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Resumo

CARDENAS, C. C. C. Problemas de deformagao em grupoides de Lie. 2018. 120 f.
Tese (Doutorado) - Instituto de Matematica e Estatistica, Universidade de Sao Paulo, Sao
Paulo, 2018.

Nesta tese apresentamos a teoria de deformacgao de morfismos de grupoides Lie, sub-
grupoides de Lie e grupoides simpléticos, definimos os correspondentes complexos de defor-
magcao que controlam as deformagoes destas estruturas, e usamos estes complexos para desen-
volver o argumento de Moser em cada um destes contextos. Também aplicamos esta teoria ao
caso de morfismos de grupos de Lie e subgrupos de Lie obtendo resultados de rigidez de tais
estruturas. Ademais, no caso de grupoides simpléticos, definimos uma fungao entre a coho-
mologia diferenciavel e a cohomologia de deformagao do grupoide, que é interpretada como o
anélogo global da aplicagao i : Hy(M) — Hj, ;((T"M)x) definida por Crainic and Moerdijk
(2004) que relaciona a cohomologia de Poisson da estrutura de Poisson induzida na base M
do grupoide com a cohomologia de deformagao do algebroide de Lie (T*M), associado a
estrutura de Poisson.

Palavras-chave: Deformacoes, grupoides de Lie, subgrupoides, grupoides simpléticos.
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Abstract

CARDENAS, C. C. C. Deformation problems in Lie groupoids. 2018. 120 f. Tese
(Doutorado) - Instituto de Matematica e Estatistica, Universidade de Sao Paulo, Sdo Paulo,
2018.

In this thesis we present the deformation theory of Lie groupoid morphisms, Lie sub-
groupoids and symplectic groupoids. The corresponding deformation complexes governing
such deformations are defined and used to investigate a Moser argument in each of these
contexts. We also apply this theory to the case of Lie group morphisms and Lie subgroups
obtaining rigidity results of these structures. Moreover, in the case of symplectic groupoids,
we define a map between the differentiable and deformation cohomology of the underlying
groupoid, which is regarded as the global counterpart of a map i : Hy (M) — Hy, (1" M)x)
defined by Crainic and Moerdijk (2004) which relates the (Poisson) cohomology of the Poisson
structure on the base M of the groupoid to the deformation cohomology of the Lie algebroid
(T* M), associated to it.

Keywords: Deformations, Lie groupoids, subgroupoids, symplectic groupoids.
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Chapter 1

Introduction

The aim of this thesis is studying the relation between two areas: Lie groupoids (and
related concepts) and deformation theory. More concretely, this work concerns mainly on the
deformation theory of several compatible structures associated to Lie groupoids, including
symplectic groupoids.

In the last decades, Lie groupoids have obtained a notable relevance in physics and mathe-
matics due to the understanding they brought to many different topics, e.g., Poisson geometry,
algebraic geometry, Dirac geometry, non-commutative geometry, among others (Coste et al.
(1987), Bursztyn et al. (2004), Bailey and Gualtieri (2016), Weinstein (1996) and references
therein). Nowadays, the Lie theory in the Lie groupoids level is a very active research area
exploring either its relations with nearby topics or the algebraic/geometrical concepts build
on it. Briefly, a Lie groupoid is a (smooth) small category where all its morphisms are in-
vertible. They generalizes the notions of Lie groups (all morphisms with source and target
in the same object), Lie group bundles and manifolds (every point (object) of the manifold
with a unique morphism starting on it). As with Lie groups, there exist the notions of Lie
groupoid morphisms and Lie subgroupoid thought of/defined as (smooth) functors between
the underlying categories and (smooth) subcategories of the Lie groupoid (or immersive in-
jective morphisms of Lie groupoids). These notions are, together with symplectic groupoids,
the main structures which we will work in this thesis on.

Symplectic groupoids appear notoriously in independent works, motivated by quantization
problems, by the late 80’s in Karasev (1989); Weinstein (1987); Zakrzewski (1990). They fit as
the elements associated to a class of Poisson manifolds, called integrable Poisson structures,
and are thought of as the desingularization of Poisson manifolds. A symplectic groupoid
consists of a pair (G,w) made of a Lie groupoid and a symplectic form defined on it, which
satisfies a certain compatibility condition with respect to the multiplication (composition of
the morphisms of the groupoid) of the groupoid.

The deformation problem of these structures offers us another way to understand their

properties. In particular, this problem is linked with some cohomology theories defined on



2 INTRODUCTION 1.0

them which can be interpretated in terms of the infinitesimal properties of the deformations.
More generally, in a rough way, the deformation theory is the infinitesimal study of a family
of structures in a neighborhood of one of its members. In other words, it is the study of
the “derivative” (or first order approximation) of the setting determining the family of struc-
tures. It is a general “principle” in deformation theory that such a “derivative”, as illustrated
since early works on deformations on Lie algebras and complex structures (Kodaira (2006);
Nijenhuis and Richardson Jr (1966)) and remarked by many others, is controlled by an ap-
propriate cohomology theory, in the sense that this “derivative” corresponds to a cocycle in
that cohomology. With this point of view, such cocycles are thought of as vectors tangent
to the families at one of its “points” (members of the family); which leads us heuristically to
regard the corresponding cohomology group (of the appropriate degree) as the tangent space
to the set of such structures at one fixed structure. Due to this interpretation, the elements of
such a cohomology group are also called the infinitesimal deformations of the structure. One
well-known application of such infinitesimal deformations is given by the so-called Moser’s
path method. This technique allows us, based on some regularity conditions on the infinitesi-
mal deformations, and by using the flow of a time-dependent vector field, to say when we have
a family (path) of “isomorphic” structures. Pioneers examples of applications of the Moser
argument go back to the 60’s to the geometry of differential forms; in particular, Moser’s
method in symplectic geometry is the one most widely known (see e.g McDuff and Salamon
(1998)). But more recently, many other interesting applications of this method have appeared,
Crainic and Fernandes (2011); Crainic and Struchiner (2013); Marcut (2013), proving some
rigidity and linearizability conditions of important structures such as Lie groupoids and Pois-
son structures; remarking thus the key role of this method in deformation theory.

