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ABSTRACT. A Lie group G in a group pair (D, G), integrating the Lie algebra g
in a Manin pair (9, g), has a quasi-Poisson structure. We define the quasi-Poisson
actions of such Lie groups GG, and show that they generalize the Poisson actions
of Poisson Lie groups. We define and study the moment maps for those quasi-
Poisson actions which are hamiltonian. These moment maps take values in the
homogeneous space D/G. We prove an analogue of the hamiltonian reduction
theorem for quasi-Poisson group actions, and we study the symplectic leaves of
the orbit spaces of hamiltonian quasi-Poisson spaces.

1. INTRODUCTION

The purpose of this article is to provide a framework for Lie-group valued moment
map theories. In the usual theory (see, e.g., [10]), the moment map corresponding
to an action of a Lie group G on a symplectic manifold (M, w) takes values in the
dual space g* of the Lie algebra g. In the case of G = S!, an abelian Lie-group
valued moment map taking values in S' instead of u(1)* = R was introduced in
[18] by McDuff. The first nonabelian Lie-group valued moment map theory to be
proposed was that of Lu and Weinstein [16], [17]. In their approach, G is a Poisson
Lie group, M has a symplectic form w (or, more generally, a Poisson bivector)
which is not G-invariant, and the moment map takes values in the Poisson Lie
group dual to G. When G is a compact semi-simple Lie group, the target space
is the symmetric space G¢/G which is equipped with the structure of a Lie group.
Recently, another nonabelian moment map theory where the moment map takes
values in the same compact simple Lie group G as the one which acts on the manifold
has been developed [3]. In this theory, the 2-form w is G-invariant but not closed.

These various formulations of the moment map theories share many features. For
instance, they all have a well defined notion of a hamiltonian reduction [16], [3],
convexity properties [8], [1], [19] and localization formulas [9], [24], [4]. We think
that these common features justify a search for a unified formulation.

Our proposal of a general moment map theory is based on the notions of a Manin
pair and of a Manin quasi-triple, and our main technical tool is the theory of quasi-
Poisson Lie groups developed in [11] and [12]. We introduce the notion of a quasi-
Poisson space as a space with a G-action and a bivector P such that the Schouten
bracket [P, P] is expressed as a certain trilinear combination of the vector fields
generating the G-action. These spaces are the natural objects upon which quasi-
Poisson Lie groups act. We define and study the moment maps for the actions on a
quasi-Poisson space of a Lie group GG whose Lie algebra, g, belongs to a Manin pair
(0,g). Our formulation is close in spirit to that of Lu and Weinstein, which is based
on the notions of a Manin triple and a Poisson Lie group. While Manin triples and

Poisson Lie groups had been introduced as the classical limits of quantum groups
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[6], which are Hopf algebra deformations of the enveloping algebras of Lie algebras,
the generalized objects that we consider here are the classical limits of deformations
which are only quasi-Hopf algebras [7]. The present generalization to Manin quasi-
triples and quasi-Poisson Lie groups is necessary in order to provide a conceptual
explanation for the theory of group valued moment maps introduced and developed
in [3] and [4].

Section 2 includes some basic information on Manin pairs and Manin quasi-triples.
In Section 3 we introduce group pairs which integrate Manin pairs. (Group pairs
with a symmetric structure were also studied in [15].) The definition of quasi-Poisson
actions is presented in Section 4. If (D, G) is a group pair, then the dressing action
of G on D/G is quasi-Poisson. We show that a given action remains quasi-Poisson
when both the quasi-Poisson Lie group and the quasi-Poisson space on which it
acts are modified by a twist. Thus the notion of a quasi-Poisson action is related
to that of a Manin pair, rather than to a particular Manin quasi-triple. We prove
that if (M, P) is a quasi-Poisson space with a bivector P acted upon by a quasi-
Poisson Lie group, the bivector P induces a genuine Poisson bracket on the space
of G-invariant smooth functions on M. The definition of generalized moment maps
is given in Section 5. In our setting, the moment maps are always assumed to be
equivariant, a property which the usual moment maps may or may not have. We
then prove that moment maps are bivector maps. This generalizes the theorem
stating that the moment map is equivariant if and only if it is a Poisson map.
The dressing action of G on D/G has the identity of D/G as a moment map. We
call hamiltonian those quasi-Poisson spaces that admit a moment map. We show
that there is a well-defined integrable distribution on a hamiltonian quasi-Poisson
space which, under an additional assumption, gives rise to a generalized foliation by
nondegenerate hamiltonian quasi-Poisson spaces that contain the G-orbits. We also
prove that, in a hamiltonian quasi-Poisson space with a nondegenerate bivector P,
the symplectic leaves in the orbit space are connected components of the projection
of the level sets of the moment map. This is a generalization of the usual symplectic
reduction theorem.

The fundamental example of a Manin pair is that of a Lie algebra g with an
invariant scalar product, embedded diagonally in the double g & g, equipped with
the corresponding hyperbolic metric (see Example 2.1.5). For the corresponding
group pair (G x G, G), the target of the moment map (G x G)/G can be identified
with G itself. It can be shown that any hamiltonian G-space with group-valued
moment map in the sense of [3] and [4] is also a hamiltonian quasi-Poisson space
associated to this group pair, in the sense of Definition 5.1.1. This can be easily
shown (see Section 5.2) in the case of abelian Lie groups, and will be proved in the
general case in a subsequent paper [2].

Acknowledgments. We would like to thank E. Meinrenken, J. Stasheff and A.
Weinstein for their remarks and comments.

2. MANIN PAIRS AND r-MATRICES

In this section we introduce the notions of a Manin pair and of a classical r-matrix
which provide the main building blocks of the generalized moment map theory. All
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vector spaces are over R or C and, for simplicity, we assume that they are finite-
dimensional. We use the Einstein summation convention.

2.1. Manin pairs and Manin quasi-triples. We consider a finite-dimensional
vector space V' with a nondegenerate symmetric bilinear form ( | ). An isotropic
subspace W C V is called maximal if it is not strictly contained in another isotropic
subspace of V. Using Witt’s theorem and its corollaries [14] it is easy to prove
that, if V' is a real vector space of signature (n,n) or a complex vector space of
dimension 2n, the dimension of any maximal isotropic subspace, W, of V is equal
to n, and that an isotropic subspace is maximal if and only if it is equal to its own
orthogonal. One can also show that any maximal isotropic subspace W C V has
isotropic complements, and that they are maximal. A choice of such a maximal
isotropic complement, W’ C V.V = W @& W’ determines an isomorphism between
the space W* dual to W and the space W".

If, in addition, we assume that the spaces V and W possess a Lie-algebra structure,
we arrive at the definition of a Manin pair.

Definition 2.1.1. A Manin pair is a pair, (9, g), where 9 is a Lie algebra of even
dimension 2n, with an invariant, nondegenerate symmetric bilinear form, of signa-
ture (n,n) in the real case, and g is both a maximal isotropic subspace and a Lie
subalgebra of 0.

Definition 2.1.2. A Manin quasi-triple (9,g,b) is a Manin pair (9,g) with an
isotropic complement b of g in 0.

