept of frame bundle, and we compare the holonomy groups of the frame
bundle with the holonomy group of the original bundle.

Frame bundles

Definition 3.7.1. The frame bundle, p : P — B of the fibration 7 : M — B is a principal
G-bundle whose fibre over b € B is

P, ={u:F — F,: uis a diffeomorphism}.

G acts on P from the right by precomposition:

PxG—P:(ug)—uog.

The original fibre bundle is isomorphic with the associated bundle P x F', and a connection
on the original bundle induces a connection on the frame bundle. In order to see that we
need the notion of the tangent space 7,,P of P, which we will describe without specifying the
differential structure on P. Take a path uy, t € [0,1] in P, with uy = u. The choice of this
path involves the specification of a path b(t),¢ € [0,1] in B, such that u, : F' — Fy4). Note
that for all x € F, w,(z),t € [0,1], is a path in M. Therefore we get a map

0
&uth:s DB — T e M.

78



Let X be the map we get if we take s = 0. We compute

d

T“(fﬂ)’/r(X<x)) - E‘tZOW(UtCL')) - %‘t:(ﬂ)(t),

which is independent of x. Finally we have computed that
T.P={X:F—=TM: X(x)Tyur - X(x) € TyuB is constant}.
The vertical spaces of p : P — B are the kernels of T,,p. These are those vector fields in T,,P

which image in vertical in the original fibre bundle. Therefore the vertical spaces are given
by

V, = {duo X : X € X(F)}

Now let I' be a connection on the original fibration. It induces a connection on p: P — B
in the following way.

Hy = {v* ou:v € T,B}.
Moreover its induced connection on P X F'is the original connection I'. p : P — B is a
principal G-bundle, hence the connection can also be described with the help of a g valued

connection 1-form. The Lie algebra of Diff(F') is X(F). The fundamental vector field on P
induced by X € X(F) is

X(u) =duoX.

Curvature We describe how the curvature in the original bundle Qr is related with the
curvature in the frame bundle Fy. For every x € F and ¢ € T, P we have £(x) = £(x)hor +
&(z)**. And the connection 1-form w at & has as value at u that vector field X € X(F),
such that

(@) =10 o exp(iX)(x) = €)™

The curvature is given by

Fr(&m) = w([€" ™)) € X(F),

and du o w([€"", nhor]) € V,. The curvature of the original bundle is given by

QF(U1>U2>u(:U) = [Ufavf]vert € X(Fy),
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where b = p(u). Because for all { € T, P, Tz)p-&(x) = constant, there are vy, v, € Ty B such
that £(x)h" = vy (2)", and n(x)h°" = vy(2)2*. Now it is not hard to see that the relation
between the two curvatures is given by:

Qpb =duo Fp o Uil,
where u € Py,

The holonomy groups The following lemma gives a relation between the holonomy group
of the original bundle and the frame bundle.

Lemma 3.7.2. Let b € B, and ®(b) the holonomy group for a connection I' on the bundle
7: M — B. Letu: F — Fy be in P. Then the ®(b) is isomorphic to the holonomy group
®(u) of the induced connection onp: P — B.

Proof. ®(u) exists out of those elements g € Diff(F') = G, such that v and ug can be joined

by a horizontal path f; in P. f; is the horizontal lift of a path (¢) in B. u and ug live in
the same fibre, so y(t) is a loop in B, and uwo gou™' € ®(b). The map

d(u) — ®(b):gr—utogou,

is our desired isomorphism. O
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Chapter 4

Symplectic fibre bundles

Abstract In this chapter we concentrate on symplectic fibre bundles. These are fibre
bundles of type a symplectic manifold (F,o) and the transition functions are symplecto-
morphisms. The total space of a symplectic fibration doesn’t always admit a compatible
symplectic structure itself. We derive some conditions on the fibration, for which the total
space is symplectic. We discuss the notions of a symplectic connection. These are connections
for which the parallel transport preserves the symplectic structure. They can be described
by vertically closed 2-forms. If such a 2-form turns out to be closed and nondegenerate then
the total space is in fact a symplectic space, and the form is called a coupling form. We
finish with a theorem, which shows that the connection induced by a coupling form has to
have quite restricted holonomy groups. The theory is illustrated with examples. The outline
of this chapter is mostly based on chapter 6 of monograph of McDuff and Salomon, [13].

4.1 Symplectic fibre bundles

A fibre bundle 7 : M — B has a structure group G C Diff(F) if all transition functions take
values in G. In this chapter the fibre is a compact symplectic manifold (F, o).

Definition 4.1.1. A fibration 7 : M — B with local trivialisation (¢;,U;) is a symplectic
fibration if all transition functions take values in Symp(F, o), i.e. ¢;;(b)*c = o, for all i, j
and b € U; NU;.

The fibres Fp, of a symplectic fibration are equipped with a natural symplectic structure
oy € Q?(F,) defined by o, = ¢;(b)*o. We could define a symplectic fibration equivalently, by
requiring that every fibre has a symplectic structure o}, such that o, = ¢;(b)*c yields. Then
for the transition functions it yields,

¢15(0)"0 = (¢;(b) 0 $i(b)™")*0 = ¢i(b)*op = 0.

Hence, they are in Symp(F, o). A symplectic form w on the total space M is called compatible
with the symplectic fibration if each fibre (Fy, 03) is a symplectic submanifold of (M,w),i.e.
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for all b € B tyw = o3, where ¢, : F;, — M denotes the inclusion. Given a fibration
7 : M — B with symplectic fibre (F, o), and a structure group G € Symp(F, o), we would
like to understand under which conditions M admits a compatible symplectic form w. The
other way round, if we have a fibration 7 : M — B, and a symplectic form w € Q?(M), such
that the fibres are all symplectic manifolds of M, we would like to understand if the fibration
admits the structure of a symplectic fibration which is compatible with w. The last question
is answered by the following theorem.

Theorem 4.1.2. Let 7 : M — B be a fibre bundle with connected base and let w € Q*(M) be
a symplectic form such that the fibres are all symplectic submanifolds of M. Thenn: M — B
admits the structure of a symplectic fibration which is compatible with w.