In this direction, some of the main results presented in this thesis study the infinitesimal
behaviour of the deformations of Lie groupoids attached with some additional and compatible
data. We show the space of its corresponding infinitesimal deformations and use it to apply
a “Moser’s trick”™argument in each of these contexts. The results obtained in that way, as
stated below, can be (roughly) compared with a basic principle of Calculus: a differentiable
function whose derivative vanishes in all points is constant.

Following the setting described above, and under some regularity conditions, the results

take the forms below for morphisms and Lie subgroupoids.

Theorem 1 (Morphisms)
Let¢ : (H,N) — (G, M) be a morphism between two Lie groupoids with injective imersive
base map. Assume that N is compact and ¢ is a deformation of ¢ such that its associated

deformation cocycles are exact in a smooth manner. Then ¢. is a trivial deformation of ¢.

Theorem 2 (Subgroupoids)
Let H C G be a compact Lie subgroupoid of the Lie groupoid G and {H¢}e be a deformation

of H as subgroupoid of G such that its associated cocycles are exact in a smooth manner. Then
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{Hc}e is a trivial deformation of H.

In each of the theorems above, the expression “trivial deformation” has different meanings.
It refers to types of deformations which are always canonically defined and which correspond
to trivial (constant) curves in the moduli space of the structure being considered. For instance,
in the case of morphisms, a trivial deformation of ¢ is one of the form ¢. = . 0 ¢ where .
is a smooth one parameter family of inner automorphisms of G. In the case of subgroupoids
triviality of a deformation has a similar meaning.

For symplectic groupoids, besides equivalence under automorphisms of the groupoid which
are symplectomorphisms, we are led to consider also gauge transformations of the multiplica-

tive symplectic structure induced by pullbacks of closed 2-forms on the base (Chapter 4).

Theorem 3 (Symplectic groupoids I)

Let (G,w) be a compact symplectic groupoid and {(Ge,we)}e be a deformation of (G,w)
such that its associated cocycles are exact. Then {(Ge,we)}e is determined, up to gauge trans-
formations, by pulling back the structure on (G,w) by a smooth family of diffeomorphisms of

G which comes from the flow of a vector field.

Or slightly modifying the deformation complex involved (and therefore the transgressions
of the cocycles) in the case of symplectic groupoids, we describe a groupoid version of the

classical Moser theorem:

Theorem 4 (Symplectic groupoids II)
Let (G,w) be a compact symplectic groupoid and {(Ge,we)}e be a deformation of (G,w)
such that its associated cocycles are exact. Then each (Ge,we) is symplectomorphic to (G,w)

by a smooth family of isomorphisms of groupoids.

Another important point developed in this thesis, and strongly related to the work de-
scribed above, is the study of the rigidity properties of the structures being deformed. That is,
the resilience of a structure to varying under (small) deformations. Important results in this
topic (within the Lie theory context) have been obtained in several works including: Nijenhuis
(1968); Nijenhuis and Richardson Jr (1967); Richardson et al. (1967); Richardson Jr et al.
(1969); Crainic et al. (2014) for Lie algebras, Lie groups, Lie subalgebras, morphisms of Lie al-
gebras and, more recently, under some compactness conditions, for Lie groupoids Crainic et al.
(2015a). As shown in chapter 3 of this thesis, several of the results in chapter 2, when put into
the context of Lie groups, give us an alternative way to look at the rigidity question of Lie
subgroups and Lie group morphisms (already worked in Coppersmith (1977) and Lee (1974),

respectively).

Theorem 5 (Rigidity of morphisms)
Let ¢ : H — G be a morphism of Lie groups and assume that H is compact. Then ¢ is
rigid.
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Theorem 6 (Rigidity of Lie subgroups)

Every compact Lie subgroup is rigid.

The last main result of this thesis treats about symplectic groupoids and integrable Poisson
structures. Let us denote (M, 7) an integrable Poisson manifold. In Crainic and Moerdijk
(2004) the authors define a map

i: He(M) — Hgey ((T"M)r)

which relates the Poisson cohomology and the deformation cohomology of the Lie algebroid
(T*M), associated to that Poisson structure. Note that every deformation of 7 induces a
deformation of the cotangent Lie algebroid (7% M) . However, not every deformation of the Lie
algebroid (T*M ), is by deformations of the Poisson structure. The deformations of (T*M )
which comes from deformations of 7 give rise to cocycles in the image of <. If G is a symplectic
groupoid, we define a map

i : Hiig(9) — Hipr(0)

between the differentiable cohomology to the deformation cohomology of the underlying Lie
groupoid. This map provides a global interpretation of the map ¢ when G is a (s-connected)
symplectic groupoid integrating 7. The fact that the map 7 is an infinitesimal manifestation

of the map ig is reflected by the commutativity of the following diagram.

Hgiﬁ(g) S H(Iicef(g)
VE ~ VE

HY(T*M) —— H}, (T*M).

This map ig also turns out to have a relation with deformation theory of symplectic
groupoids: inside of its image are the deformation cocycles of the underlying deformations of

Lie groupoids corresponding to deformations by symplectic groupoids.
ORGANIZATION OF THE THESIS

This thesis is separated into four parts, chapters 2, 3, 4 and 5. In each of the chapters we
include a preliminary section which contains the material used in the rest of the chapter and
thesis.

Chapter 2 discusses the deformation theory of morphisms of Lie groupoids and Lie sub-
groupoids. We explain the corresponding deformation cohomologies and the way they encoded

the deformations, then we use Moser’s argument in these contexts. Also we develop the the-
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ory of simultaneous deformations of a triple consisting of two Lie groupoids and a morphism
between them.