Thus, in a Manin quasi-triple, 9 = g & b, g is a maximal isotropic Lie subalgebra
and b is a maximal isotropic linear subspace of 9. We shall denote by f : /\2 g—g
the Lie-algebra structure of g which is the restriction of that of 9. We shall denote by
j . g" — b the isomorphism of vector spaces defined by the decomposition 0 = g@® b,
which satisfies

@)]r) = <& >,
for each £ € g*, and = € g, and we shall denote the projections from 0 to g and b
by pg and py respectively. On g, we introduce the cobracket, F': g — /\2 g. It is the
transpose of the map from /\2 g* to g*, which we denote by the same letter, defined
by
F(&m) = 5""poli (&), ()],

for £,m € g . We also introduce an element ¢ € /\3 g which is defined by the map
from /\2 g* to g, denoted again by the same letter,

@(&,n) = pgli (€), 5 ()]

The Lie algebra g, with cobracket F' and element ¢ € /\3 g, is called a Lie quasi-
bialgebra [7]. (The element ¢ is the classical limit of the co-associator of a quasi-Hopf
algebra.) Conversely, from a Lie quasi-bialgebra (g, F, ¢), we obtain a Manin quasi-
triple (0, g, g*), where o = g @ g* with its canonical scalar product induced by the
pairing between g and g*,

(@, (Y, n) =< z,n>+ <y,§>,
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the Lie bracket on 9 being defined as follows [7],

(2.1.3) [v,y] = flz,y), [v.€] =ad; & —adiz, [§n]=F(&n)+epEn),

where z,y € g and £, € g*. Sometimes we refer to the bialgebra data F' and ¢
corresponding to the complement f C 9 as [} and ¢y,

Example 2.1.4. For any Lie algebra g, the choice F' = 0 and ¢ = 0 defines the
Manin pair (0, g), where 0 = g @ g* with the Lie bracket

[z, y] = f(z,y), [z,&] =ad; &, [§,n]=0.

We call this Manin pair the standard Manin pair associated to g. In the standard
Manin pair, g possesses a canonical complement, h = g*, defining a Manin triple

(0,9,9%).

Example 2.1.5. If a Lie algebra g possesses an invariant, nondegenerate symmetric
bilinear form K, one can construct another Manin pair with o = g & g, the direct
sum of two copies of the Lie algebra g. (See [20].) The scalar product on 0 is defined
as the difference of the bilinear forms on the two copies of g,

(2.1.6) ((z1, 22)[(y1,92)) = K(z1,51) — K(22,92)
and g is embedded into ? by the diagonal embedding A : x — (x,z). A possible
choice of an isotropic complement to g is given by g_ = %A,(g), where A_ : z +—

(z, —x) is the anti-diagonal embedding. In general, the isotropic subspace g_ C 0 is
not a Lie subalgebra, and (9, g, g_) is only a Manin quasi-triple. The map F' vanishes
because [g_, g_] C g. If we identify elements in g with elements in g_ by $A_, and
then with elements in g* by the isomorphism j~! of this Manin quasi-triple, the

element ¢ € /\3 g can be identified with the trilinear form on g,

(2,9.2) = (K2 [r,3)

which is actually anti-symmetric and ad(g)-invariant. Let (e;),i = 1,...,n, be a
basis of g, and let (K*) be the matrix inverse to the matrix (/;;), where K;; =
K(e;,e;). Let us denote the structure constants of g in this basis by Z’; Then

1 1
Y= ZKZlijfl]:nei & €; X e = ﬂKZlK]mfllfnei A €; A €L.

If, in particular, we choose an orthogonal basis such that K(e;, e;) = %51‘3‘7 then

. 1 .
gpsz;kei(X)ej@ek:BZf;kei/\ej/\ek.

ijk ijk

2.2. Twisting. All Manin quasi-triples corresponding to the same Manin pair (9, g)
differ by a twist t € /\2 g, defined as follows. An isotropic complement to g in 0
always exists and is by no means unique. Let b and b’ be two isotropic complements
of g in ?, and let 1, = pg + py and 1, = pj + pj, be the decompositions of the
identity map of 0 into the sum of the projections defined by the direct decompositions
0=g®hand d=g@ . Then 1, = kK + A, where x and A are the restrictions to b
of the projections pj and pj,.
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Let j : g* — b and j' : g* — b’ be the isomorphisms of vector spaces defined by
these direct decompositions. We consider the linear map from g* to 0, called the
twist from b to b,

(2.2.1) t=4—7.

We first remark that ¢ takes values in g. In fact, j/ = Aojand t = —koj. It is easy
to show that ¢ is anti-symmetric. In fact, for £, € g*,

<t(&),n >+ <& tn) > = @EIim) + ('(©tn) = (5(&)Li(n) =0,

where we have used the isotropy of g, h and ’. Hence, the map ¢ defines an element
in A\ g which we denote by the same letter. By convention, t(£,7) =< t(&),n >.

2.3. The canonical r-matrix. Let (0,g,h) be a Manin quasi-triple. We identify
0 with g @ g* using the isomorphism j~! of h onto g*. The map r, : 0* — 0 defined
by 75 : (&, 2) — (0,€) for x € g, € g* defines an element 7, € 0 ® 0, called the
canonical r-matriz. Let (e;),i = 1,...,n, be a basis of g and (¢"),i = 1,...,n, be
the dual basis in g*. Then

(2.3.1) Ty = Z e ®e".
i=1

The symmetric part of 7, coincides with the scalar product of 0 up to a factor
of 2, and therefore it is ad(d)-invariant. The element 7, satisfies a relation that
generalizes the classical Yang-Baxter equation. To derive that relation we introduce
the notion of a Drinfeld bracket for elements of a ® a, for any Lie algebra a.

Definition 2.3.2. Let a be a Lie algebra with a basis (e,),a = 1,..., N, and let
r= Zaﬁ r*Pe, ® ez be an element of a®a. The Drinfeld bracket of r is the element
in a ® a® a defined as follows,

(2.3.3) (ryr) = [r12,713] + [112, 723] + [113, 23],

where ripo = r® 1,113 = Eaﬁ r‘fe, ®1® eg,r23 = 1 @, and 1 is the unit of the
universal enveloping algebra U(a).

If r is anti-symmetric, then
1
(2.3.4) (r,r) = —5[7’, r],

where [, | is the algebraic Schouten bracket of A a. (See, e.g., [12] or [13].) If r is
symmetric and ad(a)-invariant, then

(2.3.5) (r,r) = [ria, 13 ,

and (r,r) is the ad(a)-invariant element in A®a with components "7 f% = For
any r € a ® a with ad(a)-invariant symmetric part s,

(2.3.6) (ryr) = (a,a) +(s,s) ,

where a is the anti-symmetric part of r. Therefore, when the symmetric part of r is
invariant, (r,7) is in A\°a.
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Proposition 2.3.7. [5] The canonical r-matriz, ry, associated to the Manin quasi-
triple (9,9,b) satisfies

(2.3.8) (ro,T0) = ¥,
where the element ¢ € /\39 is considered as an element in /\30.
Proof. In the basis (e;,¢"), the commutation relations of ® have the form,
le;, €] = fi';ek , e, &) = —fleb + Fi¥e, | [€,67] = FJer + pikey, .
The computation of the three terms entering the Drinfeld bracket yields
[rio, 3] = [ei @' ® 1,6, 1@ = fi';ek Qe ® el

[rig,rs] = [e; @' ®1,1®e; @] = ;kei ReF el — Fjikel- ® ep @ e

[r13,723) = [ ® 1@, 1R e, @] = Fle; @ e; ® €* + pFe; @ ¢; ® ey,
whence (ry, 15) = pe; @ e; @ e = . O

We now list properties of the anti-symmetric part of the canonical r-matrix, ry.

Proposition 2.3.9. Let (0,9,h) be a Manin quasi-triple, where we identify b with
g*. Letay € /\20 be the anti-symmetric part of ry. For any x € g, & € g*,

(2.3.10) [z, 0] = F(x), [§,a0] = —f(§) +©(§), [a0,] = 0.

Proof. The proof of the first two equalities is by computation, using the formula
ay = %Z?:l e; A\ €' and the derivation property of the algebraic Schouten bracket.
To prove the third equality, we use formulas (2.3.6), (2.3.8) and (2.3.4) to obtain

1
a0, 0] = _5[%7 [0, ao]] + [aa, (S0, $o)]-
The first term vanishes by the graded Jacobi identity and the second term vanishes
because (Sy, Sp) is ad(d)-invariant. O

Under a twist ¢, the canonical r-matrix r, is modified to
(2.3.11) Ty =To + t.

