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Abstract. We construct and investigate a short exact sequence of Poisson VB-groupoids
which is canonically related to the Atiyah sequence of a G-principal bundle P. Our re-

sults include a description of the structure of the symplectic leaves of the Poisson groupoid
% = %. The semidirect product case, which is important for applications in

Hamiltonian mechanics, is also discussed.
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1 Introduction

For many physical systems the configuration space is the total space of a principal bundle
P(M,G) over a base manifold M which parametrizes the external degrees of freedom of the
system under consideration. That is, there is a symmetry group G which acts freely on P with
a quotient manifold P/G = M and the projection P — M is locally trivial. In this situation
the action of G lifts to the phase space T*P with quotient manifold 7% P/G. The action of
G on T*P is by symplectomorphisms and so the symplectic structure descends to a Poisson
structure on T*P/G. This quotient space and its Poisson structure encode the mechanics and
the symmetry of the original system.

The typical situation is when the Hamiltonian of the system is invariant with respect to
the cotangent lift of the action of G on P. Then the quotient manifold 7% P/G becomes the
reduced phase space of the system. For example the above happens in rigid body mechanics [6]
or when one formulates the equation of motion of a classical particle in a Yang—Mills field: the
electromagnetic field is a particular case [10, 11].

When the action of G is lifted to TP the quotient manifold TP/G is the Atiyah algebroid
of P(M.G), or equivalently the Lie algebroid of the associated gauge groupoid. There is a natural
structure of vector bundle on T'P/G with base M, and sections of this correspond to vector fields
on P which are invariant under the group action; these are closed under the Lie bracket and
define a bracket on the sections of TP/G — M.

There are interesting geometric objects which include TP/G and T*P/G as their crucial
components. In this paper we will consider the Atiyah sequence (3.14) and the dual Atiyah
sequence (3.15) as well as the dual pair of Poisson manifolds (3.11). From the dual Atiyah
sequence we also construct a short exact sequence of VB-groupoids (4.6) over the gauge groupoid
% =2 P/G. The concept of VB-groupoid [8] is recalled in Section 2. The short exact sequences
of VB-groupoids which we construct and study (see in particular the diagrams (4.6) and (4.10))
relate the various algebraic and Poisson structures inherent in the situation.

Even the case P = G is very productive from the point of view of the applications in
Hamiltonian mechanics as well as Lie groupoid theory. Note here that the cotangent groupoid
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T*G =2 T;G is the symplectic groupoid of the Lie-Poisson structure of the dual TG = T*G/G
of the Lie algebra T.G of G, see [1]. As we will see, for a general principal bundle P the cotan-
gent groupoid T*G == TG is replaced by the symplectic groupoid T*(%) = T*P/G which
one obtains by the dualization (in the sense of VB-groupoid dualization [5, 8]) of the tangent
prolongation groupoid T(£4E) = T(P/G) of the gauge groupoid.

We now describe the contents of each section in detail.

Section 2 is concerned with aspects of VBB-groupoids: their duality, principal actions of a Lie
group G on a VB-groupoid, and short exact sequences of VB3-groupoids. The main results are
presented in Proposition 2.6 and Proposition 2.12, which show that for VB-groupoids, and for
short exact sequences of V3-groupoids, the operations of dualization and quotient, commute.

In Section 3 we recall the definitions of Atiyah sequence and dual pair of Poisson manifolds
and describe the relationship between these notions. Using this relationship we describe in detail
the ‘double fibration’ structure of the symplectic leaves of 7% P/G; see Theorem 3.5.

In Section 4, we extend the Atiyah sequence (3.14) and its dual (3.15) to short exact sequences
of VB-groupoids over the gauge groupoid, see (4.6) and (4.10) respectively. From the point of
view of Poisson geometry the most important structures are described by the diagram (4.10), in
which all objects are linear Poisson bundles and all arrows are their morphisms. Consequently,
using (4.10), we obtain various relationships between the Poisson and vector bundle structures of
T*P/G and %, as well as the groupoid structures of T*(%) = T*P/G and LET*P =
T*P/G.

The case when P is a group H and G = N is a normal subgroup of H is discussed in
Section 5. Some geometric constructions useful in Hamiltonian mechanics of semidirect products,
see [3, 4, 7, 9], are also presented in this section.

2 Short exact sequences of VIB-groupoids

The groupoids with which the paper will be chiefly concerned are the tangents and cotangents
of gauge groupoids, and certain groupoids related to them. For any groupoid ¢ the tangent
bundle T¥ has both a Lie groupoid and a vector bundle structure and these are related in
a natural way. Owing to the relations between these structures, the cotangent bundle T*¥ also
has a natural Lie groupoid structure, and indeed is a symplectic groupoid with respect to the
canonical cotangent symplectic structure [2].

The relations between the groupoid and vector bundle structures on T'Y were abstracted by
Pradines [8] to the concept of VB-groupoid, and [8] showed that for a general VB-groupoid €2,
dualizing the vector bundle structure on €2 leads to a VB-groupoid structure on Q*. We recall
this construction in Sections 2.1, 2.2 and 2.3. For further detail, see [5, Chapter 11].

In Section 2.4 we show that, under a natural condition, short exact sequences of Vi3-groupoids
may be dualized; see Proposition 2.6. We then show that when the base of a VB-groupoid is
the total space of a principal bundle, the group of which acts on, and preserves the structure
of, the VB-groupoid, the quotient spaces form another VB-groupoid (Theorem 2.7). Finally in
Section 2.5 we show that the two processes — taking the quotient and taking the dual — commute
(Proposition 2.12).

2.1 VB-groupoids

We consider manifolds with both a groupoid structure and a vector bundle structure. The
compatibility condition between the groupoid and vector bundle structures can be described
succinctly by saying that the groupoid multiplication must be a morphism of vector bundles
and that the vector bundle addition must be a morphism of groupoids. In fact these conditions
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are expressed by a single equation. In order to formulate the equation several conditions on the
source, target and bundle projections are necessary.

Consider a manifold €2 with a groupoid structure on base B, and a vector bundle structure
on base 4. Here B is to be a vector bundle on base P and ¢ is to be a Lie groupoid on the
same base P. (At present P is an arbitrary manifold; later it will denote a principal bundle.)
These structures are shown in Fig. 1.

0—2 -9
t||s t||s
B—2~p

Figure 1.

The crucial equation, as described above, is
(& + &) (m +m2) = &m + Same, (2.1)

where &; € Q. In order for £ + & to be defined we must have X(&l) = X(fg) where X\: Q@ & ¢ is
the bundle projection. Likewise we must have )\(771) = )\(772) For &1m1 to be defined we must
have 5(£1) = t(n:) and likewise we must have §(£2) = t(12). If we impose the conditions that the
source and target projections {2 — B are morphisms of vector bundles, then it will follow that
the product on the left hand side of (2.1) is defined. Likewise, if A is a morphism of groupoids,
then the addition on the right hand side will be defined. We now state the formal definition.

Definition 2.1. A VB-groupoid consists of four manifolds 2, B, ¢, P together with Lie groupoid
structures ! = B and ¢4 = P and vector bundle structures ! — ¢ and B — P, such that
the maps defining the groupoid structure (source, target, identity inclusion, multiplication) are
morphisms of vector bundles, and such that the map

£ B(9:M9), 2= Bxp? ={(b,7)|\b) =s(1)} (2.2)
formed from the bundle projection X and the source projection s, is a surjective submersion.

The need for the final condition will be clear in Section 2.2. The map in (2.2) may be denoted
(s, X) Also, we refer to ¢ =2 P as the side groupoid and to B — P as the side vector bundle.

The condition that the identity inclusion be a morphism of vector bundles is the first equation
in (2.3) below. It follows that 10p Olp, that is, the groupoid identity over a zero element of B
is the zero element over the corresponding identity element of ¢. Further, 1_, = —1, for b € B.
Since multiplication and identity are morphisms of vector bundles, it follows in the usual way
that inversion is also a morphism of vector bundles, and this is the second equation in (2.3),

Ib1+b2 = Ib1 +Tb27 (5 + 77)_1 = 5_1 + 77_1' (2'3)

Next, the zero sections define a morphism of groupoids. To see this, first consider sources. By
the definition, S o 0=0o0 s, since § and s constitute a morphism of vector bundles. But this
can also be read as stating that 0 and 0 commute with the sources. In the same way, 0 and 0
commute with the targets and the multiplication, and are therefore morphisms of Lie groupoids.
So we have the first two equations below

Oyiye = 0”/16727 67*1 = 6;17 (=m)(=¢) = —né.

The third equation follows by a similar argument.
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2.2 The core of a VB-groupoid

A necessary ingredient in the duality of V3-groupoids is the concept of core. The core K of
a VB-groupoid (2; B;¥; P) is the intersection of the kernel of the bundle projection Qo9
with the kernel of the source s: 2 — B.

Equivalently, K is the preimage under (8,)) of the closed submanifold {(0p,1,) |p € P}.
Since (s, X) is assumed to be a surjective submersion, K is a closed submanifold of (2.