In chapter 3, the deformation theory of Lie groupoid morphisms and subgroupoids is
used in the context of Lie groups to obtain rigidity results of Lie group morphisms and Lie
subgroups.

In chapter 4 we start working with symplectic groupoids. We define deformations of sym-
plectic groupoids and explain how the Bott-Shulman total complex is related to this type of
deformations. A groupoid version of the classical Moser’s theorem in symplectic geometry is
discussed in this chapter.

In chapter 5, we define a map ig : Hj,4(G) — def (G) for a symplectic groupoid G = M
and we prove that, when (M, 7) is the (integrable) Poisson structure induced on M, this map
ig can be viewed as the global counterpart of the map i : Hy(M) — Hj, ((I"M)z) defined
by Crainic and Moerdijk in (Crainic and Moerdijk (2004)).
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INTRODUCTION

1.0



Chapter 2

Deformation of morphisms and

subgroupoids

2.1 Groupoids, algebroids and deformation of Lie groupoids

We start by giving a brief description of the notions involved in this chapter. Let G = M
be a Lie groupoid, denote by s, t, m, ¢ and u the source, target, multiplication, inversion and

I when the context is clear, and

unit of G, respectively. We will write m(g,h) = ghei(g) =g~
identify € M with the corresponding unity u(z) € G. For g € G, write ¢ : * — y meaning

s(g) =z and t(g) = y.
If g : * — vy, there is a right translation
Ry 57\ (y) —» s~4(2), Ry(h) = hy;

and analogously a left-translation L, : t~(z) — t71(y), Ly(h) = gh, between the t-fibers.
We denote their differentials, respectively, by rq and ;. With this, X € X(G) is a right-
invariant vector field if ds(X,) = 0 and X, = ry(Xp) for all (h, g) € G). Observe that the
subset of right-invariant vector fields X"(G) C X(G) has a C°°(M)-module structure given by
f-X = (t"f)X. Further, X"(G) C X(G) is a Lie subalgebra.

Just as a Lie group G has an associated Lie algebra g, Lie groupoids also can be studied
infinitesimally giving rise to the notion of Lie algebroid. The Lie algebroid of G, Ag, and is
determined (like g) by the Lie algebra of right-invariant vector fields on G. More precisely, Ag
is the vector bundle (7°G)|,, over M, where T°G := Ker(ds : TG — s*T'M) and M C G is
viewed as the units of G. In this way, there is amap I'(Ag) — X"(G), a — @ : g = r4(ayg));
which is easily seen to be an isomorphism of C*°(M )-modules inducing then a Lie bracket on
I'(Ag). The vector field & is called the right-invariant vector field associated to «. The vector
bundle Ag is also equipped with a vector bundle map p: Ag — T'M given by the restriction
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of dt : TG — TM to Ag C TG. The map p is called the anchor map of Ag.

In other words, the Lie algebroid associated to G consists of the pair (Ag, p) together with
the Lie bracket on sections of Ag, induced from that of X"(G). With this point of view, we
can abstract such a notion of Lie algebroid and to say that a vector bundle A over M is a
Lie algebroid if there exist a vector-bundle map p : A — T'M together with a Lie bracket

on the sections of A in such a way that a Leibniz rule is satisfied:

[a> fB]F(A) = f[aa ﬁ] + Lp(a)(f) - B,

for every o, 8 € I'(A) and f € C*°(M). As the reader may expect, Ag defined as above is
an example of a Lie algebroid in this more abstract context. More examples can be found in
Moerdijk and Mrcun (2003).

2.1.1 Deformation theory of Lie groupoids

The deformation theory of Lie groupoids was explained in Crainic et al. (2015a). In there,
the authors developed the main aspects of the theory; among other things, they exhibite the
corresponding cohomology attached to deformations of Lie groupoids and use it to give an
application to the rigidity problem of Lie groupoids. We recall now some key facts of this

construction.

Deformations

A smooth family of manifolds { M| e € I} is understood as a manifold M together with
a submersion 7 : M — I, such that M, is the fiber over e. One also says that the family
{ M| e € I} is smoothly parametrized by I. This notion is the key idea to define deformations
of Lie groupoids:

Definition 2.1.1 (Smooth family of Lie groupoids)
A smooth family of Lie groupoids parametrized by a manifold B, is given by a Lie groupoid

QN = M and a surjective submersion w such that tos§ =17 ot
G= M35 B.

In this way, © determines the family of Lie groupoids {Gy|b € B}, where Gy denotes the
restricted groupoid over My, = w1 (b). One says that the family is proper if G is proper, i.e.,
if §xt:G — M x M is a proper map.

Two familes G = M = B and G' = M’ ™ B are isomorphic if there exists an isomorphism
of groupoids (F, f) : G — G' compatible with the submersions ™ and ' in the sense that



2.1 GROUPOIDS, ALGEBROIDS AND DEFORMATION OF LIE GROUPOIDS 9

7' o f = . This isomorphism F can be thought of as a family of isomorphisms Fy : Gy — G,
smoothly parametrized by B.

Definition 2.1.2 (Deformation of Lie groupoids)
Let G = M be a Lie groupoid with structural maps s, t, m, i, u. A deformation of G is a

smooth family of Lie groupoids G parametrized by an open interval I containing zero,
G={G. = M.:eccI}

such that Go = G. We denote the structural maps of Ge by s, te, Me, te, Ue.

The deformation G of G is called strict if (Ge, M.) = (G, M) as manifolds, that is, we only
deform the structural maps of G. In other words, (Q~ — M, 3, 1) 2 (GXI = MXI, 5. %€t xe).
In such a case, we can assume G = G x I and it is said to be s-constant if s does not depend
on €. The deformation such that Ge = G as groupoids is called the constant deformation of G.
Two deformations G = {Ge = M : e € I} and G' = {G' = M! : € € I'} are locally equivalent
if there exist a family of isomorphisms of groupoids Fe : Ge — G!, smoothly parametrized by

€ in a open interval containing zero (contained in I N1'), such that Fy = Idg.