Indeed, any element of ® can be decomposed in two ways, as z+j(£) and as '+ ;'(£’),
where z, 2" € g, £, & € g*. Then, by definition, ¢(¢) = j/(¢') — j(&) € g , while

(ry = 12) (J(§) + 2) = r5(4'(§) + 2') = ra(J(§) + 2) = j(€)) — j(§) = (&)

Ift=>3" tie; ® e; = %Zm t9e; A e;, then after twisting by ¢, the dual basis of g*
becomes

(2.3.12) e =¢l 4t

Under the twist ¢ relating isotropic complements § and ', the cobracket F' of the
Lie quasi-bialgebra and the element ¢ are modified as follows [7] [11]:

(2.3.13) Fy = Fy+ I,
(2.3.14) ey =y — (6,1) + o1,
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where Fj(x) = ad, t and ¢1(§) = ﬁ;t. Here ad denotes the adjoint action of g on
/\2 g, while ﬁ;t denotes the projection of ad;t onto /\2 g, where g* C 0" acts on
/\2 g C /\2 0 by the coadjoint action. In fact,

(2.3.15) @I = ikl _ kgt

3. GROUP PAIRS AND QUASI-POISSON STRUCTURES

In this section, we study the global objects corresponding to Manin pairs and
Manin quasi-triples. In the rest of this paper, we shall assume that the base field is R,
and all manifolds and maps will be assumed to be smooth. We shall often abbreviate
“fields of multivectors” to “multivectors”. A bivector map between (M, Py;,) and
(Ms, Pyp,), where Py, is a bivector on manifold M; (i = 1,2), is a map u from M,
to My such that

U*PMIIPMQ.

(If Py, and Py, are Poisson bivectors, such a map is called a Poisson map.)

3.1. Group pairs and quasi-triples. We first introduce the objects which inte-
grate Manin pairs and Manin quasi-triples.

Definition 3.1.1. A group pairis a pair (D, G), where D is a connected Lie group
with a bi-invariant scalar product and G is a connected, closed Lie subgroup of D,
such that the Lie algebras, 0 and g, of D and G form a Manin pair.

It is evident from this definition that, given a finite-dimensional Manin pair (9, g)
it can be integrated into a unique group pair, where D is simply connected, provided
g is the Lie algebra of a closed Lie subgroup of D.

Example 3.1.2. A group pair corresponding to the standard Manin pair (g ® g*, g)
of the Lie algebra g is (T*G, G). Here T*G is the cotangent bundle of the connected,
simply connected Lie group corresponding to the Lie algebra g, equipped with the
group structure of a semi-direct product, upon identification with G x g* by left
translations. The group G is embedded into T*G as the zero section.

Example 3.1.3. For a Lie algebra g with an invariant, nondegenerate symmetric
bilinear form, the Manin pair (g @© g,g) of Example 2.1.5 can be integrated to a
group pair (G X G, G). The group G is embedded into D = G x G as the diagonal.

Definition 3.1.4. A quasi-triple (D, G, ) is a group pair (D, G), where an isotropic
complement h of g in 0 has been chosen.

Note that a quasi-triple is not a triple of Lie groups. In general, the subspace
h C 0 is not a Lie subalgebra and cannot be integrated into a Lie subgroup. If
(0,9,b) is a Manin triple, integrating h to a Lie group H yields a triple of groups
(D,G,H). (See [17].)

We shall now study the bivectors on D and G which generalize the multiplicative
bivectors obtained when (9,g,b) is a Manin triple, and D and G are Poisson Lie
groups [6] [20].
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3.2. The quasi-Poisson structure of D. Let (D, G, ) be a quasi-triple. We have
recalled in Section 2 the definition of the canonical r-matrix of 0, r, € 0 ® 0. Thus
r, defines a contravariant 2-tensor on D,

(3.2.1) Pp=ry—1},

where ) (resp., rh) denotes the left- (resp., right-) invariant 2-tensor on the Lie group

D with value r, at the identity. Sometimes we denote the bivector Pp corresponding
to the complement f C 0 by Pg to render the dependence on § explicit.

Actually, Pp is a bivector because the symmetric part of 5, being ad(0)-invariant,
is invariant with respect to the adjoint action of D and cancels in (3.2.1).

At the identity of D, Pp vanishes because there r coincides with 4. The following
multiplicativity property of Pp is obvious from the definition.

Proposition 3.2.2. The bivector Pp on the Lie group D is multiplicative with
respect to the multiplication of D, i.e., the multiplication map m : D x D — D is a
bivector map from D x D with the product bivector to (D, Pp).

In general, the Schouten bracket [Pp, Pp| does not vanish.

Proposition 3.2.3. The Schouten bracket of the bivector Pp is given by

1
(3.2.4) SPp, Pp] = ¢ — .
Proof. Since Pp = a) — aj, and since left- and right-invariant vector fields commute

with each other, we obtain

[Pp, Pp] = lay — af, ay — ag] = [ay, ap] + [a5, af] = [a0, aa]* — [a0, ao]” .
Using (2.3.4), (2.3.6) and the fact that (s, s5) is ad(d)-invariant, the right-hand side
is 2((ro, m0)? — {10, 70)). Since (ry, 7o) = ¢, we arrive at formula (3.2.4). O

We collect some properties of the bivector Pp in the following proposition.

Proposition 3.2.5. The bivector Pp satisfies

(3.2.6) Lo Pp = F(z)", L,oPp=F(z),
forx e g, and
(3.2.7) LaPp=—f(€)*+¢(&)* LeoPp=—f(&)" +9(&),
for&eb, and
(3.2.8) [Pp,¢*] =0, [Pp,¢"] =0.
Proof. Here and below § is identified with g*. By Proposition 2.3.9,
(2%, a3] = [z, ao]* = F(x)?,
(€%, a3] = €, ad]* = —F()* + (©),
(a3, %] = [a0,¢]* = 0.

To conclude we use the fact that Pp = a) — af and, again, the fact that left- and

right-invariant vector fields commute. The proof for right-invariant vector fields is
similar. O
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In fact, the bivector Pp defines a quasi-Poisson structure on the Lie group D (see
the definition in Section 3.3).

Modifying the chosen complement h of g by a twist t € /\2 g leads to modifying
the bivector Pp in the following simple way,

(3.2.9) Py =Pttt
since 7, is modified according to (2.3.11).

3.3. The quasi-Poisson structure of (G. The bivector Pp has a natural restriction
to the subgroup G C D. An isotropic complement h such that 0 = gbh being chosen,
to any g € G, one can associate another splitting of 0, namely 0 = g @© Adgb.
Here we use the fact that the Lie subalgebra g is stable with respect to Ad,. The
identification j' of g* with h’ = Ad,h is j/ = Ad, o j o *Ad,, and therefore r, is
modified to

(3.3.1) ry =Adyry .

where Ad denotes the adjoint action of D on the tensor product ? ® 0. We denote
the corresponding twist by ¢,. According to (2.3.11) we obtain

(332) tg = Adg To —To -

For each g € G, t, is an element of /\2 g. Thus, we can define a bivector P; on G
by right translation of ¢,, and then

(3.3.3) Pg =1} —1%.

Therefore, the embedding of (G, Pg) into (D, Pp) is a bivector map. Actually, this
requirement determines Py uniquely.
It is clear that Py inherits the multiplicativity property of Pp and the Schouten
bracket of Pg is given by the same formula,
1

(3.3.4) 51Pa, Pol = ¢ — ¢

Note that both ¢f and gpé\ are already elements of /\3 T,G, whereas for a canonical
r-matrix it is only the difference (ry — r4), which lies in /\2 T,G. Moreover,
(335) [PG'a 90)\] = 07 [PG'a gpp] =0.

We now recall from [11] and [12] the definition of quasi-Poisson Lie groups, which

we shall use in the study of quasi-Poisson actions in Section 4.

Definition 3.3.6. A quasi-Poisson structure on a Lie group G is defined by a
multiplicative bivector Pg; and an element ¢ in /\3 g such that %[Pg, Pg] = @ — o
and [Pg, "] = 0.