Proof. For every b € M we have o, = tjw € Q?(F) and a diffeomorphism ¢;(b) : F, — F,
hence ¢;(b) "0y, € Q?(F). We will show that for all b these represent the same cohomology
class in H3, gpam(F). Using lemma ?? hAS TO BE REPAIRED.we note that the difference

¢i(b) oy, — () oy

is an exact form. M is a connected manifold, so in particular for two points b and b’ there
is a path 7, such that v(0) = b and (1) = ¥/. First take b and 0’ both containded in a
neighborhood U;, over which the bundle is trivial. Let v(¢) be contained in U, for all t € I.
Define

¢ =ty o ¢i(y(t) T I X F— M

This is a smooth map, and using the lemma we conclude that (1,00;(b)™)*w— (10 (') 1) *w,
is an exact form for such b and ¢'. If two point b,b’ don’t lie in such a neighbourhood, but
in neighbourhoods U;, U; such that U; N U; # (), then choose ¢ € U; N U;, and conclude
that (0 ¢;(b)™!)*w and (¢}, o ¢;(b')~1)*w are both cohomologous with (. o ¢;(c)™*)*w. For
points which are further away from each other we construct a path v joining them. Then
v~ 1(U;); gives a cover of [0,1]. [0, 1] is compact, so we get after only finitely many steps that
(b 0 ¢i(b)"1)*w and (¢, 0 ¢;(b')~)*w are cohomologous in Hix(F).

To finish the proof we take again a path ~ joining two points b,b" € M. Now define o; =
(1 —t)o + toyw € Q*(F). They are also all cohomologous. Now Moser’s stability theorem
gives that there is a family of diffeomorphisms ¢, : F' — F, such that

1y = id
@D:Ut:Uo:U

Therefore all fibres are symplectomorphic to the standard fibre (F, o). O

The converse is not obvious.

The next result, due to Thurston, shows that for M compact and for B a symplectic manifold,
there is a necessary and sufficient condition, which guarantees the existence of a compatible
symplectic form on M.
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Theorem 4.1.3 (Thurston). Let 7 : M — B be a symplectic manifold with compact total
space M, symplectic fibre (F, o), and connected symplectic base (B, [3). Suppose, there is a
class a € H3, ppom(M) such that

ta = (o]

for some b € B. Then for every sufficiently large real K > 0, there exists a symplectic form
wi € Q2(M) which is compatible with the fibration 7 and represents the class a + K[n*3].

Proof. Let 15 be any closed 2-form which represents the class a € HZ, gy (M). For any «
denote by o, € w?(U, X F) the 2-form obtained from o via the pull-back under the projection
U, x F' — F. The open sets U, are chosen to be contractible, so it follows that the forms
¢r o0 — 10 € Q*(r71(U,)) are exact. Choose a collection of 1-forms A, € Q'(7~1(U,)) such
that

Gr00 — To = dAg.

Let {po : B — [0,1]} be a partition of unity subordinate to the cover {U,},, and define
T € Q*(M) by:

T="7+ Z d((pa © ™) Aa)-

All terms are closed, so 7 is closed as well, and represents the class a. Moreover, the 1-form
d(p, o m) vanishes on vertical vectors, and hence

LT = 4T+ Z(pa o T)ipdNg

= Z(pa o)ty (1o + dAq)

(67

= S (o midion

«

= Z(pa 0] 7T)0'b = Op.

«

The form 7 need not to be nondegenerate. However, it is nondegenerate on the vertical
subspaces, and hence it determines a field of horizontal subspaces Hor, = (Vert,)”. The
form

Wg =7+ K"

agrees with 7 on Vert,, is nondegenerate on Hor, for K > 0 sufficiently large, and satisfies
wig(&,m) = 0 for £ € Hor, and n € Vert,. This shows that wg is nondegenerate for K
sufficiently large. O
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Constructing a symplectic fibre bundle. There is a natural way to construct a sym-
plectic fibration from a principal G-bundle and a symplectic manifold.

Theorem 4.1.4. If (P, B) is a principal G-bundle, and if G acts in a symplectic fashion on
a symplectic manifold (F, o), then P Xg F' is a symplectic fibration.

Proof. As we have seen in the chapter about principal G-bundles are the transition functions
of the associated fibre bundle, really by means of the group action on F. This group action
is here symplectic, and therefore the transition functions as well. n

Example 4.1.5. Let P(G, B) be a principal G-bundle. The symplectic form on the orbits
of the coadjoint action on g* is invariant under this action. So G acts in particular in a
symplectic way on O¢. Therefore, for all orbits P x O is a symplectic fibration over B.

If we allow G to be infinite dimensional, like Symp(F, o) is, then every symplectic fibration
gives rise to a principal G-bundle, namely the symplectic frame bundle.

Definition 4.1.6. Let 7 : M — B be a symplectic bundle with fibre F. The symplectic
frame bundle, P — B, has as fibres

Po={f:F—F,: ffo,=0}.

The group of symplectomorphisms of (F, o) acts on P by precomposition.

4.2 Symplectic connections

Definition 4.2.1. An Ehresmann connection I' on a symplectic fibration 7 : M — B is
called symplectic if the diffeomorphisms, constructed by parallel transport along paths ~,
preserve the symplectic structures in the fibres.

Ehresmann connections may be described by fibre nondegenerate almost Dirac structures on
the total space. We consider those which are the graph of a compatible 2-form 7 € Q(M),
ie. y;7 = oy, for all b € B. Note that the compatability condition assures that the graph
of 7 is indeed fibre nondegenerate. Not all compatible 2-forms on M lead to a symplectic
connection. The following lemma indicates some obstructions on 7 to induce a symplectic
connection.

Lemma 4.2.2. Assume that T € Q*(M) is compatible with the fibration. Then the connection
I'; is symplectic if and only if T is vertically closed in the sense that

dT(nla 72, ) =0

for all x € M and all vertical tangent vectors ny,ny € Vert,.
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Proof. The connection I'; is symplectic if the flow of all horizontal lifts v#, of vector fields
on B, preserve the restriction of 7 to the fibres. Equivalently,

Lv#T(nb 772) = O?

for all v € X(B), and vertical vectors 1;,7,. By Cartans formula we get

d(e(v*)7)(m,m2) + (e(v*)dT) (11, 7m2) = 0.
By the definition of Hor, the 1-form +(v# )7, vanishes on vertical vectors. Since the pull-back
and the exterior derivative commute it yields,
;d(e(v?)7T) = dij (L(v?)T) = 0.