Equivalently again, K is the pullback of ker(\) along the unit map P — ¢. This equips K
with a natural structure of vector bundle with base P.

Example 2.2. For any Lie groupoid ¢ = P, the groupoid T% = TP obtained by applying
the tangent functor to the structure of ¢, is a VB-groupoid, (T'Y; TP,¥; P). The core is the Lie
algebroid A¥.

When ¢ is a Lie group G, the multiplication, denoted e, in the tangent group T'G obtained
by applying the tangent functor to the multiplication in G, is given by the explicit formula

Xg oYy, =TLy(h)Y, +TRp(9)Xg, (2.4)

where Lg(h) := gh and Rp(g) := gh. In particular for X, Y. € T.G and zero elements 0, € T,G
and 0, € T3,G one has

XooYe=X.+Y., 0,00, =04, 050X, =TLy(e)Xe. (2.5)

The group T'G is isomorphic to the semi-direct product G x T.G with respect to the adjoint
action.
For general groupoids T = TP is not a groupoid semi-direct product.

2.3 The dual of a VB-groupoid

Since A: Q) — ¢ is a vector bundle, it has a dual bundle Aot QF = @. Somewhat surprisingly,
this has a natural Lie groupoid structure with base K* and these structures make (Q*; K*,¥¢; P)
a VB-groupoid [8].

Take ® € 2F where v = M®) € ¥ has source p = s(y) and target ¢ = t(v). Then the target
and source of ® in K and K respectively are defined to be

(t:(2), k) = (®,k0,), ke Ky,  Bu(®),k)=(®,-0,k71), ke K,

The lack of symmetry is unavoidable: in defining the core one must take either the kernel of s
or of t.

For the composition, take ¥ € Q% with $,(¥) = t.(®). To define Ud € 5., we must define
the pairing of ¥® with any element of {s5,. Now any element ¢ of €5, can be written as
a product n§ where 7 € 05 and § € €2,. We claim that

(U, 7g) = (¥, n) + (®,8) (2.6)

is well defined. Any other choice of 7 and ¢ must be n7~! and 7¢ for some 7 with 3(7) = 8(n) =
t(€). Also, 7 must project to 1, € & where ¢ = s(§), since 77~ must lie in the same fibre
over ¢ as 1.

Write b = (7). Then 7 — 1; is defined and is a core element, say k. Now we have 7! =
n(ly + k)1 = (n+0s)(Tp + k=) = 5 + 05k so

(U, =1y = (T, n) + (W, 05k 1).



Poisson Geometry Related to Atiyah Sequences 5

Proceeding in the same way, we likewise find that
(®,7) = (®,€) + (@, kD).

From §,(¥) = t.(®) we know that — (¥, 05k~1) = (®,k0,), so (2.6) is well-defined. N
We now define the identity element of Q* at x € K. To do this we need to pair 1, with

elements of (2 which project to 1, € 4. Take such an element £ and write b = X(g) Then & — 1y
is a core element k£ and we define

<TXaTb + k:> = <X7 k>
It is now straightforward to check the proof of the following result.

Proposition 2.3. Given a VB-groupoid (2, B,¥; P), the construction above yields a VBB-groupoid
(Q*; K*,9; P) with core B*.

Given w € By, we identify it with the element w € Q* defined by

(@, Ty + k) = (w, b+ t(k)).

Example 2.4. Given a Lie groupoid ¥ = P, the dual of the VB-groupoid (T¥;¥,TP; P) is
(T*9;9, A*Y; P) where AY is the Lie algebroid of 4. The groupoid T*¥ = A*¥ is a symplectic
groupoid with respect to the canonical symplectic structure on 7*¥ [2, 12].

2.4 Short exact sequences of VB-groupoids and their duals

The main constructions of the paper rely on dualizing short exact sequences of VB-groupoids
and in this subsection we give the basic results for this process. First we need the concept of
morphism.

A morphism of VIB-groupoids (Q; B,9; P) — (V; B',%’'; P') is a quadruple of maps F': Q@ —
OV, fg: B— B, f4: 9 — 4" and f: P — P’ such that (F, fg) and (fp, f) are morphisms of
vector bundles, and (F, fg) and (fy, f) are morphisms of Lie groupoids.

It follows that F restricts to a vector bundle morphism of the cores fx: K — K.

For the purposes of this paper we only need to consider the dualization of morphisms which
preserve 4 = P.

Proposition 2.5. Let F': Q1 — Qo and fp: By — Bs, together with the identity maps on ¢
and P, be a morphism of VB-groupoids (1; B1,9; P) — (Q2;B2,9; P). Then the dual maps
F*: Q5 — QO and fr: K5 — Ki together with the identity maps on ¢ and P are a morphism
of VB-groupoids (25; K5,9; P) — (Q7; K7,9; P).

The proof is a straightforward verification. We will apply the duality of VB3-groupoids to
structures in which the side groupoid is a gauge groupoid, or is closely related to a gauge
groupoid. At the moment we continue to allow the base manifold P to be arbitrary; later in the
section it will denote a principal bundle.

A short exact sequence of VI3-groupoids consists of three VB-groupoids and two morphisms,
as shown in Fig. 2, such that the three VB3-groupoids have the same side groupoid ¢ = P and
the morphisms (F, fp) and (H,hp) preserve ¢ and P, and such that LN Qo A Q3 is a short
exact sequence of vector bundles over ¢. This includes the conditions that the kernel of F' is
the zero bundle over ¢4 and that the image of H is {3, as well as exactness at (9.

Proposition 2.6. Consider a short exact sequence of VB3-groupoids, as just defined and as shown
wn Fig. 2. Then:
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Figure 2.

(i) By In By ha Bs is a short exact sequence of vector bundles over P;

(11) K4 f—K> Ky hg K3 is a short exact sequence of vector bundles over P, where K; is the core
of Q;, and fx, hx are the induced morphisms of the cores;

(7i1) the dualization of the short exact sequence of VB-groupoids over 4 = P results in the
situation shown in Fig. 3, which is therefore also a short exact sequence of VB-groupoids.

Proof. For (i) and (ii) there are six conditions to establish. We give three representative proofs.

First we prove that fg: By — Bs is injective. Take b; € By and suppose that fg(b1) = 0.
Then F(15,) = 15,4,) = lo- It is also true that F'(1o) = 17, = 1o so since F' is injective we
have 15, = 1p and therefore b; = 0.

Secondly we prove that hyx: Ko — Kj is surjective. Take k3 € K3. Since K3 C (3 and
H: Qy — Qg is surjective, there is & € )y such that H(§) = k3. Now if £ projects to g € ¢4 it
follows that ks also projects to g; since k3 is a core element we have g = 1,, for some m € P.
Now write X € By for the source of £&. We have hp(X) = 0.

The subtraction & — 1x is defined since both project to 1,, in . And & — 1x has source
X — X =0so is a core element. Now H (£ — TX) = ks —1pand 1y = 61, the zero element in the
fibre over 1,,. So £ — TX is a core element which is mapped by H to ks.

Thirdly we prove exactness at K». Since fx and hg are restrictions of F' and H it follows
from H o F =0 that hg o fx = 0. Now suppose that hx (ks) = 0 where ky € K. By exactness
at (g, there exists & €  such that F(£;) = ko. Write by = s(£1). Then fp(b1) = 0 and
since fp is injective, it follows that by = 0. Now A(§1) = A(k2) = 1, for some p € P, so & € K;.
So the sequence of cores is exact at K.

The other conditions are proved in the same way.

Now apply Proposition 2.5 to F' and H as morphisms of VB3-groupoids. It follows that F™*
and H* are morphisms of VB-groupoids as shown in Fig. 3.

Since €24 LN Qo L Q3 is a short exact sequence of vector bundles over ¢, the duals form a

short exact sequence 23 i Q3 LN 2], again of vector bundles over ¢. This completes the proof
of (iii). |

2.5 Quotients of VB-groupoids over group actions

We now need to establish that this dualization process commutes with quotienting over a group
action. In the cases which we consider, the base manifold P is a principal G-bundle with
projection p: P — P/G and we need to quotient over the action of G. In this situation the
required quotient manifolds exist, and the constructions are straightfoward. Denote the group



Poisson Geometry Related to Atiyah Sequences 7
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Figure 3.

action by x: P x G — P. Recall that the action in a principal bundle is free and that the orbits
are equal to the fibres of u. We always assume that the bundle is locally trivial.

First consider vector bundles over the total space P of a principal bundle. A PBG-vector
bundle over P is a vector bundle \: E — P together with an action F x G — E by vector
bundle automorphisms over the principal action k: P x G — P.

Denote the orbit of e € E by (e) and the orbit of p € P by (p). The projection A\: E/G — P/G
is defined by A({e)) = (\(e)). Take (e), (¢') € E/G such that A({e)) = A({(¢’})). Then there exists
a unique g € G such that A(¢/) = A(e)g. We define (e) + (¢/) = (eg + €’) and t(e) = (te) for
t € R. Tt remains to prove that F/G — P/G is locally trivial; for this and the rest of the proof
of the following proposition see [5, Section 3.1].

