THE MODULAR CLASS OF A POISSON MAP

RAQUEL CASEIRO AND RUI LOJA FERNANDES

ABSTRACT. We introduce the modular class of a Poisson map. We look at
several examples and we use the modular classes of Poisson maps to study the
behavior of the modular class of a Poisson manifold under different kinds of
reduction. We also discuss their symplectic groupoid version, which lives in
groupoid cohomology.

INTRODUCTION

The modular class is arguably the most basic global invariant in Poisson geom-
etry. For a Poisson manifold M, its modular class mod(M) is an element of the
first Poisson cohomology group H(M). It is the obstruction to the existence of a
measure in M which is invariant under all hamiltonian diffeomorphisms ([20, 27]).
In this work we study how the modular class behaves under a Poisson morphism.

The notion of modular class extends to Lie algebroids (see [7]) and to Lie al-
gebroid morphisms (see [17, 18, 19]). Given a Poisson manifold M, its cotangent
bundle T* M has a natural Lie algebroid structure and mod (M) agrees, up to a fac-
tor, with the modular class of T* M. Note, however, that a Poissonmap ¢ : M — N,
in general, does not induce a morphism between the cotangent Lie algebroids T* M
and T*N, nor a map at the level of Poisson cohomology. This lack of functorial
behavior of a Poisson map makes the definition of its modular class less obvious.

In order to define the modular class of a Poisson map we will use coisotropic
calculus and this will bring us back into the realm of Lie algebroids. Recall that
amap ¢ : M — N between two Poisson manifolds is Poisson if and only if its
graph is a coisotropic submanifold of M x N ([28]). This condition can also be
expressed by saying that the conormal bundle to the graph is a Lie subalgebroid of
the product Lie algebroid T*M x T*N. Equivalently, the pullback bundle ¢'T*N
has a natural Lie algebroid structure. We will define the modular class of ¢ to be
a certain Lie algebroid cohomology class mod(¢) € H'(¢'T*N). This class mod(e)
is then represented by certain vector fields along the Poisson map and we will see
that it is the obstruction to the existence of measures p in M and v in N, such
that the associated modular vector fields are ¢-related.

This paper is organized as follows. After establishing basic properties of the
modular class of a Poisson map in Section 1, we look at various applications of this
notion. First, in Section 2, we consider Poisson immersions and Poisson submani-
folds. We introduce the relative modular class mody (M) of a Poisson submanifold
N C M to be the opposite of the modular class of the inclusion. Then we establish
the following relationship between the relative modular class of N and the linear
Poisson holonomy hy(a) : ¥(N), — v(N), along a cotangent loop a : I — T M:
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2 RAQUEL CASEIRO AND RUI LOJA FERNANDES

Theorem 0.1. For any cotangent loop a : I — T{M on a Poisson submanifold
N C M one has:

det hy () = exp ( / modN(M)> .

This extends a result of Ginzburg and Golubev [15], who considered the special
case of a symplectic leaf.

We also study the relative modular class for the very special class of Lie-Poisson
submanifolds, and use it to find conditions that guarantee that a submanifold is
not Lie-Poisson.

In Section 3, we turn to Poisson submersions and reduction. First, we show
how one can compute the modular class of a Poisson submersion as a characteristic
class of a certain representation and we apply this result to conclude that for a free
and proper Poisson action G x M — M the modular class of the quotient map
M — M/G vanishes. This is the departure point to understand the behavior of
the modular class under reduction. In this direction we prove two results. First,
for any free and proper Poisson action, we consider the Poisson cohomology of
projectable multivector fields, denoted by H;rojm(M ), for which there are maps

into the ordinary Poisson cohomology of M and M/G:
H (M)

HI;roj,ﬂ'(

e
\
Hy(M/G)

and we show that:

Theorem 0.2. For a proper and free Poisson action there is a cohomology class
mod(M,G) € H},; (M), which in the diagram above maps to mod(M) € H (M)

and to mod(M/G) € H:(M/G).

We call mod(M, G) the modular class of the Poisson action. This approach
allows us to understand the modular classes of many examples of Poisson quotients.
If mod(M, G) = 0 the theorem guarantees that mod(M/G) = 0. We give examples
where G is unimodular, mod(M) = 0 but mod(M/G) # 0. We also show that for
an action of a compact group by Poisson diffeomorphisms, mod(M) = 0 implies
that mod(M/G) = 0 and, as a consequence, only unimodular Poisson manifolds
can be quotients of symplectic manifolds by compact group actions.

We also study Hamiltonian actions admitting a moment map k : M — G*. In
this case, we compute the class mod(k) in terms of the adjoint character of the Lie
algebra g and this allows us to show that if G is unimodular and mod(M) = 0
then mod(M/G) = 0. In order to understand the modular class of the hamiltonian
quotient M//G := k=1(e)/G we introduce the Poisson cohomology HY L oi(k) of

multivector fields which are projectable and tangent to the fiber k~1(e), for which
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there are maps into the ordinary Poisson cohomology of M and M//G:

HR(M)

H.

7r,proj(

o
~

HY(M//G)
We show that:

Theorem 0.3. Let G x M — M be a proper and free hamiltonian action. There
is a class modg(M) € H} . +(k) which in the diagram above maps to the modular

classes mod(M) € HY(M) and mod(M//G) € HX(M//G).

We call the class modg (M) the equivariant modular class of the hamilton-
ian action. Again, this approach allows us to compute the modular class of the
hamiltonian quotient M//G in many examples.

In the final section of the paper we discuss how the previous results translate
at the level of the symplectic groupoids integrating Poisson manifolds, relating the
modular class of Poisson manifolds and the modular characters of their integrating
symplectic groupoids.
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1. POISSON MAPS AND THE MODULAR CLASS

In this section, we first review the notion of modular class for Poisson manifolds,
Lie algebroids and morphisms of Lie algebroids. Then we introduce the modular
class of a Poisson map and we state its basic properties.

1.1. Modular class of a Poisson manifold. Let (M, {-,-}) be a Poisson man-
ifold. We will denote by 7 € X2(M) the associated Poisson tensor which is given
by

m(df,dg) :=={f. g}, (f,g € CT(M))
and by 7t : T*M — TM the vector bundle map defined by

7 (dh) = X}, == {h,-},

where X}, is the hamiltonian vector field determined by h € C*°(M). Recall also
that the Poisson-Lichnerowicz cohomology [21] of (M, ) is the cohomology of the
complex of multivector fields (X*(M),d,), where the coboundary operator is de-
fined by taking the Schouten bracket with the Poisson tensor:

d.A = [, Al.

This cohomology is denoted by H2(M). We will be mainly interested in the first
Poisson cohomology space H1(M), which is just the space of Poisson vector fields
modulo the hamiltonian vector fields. Note that our conventions are such that the
hamiltonian vector field associated with the function A is given by:

(1) Xy, = —[m,h] = —=dsh.
If we assume that M is oriented, then we can ask the following question:

Is there a volume form p € Q*°P(M) which is invariant under all
hamiltonian flows?

To answer this question one chooses any volume form p and computes its Lie
derivative along hamiltonian vector fields. This leads to a unique vector field X, €
X(M) such that:

£x,0=Xu(f)p-
One calls X, the modular vector field of the Poisson manifold (M, ) relative
to p. It is easy to check that:

(a) The vector field X, is Poisson: £x,m = 0;
(b) If v = gu is another volume form, then:

(2) Xgu = Xu — X
This leads to the following definition, which is due to Alan Weinstein [27]:

lgl

Definition 1.1. The modular class of a Poisson manifold (M, ) is the Poisson
cohomology class

mod(M) = [X,] € Hr(M).

Note that we can find a volume form p with X,, = 0 if and only if mod(M) = 0.
Since X, = 0 if and only if  is invariant under all hamiltonian flows, the modular
class is the obstruction to the existence of a volume form in (M, 7) invariant under
all hamiltonian flows.

Remark 1.2. We have assumed that M is orientable. If this is not the case, one
can still define modular vector fields and modular classes if one replaces volume
forms by half densities. In this paper, we will always assume the manifolds to be
orientable, but our results remain valid in the non-orientable case.
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Example 1.3. Let (G, 7g) be a Poisson-Lie group with Lie algebra g. The adjoint
characters of g* and g denoted, respectively, by xo € g and by ¥y € g*, are defined
by:
<777 X0> = tr(adg* 77)7 <1907 §> = tr(adg f)? (f €g,n¢c g*)
Evens, Lu and Weinstein ([7]) proved that the modular vector field of 7¢ relative
to any left invariant volume form v* is given by:

1
(3) Xo =5 (X0 +x0 +7c(95)) -
The 1-form 9% is exact: 9F = dln fy, where fy := det Adg : A*Pg — APg. It
follows that the modular class of G is

1
mod G = | 30k + )| € 11, 0)

and hence mod G=0 if and only if xo = 0, i.e. g* is an unimodular Lie algebra.

Our next question, which is the main subject of this paper is the following:

Let ¢ : M — N be a Poisson map. Is there a relationship between
mod (M) and mod(N)?
Note that a Poisson map, in general, does not induce a map in Poisson cohomology.

Example 1.4. Consider M = R* with the canonical symplectic structure w, so
the associated Poisson structure is:
0 0 0 0
T = 5= A o + oo N
The volume form p = w? is invariant (the Liouville theorem), so mod(M) = 0.
On the other hand, consider N = R? with the linear Poisson structure:
™ = a— N\ 2
da " Ob
The modular vector field relative to v = da A dbis X, = %. Since the axis a = 0
consists of zeros of 7y, we see that X, cannot be hamiltonian and mod(N) # 0.
Finally, we observe that there is a Poisson map ¢ : R* — R? given by:

¢('r7 Y, z, ’IU) = (y’ RW — $y)
This map is a surjective submersion when restricted to the open subset of R*
obtained by excluding the z-axis.