It also follows from the definition that [Pg, ¢?] = 0, because, by the graded Jacobi
identity, [Pg,¢” — ¢ = 0. The identity [Pg,¢?] = 0 is the classical limit of the
pentagon identity for quasi-Hopf algebras [7]. For a connected Lie group G, the
multiplicativity condition is equivalent to its infinitesimal version,

(3.3.7) L Pg = F(x)*,
for each x € g.
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Equations (3.3.4) and (3.3.5) show that the Lie group G, equipped with the bivec-
tor Py and the element ¢ in /\3 g, is a quasi-Poisson Lie group, in the sense of the
preceding definition, and so is the Lie group D, with the bivector Pp and the same
element ¢ in A\’ g, considered as an element in A*d. This last fact follows from the
properties of Pp stated in Propositions 3.2.3 and 3.2.5.

We sometimes refer to the bivector Py as Pg to emphasize the dependence on the
choice of a complement h. For the bivector Pg corresponding to the complement
b, all the properties required in the definition of a quasi-Poisson Lie group follow
from the analogous properties of PB, considered in the previous section. Hence,
(G, Pg, vy) is a quasi-Poisson Lie group integrating the Lie quasi-bialgebra structure
of g, defined by the Manin quasi-triple (0, g,5). We sometimes refer to (G, Pg, ©p)
as G,

The bivector Pg vanishes if the complement b C 0 is ad(g)-invariant, [g, ] C b,
because from Ady h = b it follows that ¢, = Ad, 7, —r, = 0. This simple observation
implies that, in the standard quasi-triple (7T*G, G, g*), the bivector Pg = Pg on the
group G vanishes, and also in the quasi-triple (G x G, G, g_), the bivector Pg = P&~
vanishes.

Under a twist ¢, the bivector Pg is modified in the same way as the bivector Pg,

(3.3.8) PY =Py +t —t”.

3.4. The dressing action of D on D/G. To any group pair (D,G) one can
associate the quotient space D /G, which we shall denote by S. The space S will be
the target of the generalized moment maps in Section 5.

The action of D on itself by left multiplication induces an action of D on S. Be-
cause this action generalizes the dressing of group-valued solutions of field equations,
it is called the ‘dressing action’ [20] [21]. We denote the corresponding infinitesimal
action by X — Xg, for X € 0. By definition, Xg is the projection onto S of the
opposite of the right-invariant vector field on D with value X at the identity, e.

Definition 3.4.1. An isotropic complement h to g in 0 is called admissible at the
point s € D/G if the infinitesimal dressing action restricted to b defines an isomor-
phism from b onto T5(D/G).

It is clear that any isotropic complement h to g is admissible in some open neigh-
borhood of eG € D/G. If the complement § is admissible at a point s € D/G, it
is also admissible in some open neighborhood U of s. If there exists an h which
is admissible everywhere on D /G, we call the corresponding quasi-triple (D, G, b)
complete.

If we identitfy the tangent spaces to D with ? by means of right translations,
then the tangent space to D/G at s € D/G is identified with 9/ Ad, g, and, for
X €0, Xg(s) is identified with the class of X in 0/ Adgg. If b is admissible, then b
is isomorphic to Ts(D/G), and we obtain both decompositions,

0=gdh=Ad;gdh.

If x is in g, then xg(s) is identified with the element 6,(x) = (paa, 4 — pg)(z) € b,
the difference of the projections of x onto Ad g and g, parallel to h. Thus xzg(s) =
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(05(x))s(s). So, if this map 6, from g to b is composed with the isomorphism ;=

from h to g* defined in Section 2.1, we obtain 7, = j~! 0 6, from g to g* satisfying
(3.4.2) zs(s) = (7 o 7s)(2))s(s)

and, in particular,

(3.4.3) (e:)s(s) = (7s)in(5€")s(5).
Because g, h and Adg g are isotropic, 7, is anti-symmetric and defines an element in
/\2 g*, which we denote by the same letter.

Proposition 3.4.4. At any point s € D/G there exists an admissible complement
h ofginod.

Proof. Maximal isotropic subspaces in 0 form a Grassmannian which we denote by
G(0). Since D is a connected Lie group, the subspaces g and Adgg belong to the
same connected component of G(?). Let h’ be an isotropic complement of g in ?.
The Grassmannian G(?) being an algebraic variety, the set of isotropic complements
b of g in the connected component of §’ is a Zariski open set. Since Ad, g is in the
same connected component of G(0) as g, the set of isotropic complements to Ad g
in the connected component of §’ is also a Zariski open set. An intersection of two
nonempty Zariski open sets being nonempty, one can always find an h which is an
isotropic complement of both g and Ad, g. Any such subspace is admissible at the
point s. ]

The choice of an admissible isotropic complement h of g in ? at a point s gives
rise to an additional structure on D/G. The space b being isomorphic to Ts(D/G),
we can define a map from g to the 1-forms on D/G at the point s, x — Zp(s), as
follows,

< y(s),Es(s) > = (x| &),
for each & € B, where in the left-hand side we have used the canonical pairing
between 1-forms and vectors. The map h — T,(D/G) being an isomorphism of
linear spaces, so is the map g — 77(D/G). In other words, the forms Zp(s) span
the cotangent space to D/G at s. Thus if b is admissible in an open neighborhood
U of s, we define the map x +— 2y from g to the 1-forms on U C D /G, such that

(3.4.5) <y, &g >=—(z]§) .

When the quasi-triple (D, G, ) is complete, the forms Zy, are globally defined on
D/G. When (0,g,h) is a Manin triple, integrated to Lie groups D, G, H, then {g
is identified with the opposite of the right-invariant vector field on H with value
¢ at the identity, and therefore Zy is the right-invariant 1-form on H with value
r € g ~ bh* at the identity.

3.5. Properties of the forms %, and examples. The forms &, will play an
essential role in the theory of the moment map that we shall develop in Section 5.
In this Section we study the properties of these forms and give examples.

We study the effect of a twist ¢ on the map x — &j. Let us choose two complements
h and b’ admissible at s € D/G. We first compare the dressing vector fields &g
and £ on D/G defined by &, € g* corresponding to the splittings 0 = g & b and
0 = gdb, respectively, where the twist from b to b’ is ¢ : g* — g. Then {5 = (j&o)s,
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€5 = (j'éo)s- It follows from (3.4.2) that (t&)s(s) = ((jo7s)(t&))s(s), and therefore
Es(s) = (j(os&0))s(s), where oy = 14+ + 75 o t. Thus
<z,& > = < Iy(s), (§60)s(s) > = < Ty (s), ((0so))s(s) > .
The pairing on the left hand side being nondegenerate, o is invertible. Then
<G> =< o, 06> = < (0;1),(s), (i(0:6)s(s) > -

Therefore,

(3.5.1) Ty (s) = (vsz)y(s)
where v, = ot = (1,4 to7)!, because t and 7, are anti-symmetric.

Example 3.5.2. For the standard group pair (7*G,G), the space S = T*G/G
coincides with g*, the dual space to the Lie algebra g. Using dual bases (e;) and
(¢%) of g and g* one can introduce linear coordinates (&;) on g*. The vector fields
generating the dressing action are as follows, € = —3/9¢;, for the action of g*, and
(e)s(€) = —ady & = fF&.0/9¢;, for the action of g. The quasi-triple (T*G, G, g*)
is complete, and the 1-forms corresponding to the elements e; € g correspond to the
differentials of the linear coordinates, é; = d§;.

Example 3.5.3. For a Lie algebra g with an invariant, nondegenerate symmetric
bilinear form, the group pair (G x G,G) of Example 3.1.3 defines the space S =
(G x G)/G = G. One can express the dressing vector fields as (z,0)s = —z” and
(0,2)s = 2, where 2 and 2 are the right- and left-invariant vector fields on the
group G defined by the element = € g, so that G acts on S = G by the adjoint
action. The quasi-triple (G x G, G, g_) is not necessarily complete. The 1-forms
are defined by the equation < z, $(y* + y”) > = ((z,2)|(y, —y)). Using the Ad(G)-
invariance of K, we obtain

<,y > (9) = 2K(x, (1g+ Ad, ) ') = 2K (15 + Ady) ') -
Therefore
(3.5.4) T, =2(K%o (14+ Ad,) ‘o))

g )
where K*(z)(y) = K(x,y). It is clear that the 1-forms & are well defined if —1 is
not an eigenvalue of the operator Ad,.