Proposition 2.7. Let \: E — P be a PBG-vector bundle over a principal bundle P with group G
and projection p: P — P/G. Then the quotient manifold E/G ezists, and has a vector bundle
structure with base P/G, such that the natural projection E — E /G is a vector bundle morphism
over [i.

The case £ = TP arises in constructing the Atiyah sequence of a principal bundle.

There is a corresponding notion for Lie groupoids. A PBG-groupoid over P(M,G) is a Lie
groupoid 4 = P together with an action 4 x G — ¥ by groupoid automorphisms over the
principal action P x G — P [5, Definition 2.5.4].

Denote the orbit of v € ¢ by (7). The source and target mapss: 4/G — P/G and t: ¥/G —
P/G are defined by 5(()) = pu(s(7)) and £((1)) = u(b(7)). Given (7) and (/) with 5((7)) =
t((7')) there exists a unique g € G such that s(v)g = t(y'). We define

() () = ((vg))-

That /G = P/G is a groupoid is straightforward to check. The remaining details of the
following proposition can be found in [5, Section 3.1].

Proposition 2.8. Let 4 be a PBG-groupoid over a principal bundle P with group G and pro-
jection u: P — P/G. Then the quotient manifold 4 /G exists, and has a Lie groupoid structure
with base P/G, such that the natural projection 4 — 4 /G is a morphism of Lie groupoids
over [i.

See [5, Proposition 2.5.5] for the proof. These two constructions can be combined so as to
apply to VB-groupoids.

Definition 2.9. Let P be a principal bundle with group G and projection u: P — P/G.
A PBG-VB-groupoid over P is a VB-groupoid (€2; B,¥; P) together with right actions of G on
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each of the manifolds €2, B and ¢ such that ) = B and ¢4 = P are PBG-groupoids and B — P
is a PBG-vector bundle.

Proposition 2.10. Let (Q; B,¥; P) be a PBG-VB-groupoid over P, described above, with co-
re K. Then the quotient manifolds Q/G, B/G, 4 /G and K/G exist, and form a VB-groupoid
(Q/G;B/G,9/G; P/G) with core K/G such that the natural maps Q@ — Q/G, B — B/G,
4 — 94/G and P — P/G, constitute a morphism of VB-groupoids.

The proof only requires assembling the results of Propositions 2.7 and 2.8.

We now need to establish that this quotienting process commutes with dualization. Con-
sider a PBG-VB-groupoid (Q; B,¥; P) and its dual (Q*; K*,¥¢; P). Equip Q* and K* with the
contragredient actions of GG; that is,

(g, &) = (®,697"), (09, k) = (¢, kg™"),
for cQ,,v€¥9,£€Qy,9€G, ¢ K and k€ K.

Proposition 2.11. With the structures just defined, (2*; K*,9; P) is a PBG-V3-groupoid and
the canonical maps

0/G — (Q/G)", K*/G — (K/G)*,
together with the identities on ¢ and P, constitute an isomorphism of VIB-groupoids.

The proof is a lengthy but straightforward verification.

Finally in this section we need to consider the preservation of exact sequences of PBG-VI3-
groupoids under dualization and quotient. The proof is a straightforward application of the
techniques used above.

Proposition 2.12. In the short exact sequence shown in Fig. 2 assume that each VIB-groupoid
has the structure of a PBG-VB-groupoid with respect to a principal G-bundle structure on P,
and that F' and H are G-equivariant. FEquip the dual sequence, shown in Fig. 3, with the
contragredient G-actions. Then the dual short exact sequence is also a short exact sequence of
PBG-VB-groupoids and the canonical maps /G — (Q;/G)* and K}/G — (K;/G)* together
with the identities on 9 /G and P/G, constitute an isomorphism of VB3-groupoids over P/G.

3 The dual Atiyah sequence

The Lie algebroid of a gauge groupoid is the Atiyah algebroid of the corresponding principal
bundle P, and this Lie algebroid is the central term of a short exact sequence of Lie algebroids,
the Atiyah sequence. Accordingly, the dual of this Lie algebroid is the central term of a short
exact sequence of vector bundles with Poisson structures. In this section we set up the notation
needed for the study of this dual sequence. We also investigate the fibre structure of the
symplectic leaves of the Poisson manifold 7% P/G using the notion of dual pair together with
that of Atiyah sequence. The main results are collected in Theorem 3.5. Throughout the section,
P denotes a principal bundle unless otherwise specified.

3.1 Principal bundles

We consider a principal G-bundle P with the notation of Section 2.5. One may take the tangent
of the right action k: P x G — P and obtain the action

Tk: TPxTG—TP

of the tangent group T'G on the tangent bundle T'P.
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Applying the tangent functor to the multiplication in G we obtain the group structure on T'G
given in (2.4), and denoted by e. We see from (2.5) that the zero section 0: G — T'G of the
tangent bundle T'G is a group monomorphism and one has the decomposition

TG=GeT.G=GXT.G

of TG as a semi-direct product of G and the normal subgroup 7T.G C T'G.
We will use the following notations:

k(p,g) = Kvp(g) = “g(p) =Dpg
where r,: G — P and xy: P — P. Thus we have
Tkp(9): TyG — TpgP and Tky(p): TpP — TpyP

for g € G. The action Tk: TP x TG — TP of the tangent group T'G on the tangent bundle T'P
can be expressed by

T'r(p, 9)(vp, Xg) = Thg(p)vp + Trp(g) Xy (3.1)

In the following two propositions we collect various equalities and bundle isomorphisms which
will be useful in what follows. The proof of the first proposition is a direct calculation.

Proposition 3.1. For g,h € G and p € P,
Kg O Kp = Kp o Ry,
Kg O Kp = Kpg o Iy-1,
Kipg = kp © Lg,
Tkpg(€e) = Tky(p) o Tkp(e) o Ady,
Ttg(p) ™ = Trig-1(pg),
Ttgn(p) = Trn(pg) o Thy(p),
T*kgn(p) = T"kn(pg) o T"ky(p),

where Iy = Lgo Ry—1, Adg = TI,(e) and T*ky(p): Ty P — T,, P is defined by

T kg(p) := (Tﬁ;g(p)_l)*.
Write TV P for the vertical subbundle of T'P; that is, TV P = ker T, and TV* P for its dual.

Proposition 3.2. There are the following isomorphisms of vector bundles:

TP/T.G=TP/T" P, (3.2a)
TP/TG = (TP/T.G)/G, (3.2b)
T(P/G) = TP/TG, (3.2¢)
TVP/G = P xpqq T.G, (3.2d)
TV*P/G = P xzg+ ¢ TG, (3.2¢)

where (p, X) € P xaqc TeG is defined by (p, X) := {(pg,Adg—1 X): g € G}.
Proof. Using the vector space isomorphisms

Tkple): T.G — T, P



10 K. Mackenzie, A. Odzijewicz and A. Slizewska

and the action of the subgroup 7T.G C T'G on T'P defined by
TpP X T.G 3 (vp, X¢) = vp + Tkp(e) X € T,P

we obtain (3.2a).
In order to prove (3.2b) we observe that

Tkg(p)(vp + Thy(e)Xe) = Thy(p)vp + (Thy(p) 0o Tkp(e))Xe
= Tky(p)vp + T(kg 0 kp)(e)Xe = Tky(p)vp + T(kp o Ry)(e) Xe
= Try(p)vp + Trp(g9)(TRy(e)Xe). (3.3)
Assuming X, =TR,(e) X, we find from (3.3) that the double quotient vector bundle (T'P/T.G)/G
is isomorphic to the quotient bundle TP/TG.
Since the fibres of Ty are orbits of the action (3.1) we obtain the vector bundle isomorphism

mentioned in (3.2c).
Let us define actions ¢g: TP — TP and ¢y: T*P — T*P of g € G as follows

bg(v)(pg) :=Try(p)v  and  ¢y(p)(pg) := T ky(p)p (3.4)

for v € T),P, ¢ € Ty P. For the vector bundle trivialization I: P x TeG = TV P defined by

I(p, X.) :== Tkp(e)Xe (3.5)
one has
¢gol =T0(ryx Ady1), (3.6)

where g € G. Thus the bundle isomorphism I: P x T.G — TV P defines the isomorphism

[I]: P xagq, T.G= (P xT.G)/G -~ TVP/G
of quotient vector bundles presented in (3.2d). Dualizing (3.6) we obtain the isomorphism
(3.2e). [ |
3.2 The dual pair of Poisson manifolds

We recall that the canonical 1-form v on T*P is defined by

<’Y§0=§s0> = <907T7T*(<P)f<p>7 (3.7)

where ¢ € T*P and &, € T,,(T*P). Here n*: T*P — P is the projection of T*P on the base P.
We note that

Tr*oT¢y = ¢goTr" (3.8)
for any g € G. From the definition (3.7) and (3.8) one has
(Vo3(0), Tog(9)E0) = (D9 (), T (g (0)) TPy (0)E) = (Dy(0), (Dg © T ())E)

= (T*kg(p) o, Thig(p) o TT*(0)Ep) = (@, Thig(p) ™ o Trig(p) o TT*(0)&,)
= (p, T (¢)(&p)) = (Vs &)

which means that v is invariant with respect to the action ¢;: T*P — T*P defined in (3.4).
This action generates two maps:

e TP — T*P/G, and J: T"P - T;G,
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where 7, is the projection to the quotient manifold and J is the G-equivariant

J(¢gp) = Adg1 J()

momentum map defined by

J(g) i= ¢ o Triple), (3.9)
for o € T P.
One has the canonical Lie-Poisson structure on 177G defined by
mp(TF,Tg)(x) = O [T (), Tg0oD), (3.10)

where f,g € C*°(T}G) and [-, ] is the Lie bracket of the Lie algebra T.G.