Remark 2.1.3 Consider two locally equivalent deformations G and G'. For simplicity and
because around Go the families Q~ and C;/ are isomorphic, we will just say that C; and é’ are
equivalent deformations of Gy (even if I #1').

With the convention of the last remark, the deformation G is called trivial if it is equivalent

to the constant deformation.

Remark 2.1.4 (Fibrations)

As pointed out in del Hoyo and Fernandes (2016), a deformation of G also can be regarded
in terms of fibrations of Lie groupoids. The data G = M = B involved in the definition of a
deformation of G takes the form

¢:(G= M) — (I=1),

where ¢ is a fibration of Lie groupoids. In this sense, a strict deformation can be though of
as a fibration ¢ where the maps between the arrows and the objects are locally trivial. In fact,
two trivializations Fy : G — G x I and Fy : M —s M x I induce a family of Lie groupoid
structures {Ge}teer on the manifold G = Go. For instance, the deformation of the source map

is determined by (sc(g),€) = Fo o &0 F{ *(g,¢).

Interesting examples of deformations of Lie groupoids are considered in (del Hoyo and Fernandes

(2016), p. 16). As a manner of illustration we sketch here some of them.
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Examples 2.1.5

1. Let G = R2. Consider the family of Lie groups G x R — R, (g,€) + € given by

(1,91) e (22, 2) := (z1 + 22, Y1 + € Y2).

Due to the fact that for € # 0 the multiplication -¢ is non-abelian, this is a non-trivial
deformation of G.

2. Consider the family of Lie group actions of R on T? := R?/Z2, given by:
7 (x1,22) = (21 + 7,29 + €1).

Then, if G :== RxT? such a family of actions can be seen as a family of action groupoids
G xR — R. This is of course a non-trivial deformation of G since the topology of the

orbits varies with €.

Cohomology

The fundamental fact of the deformation complex of a Lie groupoid G, (C;ef(g),ég),
is that it governs deformations of G. More precisely, to every deformation one associates a
cohomology class in H3, (@), and this correspondence has a natural relation with equivalent
deformations of G. The deformation complex is defined as follows.

For any k € N, consider G*) = {(g1, ..., gx) : 5(g:) = t(gi+1)} the manifold of k-strings of

composable arrows, and assume G(©) = M. The space of k-cochains C’ge f (G) is given by

Cj;ef(g) = {c :G® S TG| clgr,.... 1) € T4,G and c is s—projectable} ,

where s-projectable means that ds o ¢(g1, ..., gx) =: Sc(92, ..., gx) does not depend on g;. The
differential of ¢ is defined by

(0¢)(g15 s Grt1) = = —dm(c(g1925 93+ - Ght1)5 €925 -5 Gt1))+
k
+ Z(_l)kc(QL GiGit 1, o Ght1) + (—1)k+1c(gl, ey Gk )s
i—

where m : Gs x5 G — G, m(g, h) = gh~! is the division map of G.
For k =0, C’gef(g) :=I'(A) with differential defined by

da=7a + @ € Cl9),

where &

Note that a section of A can be viewed as a map c : g0 TG, with ¢(1;) € T1,G such

is the left-invariant vector field on G associated to a defined by & (g) := ly(di(cg(g)))-
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that dsoc = 0.
This data in fact defines a cohomology (6% = 0) and Hj,;(G) denotes the deformation coho-
mology of G.

In this way, for instance, one can describe explicitly the cohomology class [{y] € Hfle f(g)

associated to an s-constant deformation of G by

d
50(97 h) = = m€(m0(g) h)7h)7 60 € Ogef(g)cla

de|
where mg denotes the multiplication of G = Gy. The fact that & is a cocycle is implied

from applying %‘ o to the associativity property of every me. The element o is called the

deformation cocyc€le of the deformation of G. For deformations which are not necessarily s-
constant, a slightly different approach is used, yielding however a non canonical 2-cocycle,
instead of that one gets (canonically) a 2-cohomology class, which does not depend on the
equivalence class of the deformation (see Section 5.4 in Crainic et al. (2015a)).

Of remarkable importance is the transgression of the 2-cocycle &y; when it exists, it plays

a determining role in the rigidity problem of Lie groupoids, as we explained below.

Moser’s trick (towards rigidity):

With the help of the deformation complex one can satisfactorily solve the rigidity question
for Lie groupoids. One key step in this direction is given by the following proposition, which
has the same essence as that of the classical Moser’s theorem of symplectic geometry (see e.g.
McDuff and Salamon (1998) p. 93).

Proposition 2.1.6 Crainic et al. (2015a) Let G = {G, : € € I} be an s-constant deformation
of G. Consider the induced cocycles at each time €, & € Cgef(ge), defined in analogous way
to & above. Assume that for every e small enough, there exists X€ € C;ef(ge) such that

0e(X) = &, (2.1)

and that the resulting time-dependent vector field on G, X := {X}
and €y close to 0, the time-dependent flow 3" is a locally defined morphism from G, to Ge,
covering the flow of {V := ds(X€)}..

Additionally, if G is proper, Y3 (g) is defined if and only if wi}s(s(g)) and w%;s(t(g)) are
defined.

¢» s smooth. Then, for e

This proposition tells us the conditions under which one finds a flow compatible with the
variations of the structural maps of G. However, by considering the structural maps of the

total groupoid G, it is obtained the following equivalent version of the proposition.
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Proposition 2.1.7 Crainic et al. (2015a) Consider an s-constant deformation as above. A
one-parameter family X¢ of vector fields on G satisfies the cocycle equations (2.1) if and only
if the induced vector field on G,

0
X(ga 6) = (Xe(g)70) + & € %(g X I)a
1s multiplicative.

In this way, one knows that the flow of X (when uniformly defined) is given by automor-
phisms of G (Mackenzie and Xu (1997), Prop. 3.5); and the rigidity question of Lie groupoids
is essentially solved by finding a complete vector field like X (or X) above (Crainic et al.
(2015a) Thm. 7.1).