We will introduce later the modular class of a Poisson map which, in a sense to
be made precise, measures the failure in preserving the modular classes. For that,
we need to turn first to Lie algebroids.

1.2. Modular class of a Lie algebroid. A Lie algebroid also has a modular
class which lives in Lie algebroid cohomology, as was first explained in [27] and
then studied in detail in [7].

Let A — M be a Lie algebroid over M, with anchor p : A — T'M and Lie bracket
[,]: T(A) x T(A) — T'(A). We will denote by Q*(A) = I'(A*A*) the A-forms and
by X*(A) = T'(AkA) the A-multivector fields. Recall that we have a Cartan calculus
associated with A, where one defines the A-differential d4 : QF(A) — QF+1(A), the
Lie A-derivative operator £x and the contraction operator ix, where X € X(A) is
an “A-vector field”. Moreover, we also have Cartan’s magic formula (see, e.g., [7]):

£x =ixda+daix.

The cohomology of the complex (2°(A),d4) is the Lie algebroid cohomology which
will be denoted by H®(A). Also, the space of A-multivector fields carries a graded
Lie algebra bracket [, ]a, the A-Schouten bracket, which extends the Lie bracket
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on I'(A) = X(A). For X € X(A) and P € X*(A), we also write the bracket [X, P]4
as £xP.

A representation of A is a vector bundle £ — M together with a flat A-
connection V (see, e.g., [3, 9]). The usual operations @ and ® on vector bundles
turn the space of representations Rep(A) into a semiring. Given a morphism of Lie

algebroids:
A B

MTN

there is a pullback operation on representations E — ¢'E, which gives a morphism
of rings ¢' : Rep(B) — Rep(A) (often, we will denote by the same letter the bundle
and the representation).

Representations, as usual, have characteristic classes (see, e.g., [2]). Here we are
interested in line bundles L € Rep(A) for which the only characteristic class can be
obtained as follows: Assume first that L is orientable, so that it carries a nowhere
vanishing section p € I'(L). Then:

Vxp= (o, X)u, VX eX(A).

The 1-form a, € Q'(A) is da-closed and is called the characteristic cocycle of
the representation L. Its cohomology class is independent of the choice of section
1 and defines the characteristic class of the representation L:

char(L) := [a,] € H'(A).
One checks easily that if L, L1, Lo € Rep(A), then:
char(L*) = — char(L), char(L; ® L) = char(Ly) + char(Ls).
Also, if (®,7) : A — B is a morphism of Lie algebroids, and L € Rep(B) then:
char(¢'L) = ®* char(L),

where ®* : H*(B) — H*(A) is the map induced by ® at the level of cohomology.
If L is not orientable, then one defines its characteristic class to be one half that of
the representation L ® L, so the formulas above still hold, for non-orientable line
bundles.

Every Lie algebroid A — M has a canonical representation on the line bundle
LA = AYPA @ NPT M

Vx(wep) =ELxw@p+w® £, x)u.

[}
.

Then we set:

Definition 1.5. The modular cocycle of a Lie algebroid A relative to a nowhere
vanishing section w ® pu € T(A*PA ® A*PT*M) is the characteristic cocycle agu
of the representation L. The modular class of A is the characteristic class:

mod(A) := [aue,) € H'(A).

Example 1.6. For any Poisson manifold (M, ) there is a natural Lie algebroid
structure on its cotangent bundle T*M: the anchor is p = 7* and the Lie bracket
on sections of A =T*M, i.e., on 1-forms, is given by:

[O‘7B] = "CTrﬁocﬂ - £7rﬁ6a - dTF(O@ﬂ).
The Poisson cohomology of (M, ) is just the Lie algebroid cohomology of T* M,
and the two definitions above of the modular class differ by a multiplicative factor:

mod(T*M) = 2mod(M).
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Because of this relation, a factor 2 appears in some of our formulas.

If ®: A — B is a morphism of Lie algebroids covering a map ¢ : M — N, the
induced morphism at the level of cohomology ®* : H*(B) — H*(A), in general,
does not map the modular class of B to that of A. Therefore one sets ([19]):

Definition 1.7. The modular class of a Lie algebroid morphism ® : A — B is
the cohomology class defined by:

mod(®) := mod(A) — ®* mod(B) € H'(A).
Clearly, if & : A — B and ¥ : B — C are Lie algebroid morphisms, then:
mod(¥ o @) = mod(P) + &* mod(P).

The modular class of a morphism (®, ¢) : A — B can be seen as the modular class
of a representation. Namely, one takes the canonical representations L4 € Rep(A)
and LB € Rep(B) and forms the representation L* := LA ® ¢'(L?)*. Then:

Proposition 1.8 ([19]). Let (®,¢) : A — B be a Lie algebroid morphism. Then:
mod(®) = char(L?).

We refer to [19] for the proof and for other properties of the modular classes of
Lie algebroids and their morphisms.

1.3. Modular class of a Poisson map: definition. Let ¢ : M — N be a Poisson
map. Note that, in general, ¢ does not induce a morphism neither of the associated
cotangent Lie algebroids, nor in Poisson cohomology. In order to understand what
happens in cohomology, we need('):

Proposition 1.9 (Weinstein [28]). Let ¢ : M — N be a map between two Poisson
mamnifolds. The following statements are equivalent:

(i) ¢ is a Poisson map;

(ii) graph(¢) C M x N is a coisotropic submanifold;

(iii) The conormal bundle v*(graph(¢)) is a Lie subalgebroid of T*M x T*N.

Here we are using the following standard convention: if (N,7y) is a Poisson
manifold, then N denotes the opposite Poisson manifold (N, —7y). So if (M, 7ar)
is also a Poisson manifold, then M x N denotes the cartesian product of M and N
with the Poisson tensor mpy X (—mn).

The following proposition provides a more convenient description of the Lie al-
gebroid v*(graph(¢)):

Proposition 1.10. Let ¢ : M — N be a Poisson map. Then A := ¢'T*N carries
a natural Lie algebroid structure which is characterized by:

(4) [¢!a7¢!ﬁ]A = ¢I[a7ﬁ]‘n’1\]a
(5) pa(@a) =i (¢"a),
for a, B € QY(N). For this structure, the natural maps
(6) PT*N ——T*M
|
\ | &
! v
T*N

are Lie algebroid morphisms and we have ¢'T* N ~ v*(graph(¢)).

1A submanifold C C M of a Poisson manifold is called coisotropic if =t (v*(C)) C TC, where
v*(C) = (TC)° denotes the conormal bundle of C in M.
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Proof. We have an isomorphism of vector bundles:

¢'T*N — v*(graph(¢)) C T*M x T*N

| .

M ——— > graph(¢)) C M x N

given by (m,a) — ((dm@)*«a, ) and covering the diffeomorphism m — (m, ¢(m)).
Under this isomorphism, the Lie bracket and the anchor on v*(graph(¢)) lead to
the expressions (4) and (5), while composition with the projections on each factor
give Lie algebroid morphisms.

In general, the natural map ¢'T*N — T*M will not be injective, so ¢'T*N will
not be a Lie subalgebroid of T*M. Still, sections of ¢'T*N of the form ¢'a where
a € QY(N), can be identified with the sections ¢*a € QY(M) (the usual pullback
of 1-forms). An arbitrary section of ¢'T*N is just a 1-form along ¢ and can be
written as a finite combination Y, fi¢'a;, where f; € C°°(M) and a; € QY(N).
Hence, expressions (4) and (5) determine completely the Lie bracket and the anchor
of A= ¢'T*N. O

Our basic definition is the following:

Definition 1.11. Let ¢ : M — N be a Poisson map. The modular class of ¢ is
the class:
mod(¢) := i* mod(M) — j* mod(N) € H' (¢'T*M).

In order to motivate this definition, suppose that the map ¢ : M — N were
covered by a Lie algebroid homomorphism ® : T*M — T*N (the dotted arrow in
the diagram), making the diagram (6) commutative. The composition property for
the modular classes of Lie algebroid morphisms yields:

mod(j) = mod() 4+ ¢* mod(®).
Hence, we would have:
1* mod(®) = mod(j) — mod(z)
= (mod(¢'T*N) — j* mod(T*N)) — (mod(¢'T*N) — i* mod(T*M))
= i*mod(T*M) — j* mod(T*N)
and this justifies our definition.
1.4. Modular class of a Poisson map: basic properties. Notice that an
element P € QF(¢'T*M) is just a k-vector field along ¢, i.e., a smooth map
P : M — AFTN such that P, € A*Ty,)N. Therefore, the modular class of
¢ has representatives which are vector fields along ¢. Note also, that the maps
i* : HY(T*M) — H*(¢'T*N) and j* : H*(¢'T*N) — H®*(T*N) at the level of
multivector fields are just:
i XN(M) = XY(N), P—d¢- P,
JTX(N) = X5(N), Qv+ Pod.

The following lemma, which gives an explicit representative for the modular class,
should now be obvious:

Lemma 1.12. Let ¢ : M — N be a Poisson map and fix volume forms p €
QP (M), v € Q©P(N). The modular class mod(¢) is represented by:

Xy =do- X, — X, 09,

where X,, and X, are the modular vector fields of mpr and wn relative to p and v.
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We will refer to X, , as the modular vector field of ¢ relative to u and v.

Corollary 1.13. The class mod(¢) is the obstruction to the existence of volume
forms p € Q©P(M) and v € Q*°P(N), such that the modular vector fields X, and
X, are ¢-related.

Proof. The Poisson map ¢ has trivial modular class if its modular vector fields are
exact in the Lie algebroid cohomology of ¢'T* N, i.e., if for each u € Q*P(M) and
v € QPP(N),

Xyp =dppenf=—d¢ Xy, forsome f € C®(M).
By definition X, , = d¢ - X, — X, o ¢, hence we have d¢.(X, + X) = X, o ¢, and
taking into account equation (2), we conclude that X,.-, and X, are ¢-related. [

Corollary 1.14. The modular class of a Poisson diffeomorphism is trivial.