At the points g € G such that Ad, has eigenvalue —1, the complement g_, defined
by g = {3(z, —z)|z € g}, is not admissible. Let us assume that G is a compact
simple Lie group. Without loss of generality, we can assume that g belongs to a
maximal torus 7. The eigenspace V corresponding to the eigenvalue —1 of Ad, in
g is then even-dimensional, and it splits into the orthogonal direct sum,

V = @aEFVaa

where each V,, is two-dimensional, and spanned by the linear combination of the

root vectors e,, e_,,
€a +€_q €a — €_q

V2 2

the sum being taken over a subset I' of the set of positive roots. If K(e,,e_q) =
1, then (aq,b,) is an orthonormal basis of V,,. Let us twist the complement g_
by t = £3 cr @a A by, Where € is a nonzero real number. After the twist, the

7boz:

Ao =
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new complement is the direct sum of the orthogonal of V' and of the subsbace of
®o (Vo ®V,) spanned by the vectors,

5 (s —0) + (0, b, 5 (b —b) — (e ).

Let us compute the 1-forms 2’ defined by the choice of the admissible complement
thus obtained by twisting. If x is in the orthogonal complement to the eigenspace
V', then &' coincides with the 1-forms Z of formula (3.5.4). In order to determine
the 1-forms corresponding to a basis of V, it is sufficient to deal with one of the
V.’s, and we shall omit the index a. The dressing vector field on G corresponding
to (z,z) is 2 — 2?, and that corresponding to (z, —x) is —(2* + 2°). Assuming
that = is in V, then Ad,z = —z, and therefore (z,2)¢ = 22* and (x, —x)¢ = 0.
Thus, the dressing vector fields corresponding to this basis of V are 2eb* and —2ea?,
respectively. The dual 1-forms are defined by

1 1
< a2 > = — ((a,a)|(§a—|—ab, —§a+eb)) = —K(a,a),

1 1
<d 20 > = <(a, a)|(§b — ea, _Qb — 5a)) = K(a,b)

and similarly for b,
<V,2eb* > = —K(a,b) ,
<V, 20 > =K(b,b) .
Therefore ] 1
i = ——K(b,0), ' = —K(a,0
“ 2e (5,6), 2e (a,9),
where 6 is the left-invariant Maurer-Cartan form.

3.6. The bivector on D/G. If we choose a quasi-triple (D, G, h) corresponding to
the group pair (D, G), a bivector is defined on the space S = D /G introduced in the
previous subsection. Since the bivector Pp = r3 —rf is projectable by the projection
of D onto D/G, it defines a bivector Ps on S = D/G. Because all left-invariant
vector fields generated by g are projected to zero, the projection of r) vanishes, and

therefore
(3.6.1) Ps = —(ry)s,

The notation (75)g refers to the homomorphism from 0 to the vector fields on D/G
induced by the action of D on D/G, extended to a homomorphism from the tensor
algebra of 0 to the algebra of contravariant tensors on S = D/G. Note that although
rp, € 0 ® 0 is not anti-symmetric, after projection it defines a bivector on S. The
bivector Ps corresponding to a complement § will often be referred to as Pg .

The properties of Pg follow from those of Pp. Since the Schouten bracket of Pg
is the projection of that of Pp, from (3.2.4) we obtain,

1
(3.6.2) §[PS, Ps] = ¢s.

Clearly, the action of D on D/G is a bivector map from (D, Pp) x (S, Ps) to
(S, Ps). It follows from (2.3.10) that

(3.6.3) LogPs = —F(x)s , LegPs= f(&)s—9()s ,
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forall x € g,£ € h.

Under a twist ¢ of the Manin quasi-triple (9, g, b) into (9, g, '), the bivector PSh is
modified to Pg/ = Pg —tg.

If the isotropic complement § of g in the Manin quasi-triple (9, g, b) is a Lie sub-
algebra of 0, all the bivectors Pg, Pg and PSh have vanishing Schouten brackets, and
define Poisson brackets satisfying the Jacobi identity on the corresponding spaces.

The bivector Ps has an interesting characteristic property which plays the key role
in the moment map theory. Let (P;’)ti be the map from 1-forms to vectors defined
by < (Pg)ﬁoz,ﬁ > = Pg(a,ﬁ), for any 1-forms o, 3 on S.

Proposition 3.6.4. Let (D,G,h) be a quasi-triple such that b is admissible on

an open neighborhood U of s € D/G, and let Pg be the corresponding bivector on
S =D/G. Then, for any z € g,

(3.6.5) (P(&y) = a5
holds on U, where &y is defined by (3.4.5). This property uniquely characterizes the
bivector Pg in the neighborhood U .

Proof. We choose an isotropic complement § of g in 0, admissible in an open neigh-
borhood U of s € D/G. Let x be an element in g. We apply the map (Pg)ﬁ, where
P = —(e;)s @ (¢9)g, to the 1-form #,. By definition, we obtain,

(3.6.6) (P (y) = (ale")(es)s = s

which proves formula (3.6.5). The complement h being admissible, the 1-forms (é;)y

form a basis of the cotangent space to D/G at each point in U. Hence, formula
(3.6.5) gives a characterization of the bivector Pg on U. O

Example 3.6.7. The standard Manin quasi-triple (0, g, g*) is in fact a Manin triple,
so the bivector Ps has a vanishing Schouten bracket and defines a Poisson bracket
on g*. Actually, the induced bivector on S = g* coincides with the Kirillov-Kostant-
Souriau bivector,

0
(3.6.8) Ps=—(ry)s = —(€;)s @ ( Z fljgk ag ag,'

Example 3.6.9. For the quasi-triple (G x G, G, g_), the bivector Ps has the form

(3.6.10) Py =—(ra)s = = > _(Ae;)s ® ( Z e} N el

7

Here we used the fact that ) .ee; € U(g) is a Casimir element, and therefore
Sier @er = S e @ el Usually, the Schouten bracket of the bivector (3.6.10)
is nonvanishing. A notable exception is the group G = SU(2), where ¢g vanishes
although ¢ # 0 [23].

4. QUASI-POISSON ACTIONS

We shall now introduce quasi-Poisson actions in general, and show that the actions
that we have described in Section 3 are examples of quasi-Poisson actions arising
from Manin pairs.
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4.1. The definition of quasi-Poisson actions. Let G be a connected Lie group
with Lie algebra g, and let M be a manifold on which the Lie group G acts. We shall
denote by xj; the vector field on M corresponding to x € g, and, more generally,
the multivector field on M corresponding to x € A g. By convention, x,, satisfies

(4.1.1) (xpr.f)(m) = %f(exp(—tx).m)ho ,

for v € g,m € M and f € C°(M). We first recall from [17] the following charac-
terization of Poisson actions of connected Poisson Lie groups on Poisson manifolds.

Proposition 4.1.2. If the action of a Poisson Lie group (G, Pg) on a Poisson
manifold (M, Pyr) is a Poisson action, then, for each x € g,

The converse holds if G is connected.

Thus, in this case [Py, Py] = 0 (since Py is Poisson) and (4.1.3) holds.

M

Remark 4.1.4. There is a simple interpretation of the above characterization of
Poisson actions. Equation (4.1.3) is equivalent to the commutativity of the diagram

As "~ Asg

| |

AX(M) 5 A X (M)
where the vertical arrows are induced by the infinitesimal action z € g — x,, €
X (M), the linear space of vector fields on M. The map dp is, up to a sign, the
Chevalley-Eilenberg cohomology operator of the Lie algebra g* with bracket F,
with values in the trivial g*-module. More precisely, dg :[F L ], where [ , ] is
the “big bracket” on A(g @ g*). (See [12].) The map dp,, = [Py, . |, where [, |
is the Schouten bracket of multivectors, is the Lichnerowicz-Poisson cohomology
operator on multivectors on M. In other words, the action x € g — zj, € X'(M) is

the infinitesimal of a Poisson action if and only if it induces a morphism from the
complex (A g,dr) to the complex (A X (M), dp,,).