Therefore, the first term is zero. That the last term is zero is equivalent to the statement
that

dT(Tllv N2, 5) =0

for all horizontal £. The restriction to the fibres of 7 is closed by assumption so we obtain:

dT(nl, N2, ) =0.
O

Definition 4.2.3. Let 7 : M — B be a symplectic fibration. A connection 2-form on M
is a form 7 € Q?(M) which is compatible with the symplectic fibre structure and which is
vertically closed.

It is clear that all connection 2-forms give rise to symplectic connections. Next, we prove
that they really exist.

Lemma 4.2.4. Any symplectic fibrations 7 : M — B of fibre type (F, o) admits a connection
2-form T.

Proof. Let {¢q : Uy }a be the local trivialization. Denote with o, € Q(U, X F') the pull-back
of o under the projection U, x F'. Let p, : B — R be a partition of unity subordinate to the
cover {U,}q. Define 7 by:

7= (po© 000

«

We claim that this 7 is a connection 2-form. To check the compatibility of 7 we take an
arbitrary b € B, such that b € Ug, and compute:
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i = 1Y (pwom)bio
= > (pao M) diprio

[e7

= Y (paom)(pracdaou)o
= ¢p(b) o = 0.
Furthermore, we compute dr:

dr = Z d(pa o) N\ Oro0 — Z(Pa o m)¢aprado.

«

o is closed, so the second term vanishes. Because Vert = Ker dm, the first term vanishes on
vertical vectors, i.e. T is vertically closed. O]

Example 4.2.5. In this example we study a fibration over the torus T2. The total space M,
is the quotient space R*/ ~, where ~ is the equivalence relation

(s,t,z,y) ~ (s+i,t+jx+it+ky+1),

with 4,7, k,1 € Z. The projection is given by 7 : M — T? : [s,t,x,y] — [s,t]. The fibres are

7 Y[s,t]) = {[s,t,x +it +k,y+1eM:klcZ}
again the torus. The symplectic form on the fibre dx Ady. The following form is a connection
2-form on the total space;
T =dx ANdy — sdt N\ dy.

The second term of this form is zero on vertical vectors, so 7 is really compatible with the
symplectic structure on the fibres. To check that it is really a connection 2-form we take the
exterior derivative.

dr = —ds ANdt A dy.

Since ds A dt vanishes on vertical vectors, 7 is vertically closed. Next we compute how the
connection induced by this 2-form looks like. Denote with m = [s,t,z,y| a point in M.
Elements of Vert,, are of the form (0,0, u,v), with u,v € R. Then

Hor,, = Vert, = {(a,b,c,d) € R*: cv — du — sbv = 0, for all u,v € R}
= {(a,b,sb,0) € R*}.

Hence, the horizontal subspaces are dependent on m.
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Example 4.2.6.

Definition 4.2.7. The quaternions form a ring with elements of the form a + bi 4 ¢j + dk,
where a, b, c,d € R, and with the following commutation relations:

P==kK=-1

ij=—ji=k
jk=—kj=i
ki= —ik = j

The quaternions are denoted with H.

It is possible to identify the quaternions with C?. To do that we define two maps:
p1:C—oH,a+bi—a+b
w9 : C— H,a+ bi — aj + bk,

and combine this map to:

0:C?* - H: (21, 20) — @1(21) + pa(22).

This map has the nice property that ¢(A(z1,22)) = ©1(A\)(¢1(21) + w2(22)), for all A € C.
Therefore, it induces a map of projective spaces:

¢ : CP? — HP.

The fibres of this fibration can be described as follows:

. TS 5. p1(23) + ¢a(za)
¢ ([1, ha]) = {[21, 22, 23, 24] € CP ' or(21) + a(2a) ha}

51 — {1 2 ez 5. p1(z1) +¢a(z2)
¢~ ([h1, 1]) = {[21, 22, 23, 24) € CP (o) T (2] hi}.

Parallel transport in terms of the connection 2-form. Let 7 be a connection 2-form
on a symplectic fibration 7 : M — B. We give an explicit description of the parallel transport
in terms of 7. Because the horizontal lift is a local concept, it suffices to look to a trivial
bundle M = B x F. Where B C R™ is an open set. Denote with zy, ..., z,, the standard
coordinates on R™. A connection 2-form 7 € Q?(M) is of the form:

T:g+2aiAd$i+Zfijd$iAdxj'

1<j
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Where for all z € B, o(x) € Q*(F), a;(z) € QY(B), and f;; € C*(F). Abbreviate 8%1, = 0;.
The exterior derivative of 7 is:

aBrr = da+zaia/\dxi

+ Zdai A dx; —1—283041- Ndxj A dx;
i i
+ Z df”dl’l A\ dl’j + Z (akfm + ajsz + Blfzk)dxz A dxj A dxy,.

i<j i<j<k
So, 7 is vertically closed if and only if

do(z) =0, and 0;0(z) + da,(z) = 0.

The horizontal lift of a tangent vector £ € T,B, at a point (b,q) € B x F is a vector
& = (&, X) € R™ x T,F, such that for any vector (0,Y) € R™ x T,F,

T((f? X)> (07 Y)) = 0

Insert this in the expression for 7. We find that this implies:

U X))oy = Z &ai(D).

Hence, the holonomy along a path v in B is given by the diffeomorphisms &, : F' — F' defined
by

%(I)t =X;0®;, and «(Xy)oy = Z%(t)(x(t»%@)

Construction of a symplectic fibre bundle with a closed connection 2-form A
connection 2-form doesn’t have to be closed. However in the following special case we can
always find a closed connection 2-form.

Theorem 4.2.8 (Weinstein). Let G — Symp(F, o) be a Hamiltonian action. Then every
connection on a principal G-bundle P — B gives rise to a closed connection 2-form on
P Xa F.