Proof. Suppose ¢ : M — N is a Poisson diffeomorphism and let v be a volume
form on N. The modular vector field of ¢ relative to ¢*r and v vanishes:

Ao Xgoo (f) 0"V = Xpri (fod) 9w = £ (g5 "V
= ¢*£7r§\,(df)’/ = (Xy(f)0) o™
O

Our next proposition gives the composition property of the modular classes of
Poisson maps. For that, we note that if ¢ : M — N and ¥ : N — @Q are Poisson
maps, there are induced maps in cohomology:

$ot HU($'T*N) = H* (0 9)'T*Q), P+ dip- P
¢* H*(Y'T*Q) — H*((¢ 0 )'T*Q), P~ Po¢.
Proposition 1.15. Let ¢ : M — N and ¢ : N — Q be Poisson maps. Then:
mod (¢ o ¢) = ¢ mod(¢) + ¢* mod(¢)).

Proof. The following diagram commutes:

H'

/

H(¢'T*Q) <“— H*(T*Q)

J¢o¢
H*((¥09)T*Q

Hence, we find:
mod(t 0 §) = i m0d(M) — j0y mod(Q)
= i mod(M) — 675 mod(Q)
— 4puis mod(M) — 15,7 mod(N) + ¥, mod(N) — ¢" 5, mod(Q)
= . (i3 mod(M) — j3 mod(N) + 6" (if, mod(N) — j§, mod(Q))
— 4, mod(¢) + 6" mod(4).
O
Note that if p, ¥ and A are volume forms on M, N and @, respectively, then the

previous proposition can be stated in terms of the corresponding modular vector
fields as:

Xur=d¢ - X + Xy x 0.
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Finally, we show that the modular class of a Poisson map can be seen as the
characteristic class of a representation, in analogy with Proposition 1.8.

Proposition 1.16. Let ¢ : M — N be a Poisson map. There is a natural repre-
sentation of ¢'T*N on the line bundle L? := ®2 AP T*M @2 AYPH'TN, and we
have: 1

mod(¢) = 3 char(L?).

Proof. We define a representation of ¢'T*N on the line bundle ®2 AP T*M by
setting:
vd)’a(ﬂ ® V) = [¢*a7u]ﬂ'1\4 QU+ PR £ﬂ—1ﬁw¢*alj~
and another representation on ®% AP ¢'T*N by setting:
Vial@n®d'v) = ¢'la pley @ v+ o' n® ¢ £y v

The tensor product of the first representation with the dual of the second represen-
tation defines a representation of ¢'T*N on the line bundle

L? .= @2 AP T* M @2 AP@'TN.

The rest follows from the definitions taking into account Example 1.6. O

2. POISSON IMMERSIONS AND SUBMANIFOLDS
In this section we study the modular class of a Poisson immersion.

2.1. The relative modular class. Let (M, ) be a Poisson manifold and let N C
M be a Poisson submanifold. This means that the submanifold IV carries a Poisson
structure 7 and the inclusion ¢ : N — M is a Poisson map.

Definition 2.1. The relative modular class of a Poisson submanifold ¢ : N —
M 1is defined as minus the modular class of ¢, denoted:

mody (M) := —mod(¢).

The reason for the minus sign will became clear from the discussion that follows
(see, e.g., Proposition 2.3).

Notice that ¢'T*M = TR M is just the restricted cotangent Lie algebroid of M
along N. The relevant cohomology is then the restricted Poisson cohomology
Hy (M) := H*(TxM), introduced by Ginzburg and Lu in [16]. The corresponding
complex can be described as follows: the cochains are the multivector fields along
N, which we denote by X% (M) := I'(A*Ty M), while the differential is given by:

d.P =[P, 7]|n,

where P € X*(M) denotes any (local) extension of P € X% (M) to M(?).

In particular, the relative modular class mody (M) lies in the first restricted
Poisson cohomology H; N (M), which is the quotient of the Poisson vector fields
along N modulo the hamiltonian vector fields on N.

Remark 2.2. A representative of this class can be obtained by choosing volume
forms p € Q*P(M) and v € Q°P(N). Then mody (M) is represented by the vector
field along N given by:

Xy =Xuln — X0,
This representative depends only on the values of p along N and on v. Of course,
its class is independent of these choices.

2Ginzburg and Lu use the term relative cohomology instead of restricted cohomology. We
believe that their term should be reserved for the cohomology H® (M, N) of the quotient complex
X*(M,N) := X% (M)/Q*(N), associated with (the dual of) the anchor 7% : T% M — TN (see [4]).
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The following elementary properties of the relative modular class follow directly
from its definition:

Proposition 2.3. Let (M, 7) be a Poisson manifold and let N C M be a Poisson
submanifold. Then:

(i) If modyn (M) = 0, then the modular vector field of M relative to any volume
form pu € Q©P(M) is tangent to N.
(ii) If 1y = 0, then X,|n is independent of the volume form p € Q*°P(M) and
represents mody (M).
(111) If mody (M) = mod(M) = 0, then mod(N) = 0.

Example 2.4. For any open subset O — M the relative modular class vanishes:
modp (M) = 0.

Example 2.5. A symplectic leaf can have a non-trivial relative modular class. On
M = R*, with coordinates (z,v, z,w), consider the Poisson structure:

0,0, 0 0
9z Qy 0z ow’
The modular vector field relative to the volume form y = dz Ady Adz Adw is given
by:
X, =—.
H 6y

On the other hand, the symplectic leaves of 7 are:

e The two open 4-dimensional leaves z > 0 and x < 0;

e The 1-parameter family of 2-dimensional leaves (x,y) = (0, ¢), where ¢ € R.

If S is a 2-dimensional symplectic leaf, then X, is not tangent to S so we conclude
that modg(M) # 0.

Example 2.6. Consider a topologically stable Poisson structure on a compact
oriented surface M = X (see [25]). This is a Poisson structure which vanishes
linearly along a set of smooth disjoint closed curves Z = |J;7;. The (trivial)
Poisson submanifold Z C ¥ has no non-trivial hamiltonian vector fields, so its
relative modular class modyz(X) is represented by a canonical Poisson vector field
along Z.

In order to determine this vector field, choose some volume form p on ¥. The
corresponding modular vector field X, is a Poisson vector field on ¥, so its flow
maps symplectic leaves to symplectic leaves. This means that X, must be tangent
to Z and we find that the relative modular class of Z is given by

HlOdz(Z) = XM|Z~

In other words, all modular vector fields X, are tangent to Z and induce the same
vector field modz(X) on Z. The periods of the vector field mody(X) along the
curves y; give global invariants which were used in [25] to classify the topologically
stable Poisson structures on surfaces.

2.2. Linear holonomy and the relative modular class. In order to compute
the relative modular class mody (M) of a Poisson submanifold, we observe that the
identification of the conormal bundle as v*(N) = (I'N)" C TxM gives a natural
representation of the Lie algebroid A = T\ M on the conormal bundle v*(N):

VafB = [O‘aﬂ]a aGF(TK/M),ﬂEF(I/*(N))

We will denote the dual representation on the normal bundle v(NN) by the same
letter. The line bundle A*Py(N) then becomes a representation of 7% M, and we
have:
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Theorem 2.7. The relative modular class of a Poisson submanifold ¢ : N — M
is given by:
mody (M) = char(A"Py(N)).

Proof. The short exact sequence
0—v'(N)>TyM —T*N —0
yields the canonical line bundle isomorphism
APPL*(N) @ ANPT*N = AP M.

Under this isomorphism, one can identify the representation L? given in Propo-
sition 1.16 with ®% A*P v(N) defined above. So, mod ¢ = % char(®? A™P v(N)) =
char(A*Py(N)). O

The representation of Tx M on the normal bundle v(N) is well-known: it is
called the linear holonomy representation of NV and it plays an important role
in several problems in global Poisson geometry (see, e.g., [15]) In particular, given a
cotangent path a : I = [0,1] — T\ M joining = to y in N, parallel transport relative
to V along a defines the linear Poisson holonomy map hn(a) : v(N), — v(N),
(this is a slight generalization to Poisson submanifolds of the usual definition for
symplectic leaves, given in [10, 15]). Then:

Corollary 2.8. Let ¢ : N — M be a Poisson submanifold. The class mody (M)
is the obstruction to the existence of a transverse measure to N invariant under
linear holonomy.

This corollary is closely related to a result of Ginzburg and Golubev for sym-
plectic leaves (see [15, Theorem 3.5]) which admits a generalization to any Poisson
submanifold, as we now explain.

Given a cotangent path a : I — T*M on a Poisson manifold (M, ), covering a
path v : I — M, and a Poisson vector field X € X(M) one defines the integral:

[x=] (X ealt)

This integral was introduced in [15] and further studied in [5], where the following

properties are proved:

(a) If X = X}, is a hamiltonian vector field, then [ X}, = h(y(1)) — h(v(0)) only
depends on the end points.

(b) If ag and a1 are cotangent homotopic, then fao X = fal X;

In particular, for a cotangent loop a, the integral fa X only depends on the Poisson
cohomology class [X] € H1(M) and on the cotangent homotopy class [a].

If ¢ : N — M is a Poisson submanifold, notice that the integral fa X still makes
sense for a vector field X € Xy (M) along N, provided a : I — T M is a cotangent
path with base path lying in the submanifold N. Also, for a cotangent loop a, it
depends only on the restricted Poisson cohomology class [X] € Hy . (M).

Theorem 2.9. For any cotangent loop a : I — T{M on a Poisson submanifold
¢ : N — M one has:

(1) det hy (@) = exp ( / modN(M)> .

