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Noether’s Theorem in Symplectic Bundles
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After an analysis of some types of symplectic bundles, we use seeded fiber
bundlesto find laws of conservation in relativity from different dynamical groups.
By using the concept of dynamical group in a bundle, we obtain an extension
of Noether’s theorem to fiber bundle structures.

1. INTRODUCTION

A usua practiceinrelativity isto study new metrics satisfying Einstein's
equations even if they do not have a direct connection with the action of
Poincaré or Lorentz groups on the space-time manifold where those metrics
are defined. In fact, there is a tendency to use the conformal group (Kea,
1997) in order to obtain equivalent conformal classes, and hence a simpler
description of the physical system.

In our opinion, therel ationship between conservation laws and dynamical
groups has not been sufficiently studied; it is usual to consider the same laws
of conservation even if a group different from the Lorentz or Poincaré group
is used. Our purpose is to investigate whether this makes sense. We start
from Souriau’s symplectic formulation of Noether’stheorem (Souriau, 1997).
This formulation is described by presymplectic manifolds whose quotient by
the characteristic foliation is the symplectic manifold or dynamic system that
we want to study. If V is a presymplectic manifold with 2-form of Lagrange
o, and . isa moment of a dynamic group over V, then . is constant in every
leaf of the characteristic foliation ker o.

In previous work (Liern and Olivert, 19953, b, 1999) we proved that
the use of certain symplectic fibrations (seeded fiber bundles), in which a
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connection and an horizontal foliation exist, allows us to generalize some
results of symplectic mechanicsto general relativity; thereforeit is reasonable
to give adescription of Noether’s theorem in this structure. Two main reasons
justify working with a seeded fiber bundle structure: (i) to unify relativity
and symplectic mechanics in the same structure and (ii) to plan possible
replacements of the dynamical group (structural group of fiber bundle).
Clearly, dealing with structures more general than symplectic manifolds
alows us to describe the evolution of dynamical systems in a more precise
way (Grigore, 1992; Gotay et al., 1983; Liern and Olivert, 1999). However a
detailed study to guarantee the extension of the properties must be performed.

2. WHY WE USE SYMPLECTIC BUNDLESIN RELATIVITY

Since gauge theory was successfully explained in terms of principal
bundles with a connection (Wu and Yang, 1975) the use of fiber bundles to
explain physical phenomena has notably grown. More precisely, effort in
symplectic mechanics has aimed at constructing associated fiber bundles with
asymplectic manifold as afiber representing the analyzed dynamical system.
The existence of a connection in these fiber bundles is fundamental because
this connection reflects the underlying interaction. Essentially two types
of mathematical constructions exist depending on the geometrical structure
imposed on the dynamical system.

Definition 1. Let A\ = (M, r, B, E) be a vector bundle with base space
B and a symplectic vector space E as fiber type. \ is caled a symplectic
vector bundle if there exists a 2-form () such that for every p € B, (), isa
symplectic form in E,.

These bundles are useful for studying Lagrangian submanifolds associ-
ated with the concept of polarization in geometric quantization (Morvan,
1984), but they do not permit usto study many results of symplectic mechanics
that can not be represented in terms of vector spaces. For example, from
Souriau’s viewpoint, elementary particles with spin can be described with
the symplectic manifold R® X & if the particle has mass or with R* X & if
the particle is massless (Souriau, 1970, 1997). Therefore, a vector bundle
cannot describe these dynamical systems.

This question can be resolved by using a more general symplectic
fibration structure due to Guillemin et al. (1996):

Definition 2. A fibration (M, , B, U) over B with fiber type U is a
simplectic fibration if the following conditions hold:

(i) The fibers U, are all symplectic manifolds.

(ii) There exists a 2-form w on M that satisfies i(v; 0 v,) dw = O for
every pair of vertical vector fields v, and v,.
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(iii) The restriction of w to each fiber, i.e., wly,, is the symplectic form
of the fiber.

Remark 1. In a symplectic fibration there exists a natural (Guillemin et
al., 1996) symplectic connection I' compatible with the 2-form w. Moreover,
the parallel displacements of I" are symplectomorphisms.

This structure alows us to reformulate symplectic mechanics in terms
of fiber bundles, but it does not consider explicitly many fundamental aspects.
These fibrations are not associated to any principal bundle and, moreover,
thereis not a structural group. This makes it difficult to useit in adynamical
group theory. Besides, we know (Souriau, 1997) that the evolution of a
dynamical system (U, o) whose evolution space is a presymplectic manifold
(V, o) can be obtained by studying the characteristic foliation of V. Definition
2 does not assume the existence of presymplectic manifolds (and therefore
the existence of foliations) inherent in the structure itself. In our opinion,
this structure is too general to be operative.