Our goal now is to develop the analogous (three) steps above (deformations, cohomology and
Moser’s trick) when working with the deformation theory of Lie groupoid morphisms and Lie

subgroupoids.

2.2 Deformations

When talking about deformations of a structure it is usual to think of a smoothly parametrized
family of such structures. For Lie groupoids, as seen in the previous section, one way to for-
malize the smoothness of such a family is to look at it as the fibers of a submersion. For
morphisms, however, because Lie groupoid morphisms can be regarded simply as functions,
this notion has a simpler description. Given ‘H and G two Lie groupoids and ¢ : H — G a Lie
groupoid morphism, we call the family {¢}..; a deformation of ¢ (I an interval containing
the origin) if this is a smooth family of morphisms ¢ : H — G with ¢9 = ¢. If {e—~ o} is a
smooth family of bisections of G (i.e. smooth maps o : M — G such that s oo = idy; and
too is a diffeomorphism of M) with og = 1g, conjugating ¢ with each o, yields a deformation
of ¢, e := I, 0 ¢ (ie., pc(h) = oc(t(d(h)))d(h)oe(s(¢(h)))~1). Such a deformation is called
a trivial deformation of ¢. Also, we say that two deformations of ¢, {¢c}, and {ic},, are
equivalent if there exist a smooth family of bisections {€ — o} of G, with o9 = 1g, such that
Ve = Iy, 0 ¢, for all e.

Example 2.2.1 Let ¢ : R — S1 x 81 € C? be the family of morphisms given by
¢€(r) — (6ir’eir(1+e7r)).

This family can be seen as a non-trivial deformation of the non-injective morphism ¢q since

for any e € Q\ {0} the morphism ¢, is injective.

Remark 2.2.2 (Fibrations)
A deformation of ¢g : H — G can be equivalently described by a morphism ® between the
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trivial fibrations (H X I = N x I — 1 =1) and Gx1 = M xI — I = I) covering the
identity such that restricted to the fiber over 0 is ¢o. We denote by ® the induced base-map
between the groupoids H x I and G x 1.

We introduce now the notion of deformation of Lie subgroupoids. In order to talk about
the smoothness of a family {#. C G}, of Lie subgroupoids, we think of each H, coming from
the fiber of a submersion, as in the case of Lie groupoids. In this way, a deformation of H as
subgroupoid will be such smooth family with H C G being the Lie subgroupoid “over” zero.

More concretely, we have

Definition 2.2.3 (Deformations of Lie subgroupoids)

A strict deformation of the Lie subgroupoid H C G consists of a strict deformation of H as
Lie groupotd, H=HxIanda morphism, ¢ : H — G, between the Lie groupoids H and
G, which is an injective immersion when restricted to the fibers H, with ¢|7_~[D =1:H—=G.
Analogously we define the s-constant deformations of H C G as subgroupoid. The deformation
such that H = H x I is the constant deformation as Lie groupoid and (M?:le =1, for all €, is
called the constant deformation of H as Lie subgroupoid of G.

Remark 2.2.4 (Fibrations)

Note that, equivalently, a deformation of H C G as Lie subgroupoid is an injective immersive
morphism ¢ : H —s G x I between the fibrations over I = I, such that when restricted to the
fiber over 0 € I it is the inclusion map, i.e. ¢ =t x {0} : H —= G x {0}.

Remark 2.2.5 Similarly we can define general deformations of Lie subgroupoids (that is, non
necessarily strict deformations), it requires to take general deformations of H as Lie groupoid
(Definition 2.1.2 above).

By abuse of notation, we will denote by H. := ¢(H x {€}) C G the image of each
fiber H, inside G and we will often write {H.} or {H.} ¢ to denote a deformation of H as
Lie subgroupoid of G. With this, the constant deformation of H as a subgroupoid satisfies
He =H C G for all e.

Convention: Observe now that given a Lie subgroupoid H C G, one can deform it as a
Lie groupoid and as a Lie subgroupoid; in this context {Efe}e will denote the deformation as

a Lie groupoid.

Example 2.2.6 There are some simple ways to produce examples of deformations; as with
deformations of morphisms, we can take a smooth family of bisections of G and to obtain a
deformation of a subgroupoid H looking at the images I, (H) for every e. Or more generally,
one can take a smooth family of automorphisms {F.}. of G, with Fy = Idg, and look at the
images F.(H) C G, for every e.

In a certain sense, which will be clear with Theorems 2.5.6 and 2.5.8, these two types of

deformations are the simplest ones.
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Strictly speaking, a Lie subgroupoid is an equivalence class of injective immersive mor-
phisms (represented by a subset of the ambient groupoid). In the context of deformations
of Lie subgroupoids this implies the situation of two deformations {(#,$)} and {(#',%)} to
have the same images inside G ((¢¢(He) = ¥e(H.) for all €). Geometrically, we expect these
two deformations to be “the same”. More generally, we have the following notion of equivalence

of deformations.

Definition 2.2.7 (Equivalence of deformations)

We say that two deformations {H.} and {H.} of H C G are equivalent if there exists a smooth
family of bisections {o.} of G with o9 = 1g, such that H. = I,. (H.) for every e small enough.
A deformation is said to be trivial if it is equivalent to the constant deformation. That is, a
deformation is trivial when it is of the form H. = I, (H), for some family of bisections with

€ small enough.