Proof. Note that when N is a symplectic leaf S of M, formula (7) reduces to:

(8) det hs(a) = exp ( / mod(M)) :
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which is the result of Ginzburg and Golubev ([15, Theorem 3.5]). We claim that
the theorem can be reduced to this case.

Let a : I — TR M be a cotangent loop covering a loop v : I — N with base point
z. Let S be the symplectic leaf containing . Then we have S C N C M and we
can look at the following linear holonomies:

e The linear holonomy of the loop a : I — T*M relative to the symplectic
leaf S of M, i.e., h¥(a) : (T,M/T,S) — (T M/T,S);
e The linear holonomy of the loop ¢*a : I — T*N relative to the symplectic
leaf S of N, i.e., hY (¢*a) : (T.N/T,S) — (T.N/T.S)
e The linear holonomy of the loop a : I — T\ M relative to the submanifold
N of M, i.e., hy(a) = h¥(a): (TuM/TuN) — (T.M/T,.N).
It is clear from the definitions that:
det b3 (a) = det(hY (¢%a)) - det(h (a)).
Hence, it follows from the case of symplectic leaves (8), that for any volume forms
w € QPP(M) and v € Q'°P(N) we have:
det(hy(a)) = det(hy (a))
_ det h (a)
det(h§ (¢*a))

~ exp ( / mod(M) | mod(N))

exp ( /O 1
v ([ (%000~ a6+ X0t )
(

exp [ — / mod(¢)) = exp ( / rnodM(M)> ,

as claimed. O

(Xolgon (e a(6)) — (Xo |y, 8"a(t)) dt)
(

Remark 2.10. There is a more general formula which is valid for any cotangent path
(not just cotangent loops), as in the case of symplectic leaves (see [15, Proposition
3.7]). Onme fixes volume forms p € Q*P(M) and v € Q'°P(N) so there is an induced
volume on any normal space v(N),. Then, for any cotangent path a : I — T{ M
joining x € N to y € N one can show that:

) det huy(a) = exp < / XW).

where the determinant of the linear holonomy hy(a) : v(N); — v(N), is relative
to the induced volumes on v(N), and v(N),.

2.3. Lie-Poisson submanifolds. For any Poisson submanifold N of M we have
the short exact sequence of Lie algebroids:

(10) 0 —v'(N) —TyM —T*N —0.

One calls N a Lie-Poisson submanifold if this sequence splits, i.e., if there exists
a subalgebroid E such that TN M = T*N & E (see [30]). Such submanifolds behave
better than general submanifolds in what concerns integrability ([5, 30]). They
arise, for example, as fixed point sets of Poisson actions ([11, 30]).

Let NV be a Lie-Poisson submanifold of M and denote a splitting of the sequence
(10) by p : T*N — TxM. Since this is a Lie algebroid morphism, there is an
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induced map in cohomology:
p* i Hy (M) — H(N).

Composing with j* : H*(M) — H} (M) we obtain a restriction map in cohomol-
ogy:
HY (M) — HZ(N), [P] = [P]|n := (j o p)"[P].

In general, the modular class of M does not restrict to the modular class of N:

Proposition 2.11. If N is a Lie-Poisson submanifold of M, then mod(N) =
mod(M)|n if and only if p* mody (M) = 0.

Proof. We just need to observe, using Definition 1.11, that:

—p*mody (M) = p*(i* mod(N) — j* mod(M))
— (i0p)" mod(N) — (j o p)* mod(M)
= mod(N) — mod(M)|n.

O

Note that while the condition for N to be a Poisson submanifold of M is local,
the condition to be a Lie-Poisson submanifold is a global one (see [, Section 8.3]).
In some cases we can use the following simple corollary of Proposition 2.11 to show
that a Poisson submanifold is not Lie-Poisson:

Corollary 2.12. If N is a Lie-Poisson submanifold of M and H:(N) = 0 then
mod(M)|ny =0, so any modular vector field of M must be tangent to N.

This corollary is most useful when N = S is a symplectic leaf of M since in
this case the Poisson cohomology H!(S) is isomorphic to the de Rham cohomology
H1(S). For example, if for some symplectic leaf S with H*(S) = 0 one can exhibit a
modular vector field of M which is not tangent to .S, then S cannot be a Lie-Poisson
submanifold.

Recall also that the fixed point set of a Poisson action of a compact Lie group is
always a Lie-Poisson submanifold (see [11, Theorem 2.1]). We conclude that:

Corollary 2.13. If S is a symplectic leaf of M with H*(S) = 0 and mod(M)|s # 0,
then S is not a Lie-Poisson submanifold. In particular, S is not the fized point set
of a Poisson action of a compact Lie group.

Example 2.14. Consider the Poisson structure on M = R* given in Example 2.5.

The Poisson submanifold N = {x = 0} is the fixed point set of the Zs-action de-
fined by (z,y, z,w) — (—x,y, z,w), an action by Poisson diffeomorphisms. Hence,
N is a Lie-Poisson submanifold.

On the other hand, note that M is foliated by the 2-dimensional symplectic leaves
S ={z =0,y =c}. As we saw in Example 2.5, mod(M)|s # 0 so the corollary
shows that such a symplectic leaf can not be the fixed point set of a Poisson action
of a compact Lie group.

3. POISSON SUBMERSIONS AND REDUCTION

We now look at Poisson submersions ¢ : M — N. We will assume that ¢ is also
surjective. This assumption is not too restrictive since the image of a submersive
Poisson map is a collection of open subsets of leaves.
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3.1. Poisson submersions. Let ¢ : M — N be a surjective Poisson submersion.
We will denote by Fg the foliation of M by fibers of ¢. The bundle O'T*N is
naturally isomorphic to the conormal bundle v*(F,), which therefore has a natural
Lie algebroid structure. The space of 1-forms for this algebroid is the space of
sections of the normal bundle: Q' (v*(Fy)) = L'(v(Fyp)).

Lemma 3.1. A section [X] = I'(v(Fy)) is closed if and only if the vector field X
representing it satisfies:

(11) X({fog.god}) ={X(fog),godt+{fog X(g00)},
for every f,g € C°(N). Such a section is exact if and only if the vector field X is
hamiltonian.

Proof. Remark first that sections of v*(Fy) are generated by the 1-forms of the
form ¢*df, where f € C°(N). Given a function h € C*° (M), we compute its Lie
algebroid differential relative to v*(Fy) as:

(dh,¢*df) = p(¢™df)(h)
={fo¢,h}
= —Xn(f o ¢) = (Xon,¢"df).
So we conclude that dh = [X_p].

On the other hand, given a 1-form [X] € Q'(v*(F,)) = I'(v(Fy)), we compute
its differential as follows:

d[X](¢"df, ¢*dg) = p(¢*df)(X(¢*dg)) — p(¢*dg)(X (#*df)) — X(s"df, $"dg)
={fod,X(god)} —{go0 . X(fod)} —X({fod,goo})

so the lemma follows. O

Since functions of the form f o ¢ are usually called basic functions, we shall say
that a vector field that satisfies condition (11) is Poisson along basic functions.
Noting that a vector field on M is ¢-projectable on N if and only if it takes basic
functions to basic functions, we see that a projectable vector field is Poisson along
basic functions if and only its projection is a Poisson vector field on N.

The vanishing of the modular class of ¢ is equivalent to the existence of volume
forms 1 on M and v on N such that the projection of the modular vector field X,
is the modular vector field X,.

Remark 3.2. In general, not every modular vector field on M is projectable. Let us
say that the modular class of M is projectable by the surjective Poisson map
¢ : M — N if there exists a volume form p € Q*P (M) such that X, is projectable.
Notice that if mod(M) is projectable, then there is a Poisson vector field Y on N
and a volume form g on M such that

d¢- X, =Y o9,
or equivalently, i* mod(M) € j*(H N). We conclude that the modular class of the
Poisson manifold M is projectable by a surjective Poisson submersion ¢ : M — N
if and only if mod(¢) € j*H} (N).
Consider now the vertical subbundle Vert := T'F4 = kerd¢. One checks easily

that this bundle carries a natural representation of the Lie algebroid v*(Fy) =
¢'T*N, defined by:

VaaX = £5.0X, (a € QY(N),X € T(Vert)).

Here £7 ™ denotes the Lie derivative on the Lie algebroid T*M. In this way,
AYP Vert, as well as AP Vert*, become one-dimensional representations of ¢'T* N
and we have:
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Proposition 3.3. The modular class of a surjective Poisson submersion ¢ : M —
N is given by

mod ¢ = char(A"P Vert*).
Proof. The short exact sequence
0 — Vert < TM — ¢'TN — 0
yields the canonical line bundle isomorphism
APPT* M @ APHTN =2 AP Vert* .

With this isomorphism we can easily identify the representation L? given in Propo-
sition 1.16 with ®2 AP Vert* defined above. So, mod(¢) = 1 char(®?2 AP Vert*) =
char(AP Vert™). O

Example 3.4. As a very simple example, consider the linear Poisson bracket on
M = R? which is dual to the non-abelian two-dimensional Lie algebra:

{x,y} =Z.

The modular vector field relative to the volume form p = dz Ady is X, = 8%, and
so mod (M) # 0. ‘

Now consider the two projections ¢; : R? — R on the first and the second factor.
These are both Poisson submersions, but their modular classes are quite different.
For the first projection, the modular vector field projects onto the zero vector field
on N = R, and we have mod(¢;) = 0. However, for the second projection the
modular vector field projects onto a non-zero vector field, and indeed mod(¢2) # 0
(note that mod(N) = mod(R) = 0 but HL(N) ~ C*(R)).