We propose to work with a different structure: the seeded fiber bundles.
It was introduced in Liern and Olivert (1995a) and we will prove that the
original definition is equivalent to Definition 2 plus the following three
conditions:

C1. The fibration (M, P, B, U) is a G-bundle associated to a principal
G-bundle with connection.

C2. The fiber bundle contains a foliation that shows the evolution of
the dynamical system.

C3. The total space of the bundle contains presymplectic manifolds,
which are evolution spaces of the dynamical systems.

In particular, if we consider such a fiber bundle over a space-time
manifold .l and the Poincaré group as structural group, we can obtain, for
instance, the main results concerning free elementary particles in general
relativity (Liern and Olivert, 1995a, 1999).

The original definition of a seeded fiber bundle is the following (Liern
and Olivert, 1995b):

Definition 3. Let A = (P, B, w, G) be a principa G-bundle with a
connection 7 and let (F, o) be a G-space Hausdorff symplectic manifold
such that G acts on F by symplectomorphism. A fiber bundle A[F] = (Pg,
B, 7, G) associated with \ and with fiber F is called a seeded fiber bundle
(SFB) if there exists a projectable (Brickell and Clark, 1970) foliation S
contained in the horizontal distribution 9. induced by # such that every fiber
cuts each leaf of Sat most in one point.

We will denote these symplectic bundles by A[F1(S) = (Pg, B, 7, G;
9 in order to make the foliation S appear explicitly.
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In Definition 3 we require that G acts on F by symplectomorphisms
to preserve the symplectic structure of fiber type. Actualy, we have the
following result:

Proposition 1. Let \[F](S) be a seeded fiber bundle. There exists a
natural simplectic structure over each fiber.

Proof. Let .. m}U,) - U, X G belocal triviaizations for 8 defined
by ¢.(p) = (m(p), Y(p)). We can define local trividizations for AN[F], &.:
we}(U,) - U, X F, given by

¢u((p, F)G) = (w(p), Wu(P) - T) 1)

We have §,(b) = pra° &ulr,; Fo - F, wherepry U, X F - Fisthe projec-
tion to the second factor. We obtain the maps ¢g,.(b) = &g(b) © §.(b) % F
- F given by

Bpalb) (f) = gaa(b) - f

where gg,: U, N Ug - G are trangition functions of 8. As G acts by
symplectomorphism on F, the maps &g, (b) are symplectomorphisms for each
binU, N Ug. We can define a symplectic form oy, of Fy, by

op = &o (0)* @ 2

This structure is natural because it is independent of the local diffeomorph-
ismo,. m

Proposition 1 guarantees that the SFB structure satisfies conditions (i)
and (iii) of Definition 2. Condition (ii) will be considered below. Moreover,
Definition 3 clearly satisfies conditions C1 and C2, too, but we need a
presymplectic structure to prove that condition C3 holds. In order to relate
the presymplectic manifolds with the SFB structure, we give the following
characterization (Liern and Olivert, 1995a):

Theorem 1. Let A = (P, B, m, G) beaprincipal G-bundlewith aconnection
3¢ and let (F, o) be a symplectic Hausdorff manifold left G space. A fiber
bundle \[F] = (Pg, B, mg, G) associated to N with fiber type F, is SFB if
and only if for every m e B there exists a presymplectic regular manifold
(Vm, om) C Pr satisfying the following:

(@ The family E := {V,|b € B} coversall P

(b) dim V,, = k (constant) Om < B.

(c) There is a surjective submersion s, Vi, — gt (M) such that
wei(m) = Vo /ker Y,

(d) Givenm, n € B, if V,, N V,, # 0, then V,, = V,.
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(e) ker(om)w C 2., Where 2 is the horizontal distribution in P induced
by #, and w € V,,

This theorem aso allows us to see an SFB, A\[F1(S = (Pg, B, 7¢, G;
S), as abundle of fibrations in which every fiber mz(m), m € B, isthe base
manifold of a new fibration \,, = (Vn, meX(m), ¥,) whose total space is a
presymplectic manifold.

This fact, together with (d) in Theorem 1, implies that P admits a new
differentiable structure determined by the family E = {V,|b e B}. Although
Prisnot usually apresymplectic manifold, E admits apresymplectic structure.
Let z € E; by (d) in Theorem 1, a unique presymplectic manifold V,, such
that z e V,, exists. The presymplectic 2-form in E is given by

oe(Xzr Vo) = ovy (X2, Y2) ©)

where X’ (resp. Y') is a vector field i-related to X (resp. Y), andi: V,, - E
is the canonical immersion.