Proof. First we consider the case that F' is T*G. We have seen that G acts on T*G in
a Hamiltonian fashion. Since the fibres of a principal G-bundle are diffeomorphic with G,
P xg T*G can be identified with the vertical cotangent bundle of P. A connection 1-form
A € Q*(P,g) determines a projection:

88



TP VP
(p,v) = (p, ppA(v)).

Which, on its turn, determines an injection:

tg: VP — T*P.
A cotangent bundle has a canonical symplectic form, and so does T*P. By pulling it back
along the injection above we obtain a 2-form on V*P:
WA = UyWean-

The equivariant behaviour of the connecting 1-form induces that ¢4 is equivariant, i.e.

ta(g - (p,v")) = gu(p,v") for all (p,v*) € T*P and g € G.

Therefore, we get invariance of w4 under the action of G. w4 restricts to the canonical
symplectic forms on the fibres on V*P. Next we take (F, o) to be a symplectic manifold with
Hamiltonian G-action and moment map pp :— g*. The form

TA=was@DoonW=V*"PxF

is closed, since both w4 and ¢ are. G acts on W in a Hamiltonian fashion with moment map:

pw = ppota®ur: W — g’
((p,v"), f) = wpporalp,v) + pr(f).

To come to our result we observe that up is a submersion, therefore 0 is a regular value of
- Furthermore we have that

fig (0) = {((p, v*), f) = pp 0 valp,v*) = —pr(f)}.

Recall that for every p € P, v — w,(v), is an isomorphism between V,P and g. Therefore,
for every f € F and every p € P there is an unique v* € V5 P such that ((p,v*), f) € p;/ (0).
We find a natural identification

M = 1 (0)/G = P xg F.

Since 74 is invariant under the action of G it is projectable to a form on M which we call
again 74. Symplectic reduction on the fibres shows that this form restricts to the canonical
symplectic forms on the fibres. ]
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Connections on the symplectic frame bundle Recall from section 3.7, that an Ehres-
mann connection on a fibre bundle induces a connection on the frame bundle. Similarly, a
symplectic connection I' on a symplectic fibre bundle 7 : M — B induces a connection on
the symplectic frame bundle P. Note that the symplectic frame bundle of 7 : M — B is a
subbundle of the frame bundle, and hence, the tangent space T¢P at a symplectomorphism
f: F — Iy is a subspace of:
{X:F =>TM :Tppym- X(x) € Ty B is constant}.
Let 7 be the connection 2-form on M inducing I'. Let f; be a path in P, with fo = f. f; is
a symplectomorphism for all ¢, hence:
F16,) = o f)'r =0

Therefore, in terms of the Lie derivative, for £ € T¥P has to satisfy:

ib
Ler 7290,

where 72 means that the restriction to the fibres is on both side the same. By the formula

of Cartan, we get

0= Ler "2 du(©)r + 1(&)dr "Z° du(©)r.

Note that a general vertical vector in T, M can be expressed as df (x)w, where w € T, F.
Thus the condition for f; to be symplectic translates to the condition that the 1-form on F

T,F — R :w— 7(&(), df (x)w),

is closed. Hence,

TyP={X:F—=TM | Tyyuyr-X(x) = constant,
and the 1-form T, F — R : w — 7(&(x), df (z)w)is closed}.

Now we find the vertical and thehorizontal spaces:

Vf — {5eTf’]D;SzdfOXfOI'XG%(F,O_)}a
Hy = {(eTyP:{=v%0 fve Ty B}
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4.3 Symplectic gauge theory and the curvature form

Let m : M — B be a symplectic fibration, and let 7 be a connection 2-form. A projectable
diffeomorphism ¢ : M — M, which preserves the symplectic structure of the fibre, i.e.

fibre

¢'T =T,

is called a fibrewise symplectomorphism of M. The Lie algebra of the group of fibrewise
symplectomorphisms are the fibrewise symplectic vector fields. Those are vector fields for
which

fibre

d(u(X)T)"="0.
Since on vertical vectors the expression +(X)dr vanishes, an equivalent condition is that

i
LxT fz:re 0.

Which looks like the original condition for a vector field to be symplectic. A special kind of
fibrewise symplectomorphisms of M, are those who descend to the identity on B. i.e.

TOo@¢=T.

These are called symplectic gauge transformations, and they form a subgroup Diff (M, 1) of
the fibrewise symplectomorphisms. From the following commuting diagram it follows directly
that it is in fact a normal subgroup.

M-t

Pl )

B B B B

The Lie algebra of Diff (M, o) must be a subalgebra of the space of fibrewise symplectic vector
fields. The symplectic gauge transformations only interchange elements inside the fibres, so
the Lie algebra of Diff(M, o) are the vertical fibrewise symplectic vector fields, which we
denote with Xve (M, o). Given a'Y € X(M, o), and a fibrewise symplectomorphism ¢, we
find:

exp(Ad(@)Y) = ¢ ' exp(Y)¢ € Diff (M, 7).

Which induces that Ad(¢)Y € Xver(M, o). If we differentiate another time we get that for
any fibrewise symplectic vector field X,

ad(X)(Y) = [X,Y] € X°(M, o).

So in particular, for a horizontal lift v#, and a vertical fibrewise symplectic vector field Y,
we have [v, X] is again a vertical fibrewise symplectic vector field.
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Lemma 4.3.1. Let Y be a vertical Hamiltonian vector field, with Hamiltonian function H
in the sense that

fzbre

(Y)T dH.

Then, for every fibrewise symplectic vector field X, the Lie bracket [X,Y] is a vertical Hamil-
tonian vector field, with Hamiltonian function LxH .

Proof. Let ¢ : M — M be a fibrewise symplectomorphism, and let Y be as above. Then for
a vector field X we have,

fibre

T(¢; oY 09,90, X)
(Y 06, X) "= d(H 0 ¢)(X)

¢~ (oY) (X)

fibre

So @'Y is a vertical Hamiltonian vector field.

Now we compute ¢([X,Y])7, where YV is as above and X is a fibrewise symplectomorphism.

fibre oY — OpY
([, YN)r =" ulim ——==)
fibre .Y — @Y
= im0
ibre H—-H bre
I d(lim Togb") T (L H).