3.2. Reduction: modular class of Poisson quotients. Let (M, 7ys) be a Pois-
son manifold, let (G, 7g) be a Poisson-Lie group and let G x M — M be a Poisson
action. We will say that (M, 7) is a Poisson G-space. For a G-space the set of G-
invariant functions, denoted C°>° (M), is a Poisson subalgebra of C°>°(M). Hence,
if the action is proper and free, there is a quotient Poisson structure on M /G such
that the projection ¢ : M — M/G is a surjective, Poisson submersion. In this sit-
uation, it is natural to ask what is the relationship between mod(M/G), mod(M)
and the group G.
The most general result in this direction is the following:

Theorem 3.5. Let G x M — M be a proper and free Poisson action and let
¢: M — M/G be the quotient map. The modular class of ¢ vanishes:

mod(¢) = 0.

In fact, for any G-invariant fiberwise volume form pg € Q°P(F,), any volume
form v € QP (M/G), and {€',...,£%} any basis of g, set:
_ pa N P*v

(G, &3y N+ NESY)

where &y denotes the infinitesimal generator associated with & € g. Then the
modular vector fields X, € X(M) and X,, € X(M/G) are ¢-related:

(12)

dé- X, = X, 6.

Equivalently, the modular vector field relative to p and v vanishes: X, , = 0.
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Proof. Using the representation AP Vert® given by Proposition 3.3, we find that
the modular vector field X, ,, satisfies for any f € C*(M/G):

pa A ¢ — (£x e
(e, &y N NES) T (e, Exp N NEDY)
(£Xf'o¢MG)/\¢*l/ £Xfo¢</1'Gv§Jl\/1/\"'/\£}iM> *
13 = _ .
(13) o€l A A€y (o€l A Al FeNo

On the other hand, we compute:

Xiog (et nened | (f © 8) = =X gop(log [(na, Er A~ AERD])

1

:—<:U‘G f}w/\/\é'%/[>£xfoq><:u’G7£Jl\l/\/\€]dM>
1

:_<,LLG 611\/[/\/\551\/[><£XIO¢MG7£]1\4/\/\€%/[>

Xuw(f o) ) ATV

In other words,

(£2x10u16 EM A+ AEL) = =Xiog et mone ) (F 0 8) (e Ebr A -+ N ELy).
This shows that:
(£x,0,1G) N Q™V
(G, Ehy N NEY
and also:

pe A o*v
pe, &y A ANELY)

(14)

;= ~Xiog [(ue e1,nnedpy| (f ¢)<

<£Xfo¢/'LG’€}W ARERNAN 5?\4>

£Xfo¢<:uG7£]1w/\.../\€%/I> . |
a NP (1, €L, A=~ A ET))2 pe N o'y

(e, &3y N+ NELD)?
 Xiog (g anedy (fo0) §
" T {pe E A AEL) pa N oTv.

Equations (13), (14) and (15) together show that:
(X, d(f o)) =Xpuu(fog)=0

Since the forms d(f o ¢) generate I'(v*(Fy)), we conclude that X, , = 0 and the
theorem follows. O

The theorem says that one can always choose volume forms p € Q%P(M) and
v € QP(M/G) such that X, projects to X,. Note that if X,, = X, is hamiltonian
this does not imply that X, is hamiltonian, since one may not be able to choose
the hamiltonian h to be a G-invariant function. In other words, one can have
mod(M) = 0 while mod(M/G) # 0 as illustrated by the following simple example.

Example 3.6. For any Lie group G, its cotangent bundle T*G is a symplectic
manifold. The action of G on itself by left translations lifts to a proper and free
action of G on T*G by Poisson diffeomorphisms. The quotient is:

¢o:T"G—>T"G/G ~ g,
where g* is equipped with its canonical linear Poisson structure. Since T*G is

symplectic, one always has mod(7T*G) = 0. On the other hand, mod(g*) = 0 if and
only if the Lie algebra g is unimodular.

In order to formalize the precise relationship between mod(M) and mod(M/G)
let us denote by XF (M) C X¥(M) the space of projectable k-multivector

fields along ¢ : M — M/G. We remark that a multivector field A € X¥(M) is
projectable if and only if

d¢'(££MA):O’ (569)-
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The multivector fields for which £¢,,A = 0 are the G-invariant multivector
fields so they form a subspace X*(M;G) C .’{I’gmj( ) of the space of projectable
multivector fields. Furthermore, we have:

Lemma 3.7. X° (M) and X*(M;G) are subcomplezes of (X*(M),dr).

proj

Proof. For any A € X3, (M
do - (££M (dTrA)) =d¢- (£§M [ﬂ-vA])
=dg- ([£€M7T7A] + [7T £€MA])
= [d(b (££M7T) dg - } [d¢ m,d¢ - ("EéM )] =0,

This proves that dr(X},.;(M)) C X},,;(M). Similarly, for the G-invariant multi-

vector fields one shows that d.(X*(M;G)) C X*(M; G). O
The cohomology of the complex (%X2..:(M),d,) is denoted by H?® . (M) and

we refer to it as the projectable Poplséon cohomology. Simllailyi the coho-
mology of (X*(M;@G),d,) is denoted by H2(M;G) and is called the G-invariant
Poisson cohomology (we refer to the work of Ginzburg [13, 11] for details on G-
invariant Poisson cohomology). Observe that, in degree zero, we have X°(M;G) =

f{groj( ) = C>®(M)%, so the natural map
H(M;G) — H%... (M)

proj,m

), we compute:

is injective in degree 1. Also, we have the diagram:

(16) H3 (M)

proj,m

il
\

H(M/G)

where the upper arrow is the forgetful morphism and the lower arrow is the quotient
morphism. The forgetful morphism, in general, is neither injective nor surjective.
Ginzburg in [13] proved that the morphism HX(M;G) — HL(M) is injective when
the action is by Poisson diffeomorphisms and G is compact, and conjectured that
this should be true for any Poisson action of a compact Lie group.

We have the following corollary of Theorem 3.5:

Corollary 3.8. Let G x M — M be a proper and free Poisson action and let
¢ : M — M/G be the quotient map. If puc € QP(F,) is a G-invariant fiberwise
volume form, v € QP(M/G) and {€,...,£%} a basis of g, set

_ pa N Q*v
K= 1 ay
(ha &a N NER)
Then [X,] € Héroj (M) defines a cohomology class which under the morphisms in

diagram (16) is mapped to mod(M) and to mod(M/G).
Note that the class [X,] € H... (M) does not depend on the choices of G-

proj,m
invariant fiberwise volume form, v € Q*°P(M/G) and basis {¢!,...,¢9}. Hence we

can introduce:
Definition 3.9. The modular class of the Poisson action G x M — M is the
projectable Poisson cohomology class

mod(M,G) := [X,] € H}.o: -(M).

proj,m
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Remark 3.10. In general, the projectable modular class mod(M, G) cannot be rep-
resented by a G-invariant Poisson vector field, i.e., it does not lie in the subspace
H(M;G) C H},; -(M). In fact, one can show that if xo € g and ¥ € g* denote,
respectively, the adjoint characters of g* and g (see Example 1.3), then

A Lo X =5 ((adg(x0) - O + (adfe (90)-Enr) . (€€ 0).

Since mod(M, G) is mapped to mod(M) and to mod(M/G), we have:
(i) if mod(M,G) = 0 then mod(M/G) = 0.
(ii) we can have mod(M) = 0, while mod(M, G) # 0 (see Example 3.6).
When g is an unimodular Lie algebra the function {(ug, &3, A+ - -/\f}é{) is constant,
so the projectable modular class is represented by the modular vector field X,,,
for any G-invariant volume form p. However, even when mod(M) = 0 and g is
unimodular one can still have mod(M,G) # 0 since there may not exist a G-
invariant volume form which is also invariant under all Hamiltonian flows. In other
words, X, is hamiltonian but one may not be able to choose the hamiltonian to be
G-invariant as illustrated by the following example.

Example 3.11. On M = R3, with coordinates (,y,z), consider the action of
G = R by translations in the z-direction. This action preserves the Poisson tensor:

0 0 0 0
™ = x% 87/ + aiy A 2
This Poisson structure is unimodular with invariant volume form e*dxz A dy A dz.
The quotient M /G can be identified with R?, with coordinates (a, b), and Poisson

structure

A 0

™ =07~ N\ =

M Ja  0Ob

This Poisson structure is not unimodular (see Example 1.4), hence we must have

mod (M, G) # 0.
We can compute mod(M, @) directly from its definition: we take ug = dz €
QP (Fy), v =da Adb € Q°P(M/G) and &y = 2. Then,

9z *
/\ *
w= K NPTV =dz Ady Adz
(G, &)
which is the canonical volume form in R3, so we obtain:
0
dM,G)=X,]=[-=]
mod(M.G) = [X,] = [
The vector field X, = —6% projects to the modular vector field X, = —%, so that

the class mod(M, G) maps to the class mod(M/G). On the other hand, X, is a
hamiltonian vector field (e.g., one can choose as hamiltonian h(z,y,2) = z) and
so mod(M,G) maps to mod(M) = 0. But, because we cannot choose h to be a
G-invariant function, we have mod(M, G) # 0.

When the group G is compact, unlike in this example, the vanishing of the
modular class of M implies that of the quotient:

Corollary 3.12. Let G x M — M be a proper and free action of a compact Lie
group by Poisson diffeomorphisms. If mod(M) = 0, then mod(M,G) = 0 and
hence mod(M/G) = 0.

Proof. Since the action is by Poisson diffeomorphisms, one finds that the modular
vector field X, representing mod(M, G) is G-invariant (see Remark 3.10). There-
fore, the modular class of the action lies in the G-invariant Poisson cohomology:
mod(M,G) € HY(M;G). But for a compact Lie group, averaging shows that
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HY(M;G) — HL(M) is injective ([13, Corollary 4.13]). So if mod(M) = 0 then
mod (M, G) = 0 and the corollary follows. O

We shall see later (Corollary 3.15) that for a proper and free hamiltonian action
one has that mod(M) = 0 and g unimodular imply mod(M/G) = 0 (but still one
can have mod(M,G) #0!).