Remark 2.2.8 Note that, due to the injectivity of ¢e := ¢|fie in definition 2.2.3, two de-
formations {Hc}y and {H.}y are equivalent if, and only if, there exists a unique family of
isomorphisms {Fe : He — H.} such that

Ve o Fe = I © ¢e, for € small enough.

Since every . is an immersion, such a family is smooth.

2.3 Deformation complexes

In this section we define the cohomology theories corresponding to each type of the de-

formations introduced above.

2.3.1 Deformation complex of morphisms

The deformation complex of a morphism was briefly discussed in Crainic et al. (2015a).
We recall now its definition. Let (H = N, s',t') and (G = M, s,t) be two Lie groupoids and
(¢,¢) : H — G a morphism between them.

For any k € N, consider H*) = {(hy, ..., hs) : '(h;) = t'(hi+1)} the manifold of k-strings
of composable arrows of H and H(®) = N. The space of k-cochains Cé“e f(¢) is given by

Cé“ef(@ = {c cHE 5 TGl e(hy,....hy) € Ty(n,)G and c is s—projectable} ,

where s-projectable means that the s-projection of ¢, ds o ¢(hy,...,hx) =: sc(ha,...,hx) €
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Ty(¢(hy))M, does not depend on hy. The differential of ¢ is defined by

((5¢C)(h1, ey hk+1> = —dmg(c(hth, hs, ..., hk+1), C(hz, ey hk+1))—|-
k
+ ) (=DFe(hy, o hihiga, b)) + (1D e(hy, o ),
i=2
where mg : Gs X5 G — G, mg(g,h) = glf1 is the division map of G.
For k =0, Cgef(d)) :=TI'(p*Ag) and the differential is
dpo0 =0 + @ € Cj4(9),

where @ (h) = gy (asny) and @ (h) = Ly (di(asm))).-

The fact that (55) = 0 can be shown in a similar way to the proof that § = 0 for the
deformation complex of Lie groupoids; so dy4 in fact defines a cohomology and H, f(gb) denotes
the deformation cohomology of ¢. Observe that Hj, ;(Idg) = Hj, ().

Remark 2.3.1 Note that there are natural cochain maps between the deformation complexes
(of Lie groupoids and morphisms):
k b5~k t ok
Cdef(H) — Cdef(¢) £ Cdef(g)

defined by
(¢<)(h1, ... h) == (dd)p, (c(hy, ... hy,)), ¢ € Chs(H); and

(8% Q) (hs o hip) i= ((h1), ..., p(hi)), @ € Ch4(G).

In the case k = 0 the cochain-map ¢* is denoted by ©* (recall that ¢ is the induced map on
the units), to make sense with the definition of Cgef(gﬁ) = I'(p*Ag). Similarly, if K % s
another Lie groupoid morphism, one can define a cochain-map ¥* : C’;ef(qb) — C’;ef(gb o).

Remark 2.3.2 As a special case, if ¢ above is bijective, there is an inverse ¢x of ¢*,

b 1 Ciop (@) — Cies(G)y S (T g1, = Tl6m101),m 6 (g1))

Similarly, if ¢* is the map between deformation complexes of morphisms (see remark 2.3.1),
the analogously defined map ¢4 : C:i‘ef(gb o)) — C;ef(qb) is an inverse of ¢*.
2.3.2 Deformation complex of Lie subgroupoids

If <5 G is a Lie subgroupoid, the deformation complex of the Lie subgroupoid H C G,
Clie;(H C G), is defined as the quotient complex induced by the injection Cj, ((H) & Ciep(1)-
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That is, we have the exact sequence of complexes

0 — Cger(H) L Cep(t) — Cgep(H C G) — 0, (2.2)

where the injectivity of i, is implied by the injectivity of dpe : ThH — T);,)G for all
h € H. Denote by § the differential of Cles (1 C G) induced from the differential § of Cg, ;(¢).
We show now that these cohomologies have the expected role in the deformation theory

of its respective structures.

2.4 Infinitesimal cocycles associated to deformations

In this section we explain the relation between deformations of morphisms and Lie sub-
groupoids and the corresponding deformation cohomologies. Such a connection, in the case

of morphisms, is initially given by Proposition 2.4.1.

Let ¢p : H — G be a Lie groupoid morphism. Assume that {¢.}.cs is a deformation of
$o. We define the associated 1-cochain, Xo € C’éef(qSo), by

Xo(h) == —1  ¢ec(h) € Tym)9. (2.3)
e=0
Proposition 2.4.1 The I-cochain Xo € Céef(¢0) in 2.8, is a 1-cocycle. The corresponding

cohomology class in Héef(ﬁbo) depends only on the equivalence class of the deformation.

Proof. For the first part, it suffices to take derivatives at ¢ = 0 of the morphism condition
satisfied by each ¢, ¢c(mp(gh, h)) = mg(pe(gh), dc(h)). In fact, we get

Xo(g) — dmg(Xo(ma(g, h)), Xo(h)) = 0,

which says that X is a 1-cocycle.
Take now {1)e = I () © ¢} an equivalent deformation of ¢y and denote Xé the associated
cocycle. The exactness of Xé — X, comes from taking derivatives at € = 0 of the equivalence

condition e = I;() © ¢c. Thus, it suffices to use the chain rule and look at the expression

d
de le=0

Due to the previous proposition, the element X is also called the infinitesimal cocycle

I,.. Therefore, the proof follows from the next lemma. O

associated to the deformation {¢}.

Lemma 2.4.2 If {¢.} is a trivial deformation of (¢o, o), its infinitesimal cocycle X is

exact.