]

Lemma 4.3.2. Let 7 be connection 2-form, then the curvature of the connection I';, satisfies

fibre

(ol of 1oy T=5 de(of ool )T — (0 oo ).

Proof. Let Y be any vertical vector field, then we express:

dr(f,vf . Y) = La(r(v].Y)) + Lp(r(Y.0F)) + Ly (7(v] . 0]))
T([U#’U;&] Y) - T([Y7 U#LUZ#) - T([U2#7Y]vvf)'

We have seen above that the bracket [v¥ Y] is vertical. By definition of the horizontal
subspaces 7(v#,Y) = 0. We observe that most terms vanish and we are left with:

dr(vf 03, Y) = Ly (r(of o)) = 7([vf ;03 ], Y) = oY )de(0] )e(v] ) — 7([oF, 0] [, V).
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4.4 The coupling form

We have seen that a connection I'; is symplectic if the connection 2-form 7 is vertically closed.
7 can not always be taken to be closed.

Example 4.4.1. Above we encountered the example of a symplectic fibration over the torus.
The total space M is R*/ ~, where ~ is the equivalence relation
(s,t,z,y) ~ (s+i,t+j,z+it+ky+1),

with ¢, j, k,l € Z. As connection 2-form we found

T=dx N\dy — sdt N\ dy,

which is clearly not closed. In fact, M doesn’t admit a closed connection 2-form. If it would,
then M would be symplectic itself, but M is a nonorientable manifold. To see that, we
restrict the tangent bundle TM — M, to N, where N C M is {[s+i,t+j,z+it+k,y+1] €
M : s,y € R fixed}. N is isomorphic with the M&bius band, which is the most classical
example of a nonorientable surface. Hence, M is nonorientable.

The next important theorem gives when a closed 7 can be found.

Theorem 4.4.2. Let w: M — B be a symplectic fibration and let I" be a symplectic connec-
tion on M. Then the following are equivalent:

1. There exists a closed connection 2-form T € Q*(M) such that T, =T.

2. The holonomy of I' around any contractible loop in B is Hamiltonian.

Moreover, in this case, there exists a unique closed connection 2-form 10 € Q?(M) which
generates I' and satisfies the normalization condition:

/ 7 =0e Q%(B),
F

where fF denotes integration over the fibre. Any other closed connection 2-form 1 which
generates I' is related to m by:

T—m =70
for some closed form 3 € Q2(B) that is uniquely determined by 7.

A 2-form which satisfies the condition above is called the coupling-form.

Corollary 4.4.3. If 7 : M — B is a symplectic fibration, such that the base is a compact
symplectic manifold and the equivalent statements in the previous theorem are fulfilled, then
M carries a symplectic structure.
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Proof. By assumption there is a compatible closed 2-form 7 € Q?(M). Let 3 be the symplec-
tic form on B. Then the theorem 4.1.3 of Thurston shows that w, = 7 + kn*3 is symplectic
for k sufficiently large. m

Proof of theorem 4.4.2. First we prove, ‘1 implies 2’. The other direction will follow later.
Let D C C be the unit disc, and let v : D — B be a smooth map. Any contractible loop
in B can be seen as the boundary of a the image of D under such map. We define the pull
back of the bundle u*M, which has a total space

{(m,z) € M x D :7m(m) = u(z)},

and the projection is the projection on the second coordinate. u lifts to a bundle map

¢:DxF — M,

such that for each z € D the map (F,0) — (Fu),0ui)) @ ¢ — ¢(z,q) is a symplectomor-
phism. Hence the pull-back of the connection 2-form is of the form:

'r=0c+aNdr+ B Ndy+ fdr Ady,
where z = x + 1y is the coordinate on D, 0(2) = 0, a(z) = 8(z) € Q' (F) and f(z) € C>(F).
The connection 2-form 7 is closed, hence for all z € D:
doo=dp =0, and df = 0,8 — 9.

As in the paragraph about the relation between parallel transport and coupling form we see
that the holonomy of ¢* around the z(t) = €™ = z(t) + iy(t) is the path of symplectomor-
phisms ®; : F' — F given by

d
Eq)t = X;0®;, and «(X;)o = ay,

where oy = a(z(t))x(t) + B(2(t))y(t).

The formula df = 0,8 — d,c leads to the relation

1
/ atdt:d/ f(x,y)dzdy,
0 D

which implies that the flux of the path {®,;}o<;<1 is zero, and hence that ®; : FF — F is a
Hamiltonian symplectomorphism.

]
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The natural way to find the relationship between the holonomy and the connection 2-form
is the theorem, 3.6.12, of Ambrose and Springer. To do that we need a principal bundle; the
symplectic frame bundle. We restate the holonomy theorem of Ambrose and Springer for
this particular case.

Theorem 4.4.4. Given a symplectic fibre bundle, m : M — B,whose base manifold is B
is connected and paracompact. Then the symplectic frame bundle, P — B, is a principal
Symp(F, o)-bundle. Let T, be a connection 2-form on M, and I'p_, be the induced connection
onP. Let P(f) be the holonomy group with reference point f € P. Let P(f) be the holonomy
bundle through f of I'p .. Denote with ¢’ C X(F, o), the subspace generated by elements of the
form Qr(v,w), where w,v are tangent vectors to P at the points in P(f). Then the subgroup
of Symp(F, o), generated by g, is P°(f); the holonomy group, generated by contractible paths
n B.

Proof. Has to be done still. O]

Corollary 4.4.5. The symplectomorphisms from F, — F, obtained by parallel transport
along contractible loops in B are all Hamiltonian if and only if the curvature form takes
values in the space of Hamiltonian vector fields.