Since the symplectic form dv is invariant with respect to the action ¢j: T*P — T*P of the
group G, defined in (3.4), the Poisson bracket {f, g} of G-invariant functions f,g € C*°(T*P)
is also an G-invariant function. So, the quotient manifold 7% P/G is a Poisson manifold, the
Poisson structure of which is defined by the quotienting of the structure on 7% P.

Remembering that the action of G on P is free, we conclude that for any p € P the map
J: TyP — TG is surjective. Thus we see that the momentum map J: T*P — TG is a surjec-
tive submersion. So, one has two surjective Poisson submersions:

T*P

e J (3.11)

T*P/G TG
from the symplectic manifold 7% P, such that the Poisson subalgebras (n,)*(C*°(T*P/G)) and
J*(C®(T}@)) commute, see [1]. Therefore, the diagram (3.11) gives a dual pair in the sense of
the definition in [1, Section 9.3].

Let us mention that 7/, is a complete Poisson map; that is, the pullback of every function
on T*P/G that has a complete Hamiltonian vector field, also has a complete Hamiltonian vector
field (see [1, Proposition 6.6]). The completness of the momentum map J follows from its G-
equivariance. In the rest of the paper we will assume that G and P are connected manifolds. This
implies the connectness of the fibres of 7, and J. Taking into consideration this assumption
and the properties of the dual pair (3.11) mentioned above one finds (see [1]) that there is
a one-to-one correspondence between the symplectic leaves

S=r5(7710)) (3.12)

of T*P/G and the coadjoint orbits O = J((r%)~*(S)) which are the symplectic leaves of T*G.

3.3 The dual Atiyah sequence

Using the vector bundle monomorphism I: P x T,G — TV P C TP, defined in (3.5), we obtain
the following exact sequence

PxT.G -5 1P 4 TP/T.C (3.13)
of vector bundles over P. The map I is given by (3.5) and A is a quotient map defined as
A(vp) = [vp] = vp + Tkp(e)T.G,

where v, € T'P.
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Quotienting (3.13) over the G-action and using the isomorphisms (3.2b), (3.2¢) and (3.2d),
we obtain the Atiyah sequence

PxaqcT.G —L TP/G a T(P/G)
[pry] [] 7 (3.14)
P/G id P/G id P/G
where ¢ =: [I] and a := [A] is the anchor map, e.g., see [5].

It follows from g o kg = p that Tp: TP — T(P/G) is constant on the orbits of the action
¢g: TP — TP, g € G. Note that all terms of the above short exact sequence have a Lie
algebroid structure over P/G and the central term is the Atiyah algebroid. So, it follows from
Lie algebroid theory (e.g., see [5, Chapter 3]) that the short exact sequence

T*(P/G) —&+ T*P/G L' P xpay T2G

7 [7*] [pry] (3.15)

P/G d__, pa d__, pa

dual to the Atiyah sequence (3.14), is a short exact sequence of Poisson maps of linear Poisson
bundles. Let us explain more precisely the above statement.

The action ¢: TP — T*P, g € G, preserves the vector bundle structure 7*: TP — P
of T*P as well as its Poisson structure. Hence the quotient manifold 7*P/G is a vector bundle
[7*]: T*P/G — P/G over P/G. The linearity of the Poisson bracket {-,-} on C*(T*P/QG)
means that if f,g € C°(T*P/G) are linear on the fibres of [7*]: T*P/G — P/G then the
Poisson bracket {f, g} has the same property. So, we have consistency between vector bundle
and Poisson manifold structures of T*P/G. The above is also valid for the Poisson structure
of T*(P/G).

The linear Poisson structure of the bundle P x aag T *G — P/G is defined as follows. Let m
be the zero Poisson tensor on P and let w_p be the Lie Poisson tensor on TG defined by (3.10).
The product Poisson structure my x mr_p defined on P x TG is invariant with respect to the
action ¢y x Ady: P x TYG — P x T7G, g € G. Hence one has on the associated vector bundle
P xaqe, TFG — P/G the quotient linear Poisson structure. This property follows from the
linearity and the Adg-invariance of the Lie-Poisson bracket defined in (3.10).

To conclude we mention that a* and +* are Poisson maps and preserve the vector bundle
structures in the short exact sequence (3.15).

3.4 Relationship between the dual pair and the dual Atiyah sequence

As we have shown in the two previous subsections the principal G-bundle structure p: P — P/G
of P leads to two crucial, from the point of view of Poisson geometry, structures described in
diagrams (3.11) and (3.15), respectively. We now discuss the relationship between them. For
this reason, using the isomorphism I: P x T,G — TV P defined in (3.5), we consider the short
exact sequence of vector bundles

0= TP& TP I Py TG 0,
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dual to (3.13), where the subbundle TVOP C T*P is the annihilator of TV P in TP; that is,
T I}/ OP consists of those ¢ € T, » P which satisfy

poTkp(e) =0. (3.16)
The vector bundle epimorphism I* dual to I is related to the momentum map (3.9) by

I"(¢) = (7"(9), J(¥));

that is, I* = 7* x J and the map .*: T"P/G — P xaq:, T/ G given by

is the quotient of I* over the group G. We see from (3.9) and (3.16) that TV°P = J~1(0) which
implies that TVOP is a G-invariant vector subbundle of T*P.

It follows from the Marsden—Weinstein symplectic reduction procedure [6], that TVOP/G =
J71(0)/G is a symplectic leaf of T* P/G corresponding to the one-element Ad-orbit consisting of
the zero element of T} G. Proposition 3.3 below shows that the dual anchor map a*: T%(P/G) —
T*P/G defines a fibrewise linear symplectic diffeomorphism between 7%(P/G) and J~1(0)/G.
The result can also be found in [9, Lemma 5.4]. Note that this fact follows also from the general
theory of Lie algebroids, where the dual a* of the anchor map a is a Poisson map from the
symplectic manifold T*(P/G) to the symplectic leaf J~1(0)/G C T*P/G which in this case is
equal to (¢*)~1(P X adz, 10}) = TVOP/G. However it is interesting to prove this result explicitly.

Proposition 3.3. One has the vector bundle isomorphism
a*

T*(P/Q) TVOP/CG
T [7*]
P/G id P/G

which is also a symplectomorphism.

Proof. In order to describe a* in an explicit way we recall that p o k, = 1 and thus

Tu(pg) o Trg(p) = Tu(p). (3.17)
Dualizing (3.17) and noting that T'u(p)*: T (P/G) — TI;/OP we obtain
Ty'P
Tu(p) ?
] Trg(p)
T, (P/G) g (3.18)
Tu(pg)* y
0
Ty P

where T'u(p)*, Tu(pg)* are monomorphisms of vector spaces and Tk, (p) is a vector space
isomorphism, for any p € P and g € G.
From (3.18) we see that a*: T*(P/G) — TV°P/G is given by

T*(P/G) 3 p = a*(p) = {Tulpg)*p: g€ G} € TV°P/G.
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Now we will show that the canonical 1-form 4 of the cotangent bundle 7*(P/G) is obtained
as the reduction by a* of the canonical form v defined in (3.7). For this reason we choose a local
trivialization

Vo : ,u_l(Qa) — Q4 X G,

where UyerQa = M := P/G, of the principal bundle P(M,G). Using local sections s, : Q4 —
p1(Qy), where so(m) := ¥ (m, e), we define

ag(p) = Tu(sa(m))p

the maps a*: (v*)"1(Qq) — (uom*)~1(Qq) which “trivialize ” the vector bundle isomorphism a*.
Here v: TM — M and v*: T*M — M are the bundle projections.
Note that for p = s,(m) one has

a%(p) 0 Try(e) = (T(sa(m))*p) o Try(e)
= po (Th(sa(m)) o Try(e)) = po T(suo ry)(e) = 0. (3.19)

The last equality in (3.19) follows from the fact that the map pox,: G - M

(1o kp)(g) = u(pg) = u(p)

is constant on G. Thus we find that a*(p) € TVOP.
Now for p € (1v*)71(Q4) and ¢ = a%(p) € (7* o u)~1(Q4) we have

(((@8) 70, &) = (s T'a5(p)Ep) = (0, T ()T ag,(p)Ep) = (o, T(7" 0 ag)(p)Ep)
= (Tu(sa (" (p))" P, T(V" 0 ay)(p)Ep) = (s Tra(sa (v ()T (V" 0 a5 ) (p)Ep)
=, T(povoay)(p)ép) = (p, T(d)(p)€,) = (P, &p) = (T, &p) (3.20)

where we used the following equalities
portoal =idg, and  (saov")(p) = (n* 0al)(p).