As a curious application of these results, we close this section with an example of
a Poisson manifold which cannot be written as a quotient of a symplectic manifold
by an action of a compact Lie group.

Example 3.13. On M = R3? — {0}, with coordinates (z,y, z) consider the Poisson
manifold:

2, 2, 210 9
=@+ P+ 22— A —.
= ( y ) s 3y
This Poisson structure is the quotient of C? — {0}, with the standard symplec-
tic structure, by a free St-action by symplectomorphisms (see [ 1, Example 4.8]).

Hence, mod(M, ) = 0. On the other hand, if we consider on M = R® — {0} the
Poisson structure:

o 0

_ /\ _—,
dr Oy

we claim that mod(M,T) # 0. To see this, we let u = dz A dy A dz and compute
the associated modular vector field:

T = (:c2+y2+22)%—1}

x 1 0 0

=  —|y=——z— | .

MU (a2 4y + 22)3 Yor ~ "oy

Since 7 vanishes on the sphere of radius 1 while X, does not vanish there, we
conclude that X, is not a hamiltonian vector field and our claim follows. Since
mod(M,7) # 0, by the corollary, this Poisson manifold is not the quotient of a
symplectic manifold by an action of a compact Lie group.

3.3. Reduction: modular class of hamiltonian quotients. We will consider
now a Poisson action of G x M — M which is hamiltonian in the sense of Lu
[22, 23]. This means that there exists a smooth map x : M — G* with values in
the dual, 1-connected, Poisson-Lie group, equivariant relative to the left dressing
action of G on G*, such that the following moment map condition holds:

(18) En = T (r7ET)
(here ¢& € Q1(G*) denotes the left-invariant 1-form whose value at the identity is
EETIG =yg).

The equivariance condition on the moment map implies that x : M — G* is a
Poisson map, when we equip G* with its Poisson-Lie structure. Our first result is
the following.

Proposition 3.14. For a proper hamiltonian action G x M — M the modular
class of the moment map k : M — G* is given by

mod(k) = — [190R ok],
where Vg is the adjoint character of g.

Proof. Since the action is proper, we can choose a G-invariant volume form u €
Qt°P(M), and we compute:

(19) (€hdr- X)p = Leyp+ (k7de8, 7) p= k" (A" mg- ), (€ € ).

By a result of Evens, Lu and Weinstein (see [7]), if o’ € Q1(G) is the left invariant
form associated with a € g*, we have:

(20) <d()éL,7rg> = <O[L7X£/ - XI/L>7
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where v is a left-invariant volume form in G. Dualizing to G*, we conclude that:

(21) di - X, = (= X,0 +95) ok

Using formula (3) for the modular class of a Poisson-Lie group, it follows that:
[dk - X, — X2 0 k] = [(=2X,0 +95) o K] = —[9§ 0 K]

and consequently mod (k) = — [9F o k]. O

Corollary 3.15. Let G x M — M be a proper and free hamiltonian action with
moment map k : M — G*. If g is unimodular then:

(i) the moment map has vanishing modular class: mod x = 0.
(%) if mod(M) =0, then mod(M/G) = 0.

Proof. Part (i) follows immediately from the proposition. To prove part (ii) we
start by observing that since g is unimodular, if x4 is a G-invariant form, equation
(3) shows that:

1 1
de- X, = —-X,L = —57%* (XO)L = —id'i' (xo0)m
By (17), the vector field X,,+ 1 (xo0) s is G-invariant. On the other hand, the 1-form
(x0)* € QY(G™) is exact (see Example 1.3), so (xo)as is a hamiltonian vector field.
Therefore, the vector field X, + %(XO) M has the following properties:

(a) it is G-invariant and lies in the kernel of the moment map;

(b) it is a Poisson vector field (it is a sum of Poisson vector fields);

(c) it represents a class in H] . (M) which projects to mod(M/G) (since X,
projects to a representative of this modular class and (o) projects to zero).

When mod(M) = 0 we conclude that X, + %(xo)m is a hamiltonian vector field,

which by (a) has a G-invariant hamiltonian. This shows that mod(M/G) =0. O

Remark 3.16. Notice that in case (ii) it may still happen that mod(M,G) # 0.
The proof only shows that the combination X, + %(XO)M admits a G-invariant
hamiltonian and this may not be the case for X,,.

Let G x M — M be a hamiltonian action for which the identity e € G* is a
regular value and the action of G on k~!(e) is proper and free. The Dirac structure
L, associated to 7 pulls back to a Dirac structure on the level set x~!(e), which
factors through the quotient map x~'(e) — xk~1(e)/G, yielding a Dirac structure
which is associated with a Poisson structure meq. We shall refer to

M//G = k" (e)/G

with its natural reduced Poisson structure meq as the hamiltonian quotient of
M by G relative to the moment map x : M — G*. When the action of G on the
whole manifold M is proper and free, we obtain a commutative diagram:

K1<e)/7 M \M/G
~ 7

M/)G

where the inclusions are backward Dirac maps and the projections are forward
Dirac maps.

We will now study the relationship between the modular class of M, the modular
class of M/G and the modular class of M//G. The key result is the following:
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Theorem 3.17. Let G x M — M be a proper and free hamiltonian action with
moment map K : M — G* and let ¢ : M — M/G be the quotient map. For any G-
invariant fiberwise volume form pe € QP (F,), any volume form T € QP (M//G),
and {€,... €%} any basis of g, set:

pa A Q* T AK*EE A ARMEL
(Ha, Exp N NEYY)

The modular vector field X; € X(M) is projectable and tangent to k~*(e). More-
over, Xgl, 1.y and X € X(M//G) are ¢-related:

d¢ Xﬂ‘m_l(e) == XT o¢.

Remark 3.18. Some explanations about the statement of this theorem are in or-
der. First, we do not distinguish between a volume form 7 € Q*P(M//G) and an
extension to a form defined in M/G whose pullback by M//G — M/G is 7. This
is fine since we are only interested in the relative modular class of M//G in M/G
(see Remark 2.2). Second, in general, the form k*¢F A -+ A k*€X is not basic, so
the volume form (22) is quite different from the volume form (12), and X does
not represent mod(M, G).

(22) i

Proof of Theorem 3.17. Set vl := &F A+ A €L First observe that

Ley Qi A T AL Kyt
B=p T
&M G €M<,UG7511\/[/\"'/\5%>
* L
NN KLy el L e &N ANE) L
(Hor o A ALY (i, Gy A A E))?

= (<XVL Oﬂa€L> - I{* <d§L7 ﬂ-G*> - 190(6)) /._l
Hence, for x € k71 (e), we have d,x - X; = X,z (e) —¥9 = 0 and we conclude that
X is tangent to £~ (e).
To see that Xp[, ., is ¢-related to X, we notice that, for f € C*(M/G),
£ﬂﬁ(¢*df)¢*7 = X-(f)oT,
-£77ﬁ(¢*df)/f*VL = O,
(£7rﬁ(¢*df)ﬂG) A d)*T A K*VL‘m_l(e) = _Xln HHGaE]lu/\“'/\f}dv[H(f Ogb)/j"m_l(e)'
Now, it follows simply from the definition of X} that

Xﬁ(f°¢)|n*1(e) = XT(f)|rf1(e)a

and since we already know that X is tangent to x~!(e) the result follows. O

Proposition 3.19. The relative modular class of M//G — M/G is trivial if and
only if g is unimodular.

Proof. Let i be the volume form defined by (22) and p = le?/\im’ for some
SM M

volume form 7 € Q'°P(M/G). Consider the function H,; € C°°(M) such that
f = H; zpi. Since X, and X: are ¢-related (see Theorem 3.5), as well as X w—1(e)
and Xz, 1) e (see Theorem 3.17), the relative modular vector field associated
to the volume forms 7 and 7 is given by

Xer = Xelimr(oye = Xr = 6 Xl o1y = 46 Xl o1y = A X, o[, -
Also, since X is tangent to k' (e), we have that

(23) dK’X1n|H = 7dI€‘X’L|Hfl(e) :’190.

7,;\|K—1(e)
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Now, if the relative modular class is trivial, then we can choose 7 and 7 such
that X, = Xz[ny//q, i-e., such that Xy, g, _|[x—1(e) is vertical and consequently
Xin |, | is tangent to £ (e). It follows from (23) that g must be unimodular.

Conversely, if g is unimodular then Xi, g, .| is tangent to x~1(e) and we conclude
from (23) that:

£ |Hy 7| = — (¢, dk - Xy, 1) =0,

i.e., the function (In|H;z|)|.-1(e) is G-invariant. This implies that the relative
modular vector field X, » is hamiltonian and consequently the relative modular
class is trivial. (]

Just as the projective Poisson cohomology, which contained the G-invariant Pois-
son cohomology, played a crucial role in the question of relating mod(M) and
mod(M/G), we will see that there is a certain cohomology, containing the G-
equivariant Poisson cohomology, introduced by Ginzburg in [13], which plays an
analogous role in the problem of relating mod(M) and mod(M//G).

We start by recalling the definition of the G-equivariant Poisson cohomology.
Let G x M — M be a hamiltonian action with moment map « : M — G*. The
moment map gives a Lie algebra homomorphism # : g — Q!(M) by setting:

R(E) =w"¢t (E€q)

This is called by Ginzburg the pre-momentum map. It gives rise to a g-module
structure on X*(M) by setting:

£ P=4£zP  (E€9),

where we use the Lie derivative operator of the Lie algebroid T*M. Then the
Poisson differential d, : X*(M) — X**!(M) and the degree —1 operator:

Qe t X(M) = XN (M), ieP =iz P  (£€g),

turns X*(M) into a g-differential complex. Since one has a g-differential complex,
one can proceed as usual to define the equivariant cohomology via either the Cartan
model or the Weil model: The equivariant Poisson cohomology of a hamilton-
ian G-manifold (M, ) is the cohomology of the complex (X (M), dr,c) and will
be denoted by H, ¢(M).