Proof. We denote the parallel transport along a contractible curve v in B, in P with ®, and
in M with ¢,, an the fibre above b in P with P,. P is a principal Symp(F, o) bundle, so for
a f € Py, we have a ¢ € Symp(F, o) such that

q%(f):foﬁb

Note that if f € Py then is ¢, o f € Py as well. The horizontal vectors in TP are of the form
v# o f, and the solution curve of v# gives the parallel transport. So we find

(I)’Y(f>:¢'yof-

If we combine this results we get

fO%U:%Of

Now if the curvature form ends in the space of Hamiltonian vector fields if and only if
the holonomy around the contractible loops in B is Hamiltonian, in the notation here this
means that 1 is Hamiltonian. We observed earlier that Ham(F, o) is a normal subgroup of
Symp(F, o). Hence we get that ¢ is Hamiltonian if and only if ¢, is Hamiltonian. O

Continuation of the proof of 4.4.2. Let I be a symplectic connection on 7 : M — B, such
that the holonomy around every contractible loop in b is Hamiltonian. We search for a closed
connection 2-form 7, such that I' = I'.. By the compatibility of 7, we know the value of
7(X,Y’) on vertical vector spaces. Moreover, we know that 7(X,v#) = 0, where X is vertical
and v € X(B). So we are left with defining 7 on horizontal vector fields, for which we use
the condition on the holonomy. The curvature form takes values in the space of Hamiltonian
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vector fields on F. So, for two vector fields vy, vy € X(B), there is a function H,, ,, : M — R
such that

L([Uf‘i U#] Vert)ab = HU17’U2|Fb7

which is unique up to a constant. Therefore, we normalise it such that

k
/ H,, w05 = 0.
Fy

Since for all x € M, with m(x) = b, the form T, B x T,B — R : (v1,v3) — H,, 4, is bilinear
and skew-symmetric, there is a unique connection 2-form, 7, which generates I' and which
satisfies 71 (v!, v3). We will prove that this form is closed. By the compatibility of mr, dmr
vanishes on all triples of vertical vectors, and, since Y is vertically closed, dr vanishes already
when two vertical vectors are involved. We have a closer look to the curvature identity:

o[t o1 T2 A (o) — e,

and insert the definition of 7, and get:

AHy, 0, "2 dHy, 0y — 103107 )drr.

So drp(vy,ve, X) = 0 for vertical vector fields X. It remains to prove that dr vanishes on
triples of horizontal vector fields. As we saw before we have:

dro(vf 0] i) = L (re(v),v])) + Log (re(oF,0])) + Log (0 (o7, 0F))

U1
_TF([Ui%?U;&]?U;%) - TF([U?#av:I#]’U;#) - TF([U;#’U#LU#)'

We write this as the sum of three fibrewise Hamiltonian functions:
Hy = L g (e (ot 0f)) — 7o((of vF), o)
AN

Hy = L g (o, of))

Hy = Ly (o (vf ,of) = ([of, of], o).

With the help of lemma 4.3.1 we see that Hamiltonian vector field of H; is

Y1 = Qp([or, 2], v3) — [0F, Q(v1,v2)].

We write Y; in another way:
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Yi = Qr(for,vav3) — [vf, Qv1, vs)]

= [[Uh UQ]#v U;&]vert + [Q(Ula U2>7 Uf]

= [[0#71);&]7@?]%”'

Where we have used that [vy, vs]# + Q(vy,v5) = [0}, 0¥], and that [Q(v, v,), v¥] is vertical.
The other Hamiltonian vector fields are found by cyclic permuting the indices in the last

expression for Y;. So, by the Jacobi-identity, the Hamiltonian vector field of drm(v?, 07 v7)

is 0, and hence dTp(v}‘7£ , vf , vf ) is zero itself. Therefore, 7 is closed. Thus ‘2 implies 1’ is

proven.

We prove that this 7 satisfies [, 7ot = 0, which is equivalent to [ 5 v )e(F) i = 0 for
all b € B and vy, vy € Ty B. This, in its turn is equivalent to

[ ety —o.
Fy
This follows from the beginning of the proof where we took [ 7 H,, v,of = 0.

Next, we have to prove that if 7 is another closed compatible connection 2-form which
generates I, then there is a closed 8 € Q%(B), such that 7 — 70 = 7*3. First we concentrate
on a U, on which the fibration is locally trivial. Let (x1,...x,) be the coordinates on U,. We
write

T—TpIW—FZOCi/\dl’i—i—Zfijdxi/\de,

1<j

where w € Q*(F), a;(z) € Q(F), and f;;(z) € C*(F). The vertical subbundle is contained
in the kernel of 7 — 7, because 7 and 7 generate the same connection. So, w(x) = 0 and
a;(z) = 0. Since 7 and 7 are closed we get df;; = 0, hence the f;; are constant in the fibres.
Therefore, there is a 8 € Q*(U,) such that 7 — 7 = 7*3. 3 is uniquely determined by 7, so
there exist a global 8 € Q*(B). [ is closed, because 7 — 77 is closed.

To finish we prove that this 7t is unique. Suppose that there is a compatible closed connection
2-form which generates I', such that
/ "=t =0.
F

Then the curvature identity gives

ver fibre
(o of )7 T=0 d(r (o] o).

for vy, v, € X(B). So [vf,v¥]"* is Hamiltonian on each fibre, with Hamiltonian function

7(v¥,v¥). The normalisation condition above gives that the mean value of 7(v¥, v¥) is zero.
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Hence T(Uf’E , v;i ) = Hy, 4y, and by the observation made in the beginning of the prove we may

conclude that 7 = . O

Example 4.4.6. We have seen already that for any principal G-bundle we get a symplectic
fibration, if we take the associated bundle with a orbit of the coadjoint action on g*, £ =
PxO¢. Now let w be a connection 1-form on P, let I" and €2 be the corresponding connection
respectively the curvature 2-form. Such a connection induces a connection on the associated
bundle. Recall that §2 is g valued 2-form, so for a u € g*, we get that uoQ € Q*(P,g). Now
we define a 2-form on F.

Qi (X, Y) = po Qp(hX, hY) + (i, [vX, hYT]) .
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Chapter 5

Poisson fibre bundles

Abstract In this chapter we discuss fibrations with a Poisson manifold (F, ) as fibre, and
the structure group to be a subgroup of the Poisson diffeomorphisms of F'. Different as in
the previous chapter, does the Poisson structure of the fibre immediately imply a Poisson
structure on the total space. This Poisson bivector will turn out to be vertical and is denoted
with my,. In this chapter we will find as an analogy to the coupling form the coupling Dirac
structure. Also will we discuss the effect of Poisson gauging on the total space.