From (3.20) we conclude that (a%)*y = 7 on (v*)71(Q,). The above shows that (a%)*y =
(a})*y on 7712, N Q). As a consequence we obtain (a%)"y = 7. n

As we have seen, the dual pair (3.11) gives a one-to-one correspondence between the coadjoint
orbits O C T}G of G and the symplectic leaves S C T*P/G of T*P/G given by (3.12). Using
the Atiyah dual sequence (3.15) we can investigate this correspondence in more detail. At first
let us make the following observation:

Proposition 3.4. For any coadjoint orbit O C TG, we have
JH0)/G =" "H(P xpqz, O). (3.21)
Proof. At first we note that

JH o) =| | (TPnJ H(0) =" (Px0). (3.22)
peP

Since J and I* are G-equivariant maps and ¢* = [I*] we obtain (3.21) by quotienting (3.22)
over G. [
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We observe that the vertical arrows in the diagram

T*P/G L s Pxpg:, T2 G

"] [pry] (3.23)

id

P/G P/G

which is a part of the dual Atiyah sequence (3.15), are the projections on the base of the corre-
sponding vector bundle, whereas the map t*: T*P/G — P X Adz, T2 G is the bundle projection
of an affine bundle over P xxq:, TZG.

In order to see that the fibre *~({p, x)), where (p, x) € [pr1]~*({(p)) and (p, x) € P x T*G,
is an affine space over the vector space T<>;>(P/G), let us take (1), (p2) € * " ({p, x)). From
ima* = ker (* it follows that there exists a unique p € T<’;> (P/G) such that

(p1) = (p2) +a"(p). (3.24)

So, the vector space T, (P/G) acts freely and transitively on ¢* 71 ((p, x)). Note that
dim* ! ((p, x)) = dim T}, (P/G).

The affine fibre bundle .*: T*P/G — P x Adz, T"G can be described in the groupoid language.
Namely, let us consider the cotangent bundle T*(P/G) as a groupoid T%*(P/G) = P/G in which
the source and target maps are equal to v*: T*(P/G) — P/G. Then the dual anchor map
a*: T*(P/G) — T*P/G is the momentum map for the action of T*(P/G) = P/G on T*P/G
defined in (3.24). The orbits of this action are the fibres of .*: T*P/G — P Xxq:, T*G. From
the above and from Proposition 3.4 it follows that all concerning (3.23) is also valid for the
fibration

*

JH0)/G ——— P xaq;, O

"] [pry] (3.25)

id

P/G P/G

Let us mention that 7% P/G does not have a fibre structure over T*(P/G). However, choosing
a section o: P Xaqx, T;G — T*P/G of the affine bundle .*: T*P/G — P xaqz, TG we obtain
the vector bundle epimorphism 6: T*P/G — T*(P/G) defined by the action (3.24) as follows

a*(a({¢)) = (¢) —a((p, X)), (3.26)

where *((¢)) = (p,x). Note here that a* is a monomorphism of vector bundles, thus the
equality (3.26) defines &({y)) € T*(P/G) uniquely.
The following theorem summarizes the observations mentioned above .

Theorem 3.5.

(i) The Poisson vector bundle [7*]: T*P/G — P/G has the structure of an affine bundle
2 T*P/G — P X gy, T G over the total space of the vector bundle [pry]: P x pqx, T, G —
P/G, i.e., the fibre o* " ((p,x)) of (p,x) € P Xadz, T¢'G is an affine space over the vector
space T<’;>(P/G).



16 K. Mackenzie, A. Odzijewicz and A. Slizewska

(ii) The symplectic leaf S = J~1(O)/G has the structure of an affine fibre bundle over the total
space of the bundle [pry]: P Xadz, O — P/G with the orbit O C TG as a typical fibre.

(i4i) Firing a section o: P X zqx, O — T*P/G we could consider the symplectic leaf JH0)/G
as a fibre bundle

Te: JHO)/G — T*(P/G) (3.27)

over the cotangent bundle T*(P/G) with O as the typical fibre. The total space and the
base of (3.27) are symplectic manifolds. However, the bundle projection 7, is not a Poisson
map in general.

(tv) In the case when O is a one-element orbit O = {x} (such an orbit corresponds to a char-
acter of G) the bundle map m,: J~1(x)/G — T*(P/G) defines a diffeomorphism of man-
ifolds, but it is not a symplectomorphism. The difference w, — w5dy of symplectic forms,
where w, 1is the symplectic form of the symplectic leaf J=Y(x)/G and 7 is the canonical
symplectic form on T*(P/G), and is called the magnetic term, see [10, 11].

If G is a commutative Lie group all the coadjoint orbits are one element sets O = {x}, where
X € T;G. Hence we have

T 0/G = TP xaaz, (X)) = 7 TH(P/G x {x})
= {{py) € T*P/G: 0 Try(e) = x},

where ¢, € T*P and () € [7*]71((p)). If ¢p, §p € T P satisty
pp o Thp(e) = @poTrp(e) = x

then (p, — @¢p) € J-H{O}/G = T*(P/G). Taking the above facts into account and identifying
P/G x {x} with P/G we conclude the following

Remark 3.6. If G is a commutative group then the symplectic leaves J~'{x}/G, x € TG,
are affine bundles over P/G modeled over J~1(0)/G = T*(P/G), i.e., for (p) € P/G the fibres
*~1((p)) are affine spaces over the vector spaces TZ;))(P/G).

A nice geometrical way to define a section o is given by the choice of a connection form o
on the principal bundle p: P — P/G (see [11]), i.e., such o € I'*°(T*P, T.G) that

ap o Tky(e) =idr.q (3.28)
and
Qpg © Thy(p) = Ady-1 0ay,. (3.29)

Conditions (3.28) and (3.29) imply that the bundle epimorphism &: TP — P x T.G defined
on T'P by

a(vp) = (p, ap(vp)),
where v, € T}, P, after quotienting by G gives the map

[@]: TP/G — P Xaq, TcG. (3.30)
The dual of (3.30)

o:=[a]": Pxpgy, T'G = T"P/G

is the section of t*: T*P/G — P X gz, T, G mentioned above.
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4 Short exact sequences of VB-groupoids over gauge groupoids

Applying the constructions investigated in Section 2, we will construct two short exact sequences,
(4.6) and (4.10), of VB-groupoids over the gauge groupoid % = P/G. These are related to
each other by the dualization procedure described in Section 2.4. Applying the results obtained
in Section 3 we investigate the groupoid and Poisson structures of the objects involved (4.10).

4.1 The tangent VB-groupoid of a gauge groupoid

Let us consider the tangent VB-groupoid

T(P x P) PxP
Tpry| |1 prey pry| | Pro
TP P

of the pair groupoid P x P = P. Since
Tpry xTpry: T(P x P)STP xTP
is a vector bundle isomorphism we will identify the tangent VB-groupoid T(P x P) = TP with
the pair VB-groupoid TP x TP = TP. By TV (P x P) we denote the vertical subbundle of the
tangent bundle T'(P x P) defined by the action
r2: (PXP)xG—=(PxP),  ((p.g),9)— (rg,99), (4.1)
of G on the product P x P. In consequence X € T.G acts on (vp,wy) € TP x TP as follows
(vp, wq) = (vp + Thp(€) X, wq + Trgle) X).
Note that (vp, wq) = (T'pry(p,q) X T pra(p, q))v(p,q), Where v, o) € T(;, (P x P), and thus
T(y. (P % P) = {(Try(e) X, Try(e)X) € T,P x T,P; X € T,G}.

It follows from the properties of morphisms of VBB-groupoids which preserve the side groupoids,
that TV (P x P) = TV P is a subgroupoid of T(P x P) = TP.

The groupoids mentioned above form a short exact sequence of VB-groupoids as defined in
Section 2.4

TV (P x P) Ay

TPxTP
TP x TP -

(4.2)

TV P TP A TP/T.G
TPxTP

Here each side groupoid is the pair groupoid P x P = P, and T = % is the quotient of
the pair groupoid TP x TP = TP by T.G.
Now we define a V3-groupoid

PxT.GxP PxP
i 5 pry| | pry (4.3)
PxT.G P
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over the pair groupoid P x P = P as follows

$(p,X,q) == (¢. X), tp,X,q) = (p,X), &(p, X) = (p, X, p),
i(p,X,q) == (¢, X,p), (p, X, q)(q, X,7) == (p, X, 1),

where p, q,r € P and X € T.G, and the horizontal arrows in (4.3) are projections on the suitable
terms of the product manifolds.
Let us define a map Ir: P x T,G x P — TV (P x P) by

Iy(p, X, q) == (Tkp(e) X, Tkq(e) X).