Proof. Assume ¢, = I,_o ¢g, for o, a smooth family of bisections of G with oy = 1g. Then,
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S U od0)m) = S| m (oelt(u()-Go(h), or(s(0(m) )

€=\

=
d

e

d

m (ox(t(@0(h)))-do(h), oc(s(¢o(R))) )

€=\
€=\

_, Foomor(stoom) ! (oe(do(t(R))))

T de
d

* e

L, (o (t(h))so () (Te(S0(s () ™)

d
= T’IO'AOQSO(h) <d6 N
d

+ lIaA0¢o(h) |:d’i <d€

e=

(02(Go(t(h))) - UA(qﬁo(S(h)))_l))

(oe(Go(t(h))) - UA(¢0(5(h)))_1))] |

€=\
Define then the family of sections {a* € T'(4g)}, by

A\ d

Yor@ T e

(oe(z)or(z)™t), for each A, (2.4)
€=\
where @) is the map on the unit space of G associated to the automorphism I,. Thus, by
taking the family of pullback sections, @, := (p. o ¢g)*a € C'gef(lg6 o Py = @) we get
d

de

. (Lo © ¢0)(h) = 01, 0 () (R)-

Take now A = 0 to finish the proof. %

Remark 2.4.3 Note that since a deformation {¢.} of ¢po can be seen as a deformation of ¢y
for any X\ € I, the corresponding X» € C’éef(qb\) s also a cocycle. Thus, the previous proof
shows even more, namely, that in a trivial deformation every Xy is exact. However, this fact
also follows from a simple observation: if {¢c} is a trivial deformation of ¢o, {¢pc} also can be

regarded as a trivial deformation of ¢y for any X € I; namely, ¢ = 1

oexoy !t © ¢, where x is

the product in the group of bisections of G, given by (o x7)(x) = o(t(7(x)))7(x); for x € M,

and o and T bisections of G. Hence, in this case, every associated cocycle X is also exact.

Similarly, we can study analogue results by considering deformations of Lie subgroupoids.
Just as in the situation described in Subsection 2.1.1 for deformations of Lie groupoids, it
turns out that s-constant deformations of Lie subgroupoids have a more direct and explicit
relation with their corresponding deformation complexes. Due to that, below we will work
with s-constant deformations, exhibiting such a direct approach for them, and the general
case of non necessarily s-constant deformations will be considered in Section 2.8.

Let {H}y be an s-constant deformation of H C G. We define the associated 1-cochain,
X € Céef('H(] C G), by Xo := [Xo] (the class of Xy in the quotient space C’éef(H cg) =
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Céef (L)

W ), Where

_ d _
Xo(h):= | ¢c(h) € TG, (Xo€ Cies(t)).
e=0

The element Xy is called the infinitesimal cocycle associated to the deformation {#H.}qs of

‘H C G. This terminology is justified by the following

Proposition 2.4.4 The 1-cochain Xy € Céef(% C G), defined above, is a 1-cocycle. The
corresponding cohomology class in Hcllef(’H, C G) depends only on the equivalence class of the

deformation.

Proof. For some A fixed, consider the compatibility condition satisfied by each ¢¢ of {H}g,,

Ge(Me(ma(h, k), k) = mg(ge(ma(h, k)), o (k)),

where m. and m. denote the division and multiplication maps on H., respectively. Note that

in this expression it is fundamental the fact of taking an s-constant deformation. By applying

%L:/\, we get
—dmg (Xa(ma(h, k), Xa(k)) + Xr(h) = —dor(Ex(h, k)
= —[(¢r):&n] (. k).
That is,
055 (X2) = —(0a)&x € (82)xClis ().
Thus,

0, (X)) =0,

and hence A = 0 gives rise to the fact that Xy is a 1-cocycle of Céef(?‘-{o C g).

Take now {#.},. a deformation of H C G equivalent to {Hc}4 , and denote by X its
infinitesimal cocycle. By remark 2.2.8, this amounts to have ¢ o F, = I, o 1)¢; for some
unique smooth families of isomorphisms F, : H. — H,, and of bisections of G, {o.}., with
Fy = Idy and og = 1g. The exactness of Xy — X comes from differentiatin at € = 0 of such
an equivalence condition ¢eo Fe = I, _ov.. Thus, it suffices to use the chain rule and to look at
the trivial deformation. Therefore, the proof follows from the following lemma, which shows

that a trivial deformation has an exact infinitesimal cocycle. %

Lemma 2.4.5 If {Hc}4.y is a trivial deformation of H C G, its infinitesimal cocycle Xy is

exact.

Proof. By remark 2.2.8, {#.}4 being a trivial deformation means that

¢€OFE:IO'€OL’
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for families F, : X — H, and o, € Bis(G) with Fy = Idy and o9 = 1g. In this way, by

taking derivative with respect to €, we see that

X\(Fx(h)) +d¢)\(%

=61, 0.(@")(n) (Proposition 2.4.2 with ¢g = ¢).
In other words, we have

XA(Fx(h)) = 5Ig/\ob(@)\)(h) - ((¢A)*TA)( X Ty € Cos(F))

=61, 0i(@)(n) = ((é2)« (FXTN)nys Th € Cles(H)
= 030 (@) () — (FX(62):T2) 1y
= (F 06, 0 (F\)g) (@) ) — ( FX(02)T2) 1y »

where in the last equality we use that Fy and (F))x are cochain maps.

Thus, by applying (F))x, we get

Xa(h) = 64, (@) ) — (2)T2) gy 3 @ = (Fa) (@) € Cep(62)-

That is, the 1-cocycle Xy = [X,] € C’Cllef(”H,\ C G) is exact: Xy = [64, (1)) = 0g, [@Y]. O

2.5 Moser’s trick

In this section we describe Moser’s deformation argument in the context of morphisms of

Lie groupoids and Lie subgroupoids. We begin with morphisms. First, a technical remark.