5.1 Poisson fibre bundles

Definition 5.1.1. A Poisson fibration is a fibre bundle p : P — M, with as fibre a Poisson
manifold (F, ), and as structure group of the fibration a subgroup of the group of Poisson
diffeomorphisms, Diff(F, 7).

All fibres of a Poisson fibration carry a natural Poisson structure

m = (¢i(b)~")um
Remark 5.1.2. All symplectic fibre bundles are Poisson fibre bundles. The Poisson bivector
7, is related to the symplectic 2-form w, by 7% = —(wy) L.

For symplectic fibre bundles we found some conditions for which the total space itself would
be a symplectic manifold. For a Poisson fibre bundles that is not necessary anymore: we
find immediately a Poisson structure on the total space. In fact we can just glue the Poisson
structure m, on the fibres defined above together to

Ty (x) = Ty (z), for all x € M.

This is a vertical 2-vector field in the sense that it takes values in /\2 Vert.

As we have seen before a fibre nondegenerate almost Dirac structure L, give rise to a con-
nection, a horizontal 2-form w; and a vertical bivector 7, such that
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L = graph(my) @ graph(wy)

Definition 5.1.3. A fibre nondegenerate Dirac structure L on a Poisson fibrationp : P — M,
is called compatible with the fibration if 7, = 7. In this case we call L a coupling Dirac
structure.

In general we can say the following about the existence of a Poisson structure on a fibration.

Proposition 5.1.4. Let p : M — B be a fibration with a connected base manifold and
compact fibres. If L is a fibre nondegenerate Dirac structure, then p : M — B admits the
structure of a Poisson fibration, such that 7 = my .

Proof. 1f L is a fibre nondegenerate Dirac structure then 7y, is a Poisson bivector. L defines
a connection and the parallel transport along the along paths define to a chosen fibre Fy,
gives the local trivialisation. The compactness of the fibre ensures the completeness of the
horizontal lifts. O

5.2 Poisson connections

Definition 5.2.1. A connection I' on a Poisson fibration p : P — M is called a Poisson
connection, if for all loops v in B, the map defined by parallel transport

ny : Fb — F b
is a Poisson diffeomorphism.

Example 5.2.2. We look to the symplectic fibration M — T2, with fibre T?, where The
total space M, is the quotient space R*/ ~, where ~ is the equivalence relation

(s,t,z,y) ~ (s+i,t+jx+it+ky+1),

with 4, 7, k,1 € Z. The projection is given by 7 : M — T2 : [s, ¢, x,y] — [s,t]. The symplectic
form on the fibre is w = dz A dy. A symplectic, and hence a Poisson connection is given in
terms of the connection 2-form 7 = dy A dy — sdt A dy. The graph of 7 is the almost Dirac
structure L. Note that Hor® is given by ¢(X )7, where X is vertical. Take X,Y vertical, then

LX), (Y)T) = u(X)7(Y) =7(V, X) = —w(X,Y).

The horizontal 2-form wg(X,Y) = 7(X,Y), where X,Y are horizontal. We compute wy,
explicitelly, where we use the expression for the horizontal vectors we found before,

Tm((a, b, sb,0), (a',b', sb',0)) = 0.
The horizontal 2-form vanishes. Because L = graph(wy) @ graph(m) = graph(7).
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A connection is a Poisson connection if and only if the flow of every horizontal vector field
preserves the vertical Poisson structure, i.e.

Lgmy =0, for all v € X(B).
Poisson connections do exists as follows from the following proposition.

Proposition 5.2.3. Let p: P — M be a Poisson fibration, with fibre (F, ), then there exist
a fibre nondegenerate almost Dirac structure L on p: P — M such that:

1. The vertical Poisson structure my, coincides with my

2. The connection 'y, is a Poisson connection.

Proof. We prove this proposition with the help of the local trivial structure of the fibration.
Let {U;, ¢;} be a trivialisation of the fibre bundle. L; is the pull-back Dirac structure of the
graph of 7.

Li = {((v,w), (0,n)) € T(U; x F) & T*(U; x F) : w = 7" (n)}.

The vertical vectors in T'(U; x F) are vectors of the form (0, w), Vert® = {(£,0) € T*(U; x F') }.
So elements of (Vert & Vert®) N L; are of the form ((0,w), (0,0)), where w = 7#(0) = 0. So
L; is fibre nondegenerate. Horizontal vectors are of the form (v, 0), and the horizontal 2-form
wr, = 0. The vertical bivector 7, = 7, and horizontal flow doesn’t effect this structure.
So I'z, is a Poisson connection. We glue this Dirac structures together with the help of a
partition of unity p; subordinate to the open cover {U;} of M. Define

L= Z(m o p)¢; L;.

The associated data to this new Dirac structure are also obtained by gluing the old data
together:

e Hor, =) ,(piop)¢; Hor;
o wy =) ,(piop)piwr, =0

& T = Zz(pl Op)(bfﬂu

L is fibre nondegenerate and m; coincides with my. All we have to check is that 'y is a
Poisson connection. To do this we use the following property of the Schouten-Neijenhuis
bracket:

[fX,Y] = f[X,Y]+ (Lxf)Y, X €X(P),Y € X*(P),f € C®(P).
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The horizontal lift of a vector field v € X(M), is 3, (pi o p)v¥, where v¥ is the horizontal lift
with respect to I'z,. Note that by the reasoning above L xmy =0 We compute:

Lygmy = ¥ my]
= D lpsop)f,m]
= Z(pz o p)[vl#, Ty + (va# (pi © p))mv

)

Where we used that L _#(p; o p) = 0. O

Construction of a Poisson fibration equipped with a coupling Dirac structure
There is a way to construct a Poisson fibration with fibre (F,7) if there is a Hamiltonian
group action of a Lie-group GG on F', and a principal G-bundle. This construction is analogue
to theorem 4.2.8.

Theorem 5.2.4. Let G x F' — F be a Hamiltonian group action of a compact Lie group G
on a Poisson manifold (F, ), with momentum map pr : F — g*. Then every connection
on a principal G bundle P(M,G) determines a coupling Dirac structure L on the associated
Poisson fibration P xg F' — M.