This construction of the equivariant Poisson cohomology is valid for any hamil-
tonian action. For proper and free actions we have the following interpretation,
also due to Ginzburg:

Theorem 3.20 (Ginzburg [13]). If G x M — M s a proper and free hamiltonian
action with moment map k : M — G*, then the equivariant Poisson cohomology
coincides with the cohomology of the subcomplex X,(k) C X*(M) formed by the
G-invariant multivector fields tangent to the rk-fibers.

We will need to consider an intermediate complex X¢, (k) C X*(k) C X*(M)
which is the complex formed by all multivector fields which are projectable and
tangent to the single fiber K~ 1(e). The corresponding cohomology will be denoted
Hp 0i(k). The inclusion of complexes induces a map in cohomology:

;,G(M) — HT.K',pI‘Oj (H)7
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which is injective in degree one. Moreover, we have a diagram

(24) H2 (M)
/
H2 broi(K)
\

HR(M//G)

where the upper arrow is the forgetful morphism and the lower arrow is obtained
by first restricting to k7! (e) and then projecting to M//G.

Let us observe now that two volume forms of the type (22) differ by a G-invariant
function. Hence, for any such form [i the Poisson vector filed X defines a coho-

mology class in H) (k) and we set:

Definition 3.21. Let G x M — M be a proper and free hamiltonian action with
moment map map k : M — G*. The equivariant modular class of the hamil-
tonian action is the class:

mOdG(M) = [Xﬂ} € H'f}',proj ("{)7
where ji € Q%P(M) is any volume form of type (22) in a neighborhood of x~!(e).

The fundamental result about the equivariant modular class, which motivates
also its definition, is the following:

Theorem 3.22. Let G x M — M be a proper and free hamiltonian action. In
the diagram (24) the equivariant modular class modg(M) is mapped to the mod-
ular classes mod(M) and mod(M//G). In particular, if modg(M) = 0 then
mod(M//G) = 0.

The proof should be clear using Theorem 3.17. For a free and proper action of a
compact Lie group G acting by Poisson diffeomorphisms, a result of Ginzburg (see
[13]) states that the forgetful morphism H (M) — H}(M) is injective. Since in
this case the equivariant modular class lies in H;G(M ) we deduce that:

Corollary 3.23. Let GXM — M be a free and proper hamiltonian action of a com-
pact Lie group by Poisson diffeomorphisms. If mod(M) = 0 then mod(M//G) = 0.

4. MODULAR CHARACTERS

It is well-known that Poisson manifolds are infinitesimal objects whose global
counterparts are symplectic groupoids. Also, the modular class of a Poisson mani-
fold has a symplectic groupoid analogue: the modular character. We will see now
that virtually all results about the modular class of a Poisson map that we have
discussed in the preceding sections have a groupoid version.

4.1. The modular character of a Lie groupoid. In this section, we start by
recalling a few facts about modular characters.

Let G be a Lie groupoid over M and let s,t : G — M be its source and target
maps. We will assume, for simplicity, that G is source connected (i.e., that the
fibers of s, and hence t, are connected). Let € : E — M be a (left) representation
of G, i.e., a vector bundle together with a smooth, fiberwise linear action of G on F
with € as the moment map. We shall only be interested in the case of 1-dimensional
representations, i.e., line bundles L — M.
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Assume first that L — M is an oriented line bundle with a global non-vanishing
section p : M — L. Then, there exists a smooth function ¢, : § — R*, with values
in the multiplicative group of real numbers, such that for each g € G we have

g - u(s(9)) = culg)p(t(g))-
One checks easily that:

Proposition 4.1. The 1-cochain log(c,) : G — R is closed in the differential
cohomology of G with trivial coefficients. Its cohomology class does not depend on
the section p chosen.

The cohomology class defined by the 1-cochain ¢, is called the characteristic
class of L:
char(L) = [log(c,)] € Hgig(G).
One checks easily that if L, L1, Ly € Rep(G), then:
char(L*) = — char(L), char(L; ® L) = char(L;) + char(Ls).

Also, if (®,¢) : G — H is a morphism of Lie groupoids, and L € Rep(H) then there
is a pull-back representation ¢'L € Rep(G) and we have:

char(¢'L) = ®* char(L),

where ®* : H35(H) — H35(G) is the map induced by ® at the level of cohomology.

Finally, if L is not orientable, then one defines its characteristic class to be the
square root of the characteristic class of the representation L ® L, so the formulas
above still hold for non-orientable line bundles.

If G = M is a Lie groupoid with Lie algebroid A — M, then G has a canonical
representation on the line bundle L? := AYPA @ APT*M: for each g € G let
b: M — G be a (local) bisection at g and i, : G — G the (local) inner automorphism
defined by b

Ly(h) = b(t(h)) - h-b(s(h) ™", (h€g).
?(g)’

dls(g) Liv ® Iz,l 0]

One may see that, for each v®@ p € L

does not depend on the bisection b chosen and defines a representation of G on LA.
Then we set:

Definition 4.2. The modular character of a Lie groupoid G = M relative to a
nowhere vanishing section p € I'(L#) is the characteristic cocycle ¢, : G — R* of
the representation L”. The modular class of G is the characteristic class:

mod(G) := [log(c,.)] € Hia(9).

If A is the Lie algebroid of the Lie groupoid G, every representation . — M of
G induces a representation of A, and there is a van Est map

VE: H35(G; E) = H* (A E).

This map is described in detail in [2], where one can also find conditions that
make this map into an isomorphism. We shall only be interested in degree one
cohomology, in which case VE is always injective (recall that G is assumed to be
source connected). Moreover, when G = G(A) is the source 1-connected groupoid
of A, the van Est map is an isomorphism in degree 1: the integration map which
associates to a Lie algebroid cocycle a € Q!(A) the groupoid cocycle

c(lal) = / ,

gives the inverse of VE at the level of cohomology.
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Under this correspondence, the modular class of the Lie groupoid G corresponds
to the modular class of its Lie algebroid A and vice-versa:

Proposition 4.3. If G is a Lie groupoid with Lie algebroid A, then the canonical
representation of G on L? induces the canonical representation of A on L*, and:

mod(A4) = VE(mod(G)).

Conversely, let G(A) be the source 1-connected Lie groupoid of the Lie algebroid A.
If uw € T(L?) is a global section, the corresponding modular cocycles a, € QY(A)
and ¢, : G = R* correspond to each other and we have:

cullal) = exp [ o).

a

Given a morphism of Lie groupoids ® : G — H one defines the modular class
of the groupoid morphism by:

mod(®) := mod(G) — ®* mod(H) € Hiq(G).
It follows from the previous proposition that this class is related to the modular
class of the induced morphism at the level of the Lie algebroids @, : A — B by the
van Est map:
mod(®,) = VE(mod(®)).
Moreover, when G = G(A), if one chooses global sections of L# and L%, the cocycles
representing the modular classes of the morphisms are related by integration.

4.2. The modular character of a symplectic groupoid. Let us turn now to
the global objects integrating Poisson manifolds, i.e., symplectic groupoids.
Recall that if (G, Q) is a symplectic groupoid, then the base M carries a canonical
Poisson structure for which:
(a) The source (respectively, target) map is a complete Poisson (resp., anti-Poisson)
map;
(b) The Lie algebroid of G is canonically isomorphic to the cotangent Lie algebroid
T*M.
Let us fix a volume form g € Q*P(M). Then the modular vector field X, is a
cocycle representing the modular class of the Poisson manifold M. On the other
hand, since p ® p defines a global section of the bundle LT M = T*M @ T*M, we
also obtain a function ¢, : G — R* which represents the modular class mod(G).
Note that these modular classes are related by a formula which differs from the one
above by a factor of 2:

2mod(M) = mod(T* M) = VE(mod(G)).

The presence of the symplectic structure provides additional features to the con-
struction: we can form the (local) hamiltonian flow associated with the hamiltonian
function 3 log(c,). This gives rise to a (local) 1-parameter group ®; : G — G of
symplectic groupoid automorphisms which then must cover a 1-parameter group of
Poisson diffeomorphisms ¢, : M — M:

®
g%

Il

ol
One easily checks that:

Proposition 4.4. The 1-parameter group of Poisson diffeomorphisms ¢y : M — M
coincides with the flow of the Poisson vector field X,,.
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Since the van Est map is injective in degree one, we have that mod(G) = 0 if
and only if mod(M) = 0. In fact, the Poisson vector field X, is the hamiltonian
vector field associated with h : M — R if and only if the cocycle % log(c,) is exact:

1
§log(cu):hot—hos.

In this case, the 1-parameter group of automorphisms ®; : G — G is inner: it is
given by conjugation by the 1-parameter group of Lagrangian bisections b; : M — G
which are obtained by moving the identity bisection by the flow of the hamiltonian
vector field Xjpos.

If we start with a Poisson manifold (M, myy), it is well known that its cotan-
gent Lie algebroid T*M need not be integrable. However, for integrable Poisson
manifolds, the Weinstein groupoid X(M) := G(T*M) is automatically a symplec-
tic groupoid. It follows from the general theory for Lie groupoids that if we fix a
volume form p € Q'P(M) the modular character ¢, (relative to u ® p) and the
modular vector field X, are related by:

1
2log cu(| /X#,

4.3. The modular character of a Poisson map. Given a Poisson map ¢ :
M — N, what is the groupoid (integrated) version of mod(¢)? Note that a general
Poisson map between integrable Poisson manifolds does not induce a morphism
of the corresponding symplectic groupoids. Hence, the results above, relating the
modular classes of morphisms of Lie groupoids and the modular classes of Lie
algebroids, do not have an analogue for Poisson maps.