Proposition 4.1. The map I given by (3.5), and the map I2 define an isomorphism

PxT.GxP TV(P x P)
t 5 t|| s (4.4)
I
PxT.G VP

of VB-groupoids over P x P = P.

We conclude from the above that I and I, trivialize the vertical subbundles TV P — P and
TV (P x P) — P x P, respectively. Let us also note that the VB-groupoid isomorphism given
in (4.4) is equivariant with respect to the action of the group G defined on P x T.G x P by

(p7 X? Q) = (p97 Adg*1 X7 qg)
and on TV (P x P) by
(Trp(e) X, Try(e)X) — ((Tky(p) o Trhp(e))X, (Thy(q) 0 Trhy(e))X)
= ((Thpg(e) 0o Ady-1)X, (Tkyg(e) o Ady-1)X),

where g € G. From (4.2) and the isomorphism (4.4) we obtain the following short exact sequence
of VB-groupoids

PxT.Gx P12 ppxrp A2 . Tharr

PxT.G—1 -~ TP A 7rp/T.C

over P x P = P in which all arrows commute with the action of G. Thus, after quotienting
by G, we obtain the short exact sequence of V3-groupoids

PxT.GxP P><P

—

TP><TP

P><TE P><P PxP (4.6)

TP/G—» H
P
G
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over the gauge groupoid % = P/G. The oblique upper and lower arrows in (4.6) give the

Atiyah sequences for the principal bundles P x P — % and P — P/@, respectively. Note
that the last groupoid in the short exact sequence (4.6) is the tangent prolongation groupoid of

the gauge groupoid PLGP = P/G.

4.2 The cotangent VB-groupoid of a gauge groupoid

Now let us dualize (4.6) in the sense of Section 2.4. Since dualization commutes with the action
of G we start from the dualization of (4.5).

Proposition 4.2. There are the following vector bundle isomorphisms:

(i) core(TP xTP)=TP,

(#3) core (TV (P x P)) = core (P x T,G x P) = P x {0},
(it) core (%) ~ TP.
Proof. (i) From the definition we see that (vp,w,) € core (I'P x T'P) if and only if p = ¢ and
wq = 0. Thus core (TP x TP)=TP x ({0} x P) = TP.
(ii) The element (p,X,q) € core(P x T.G x P) if and only if p = ¢ and X = 0. Thus
core (P x T.G x P)) = {0} x P.

iii) An element (v,, w,) € LEXTL s defined by
p» Wq T.G

(Vp,wq) = {(vp + Thp(e) X, wg + Tre(e)X); X € T.G}. (4.7)

So, (vp, wq) € core (%) if and only if p = ¢ and wy = T'ky(e)Y for some Y € T.G. Choosing

in (4.7) X = =Y we find that

core (Tl;:gp) = {(vp,0p); vp € TP} =TP. [ |

Applying the dualization procedure presented in Section 2.4 and Proposition 4.2 we see that
the short exact VBB-groupoid sequence (over P x P =% P) dual to (4.2) is

TVO(P x P) AL ppxrp L

PxT*GxP
(4.8)

TP id TP T . Px{0}=P

where the dual A3 of A is the inclusion map and I3 is given by

I (p, ) == (p,pp o Thp(e) + by 0 Try(e), q)

for p = 7*(¢) and ¢ = 7*(¢p). The map Ij: T*P x T*P — P x TG x P is a groupoid morphism
over the bundle projection 7*: T*P — P.
We note here that for 7P x T*P = T* P we have

S(tops hq) = =g, t(op, Vg) = ¥p, e(pp) = (Pp, —¥p),
L(pps ¥q) = (=g, —p), (©ps Yg) (—thgs Ar) = (ps Ar), (4.9)

as the source map, target map, identity section, inverse map and groupoid product, respectively.
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Remark 4.3. It is easy to see that the involution §: T*P x T*P — T*P x T*P defined by

6 (ps Yq) = (Pps —tq)

gives an isomorphism of symplectic groupoids between the pair groupoid T* P xT*P = T* P with
the symplectic form d(prj v — prs ) on TP x T* P and the symplectic groupoid T*P x T*P =
T* P for which the groupoid structure is given in (4.9) and the symplectic form is d(pr} y+prs 7).

The groupoid maps for the groupoid P x TG x P = P are defined in the following way

s(p. X,q):==q,  tp,X,q):=p, &lp):=(p,0,p), X, q):=(q,—X,p),
and the groupoid product of (p, X,q), (¢,V,r) € P x TG x P is defined as

(0, X,90)(q,Y,7) :== (p, X + V7).

The second component of the bundle epimorphism I3 defines the momentum map

J2(@p, ¥q) = pp o T”p(e) + 14 0 T"Gq(e)

for the cotangent bundle T*(P x P) = T*P x T*P whose symplectic structure is given by the
canonical symplectic form dvys = d(pr]y + pr~y) and the action of the group G on P x P is
defined in (4.1).

In order to see that Jo: T*P xT*P — TG is a momentum map we note that (P x P, pug: P x
p— L ép ,G) is a G-principal bundle and apply the same consideration as for J: T*P — TG
n (3.9).

We note also that the vector bundle (%)* — P x P is isomorphic to the vector subbundle
TVO(P x P) — P x P which contains such (¢p,1,) € T, P x Ty P that

©p 0 Thp(e) + g 0 T'ky(e) = 0.

Hence we can identify the dual VB-groupoid (TP xTP ) — T* P with the subgroupoid TVO(P x
P) = T*P of the dual VB-groupoid T*P x T*P = T*P.
For any g € G one has

I3 (T"kg(p)op, T kg () q) = (pg, Ady—1(pp © Thig(e) +1bq © Trg(€)), q9),

where (¢p,v,) € T, P x T;P. Thus all horizontal arrows in (4.8) define G-equivariant V-
groupoid morphism. All groupoid maps and products for the groupoids in (4.8) are also G-
equivariant.

So, according to Proposition 2.12, quotienting (4.8) by G we obtain the short exact sequence
of VB-groupoids over the gauge groupoid % = P/G

i

T*P><T* P><P

T*P/G—> ) PxTyGxP__ PxP (4.10)

G
=i
%\» Pl —= &

which is the dual of the short exact sequence of (4.6) in sense of the dualization procedure
described in Section 2. In particular the first groupoid of (4.10) is the VBB-groupoid dual to the
tangent prolongation groupoid of the gauge groupoid £x£ XP = P/G.
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4.3 Symplectic leaves of duals of Atiyah sequences

The results of Section 3, in particular Theorem 3.5, can be applied to the short exact sequence

* *
% (PxP Ay  T*PxT*P Ly (PxTr*GxP)
T (%E") ¢ T e
(4.11)
PxP id PxP id . PxP
€ a €

of linear Poisson bundles; this is the dual of the Atiyah sequence of the G-principal bundle (P x P,
po: Px P — Pép, G). Note that (4.11) is part of the VB-groupoid short exact sequence (4.10).
In (4.10) both (5 and a} are Poisson maps, and are VB-groupoid morphisms. Summarizing
the above, we can say that the structures of groupoid, vector bundle and Poisson manifold are
consistently involved in the diagram (4.10).

From the considerations in Section 4.2, especially of (4.10), we see that the core of the V-
groupoid

T*(Pép) [3) . PéP
(t) | | (s) {pry) | (pr2)
rp/G— 1) P/G

consists of all (¢p,0,) € LET*P such that ¢, o Tkp(e) = 0, where p € P. Thus, using (3.15),
we have the following isomorphisms

core T* (EXE) ), JH0)/G and T*(P/G) A, JH0)/G

of vector bundles over P/G. In particular, the core of T' *(PLGP) is isomorphic to T*(P/G).
The vector bundle T*(P/G) — P/G can be regarded as a totally intransitive groupoid on
base P/G and as such acts on T*P/G by

T*(P/G) + T*P/G 3 (piy, (9p) = a*(piyy) + (i) € T*P/G. (4.12)

Recall here that a*(pg,), (¢p) € [7*]71({p)). The moment map for the action (4.12) is [7*]:
T*P/G — P/G, i.e., [7*]({¢p)) = (p) € P/G and
T"(P/G) *T"P/G = {(p,(p)) € T"(P/G) x T"P/G; v"(p) = [7"]({#))},

Le., (p,(¢)) € T*(P/G) «» T*P/G if and only if (q) = (p).
The action groupoid of (4.12) is T*(P/G) <[z+)T* P/G = T* P/G and according to [5, Propo-
sition 11.2.3], valid for a general VB3-groupoid, one has the short exact sequence of Lie groupoids

T*(P/G) <(z) T*P/G - T*(£2E) - P
(4.13)
mr/c —9 . 1p/G P/G

There are other crucial statements which we collect in the following proposition:
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Proposition 4.4.

(i) The groupoid T*(PLGP) = T*TP s the symplectic groupoid of the Poisson manifold T*TP.
(13) The symplectic groupoid T*(%) = T*TP is a subgroupoid as well as a symplectic leaf of

the Poisson groupoid % = KGP.