The following definition generalizes the notion of a Poisson action.

Definition 4.1.5. Let (G, Pg, ¢) be a connected quasi-Poisson Lie group acting on a
manifold M with a bivector Py;. The action of G on M is said to be a quasi-Poisson
action if and only if

1
(4.1.6) §[PM7PM] = o,

for each x € g.

Let (D,G,h) be a quasi-triple. We consider G with the quasi-Poisson structure
defined in Section 3.3, and the space S = D/G with the bivector Ps defined in
Section 3.5. Then the dressing action of G on D/G is quasi-Poisson. In fact,
properties (4.1.6) and (4.1.7) were proved in Section 3.5. The action of G obtained
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by restriction to any G-invariant embedded submanifold of D/G is also a quasi-
Poisson action. In particular, those G-orbits that are embedded submanifolds of
D/G are quasi-Poisson spaces, in the sense that they are manifolds with a bivector
on which a quasi-Poisson Lie group acts by a quasi-Poisson action.

Under a twist ¢, the quasi-Poisson Lie group (G, Pg, ¢p) is modified to (G, Pg, ),
where Pg, oy are given by (3.3.8) and (2.3.14), and (M, P)) is modified to (M, PY),
where

(4.1.8) Py =PY —ty .

A simple computation in terms of Schouten brackets shows that after the twist the
action remains quasi-Poisson,

‘CQCMP]\Z/ = ‘CxMP]\h/I - [vatM] = _(Fh(x) + adx t)M = _Ff)’(x)Ma

1 / / 1 1

é[P]\h/DPJ\h/I] = §[Pj\bmpj\b4] + 5t tar] = [Parsta] = (9 = (6, 8) + 1) = (017 ur,
where we have used the transformation rules and the notations of (2.3.13) and
(2.3.14).

The last calculation shows that one can consider a family of quasi-Poisson Lie
groups G% acting on a family of quasi-Poisson spaces (M, P]?/I), where P]?/; = PAh/I —ty
when the complements h and §’ are related by a twist ¢. We have just shown that
when the action of G?) on (M, P]{}) is quasi-Poisson for an isotropic complement § it
is also quasi-Poisson for any h’. In the moment map theory which we shall present
in the next section, it is more convenient to consider families G% acting on (M, Py,)
than individual quasi-Poisson Lie groups acting on individual quasi-Poisson spaces.
It would be interesting to find a geometric framework for this construction which
does not explicitly refer to the choice of an isotropic complement.

Remark 4.1.9. In the case of quasi-Poisson actions, the operators dp = [F, ) ]
and dp,, = [Py, . ] can still be defined, but their squares do not vanish. In fact,
(dr)? = [p, . ] and (dp,,)* = [¢m, - |- In the first formula the bracket is the

algebraic Schouten bracket on A g and, in the second, it is the Schouten bracket of
multivectors on M. Formula (4.1.7) can still be interpreted as the commutattivity
of the diagram of Remark 4.1.4, defined by the map from A g to A X (M) induced
by the action of G on M, and by the operators dp and dp,,. It follows that the
squares of these operators commute with the induced map, and this implies that the
3-vector %[P, P] — o has vanishing Schouten bracket with any multivector in the
image of the induced map. Condition (4.1.6) expresses the fact that this 3-vector
actually vanishes.

4.2. Properties of quasi-Poisson actions. First, we characterize the quasi-Poisson
actions as bivector maps.

Proposition 4.2.1. Let p : GX M — M be an action of a connected quasi-Poisson
Lie group G% on a manifold M equipped with a bivector P]?/I which satisfies the

property %[P]&,P]{}] = (¢y)m- Then p is a quasi-Poisson action if and only if p
maps the bivector P+ Py, on G x M to Py,

Proof. The proof is identical to that in the case of Poisson actions. See [17] [13]. O
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Next, we introduce the notion of quasi-Poisson reduction, similar to the usual
Poisson reduction, which yields a genuine Poisson structure on the space of orbits.

Theorem 4.2.2. Let G?) be a connected quasi-Poisson Lie group acting on a man-
ifold (M, P]?d) by a quasi-Poisson action. Then the bivector PJ\Z defines a Poisson
bracket on the space C*(M)Y of smooth G-invariant functions on M. This Poisson
bracket is independent of the choice of b.

Proof. First, we show that the bracket of G-invariant functions, f1, fo, is G-invariant.

Indeed,

(Lar, Pa)(dfas df) = =F (@)ar(dfs,dfz) = 0,
for any x € g, because F(z) € A” g and, hence, F(z), annihilates df; Adfs. Next, we
observe that the bracket defined by Py, on invariant functions is a Poisson bracket,

1

Q[Pz\hw P&](dfhdf%df:s) = ou(dfy, dfa,df3) =0,

because ¢ € /\39 and fi, fo and f; are G-invariant. Finally, if one modifies the

complement § to b’, the bivector on M is modified by a twist, PJ\Z/ = P]{} — ty, and
the Poisson bracket of invariant functions is unchanged,

Py (dfy, dfs) = Piy(dfy, dfz) — ta(dfy, dfs) = Py(dfy, dfs)
because t,; annihilates invariant functions. O

Let us introduce the projection p : M — M /G onto the space of G-orbits on M.
If the G-action is free and proper in a neighborhood U of x € M, the space M/G is
smooth near p(x), and Py, defines a Poisson structure on p(U).

5. GENERALIZED MOMENT MAPS

In this section we define moment maps for quasi-Poisson actions. For the actions of
a quasi-Poisson Lie group G%, the space S = D /G is the target of the moment maps.
We always assume that a moment map p : M — D/G is equivariant with respect
to the G-action on M and the dressing action on D/G. As we show in Proposition
5.1.5, the equivariance condition ensures that the definition is independent of the
choice of an admissible complement h C 0. The following definition of a moment
map for a quasi-Poisson action of a quasi-Poisson Lie group on a manifold with a
bivector is a generalization of the notion of equivariant moment map for the Poisson
action of a Poisson Lie group on a Poisson manifold, defined in [16], which itself
generalizes the usual notion of equivariant moment map for a hamiltonian action of
a Lie group on a Poisson manifold.

5.1. Definition of a moment map. Let G% be a connected quasi-Poisson Lie
group, and let x +— xj; be the action of g on M by the infinitesimal generators,
defined by (4.1.1), of a quasi-Poisson action of GY on (M, PY,). We define the map
(P))* from 1-forms on M to vector fields on M by < (Py,)ta, f > = P (a, 3).

Definition 5.1.1. A map p from M to D /G, equivariant with respect to the action
of G on M and to the dressing action of G on D/G, is called a moment map for the

action of G% on (M, P]\b/[) if, on any open subset Q C M,
(5.1.2) (PR)i(u*i) = s
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for any h admissible on x(Q). The action of G, on (M, Py,) is called hamiltonian
if it admits a moment map. A hamiltonian quasi-Poisson space is a manifold with
a bivector on which a quasi-Poisson Lie group acts by a hamiltonian action.

We observe that, in this generalized situation, the target of the moment map is a
hamiltonian quasi-Poisson space. (The term “quasi-hamiltonian” was used in [3] but
in the context of group valued moment maps.) From (3.6.5), it follows immediately
that the dressing action of G on D/G is hamiltonian and has the identity of D/G
as a moment map. Moreover, let N be any G-invariant embedded submanifold of
S = D/G. There is a unique bivector Py on N such that the embedding of N into
S is a bivector map. Then the hamiltonian dressing action of G on S restricts to
a hamiltonian action of G on N, and has the embedding of N into S = D/G as a
moment map. In particular, the orbits of the dressing action of G on D/G which
are embedded submanifolds are hamiltonian quasi-Poisson spaces.