Proof. Note that the fibres of a principal G bundle are isomorphic to G, therefore there is a
canonical isomorphism between the vertical bundle and the and P x g. Let w be a connection
1-form on P, this induces a projection:

P TP — Pxg, (p,X)— (p,w(X)),

and hence an injection

i,: Pxg" — TP,

such that i, (p, £*) sends X € T),P to £*(w,(X)) € R. The fibres of the fibre bundle P x g* are
isomorphic with G x g*, which in its turn are isomorphic with T*G. The cotangent bundle
of P has a canonical symplectic structure, we..,. We obtain a closed form on P x g* if we
pull-back weqn:

<%
Ow = 1,Wean-

0., coincides on the fibres with o the canonical symplectic structure on 7*G. The graph(o,,)
is a Dirac structure and G acts Hamiltonian on P x g*:
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GxPxg —Pxg (g~ (pg ' Ad¢E).

The moment map p = pup oi,. Now we define a new space

W=Pxg*xF,

on which we have a Dirac structure

L = graph(o,,) @ graph(n).

G acts Hamiltonian on W, with moment map

Hw = [ D pFp
For every (p, f) € P x F, there is a unique ¢ € g*, such that ((p,&), f) € p*(0). Hence
p~1(0) =~ P x F, and this isomorphism leads to a imbedding:
m: P — P xg".
m*a, is a closed 2-form on P. The Dirac structure on obtained on py; (0), because 0 is a
regular value of uy, is described by
graph(m*o,) @ graph(m)

G acts freely on P and therefore also on py; (0), so with the help of Dirac reduction we obtain
a Dirac structure L,.4 on the reduced space puy; (0)/G ~ P x¢ F. Denote the projection
P x F — P xqg F, with pr. An explicit description of L,.q is given by:

Lyeq = {(dpr(X,77(€)), ) € T(P x¢ F) ® T*(P % F);
X eTP{eT Fand dpr*a= («(X)(m*oy,),&)}

L,.q is fibre nondegenerate. Hence L is the desired Dirac structure. O

The Poisson frame bundle Let p : M — B be a Poisson fibration with (F, 7). Like
before we construct a principal G-bundle over B, such that the associated bundle with F', is
original fibration.

Definition 5.2.5. The Poisson frame bundle, p : P — B of the Poisson fibration p :
M — B is a principal G-bundle, where G is a subgroup of Diff(F, ), the group of Poisson
diffeomorphisms. The fibre of p: P — B over b € B is

Py ={u: (F,7) — (Fy,my) : u is a Poisson diffeomorphism}.
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G acts on P from the right by precomposition:

PxG—P:(ug)—uog.

The tangent space of P at u is given by

T,P={X:F —TM :T,4p-  X(x) = constant, Lxmy = 0}.

The vertical spaces are given by

V,={duo X : X € X(F,7)}

Now let I be a connection on the original fibration. It induces a connection on p : P — B
in the following way.

Ho, = {v* ou:v e X(B)}.

Moreover its induced connection on P X F' is the original connection I'.

The holonomy theorem for a Poisson frame bundle

Theorem 5.2.6. Let p: M — B be a Poisson fibre bundle with a paracompact base manifold
B and fibre (F,m). Denote its frame bundle with p : P — B. Let I'p be the connection on
P induced by a connection I' on M. Denote with F and ) their respective curvatures. Let
u € P and let P(u) be the holonomy bundle through w. Let ®(u) be the holonomy group of u
with respect to T'p. Then the Lie algebra of ®(u) is given by:

{F,(X,)Y):vePu), X,Y € H,}

Coupling Dirac structures In the chapter about symplectic fibre bundles we have seen a
beautiful theorem about the coupling form. It stated that a closed connection 2-form exists if
and only if the holonomy around all contractible loops is Hamiltonian. Here we find a similar
result. In fact the theorem about the symplectic fibre bundles turns out to be a particular
case of the following theorem.

Theorem 5.2.7. Let p: P — M be a Poisson fibration and let L be a fibre nondegenerate
almost Dirac structure such that the induced connection 'y, is Poisson. Then the following
statements are equivalent:

1. L s a Dirac structure.

2. for every base point b € B the action of the holonomy group ®(b) of T', on the fibre F,
1s Hamiltonian.
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We use the Poisson frame bundle to prove this theorem.

Proof. (2) implies (1). The outline of te prove is as follows. The connection I"on p: P — M
induces a connection I'p on the frame bundle. With the reduction theorem we may reduce P
to a ®(u) bundle , where u € P. We denote this new bundle again wtih P. This connection
induces a fibre nondegenerate Dirac structure on P x4 F', where GG is the holomomy group on
P — B, with respect to I'p. Because P xg F' — B is isomorphic to the bundle p : P — M,
and the induced connection is the original connection, we find that L has to be Dirac.

Recall that the holonomy group ®(b) on p : P — M with respect to I' is isomorphic to the
holonomy group ®(u) in the frame bundle with respect to I'p, where u € Py,

]

5.3 Poisson gauging on fibrations

A Poisson gauge 2-form for the fibre (F, 7) of a Poisson fibration gives rise to a Poisson gauge
2-form for (P, my). All Poisson gauge transformations of a fibre nondegenerate Poisson-Dirac
structure give rise to a new fibre nondegenerate Poisson structure. In this section we discuss
the Poisson gauging of a the total spaces and their relation to Poisson gauging of the fibre.
We start with the last.

Lemma 5.3.1. Let p: P — M be a Poisson fibre bundle of fibre type (F,m). Let {U;}; be the
open cover of M used for its trivialisation, and let {p;}; be a partition of unity subordinate
to it. For any Poisson gauge 2-form B € Q*(F) for (F, ), is the 2-form

B =" (piop)si(B),

Poisson gauging for (P,my).

Proof. B is clearly a closed form. Recall that a 2-form is Poisson gauging for (P, my) if and
only if the map

(idpp —nft 0 By) : TP — TP
is an isomorphism. Equivalently, we proof for all p € P that the restriction of this map to
T,P is injective. Note that an element in the kernel has to be vertical. So a vector X is in

the kernel if and only if d¢; X is in the kernel of B for all suitable 7. But this kernel is {0}
by assumption. Therefore B is a Poisson gauging for (P, my ). O]

5.4 Future speculations
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