Instead, as we have pointed out before, the key fact is that the graph of a
Poisson map ¢ : M — N is a coisotropic submanifold, graph(¢) C M x N. Recall
from Section 1.3 that this means that the conormal bundle to the graph gives a
Lie subalgebroid v*(graph(¢)) C T*M x T*N, and that there is an isomorphism

¢'T*N =~ v*(graph(¢)).

for any A-path a: 1 — A.

(25) #'T*N L8, v*(graph(¢) C T*M x T*N

| .

M ———— graph(¢)) C M x N

Lie subalgebroids of integrable algebroids are necessarily integrable. Hence, assum-
ing that both M and N are integrable Poisson manifols, it follows that the Lie
algebroid v*(graph(¢)) is also integrable, and so is ¢'T*N. However, it is impor-
tant to note that a Lie subalgebroid, unlike the case of Lie subalgebras, may not
integrate to a Lie subgroupoid (see [24]).

Using the results of [1] (see, also, [8]) we conclude that:

Proposition 4.5. Let ¢ : M — N be a Poisson map between integrable Poisson
manifolds. Then ¢'T*N and v*(graph(¢)) are integrable Lie algebroids and the
diagram (25) integrates to a diagram of groupoid morphisms:

. (1,7
G N) — LDy sy < SV

I I

M ———graph(¢) s M x

=
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where the first map of the top row is an isomorphism and the second map is a
Lagrangian immersion (possibly non-injective).

Now we can finish our task: choose volume forms p € QP (M) and v € Q°P(N),
so these define the modular characters ¢, : £(M) — R* and ¢, : 3(N) — R*. De-
note by I : G(¢'T*N) — X(M) and J : G(¢'T*N) — L(N) the groupoid morphisms
integrating the Lie algebroid morphisms i : ¢'T*N — T*M and j : ¢'T*N — T*N.

Definition 4.6. The modular character of the Poisson map ¢ : M — N is
the groupoid morphism:

Cuw : G(PT*N) = RX, g = eu(I(9))en(J(9) "
It follows immediately that:

Corollary 4.7. Let ¢ : M — N be a Poisson map and choose p € QP(M) and
v € QYP(N). Then the modular character of ¢ is given by:

3 1ox(cnlla)) = [ X

where X, , is the modular vector field of ¢ relative to p and v. In particular, under
the van Est map:

HY(G(ST"N)) =5 H'('T*N)
Sllog )] — mod(s).

4.4. Complete Poisson maps. Recall that a Poisson map ¢ : M — N is called
complete if whenever X}, is a complete hamiltonian vector field on N then Xj4 is
a complete vector field on M. The category whose objects are integrable Poisson
manifolds and the morphisms are complete Poisson maps plays an fundamental
role in Poisson geometry. This is illustrated by a deep theorem of Crainic and
Fernandes [5] stating that a Poisson manifold M is integrable iff it admits a complete
symplectic realization, i.e., if there is a symplectic manifold S and a surjective,
complete, Poisson submersion ¢ : S — M. We will see that for complete Poisson
maps the theory of modular characters can be made more explicit.
A basic fact is the following:

Proposition 4.8. Let ¢ : M — N be a complete Poisson map between integrable
Poisson manifolds (M, mp) and (N, wn). Then there is a natural left action of the
Lie groupoid 3(N) on M with moment map ¢.

Proof. We construct the action as follows. For each g = [a] € X(N) and m € M
such that ¢(m) = s(g), consider 7, the unique curve on M starting at m such that
o(F(t)) = v(t) and W?Wj)fiy(t)a(t) = (). Notice that the curve a(t) = ¢%,a(t) is a
cotangent path in M. The action of X(N) on M is then given by:

g-m:=75(1) = t([a]).
This is well defined because if ay and a; are cotangent homotopic paths then, by

the results of [4], the corresponding paths 4y and 4; are also homotopic relative to
the end points, and in particular 4o(1) = 71 (1). O

Given a complete Poisson map ¢ : M — N we denote by ¢'S(N) = M the Lie
groupoid defined by the action of ¥(N) on M with moment map ¢, i.e.

¢'N(N) := {(m,9) € M x X(N) : s(g) = ¢(m)},
with source and target maps:

s(m,g) :==m, t(m,g):=g-m.
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Proposition 4.9. The Lie groupoid ¢'S(N) is a source 1-connected Lie groupoid
integrating the Lie algebroid ¢'T*N, i.e., ¢'S(N) ~ G(¢'T*N). Moreover, the
two Lie groupoid morphisms I : G(¢'T*N) — S(M) and J : G(¢'T*N) — (N)
correspond to:

I:¢'S(N) = %(M) J: ¢'S(N) = 2(N)
(m;, [a]) — [a] (m, [a]) = [a].
Proof. Notice that the source fibers of ¢'X(N) are diffeomorphic to the source
fibers of X(IV), so they are 1-connected. If we compute I, : ¢'T*M — T*M and
J. : ¢'T*M — T*N we obtain the algebroid morphisms i and j, so the result
follows. O

We conclude that for a complete Poisson map ¢ : M — N, the Lie groupoid
¢'S(N) ~ L, is a Lagrangian subgroupoid of (M) x X(N), a much better state-
ment than the general situation given by Proposition 4.5, where the Lagrangian
subgroupoid is only immersed. As a corollary, we obtain a simple expression for

the modular character of a complete Poisson map:

Corollary 4.10. Let ¢ : M — N be a complete Poisson map between integrable
Poisson manifolds. Its modular character c,,, : ¢'S(N) — R* relative to volume
forms p € QP(M) and v € QP(N) is given by:

lon(euulm ) = [ %, - [ x.,

where @ is the unique cotangent path in M starting at m and lifting the cotangent
path a.

Example 4.11 (Poisson submanifolds). Let N be a Poisson submanifold of M.
The inclusion map ¢ : N < M is obviously a complete Poisson map. The action
groupoid ¢'S(V) is just the restriction of X(M) to N which we denote by Xy (M).
This groupoid has an obvious representation on the normal bundle v(N) and, hence,
a representation on A°Py*N. It follows from Theorem 2.7 that the characteristic
class of this representation corresponds under the van Est map to the relative
modular class of the Poisson submanifold N (up to a factor of 1/2). This shows,
for example, that for a proper Poisson manifold M (i.e., a Poisson manifold M
whose Weinstein groupoid X(M) is proper) the relative modular class of any Poisson
submanifold vanishes.

Example 4.12 (Surjective submersions). Now suppose that the complete Poisson
map ¢ : M — N is a surjective submersion. By linearization of the natural action
of ¥(N) on M, we have a representation of ¢'3(N) on Vert with moment map
p: Vert — M, the canonical projection:

(m,g)-v= meg(v)v

where Ty, : p~1(s(g)) — p~'(t(g)) is the action by g € $(N). Hence, we also obtain
a representation of ¢'X(IN) on AP Vert*, and it follows from Proposition 3.3 that
the characteristic class of this representation corresponds under the van Est map
to the modular class of ¢ (up to a factor of 1/2).

4.5. Poisson quotients. Let ® : G x M — M be a Poisson action of a complete,
connected Poisson-Lie group (G, 7g) on an integrable Poisson manifold (M, 7). Our
aim is to explain the relationship between the modular characters of the symplectic
groupoids integrating M and M/G. First, let us recall how one can obtain a
symplectic groupoid integrating M /G as a symplectic quotient of 3(M).
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The induced map j : T*M — g* defined by
<j(0[),§>: é.l\/f(a% (OéEQl(M)7 569)7

is a Lie bialgebroid morphism and integrates to the morphism of Lie groupoids
J :X(M) — G* given by:

J(la]) = [jedl,  ([a] € ().

It was proved in [12] that there exists a lifted hamiltonian global action GxX(M) —
¥(M) with momentum map J : ¥(M) — G*. Since J is a Poisson map, it is G-
equivariant

J(glal) = gJ(la]), (g€, [a] € X(M))
and it follows from the groupoid morphism property of J that the following twisted
multiplicative property holds:

g(la.l']) = ("“Dgla]).(g[a]), (g€ G, (a],[a]) € Z(M)P).

In the above formulas g means the left dressing action of w € G* on g € G, while
gu means the left dressing action of g € G on u € G*.

The twisted multiplicative and Poisson properties imply that J~1(e) € X(M) is
a coisotropic Lie subgroupoid whenever e is a regular value of J. This is the case
if the action of G on M is proper and free and in this case one can show that the
symplectic quotient:

B(M)//G = J7(e)/G,

is a symplectic groupoid integrating M /G. Note that, in general, one has (M) //G #
Y(M/QG), since the former may fail to be source 1-connected (see [12]).

Let us now choose a volume form p € Q%P (M) of type (12) and let ¢, : £(M) —
R* be the modular character of ¥(M)

Theorem 4.13. The 1-cocycle ¢, : J7'(e) = R is G-invariant and it induces a
groupoid morphism ¢, : J~'(e)/G — R. Moreover, if J='(e)/G is source connected,
we have:

VE[logé,] = 2mod(M/G).
Proof. Equation (17) and the fact that G is connected allow us to prove that

log ¢, ((g [a])[a] ™) + log Evy, (J((ga)[a] 1)) = log Evy, (719 Vg)g~") = 0

Here, for £ in the center of the Lie algebra g we have denoted by Eve : G — R the
corresponding group homomorphism.

Now, the G-invariance of logc, : J~'(e) — R is an immediate consequence of
this last equation. Finally, Theorem 3.5 guarantees that

VE [; log cu] — mod(M/G).
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