Example 5.1.3. If the Manin quasi-triple (9, g, ) is a Manin triple, then ¢ = 0, so
(G, Pg) is a Poisson Lie group and (M, Py) is a Poisson manifold. In this case, the
preceding definition of an equivariant moment map reduces to that given by Lu in
[16], that is, the infinitesimal generator of the group action z), is the image under
the map Pﬁ/f of the pull-back by the moment map of the right-invariant 1-form with
value = at the identity in the dual group D/G of G.

In the particular case of the standard quasi-triple, (T*G, G, g*), which corresponds
to the Manin triple (g @ g*, g,9"), with F' = 0 and ¢ = 0, the Poisson bivector Pg
vanishes and the dual group is the abelian group g*. The moment map then takes
values in the vector space g*. For any x € g, the right-invariant 1-form z” is the
constant form x on g*, and its pull-back by the moment map is d(u(zx)), so we
recover the usual definition of the moment map for a hamiltonian action. In this
case, the orbits of the dressing action of G on g* are the coadjoint orbits familiar
from the usual moment map theory.

Example 5.1.4. In the case of (G x G,G,g_), the quotient space D/G = G is
diffeomorphic to the group G, and the dressing action is the action by conjugation.
Hence, the conjugacy classes in G are hamiltonian quasi-Poisson spaces, and the
inclusion is a moment map.

In fact, we do not need to impose the moment map condition (5.1.2) for all admis-
sible complements because conditions (5.1.2) for different admissible complements
are equivalent.

Proposition 5.1.5. Let h and b be two complements admissible at a point s € D/G,
and let m € M be such that p(m) = s. Then, at the point m, conditions (5.1.2) for

b and by are equivalent, namely (P (i) = (P]{’;)ﬁ(ﬂ*f;}/).

Proof. To prove the proposition, we use both (3.5.1) and the above definition of the
moment map and its equivariance. Thus, at a point m such that u(m) = s,

(PY) () = (P — tar) () = (Pyy) (' Dy) — tar (1" V)
=)y + ((tots)(wa))u = ((1g+toTs)(va))u = xum.
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Here we have used the equivariance property of the moment map and formula (3.4.3),
which imply that, for any y in g,

< ,U*Z)h’ (eZ)M > (m) =< :gfh (ei)S > (3) = (Ts)ikyk7
when p(m) = s, and hence

(5.1.6) tar (1" Gn) (m) = —((t 0 7o )y)ar(m) -
The proposition is therefore proved. U

5.2. Torus-valued moment maps. Let us consider the Manin pair (9, g), where
0 =u(l)®u(l) and g = u(1). Here 0 is the direct sum of two copies of g, and this
is a particular case of Example 2.1.5. There are two group pairs with a compact
subgroup corresponding to this Manin pair, (S' x R, S!) and (S! x S, S1). The
first group pair corresponds to the usual moment map theory. Let us show that the
notion of a moment map for the second group pair extends that of an S'-valued
moment map in the sense of McDuff [18] [9] [24] to the case of a manifold with a
possibly degenerate Poisson bivector. A symplectic action of S! on a symplectic
manifold (M, wy,) is also a quasi-Poisson action of the quasi-Poisson Lie group S*
defined by the quasi-triple (S* x S, S' g_), where g- = 1A_(u(1)) (see 2.1.5),
because in this case F' = 0 and ¢ = 0. Here S = (S* x §')/S! ~ S. Since S! is
abelian, we see from (3.5.4) that X = —da, where X is the generator of u(1) and o
is the parameter on S'. A moment map for this quasi-Poisson action is a map, u,
from M to S!, satisfying P]t\i/[(u*da) = Xy. When Py, is nondegenerate with inverse
wyr, this condition is equivalent to ix,,wy = p*do, where ¢ denotes the interior
product, which is the defining property of an S!'-valued moment map.

More generally, for r > 1, T"-valued moment maps (see [9]) for symplectic actions
of an r-dimensional torus 7" = S! x ... x S! are also moment maps for the quasi-
Poisson action of the quasi-Poisson Lie group 7" defined by the quasi-triple (7" x
T",T7,g_), where g is the Lie algebra t" = u(1) @ ... @ u(1l), since in this case also
F =0 and ¢ = 0, and the preceding relation is valid for each copy of S*.

When G is a compact, connected abelian Lie group, quasi-hamiltonian G-spaces
(M,wys) in the sense of [3] are necessarily symplectic. When M is equipped with
the nondegenerate bivector Py, defined by wjy, it is also a hamiltonian quasi-Poisson
space for the quasi-Poisson Lie group G defined by the quasi-triple (G x G, G, g_),
because in this case, (5.1.2) coincides with the defining property of the group-valued
moment map of [3]. For nonabelian compact Lie groups, it can be shown [2] that
the moment map theory developed here also coincides with the moment map theory
of [3].

5.3. The standard quasi-triple and group-valued moment maps. We now
summarize the case of the hamiltonian quasi-Poisson spaces, already considered in
Examples 2.1.5, 3.1.3, 3.5.3, 3.6.9 and 5.1.4.

If G is a connected Lie group with a bi-invariant scalar product, then there is
a well-defined Ad-invariant element ¢ in /\3 g, where g is the Lie algebra of G. If
(K*)~! denotes the isomorphism between g* and g defined by the scalar product K
on g, then ¢ satisfies

pl€m Q)= 7 <& IR, (1571 >
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The Lie group G diagonally embedded in G xG defines a group pair and an associated
quasi-triple is (g ® g, A(g), sA_(g)), with the scalar product on g @ g defined by

(2.1.6). In this quasi-triple, ' = 0 and the element ¢ in /\3 g is the one defined
above.

Let M be a manifold on which the Lie group G acts and let P be a bivector field
on M. Then (M, P) is a quasi-Poisson space if P is G-invariant and

(5.3.1) %[P, Pl =oum,

where ¢y, is the field of trivectors on M induced from ¢ by the infinitesimal action
of g on M.

If one identifies G with S = (G x G)/G, then the dressing action of G on S is
identified with the adjoint action of G on itself. The 1-forms # on G defined by the
choice of the above quasi-triple are such that

(5.3.2) i, =2K((14+ Ad,) " '2,0,) ,

for g € G, where 6 is the left Maurer-Cartan form on G.

According to Definition 5.1.1, (M, P) is called a hamiltonian quasi-Poisson space
if it is a quasi-Poisson space and if, moreover, there exists a moment map for the
quasi-Poisson action of G on M.

Proposition 5.3.3. Let (M, P) be a manifold with a bivector on which the compact
simple Lie group G acts and which is a quasi-Poisson space. Then (M, P) is a
hamiltonian quasi-Poisson space if and only if there exists a map p : M — G which
15 equivariant with respect to the given action of G on M and the adjoint action of
G on itself, and which satisfies

(5.3.4) PH K (2,0)) = %((1g + Ad)a)y
forallz € g.

Proof. At each point m € M, let us apply the construction of Example 3.5.3, with
g = p(m), to obtain an admissible complement by means of which we formulate the
definition of the moment map. The bivector on M, after the twist £ = £ 1 aaAbq,
is

ael

€
P'=P- > (aa)nr A (ba)r -
ael
If z is in the orthogonal complement of the kernel of 15 + Ad, (), then 2’ = 2, and
P'(p*z) = P(p*z). Taking into account (5.3.2), we see that the condition (5.3.4)

is then equivalent to the definition P (u*(Z4m))) = @ (m). For aq, b € Va, the

moment map conditions are P, (y*d.) = (aa)ar, P (170, = (ba)ar . We replace
al,, bl by their values found in Example 3.5.3. Using the equivariance of the moment

(e 2 g e%

map, and the fact that 2# = —a*, for x € V, we find, for all o, 3 € T,

% > ((@a)ar A (ba)ar) (idl5) = —(ag) s

acl’

% > ((@a)ar A (ba)ar) (17b) = —(bg)ar,

acl



MANIN PAIRS AND MOMENT MAPS 21

Thus the moment map condition, for x € V', reduces to
Pﬁ(u*K(l‘,e)) =0,
and therefore it coincides with (5.3.4). O

5.4. Generalized foliations of hamiltonian quasi-Poisson spaces. We now
consider a hamiltonian quasi-Poisson G-space (M, P]{}), as in Definition 5.1.1, where
G = G?) is a quasi-Poisson Lie group defined by a Manin quasi-triple (0, g,h). We
wish to show that, under an additional assumption, there is an integrable generalized
distribution on M defined by the image of any bivector PAh/I, where b is admissible.