3. SEEDED FIBER BUNDLES OVER SPACE-TIME MANIFOLDS

Let A = (P, M, 7, G) be a principal bundle with connection, over a
space-time manifold t, and with an arbitrary structural group G. Let (U, o)
be a symplectic Haussdorf left G space that represents a dynamical system
(Kea, 1997). We can construct a seeded fiber bundle over Jt (Liern and
Olivert, 1995a, b)

MU = (Py, M, 7y, G; 9 (4)
The foliation S can be projected on a foliation () over Jd,
Q= {X| Xisavector fieldin B: my, Y = Xomy, Y e § (5)

such that dim Q) = dim S because of this we can study the evolution of the
dynamical system U over .l from the integral manifolds of the foliation €.

Of course, not al foliations that make A\[U] to be a seeded fiber bundle
can describe the evolution of the dynamical system (U, o). We have to impose
an additiona condition on the foliation. Let X be a vector field of (), c a
maximal integral curve of X, and 7{: Ty M — Tl the parallel displace-
ment along c(t) Ot € I, where | is the domain of c. We say that AN[U](S) is
provided with a mation law if

t c(0) = Q(c(t)), tel (6)

With the fiber bundle (4) and the motion law (6) we extend free elemen-
tary particlesresults (Souriau, 1970, 1997) of symplectic mechanicsto general
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relativity (Liern and Olivert, 1995a, 1999). The ideafor this extension is that
depending on the dimension of () (one or three), the motion law originates
geodesics or totally geodesic integral manifolds in Jl, respectively.

However, the motion law described by (6) does not allow us to work
with symplectomorphisms because the space-time manifoldisneither presym-
plectic nor symplectic. In consequence, we cannot study physical magnitudes
that are preserved through time.

According to Theorem 1, the total space Pr contains some presymplectic
manifolds that “cover” the fibers. Then, each m e .t in the SFB contains a
dynamical system, w1 (m), and its evolution space V...

As the observation is made in the space-time ., we can impose a
condition (which we call the stability condition) by using symplectomorph-
ismsthat preserve the symplectic and presymplectic structures given in Theo-
rem 1. Let X be a vector field of ), ¢: | — M(I C R) an integra curve of
X, and 1& w5(c(0)) - mwyt (c(t)) the parallel displacement along ¢ in Py.
Given p € Py, we can define the curve B¢ (t, p): | - Py as

Bt p) = 8(p), tel, where mwy(p) = c(0)

For every p e wi! (c(0)), we have that {B(t, P)} periico) IS @ family of
differentiable curves in Py,.

The foliation Sis contained in the horizontal distribution. Because of
this, we have that (o/at)B°(t, p) C S(B(t, p)); then { B(t, P)} pery () iNduces
a family of curves

Yt p): | XE S E (25)
where E is the manifold given by (&) in Theorem 1.

Definition 4. We say that the SFB A[U](9) is c-stable if for every ty e
[, Y%(to, p) is a symplectomorphism.

Remark 2. A sufficient condition for the c-stability isthat the presymplec-
tic manifolds in Theorem 1 are symplectomorphics (Liern and Olivert 1999).

If A[U](9 is c-stable, there exist some curves in Py that preserve the
foliation in the presymplectic manifolds in such away that the fibers coincide
with the parallel displacement. Besides, these displacements are symplecto-
morphisms. Hence, we obtain Remark 1.

The c-stability condition expressed in Definition 4 is inherited via pull-
back. Given \[F](9 = (Pg, m, M, G; S a SFB c-stable, L a submanifold
of Mandi: L - J thecanonical immersion. If the pullback bundlei* (A\[F])
= (L Xy P, i* wg, L, G) is aseeded fiber bundle, then i*(\[U]) (S*) is &
stable, wherec =i o €.
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4. KILLING FIELDS AND NOETHER’'S THEOREM

In order to study Noether’s theorem in fiber bundles, we need to extend
two fundamental concepts in this theorem: the Killing fields and dynamical
groups. We make use of Souriau’s Killing field formulation (Souriau, 1997):

Definition 5. Let G be a Lie group, .l a manifold, and ¢g: M - M,
Og € G, the G-action on .l. A Killing field isamap Z,: M — T/ given
by Zy(m) = dm.eZ Where Z e TG.

In particular, if thereisametric tensor g in A and G acts by isometries,
Definition 5 is equivalent to the usual one: “X isaKilling field if £yg = 0,”
where L denotes the Lie derivative.

In seeded fiber bundles with a structural dynamical group G acting on
the fiber, we cannot assert anything about the action on presympletic mani-
folds that appear in Theorem 1. To study this situation, we need to extend
the concept of dynamical group to fiber bundles:

Definition 6. Let AN[F](S) = (Pg, 7, B, G; S be an SFB such that G
is a dynamical group acting by symplectomorphisms over the fiber type F.
The group G is called a dynamical group over \[F](S) if for every curve c
of B the diagram
Y c(t) == 7 Hc(t)
9l 0 9l

7 Yc(ty) —5 mC(t,)

is commutative for dl g € G.