(7i1) Therefore the symplectic leaves of %, defined as J~1(O)/G are orbits of the standard

action of the groupoid T*(%) = % on its base %.

(iv) As a consequence of (4.13), any symplectic leaf J=1(O)/G is foliated by the orbits of the
action of T*(P/G) = P/G on T*P/G; these orbits are the fibres of the affine bundle
A J_l(O)/G — P X Adg, 0.

Here (i) is a particular case of the theory introduced in [12].
The symplectic leaves J;*(O0)/G of % = T*TP may be included in a sequence of
morphisms of fibre bundles, shown in (4.14), similarly to (3.25)

T*(PXP) ay J;l(O)/G Lo (PxOxP)

G €
(4.14)
PxP d  pxp id PxP
G G G

So, Proposition 3.5 is valid in this case as well as in the case of symplectic leaves J~1(0)/G,
where O € T}G. From (4.10) we have

. al _ Ly
T(EE) —2— 5 1(0)/G —2—~ X8R

(4.15)

7 p/G— 14 T*P/& P/G

Note that in diagram (4.15) only T*(£2E) = L2F is a groupoid. The target and source maps
of (T*P x T*P)/G restricted to J, ' (0)/G define symplectic and anti-symplectic realizations
of T*P/@, respectively. (In general these realizations are not full.) Thereby, we have the family
of symplectic (anti-symplectic) realizations of T*P/G, parametrized by the coadjoint orbits
O CTG.

Proposition 4.5. The action of the symplectic groupoid T*(%) = % on the symplectic

realization t: J{l(O)/G — % is a symplectic action; that is, the graph of the action

T*(E22) sy pj J5 H(0) /G — J;H(0)/G (4.16)

is Lagrangian and t: J2_1((’))/G — % 15 a Poisson map which is equivariant with respect to
this action and the natural action of T*(%) on its base. Corresponding results with signs
reversed hold for the action of T*(£5F) = T*TP on s: Jy1(0)/G — T*TP.

Proof. First consider the multiplication

T*PxT*P T*PxT*P _, T*PxT*P
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in the groupoid % = T*P/G. This is the quotient over G of the groupoid T*P x
T*P = T*P (with the structure from (4.9)), which is a symplectic groupoid with respect
to the form d(prj~ + prj~y), where v is the canonical 1-form on 7™ P; since G preserves the
symplectic structure, % = T*P/G is a Poisson groupoid. In particular, the graph of the
multiplication (4.17) is COlsotroplc in 9 x 94 x 9 where we write ¢4 = % for brevity.

The map (4.16) is a restriction of the multiplication (4.17). By (4.11), T*(£%E) is (:5)71(0)
and J, 1(0)/G is (13)7'((P x O x P)/G). Since i} is a morphism, it follows that the groupoid
multiplication of an element of T*(%) by an element of J;(0)/G is again an element
of J; 1(0)/G.

Further, since J, 1(0)/G is a symplectic leaf in %, and T* (PLGP) is a symplectic sub-
manifold of ¢, the restriction of (4.17) again has coisotropic graph, and by counting dimensions,
is Lagrangian. Thus (4.16) is a symplectic action. |

5 Applications in Hamiltonian mechanics
of semidirect products

In this section we investigate a few special cases of the results obtained in the two previous
sections. We also indicate applications in the theory of Hamiltonian systems.

Let us begin with the simplest case when P = G. Then the dual Atiyah sequence (3.15)
reduces to the well-known isomorphism of Poisson manifolds 7°G/G = T}G. The interest
of the situation becomes clear if one considers the reciprocally dual short exact sequences of
VBB-groupoid presented in diagrams (4.6) and (4.10).

Setting P = G in (4.6) we obtain the following short exact sequence of VB-groupoids over
the group(oid) G =2 {e}:

¢ — G

TGXTG

G — G (5.1)

[7T

{e}  ——A{e}

The central VB-groupoid in (5.1) is the gauge groupoid of the principal bundle
(TG,G,u: TG —- TG/G = T.G).

Note that the group G acts on the tangent bundle TG by the tangent lift of the right action
of G on itself. The final VB-groupoid of the short exact sequence (5.1) is the tangent group
TG = {e} of the group G. The upper short exact sequence in (5.1) is the Atiyah sequence of
the principal G-bundle

(GxG,G,p: Gx G — 95E ~q).

Remark 5.1. The initial VB-groupoid in (5.1) has core zero and is a special case of the initial
ViB-groupoid in (4.6). Note that there is no natural groupoid structure T9 = A¥ for a general
Lie groupoid ¢.
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The dualization of (5.1), according to (4.10), leads to the dual sequence of VB-groupoids

™G — G

T*G><T*

T*

{e} T*G — G

[7?*

{e} ——{e}

in which ¢35 and aj are morphisms of Poisson manifolds.

We now consider the case in which the total space P is a Lie group H and G = N C H is
a normal subgroup of H. This includes the case just treated. So, K := H/N is a group and one
has the short exact sequence of Lie groups

{e} 5 NS HE K- {e).

We further assume that there is a global section o: K — H of the principal bundle y: H — K;
we do not require o to be a morphism of groups. Without loss of generality we can assume
that o(ex) = ey, where ex and ey are the neutral elements of K and H, respectively. Since
o: K — H is transversal to the fibres of u: H — K, we define an isomorphism of principal
bundles ¥: K x N — H (trivialization of u: H — K) as follows

Y(k,u) :=o(k)e(u). (5.2)
From (5.2) one obtains the decomposition

vp = T(Ryy © 0) (k)& + T (Lo 0 1) (u)vy (5.3)
of vy, € TpH on (v, &) € T K x T,,N which defines the connection I': TK — T H by

L(k)(&k) := T (R, ) o o) (k)&
and the connection form o € I'*°(TH,T.N) by

a(vy) =T (" o Ly-1)(h) o (idp, 5 — T(Ryu 0 0 0 1)) (h)up, (5.4)

where u = o(u(h))"th.

Let us note here that T'(R,(,yooou)(h): T, H — Ty H is a projection of Tj H on the horizontal
subspace T'(R,,) o 0)(k)(T},K) and (idp, g — T(R, ) 00 op)(h)): ThH — T, H is a projection
of T, H on the vertical subspace T'(Lqx) © ¢)(TuN) of the connection I': TK — TH.

Dualizing I': TK — T H we obtain I'*: T*H — T* K which for ¢;, € T} H is given by

I (on) = en o T(Rp o 0)(k), (5.5)

where h = o(k)c(u).
Note that the cotangent lift TRy : T H — Ty H of the right action Ry: H — H is given by

T*Ry(¢n) = ¢n o (TRy(h)) ™" = ¢n 0 TRy-1(hg) (5.6)
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and the corresponding momentum map Jg: T*H — T} H is given by

Ju(en) = on o TLy(e) (5.7)

and satisfies Jg o T*R,; = Adz_l oJy for g € H.

Since for u € N one has I'*oT™ R,(,y = I'* the map (5.5) defines the map [["™]: T*H/N — T*K
which is not necessarily a Poisson map.

Using (5.3) we obtain the explicit formula of the map TS: TK x TN — TH

T (&, vu) = T(Ry(u) 0 0)(k)&k + T(Lo) © ¢)(u)va, (5.8)

where &, € Ty K and v, € T,N, tangent to the trivialization map ¥: K x N — H defined
n (5.2). Since T'(Lg k) o t)(u)vy € kerTu(h) and po Ry, oo = idx we find that the inverse
of T’} is given by

(TE) " (vn) = (Tu(h)on, T (2" o Ly-1)(h) o (idz, i — T(Ryu) 0 0 o ) (h)vn),

where k = u(h), t(u) = o(u(h)) " h.
The diffeomorphism T*Y := ((TS)"1)*: T*K x T*N — T*H dual to (T'Y)~! takes the form

T*S(0k, Xu) = Ok 0 Tpu(h) 4+ xu o T (¢ ™" 0 Ly-1) (h) © (idzgy, it — T(Ryu) © o © p)(h))

on (O, xu) € Ty K x Ty N. It factorizes T H into the product of cotangent bundles T* K x T*N
and allows us to simplify the form of the momentum map

J(¢n) = ¢noTLp(e) o Ti(e),
(JoT*E)(Ok, Xu) = Xu © T(LL(U) o)(e).

We take the pullback of the momentum map (5.7) and the pullback of the action (5.6) on
T*K x T*N. For (Jg o T*%): T*K x T*N — T} H, where h = o(k)c(u), one has

(Jr 0 T"E)(0k; xu) = Ok o T(po Lp)(e)
+xuoT(  oLy-1)(h)o (idg, o5 — T(Ryy 0 o0 0 p)) (h) o TLy(e).