It follows from the existence of a moment map for the action of G on M that, at
each point in M where b is an admissible complement, the image of (PJ})* contains
the tangent space to the G-orbit through this point.

We further observe that, under a change of admissible complement, when P]?/[
is modified to P}, = PY — ty (see (4.1.8)), the image of (PY)? coincides with
that of (P]?/[)ﬁ. In fact, since by the moment map property the image of t%w is
contained in the tangent space to the G-orbit, then Im tt]iu C Im(P),)%, and therefore
Im(P]\h/;)tt C Im(PAh/I)ﬁ. By symmetry, the two images coincide. We denote by D the
generalized distribution thus defined on M.

Proposition 5.4.1. The distribution D on the quasi-Poisson space M satisfies the
Frobenius property, [D, D] C D.

Proof. Let P = PJ\Z for an admissible . Let f and g be arbitrary functions on M,
and let [P, P)*(df, dg) denote the vector field on M such that

< [P, PF(df,dg),a >= [P, P|(df dg, ) ,

for any 1-form a on M. Then

(PHf), PA(dg)] — P*d{ £, g} = — [P, PF(df, dg) -

Since %[P, P] = ¢, and since the tangent space to the G-orbit at each point is
contained in the distribution Im P* = D, we conclude that [D, D] C D. t

To conclude that the distribution D is completely integrable, it is enough, by the
Stefan-Sussmann theorem (see e.g., [22]), to assume that the rank of D is constant
along the trajectory of any “hamiltonian vector field”, P!(df), f € C®(M). If
is the flow of P#(df) in the neighbourhood of m € M, then the dimension of the
image of P* at y,m is at least equal to that of the image of P* at m. Reversing the
argument, we see that the dimensions of the images at both points are equal.

Under this assumption, there is a well-defined generalized foliation (in the sense
of Stefan and Sussmann) on M, whose leaves are nondegenerate hamiltonian quasi-
Poisson spaces containing the G-orbits. To see that each leaf satisfies the nonde-
generacy property, we observe that, by the skew-symmetry of P, the kernel of P, is
the orthogonal of Im P# . Therefore, P? factorizes through the dual of Im P? and,
by dimension counting, is an isomorphism onto Im P¥ .

Example 5.4.2. Let the quasi-Poisson space M be D/G = S. Then the leaves of
the generalized foliation D are the orbits of the dressing action of G on §.
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Let, in particular, the quasi-Poisson space M be (G x G)/G = G as in Section
5.3. In this case, the orbits of the dressing action are the conjugacy classes of G,
each of which is a nondegenerate hamiltonian quasi-Poisson space.

5.5. Properties of moment maps. The generalized moment maps introduced in
the previous section possess properties which resemble the properties of the usual
moment maps.

Theorem 5.5.1. Let (M, P]?/[,u) be a hamiltonian quasi-Poisson space acted upon
by a connected quasi-Poisson Lie group G%. Then, on any open set 2 C M such
that by is admissible on (), the moment map is a bivector map from (M, P),) to
(S, P3),
(5.5.2) Py, = PJ .
Proof. By the definition of the moment map, for all x € g,

pens = (P (&),
while, by the characteristic property of Pg, x5 = (P2)}(iy). Thus, we see that

M*Pz\z = PSh follows from the equivariance condition, u.x,; = xg, and from the fact
that the 1-forms Zy span the cotangent space to S. U

Sometimes it is convenient to require that the bivector P]?/[ be nondegenerate, i.e.,
that the map (P]\hﬂ)ti be an isomorphism. We next show that for hamiltonian quasi-
Poisson spaces this condition is independent of the particular choice of a complement.

Proposition 5.5.3. Let (M, PJ\Z, 1) be a hamiltonian quasi-Poisson space acted upon
by G%. Let b and i be two isotropic complements of g admissible on pu($2), where

Q is an open subset of M. Then P]{} 1s nondegenerate on € if and only if PJ\Z/ is
nondegenerate on €.

Proof. We assume that P]?/I is nondegenerate and we let « be a 1-form in the kernel
of PJ\Z/. Then,
(Pap)¥(a) = tara

Since b is admissible, there exists x € g, such that ty;a = zp. (If @ = a;(e%)p, we
can set © = t**q,e;,.) By the nondegeneracy of P]?/I and the definition of the moment
map, a = p*Ty. Applying (5.1.6), we obtain xy(m) = —((t o 75)z) pm(m), where s =
p(m). The equivariance of the moment map implies that ((14+to7,)z)s = 0, which
in turn implies that 7,(13+to7,)x = 0. If both complements h and b’ are admissible
at s, the operator 15+t o7, is invertible, and therefore from (to7)(14+to7y)z = 0,
we obtain (t o 75)x = 0. Since xp; = —((f o 75)x) s, the vector field ), vanishes.
Therefore o = 0, and P]?/; is nondegenerate. O

Because of the preceding proposition, it is justified to call a family of bivectors
P]{} nondegenerate if PJ\Z is nondegenerate for an admissible b.

Example 5.5.4. In the case of the standard quasi-triple studied in Section 5.3,
it follows from (5.3.4) that (M, P, ) is a nondegenerate hamiltonian quasi-Poisson
space if and only if, for each m € M,

ker(P%) = {u* K (z,0)|z € ker(14 + Adugm)} -
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Finally, we establish a relation between the Poisson reduction of Theorem 4.2.2
and moment maps.

Theorem 5.5.5. Let (M, PJE, w) be a hamiltonian quasi-Poisson space such that the
bivector P]?/[ is everywhere nondegenerate. Assume that M /G is a smooth manifold
in a neighbourhood U of p(xg), where xy € M. Let x € M be such that p(z) €
U and s = p(z) € D/G is a regular value of the moment map, p. Then the
symplectic leaf through p(x) in the Poisson manifold U is the connected component
of the intersection with U of the projection of the manifold p=(s).

Proof. The proof is analogous to that in the case of Poisson actions. See, e.g., [16] .

Let x € M be as stated and let y = p(x) be its projection in U C M/G. Let
L c U C M/G be the symplectic leaf passing through y in the Poisson manifold U.
We choose any complement h admissible at s = u(x). We need to prove that the
projection of the tangent space to the level submanifold, p,T,u~!(s), coincides with
the tangent space to the symplectic leaf, T, L.

We denote the Poisson bivector which is locally defined on M /G near y by Q. Let
v be a vector in T,L. By definition, v = Q*(), where «a is a 1-form in T}/ (M/G),

and we can also represent v as v = p, (Pyy)!(p*a).
The vectors u that are tangent to the level submanifold u~!(s) € M are char-

acterized by the property (u,p*zy) = 0 for any = € g. The bivector P]?/I being
nondegenerate, any vector u tangent to M at z can be represented as u = (P,)(3)
for some 3 € T*M. Then u is tangent to p~1(s) if and only if < 3,2y, > = 0, for all
x € g, in other words, the 1-form ( is the inverse image of a 1-form a € TJ(M/G),
B =pra

We conclude that T,L = p*(P]?/[)ﬁ(p*T;(M/G)) = p.T,p*(s) which proves the
theorem. O

Thus, we have extended several of the basic properties of hamiltonian group ac-
tions on Poisson manifolds to the case of hamiltonian quasi-Poisson actions.
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