Now, we can deal with a generalization of Noether's theorem to the
symplectic fibration over a Riemannian manifold.

Let A[TVI(S = (Prv V, mrw G; S be a seeded fiber bundle over a
Riemannian manifold (V, g) with fiber type TV and horizontal foliation S. If
¢ | - Visatempora geodesicinV, then Im cisasubmanifold. We can define

%G(m) := Q(m) N i.Ty(Im c), Omelmc

where () is the projected foliation of S over V.

Asc and () are temporal (or light-like), we obtain that Q(m) N i T,(IM
¢) # 0, 0me Imc, and asdim Im ¢ = 1, we have that dim Q,(m) = 1,
Om e Im c. Then the pullback i*(\[TV](S) given by

i*(Pn) — Pry
prof T
Imc - B

is a seeded fiber bundle.
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Assuming that A[TV](S is c-stable, the parallel displacements in
i*(N\[TV](9) are symplectomorphisms.

Proposition 2. If G is a dynamical group over i*(A\[TV](9), then G is
a dynamical group over every presymplectic manifold and has a moment.

Proof. Let V|, be a presymplectic manifold of i*(Pn,) and let
wm Vi - mnH(m) bethe canonic submersion. In aseeded fiber bundle, every
fiber is submanifold of its presymplectic manifold. Let i, wrj(m) - V., be
amap such that py, © in = L.3}m. We can define an action of G over V,,,
bg: Vi > Vi, g € G, as

dg(P) 1= IemTedTc "Wem(P),  Om e Vy
It is an action because
dgbr(P) = bylicmTcdTe *rem(P))
= I gmyTcdTe "Memyicmy The em(P)
This action induces over the fiber the initial action
Pghomm)(P) = MomPg(P) = Momyicm TedTe “Hom)(P)
= 797c "Mem(P) = Giem(P)

where s, is the action over U induced by the action over V.
Let us see that it is symplectic. The presymplectic form is oy, = p*o,
and therefore

bF oy, = WEm To U OF TEm) 15m) Oy
As i¥m wgm o = o, we obtain i}, oy,, = o, and
bgov = WEm Te Yo Tgm = Mgm) O = Oy,

Therefore G is a dynamic group over V.
The Killing fields on V,, and the Killing fields on wn}(m) are w-
related, i.e.,
W Ly = Zepdm © W

However, TV is a potential manifold and admits a moment, and therefore
every fiber mn}(m) admits a moment.
Let J be a moment of mnj(m); we can define

M(Z) := n* 32))
Finally, let usseethat M isamoment of the structural groupin themanifold V.
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dM(Z) = dw*((2)) = w*d (@) = —p*iz, 1 ©

— _ *o o
- M IM*ZVmG IZVmH' Y IZVm OV u

If N[TV](S is c-stable, we obtain that the parallel displacements in
i*(N\[TV](9) are symplectomorphisms.

Thehorizontal curvesareleavesof the characteristic foliation o because
its tangent spaces coincide with the horizontal 1-distribution and therefore
these horizontal lifts are tangent to the horizontal curves.

Let u, € T,V for each u in a horizontal curve that meets the fiber
wnd(m) = TV in Uy, we obtain that w(u) = u, because the image of a leaf
element under projection . is the unique element of the intersection of the
leaf and the fiber. We have

IM@)](U) = [p*@ @)W = D)k ) = [H2)](U
and by Riemannian manifold theory
[3@)](Un) = 9(Zviys Un)
and we have
[M2)](u) = 9(Zy,, un) = const

In our presymplectic manifold, we obtain that the moment is preserved in
each leaf and therefore Noether’s theorem holds.

5. CONCLUSION

In theoretical physics it is usual to apply Noether’s theorem with the
same formulation in both symplectic and presymplectic manifolds. In practice
these fields of application are understood to be equivalent, but even so, a
rigorous description is needed. Studies of this problem have been made using
the Poincaré group, but in this paper we generalize it to other groups.

We show that a pullback of a seeded fiber bundle allows usto reproduce
symplectic and differential structures in the fiber bundle whose base space
is an observer, i.e., a smooth curve. We also prove (Proposition 2) that the
structural group of the fiber bundle is dynamic over every presymplectic
manifold and has a moment for the group action. Then Noether’s theorem
can be used in the seeded fiber bundle structure, not only in its fibers
(symplectic manifolds), but also in the presymplectic manifolds that cover
its fibers.
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