In order to obtain the explicit form of the action
TR w) = (T*2) Lo T*R, o T*Y: T*K x T*N — T*K x T*N
we take g = X(I,w), where ([,w) € K x N, and use the product formula
(k, w) (1, w) = S (hg) = (kL m(k, )o(l) (ww), (5.9)
where the cocycle m: K x K — N and the map o: K — Aut N are defined by
m(k,1) :=o(kl)lo(k)o(l) and  o(l)(u) := (1) tuo(l).

We simplify the problem assuming triviality of the cocycle m: K x K — N, i.e., we consider
the case when m: K x K — {e}. Then po: K — Aut N is a group anti-homomorphism and
o: K — H is a group homomorphism. The group product (5.9) in this case assumes the
following form

(k, u)(l, w) = (KL, o) (w)w) = (KL, (Ruw 0 o(1))(w)), (5.10)
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and H is the semidirect product K x, N. The product (5.10) leads to the formula
T Rt,) (O Xu) = (0 © TRy (K1), xu © T[(Ryw) © (1) 0 1) 7] (w)) (5.11)
for the action T* R y: Ty K x TyN — TiH K X T(»}{Kw)og(l)ol,)(u)N'
Taking in (5.8) k = e and u = e we obtain the isomorphism
T%e(Ee,ve) := To(e)ée + Ti(e)ve (5.12)
of T.K x T,N with T_H and, thus the decomposition
T.H =To(e)(T.K) ® Tu(e)(TeN).

Superposing the dual (T%.)*: ToH — T K x TN of (5.12) with JgoT*¥: T*K xT*N — T} H
we find that the factorized momentum map

Iy = (TE) oJgoT*S: T"K xT*N - T)K x TN
is given by

JZ(eka Vu) = (ek o TLk(e)a Xu © T(Lb(u) % L)(e))
= (JK(0k), (J o T"E) Ok, xu)) = (JK (Ok), In (Xu)), (5.13)

where Jg: T*K — T7K and Jy: T*N — T} N are the momentum maps for K and NN, respec-
tively. Combining (5.11) and (5.13) we obtain the following equivariance property

Jg 0 T* R = (Adj_y x A% 1 o(To(I7")(e))") o Js, (5.14)
for Jy, where
K %o N3 (Lw)— (Adj x AdY 1 o(To(1™)(e))") € Aut(TFK x TFN)

is an anti-homomorphism of K x, N = H in Aut(T;K x T} N).

Note that Jx is the momentum map related to the symplectic form d((7*X).vm) where
(T*%)vm is the pullback of the canonical 1-form g of T*H by T*¥: T*K x T*N — T*H. The
subsequent proposition expresses (17*%),yy in terms of the canonical form vx of T*K and the
connection form « defined in (5.4).

Proposition 5.2. One has the following equality

(T"5)evm) Ok, xu) = (PrEc )i (Or)
+Xu 0 TLyw(€) o (X 0 [(Tf 0 pri) X (my o pry)])«e, (5.15)

where 151 T*K — K and w5 : T*N — N are the projections on the bundle bases, and pri:
T*K xT*N = T*K and pryy: T"K x T*N — T*N are the canonical projections.

Proof. For X, \.) € T(6,,x.)(T*K x T*N) we have

((T*2) v ) (O, Xu)s X0y xa)) = (v (TE) Ok Xu))s T(TE) (Oks Xu) X (04,x00))
= (((T"2) Ok, xw), T (T 2) (O, X)) T (T ) Oy Xu) X (041x0))
= (((T"2) Ok, xu), T(7" 0 T*E) Ok, X)) X (64 x0))
= (O o Tp(h) + Xu © T'Lo(iy-1(h)
o (idr,z — T(Rywy 00 o u)(h)), T(m* o T*E)(Or, Xu)) X (6,,x0))
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= Ok, T (o 7 0 T ) (O, Xu) X (01 xu))
+ (Xus TLywy(€) o o (7™ o T*E) Ok, Xu) X (6,x0))» (5.16)

where for the last equality we used (5.4). Now we observe that

7 oT*Y =Y o ((m) oprk) X (my o pry)) (5.17)
and

vor*oT*Y = mj opry . (5.18)
Substituting (5.17) and (5.18) into (5.16) we obtain

((T"E)vm) Orc s Xu)s X0y, x0)) = Ok, T (T 0 DY) (O, X ) X (013
+ (Xu, TLyuy(€) o a0 T(X o () o pric) X (7 © D)) (Oks Xuo) X (0 x0))
= ((Pric)« Vs X0 x0)) T (Xu 0 TLywy(€) 0 a0 T(Z o (1) © pri)
X (7 0 PIN)))«(Oks Xu)s X (6, xu))»
which gives (5.15). [

The first term in (5.15) is the pullback of vk and the second one, called the “magnetic term”,
is the pullback of the connection form a (superposed with x,, 0T'L,(,(e) € T, N) on the product
T*K x T*N. Let us note that (prj).«vx as a section of T*(T*K x T*N) is linear on the fibres
of T* K and constant on the second factor of T* K x T*N. Similarly, the magnetic term is linear
on the fibres of T* N, constant on the fibres of T* K, but not constant on the base K x N of
T*K x T*N.

Using the diffeomorphism T*%: T*K x T*N = T*H we can write the dual Atiyah se-
quence (3.15) for P=H = K x, N and G = N as follows

0—T"K 25 T*K x T'N -5 K x TPN — 0,
where a*(0)) = (0, 0) and ¢*(0k, x1) = (k, x1). Hence the symplectic leaves of T*K x TN are
T*K x O (JoT*%)"H0O)/N = (K x O)/N,

where O C T} N are coadjoint orbits of N. One obtains the symplectic structure of the leaf
T*K x O by the reduction to t* (K x Q) C T*K x T*N of d((T*X).vz) presented in (5.15).

Since Jy: T*"K X T*N — T K x TN = T7 H is a Poisson map, where T H is equipped with
the linear Poisson structure, any function f € C*°(TSK x TXN) defines a Hamiltonian f o Jy
on T*K x T*N. According to (5.14), if f is invariant with respect to the action

{e} x N 3 (e,w) — (id x Ad;fl ) € Aut(T*K x T/ N).

Then folJy € C®°(T*K x T*N/N) = C®°(T*K x TYN) defines a Hamiltonian system on the
Poisson manifold 7% K x T} N. This is always so if NV is an abelian group.

In this case the coadjoint representation Ad*: N — Aut TN of N is trivial, i.e., Ad* = id.
So, its orbits are one-element subsets {a} C TSN of T/N. It follows from Theorem 3.5 that
[[*]: T*H/N — T*K defines diffeomorphisms [I'*]: J~!(a)/N — T*K, see also (3.27), of the
symplectic leaves J~!(a)/N, a € TN, with the cotangent bundle T* K.

From point (ii) of Theorem 3.5 we see that J~'(a)/N — H X ady, {a} = K is an affine bundle
over K. The diffeomorphism [['*]: J~!(a)/N = T*K preserves the fibre bundle structures, i.e.,
it covers the identity map of the base K. Let us note here that

JHa)/N = (JoT*2)71((0,a))/N 2 T*K x Jy'(a)/N 2 T*K x {0} = T*K.



28 K. Mackenzie, A. Odzijewicz and A. Slizewska

The symplectic form w, of (J o T*¥)~1((0,a)) is obtained as the reduction of d(T*%).vg. So,
from (5.14) and the diffeomorphism J~!(0)/N = T*K we find that

wa = d(yK + (Tfc)+A),

where A is a 1-form on K defined by the connection 1-form « and a € TN, and (7} )« A is the
pullback of A on T*K by n}.: T*K — K.

As an example one can present the case of the heavy top, where K = SO(3), N = R? and
p: SO(3) — AutR? is the usual action of SO(3) on R3. For detailed description of this case
see for example [7]. For the description of n-dimensional tops in the framework of semi-direct
product Hamiltonian mechanics we refer the reader to [9]. One can find many other examples of
application of semidirect product Hamiltonian mechanics in [3, 4, 7] which concern also infinite
dimensional physical systems.

The short exact sequence of VB-groupoids (4.10) in the case when P = H = K x, N and
G = N assumes the following form

T (K xNxK)—» K><N><K

T* TNXTNXTK—»KXNXK

*

T*K x T*N BEXxT*Nx K —» K><N><K (5.19)

T*K><TN

where we used the following diffeomorphisms

K x,N/N ~K,
(K xyN)x (K x,N)
N

T*(K x,N)/N = T*K x TN,

T (K %o N) x (K %, N)) o e TN X T'N K.
N N

(KXo N) TN x (K x,N))

N

=K xNXxK,

~KxT*N x K.

Let us note that we can consider (5.19) as a product of the short exact sequence of VB-
groupoids (4.10), taken for P = K and G = {e}, with the short exact sequence of VB-groupoids
(4.10) taken for P = N and G = N. But we have to stress here that the Poisson structures
n (5.19) are not the products of the respective Poisson structures and they depend on the
anti-homomorphism p: K — Aut V.

To end, we mention that one can consider the Poisson manifolds which are included in the
upper dual Atiyah sequence of (5.19) as the phase spaces of some composed systems related to
the ones presented in the lower dual Atiyah sequence of (5.19).
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