Remark 2.5.1 Note that, in the context of Lie groups, if ¢ : H — G is a family of
morphisms of Lie groups, one has C’gef(qﬁe) =g for all e € I, so talking about the smoothness
of the family of 0-cochains {u. € Cgef(qﬁe)}E simply amounts to talking of the smoothness
of a family of elements in g. However, the situation in the context of Lie groupoids is a
bit different. If {(¢e,dc) : H —> G} is a smooth family of morphism of Lie groupoids,
C’gef(q5€) = T'n(¢*Ag), where N is the unit space of H; so the space of 0-degree cochains
depends on the base map of the morphism. In this sense, we will say that a family of 0-cochains
{a‘ e C'gef(qbe)}E is smooth if the section & € FNX1(QZ;*AQ~) defined by a(z,€) = (a(x),€) is
smooth; where G = G x I and (¢, ¢) is the morphism between the groupoids H = N x I and
G = M x I such that restricted to the fiber over € is (¢c, de).

Theorem 2.5.2 Let (¢o,¢0) : (H = N) — (G = M) be a morphism of Lie groupoids.

Assume that ¢g is an injective imersion and N is compact. If the associated cocycle X, = %qﬁg
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is exact in a smooth manner, then the deformation {p¢} is trivial.

Remark 2.5.3 The smooth exactness condition of the 1-cocycles X, is just another way to
say that Xc = 04 (), where a is a smooth family of 0-cochains in the sense of Remark
2.5.1.

Proof. For this proof we use the notations of Remark 2.5.1 above. On the one hand, note
that ¢(N x I) is a closed embedded submanifold of M x I. In fact, since N is compact ¢ is an
embedding, thus, after shrinking I if necessary, the map ¢ : N x I — M x I is an injective
imersion, and also an embedding due to the fact that each ¢, is an embedding. Moreover,
the compactness of N also implies that ¢(N x I) is closed inside M x I. On the other hand,
since ¢ is injective then the section & € F((ﬁ*A ) can be regarded as a section of Ag| FNKD)
Therefore, the section & can be extended to a section « of all Agxr. Choose the extension in
such a way that its support is contained in an open subset U x I C M x I, where U C M
is an open subset containing ¢o(N) with compact closure U. Note that this extended section
has the form a(z,¢) = af(z), with a¢ € T'(Ag) extending a¢ € I'(¢F Ag).

In this way, each X, = dy (ac) is the restriction of the vector field Z, := dg(ac) € C’éef(g)
to ¢c(H) C G. In fact,

Xe(h) = 0. (@) (n) = Tg.(n) (@ ((h))) + Lo (n) (di( E(S(h))))

(o o
= T¢E(h (Oée(_e(t ) + l¢ (h (dz(ae h))))) (2.5)
= Tge(n) (“(t 0 Ge(h))) + g n) (di(a“(s 0 ¢c(h))))
= 06 () (¢ (h))-

Now, consider the time-dependent vector field o = {35} on G, and denote by !0 its
(time-dependent) flow. Due to the compactness of U and the vanishing of the sections outside
U, the flow ¢ is defined on all M for € samll enough. Let o, be the family of bisections of G
given by, by o(z) := ¢%°(x) for x € M, and consider the associated deformation {I,, o ¢g}
of ¢g. We will show now that ¢. = I, o ¢g, for e small enough, which will completes the proof.

In fact, by Lemma 2.4.2, the deformation {I,, o ¢g}, has exact associated cocycles. Namely,

Ya(h) = —

e IR )

e=A

_ A A
=TIy (¢0(h)) (am(t(¢o(h)))) + ZIJA(¢o(h)) (dl(%ﬂ)\(s(%(h)))))
= 61, 060 (@) 1)



2.5 MOSER’S TRICK 21

where 6* = (¢ 0 ¢o)*a* € Tn((px 0 ¢o)*Ag) and, as before, ) is the base map associated
to I,,. Hence, Yj is the restriction of dg(a?) to (I, o ¢o)(H):

A A . A
dg( )(IUA°¢0)(h) = Moy (¢0(h) (at(IU)\O(bO(h))) T llf’A (¢o(h)) (dl (QS(IUAO¢O(h))>) ’

Summarizing, by (2.5), X can be viewed as a restriction of Zy; and similarly, by (2.6), Y, as a
restriction of Zy. In other words, (2.5) and (2.6) tell us that {e — ¢.(h)} and {e — I, o ¢o(h)}
are integral curves of the time-dependent vector field, {Z.}., passing through ¢o(h) € G at
time € = 0. Therefore, ¢.(h) = I, (¢(h)) for all € small enough. O

Remark 2.5.4 In the previous proof we could have extended the section & to another o # «,
getting a family of bisections {ol} # {o¢}. With this other family we would arrive at the same
conclusion because they agree when restricted to ¢o(N), i.e., oc(x) = al(x), for all z € ¢o(N).
In fact, their values over ¢o(N) are determined by the elements ., as expression 2.4 shows.

Therefore, the proof does not depend on the choice of the extension «.

For Lie subgroupoids we also have a result analogous to that of Theorem above. Before
stating it we make a definition in the same spirit as remark 2.5.1.

Let {He}{¢>5} be a deformation of H C G. Note that, by definition, the subgroupoid
deformation complex in degree zero for each H, C G is Cgef(He C g = In(eeda) 1 thig

Iy (pzA,)
Way,

Remark 2.5.5 Assume {[a“]}.c; is a family of 0-cochains, [a°] € C’gef(’i’-l6 C G). We say
that {[a“]}.c; is a smooth family if there ewist representing & € [&°] such that {éc}e is a

smooth family of cochains in the sense of remark 2.5.1.

Theorem 2.5.6 Let {H.}. {g} G be a s-constant deformation of H C G, with H compact. If

each associated cocycle X, = [X.] is exact and equal to 6, ([&<]), with {[&€]}, a smooth family

of cochains, then {Hc}, is trivial.

Proof. If X, = [X.] = d4_([@¢]) in a smooth way, by the remark above, we have

Xy(h) = 5@(&’\)(;1) = ((2)«Tx) ), for some T € C’;ef(?':[x), for any A.

Moreover, smoothness of {&.}, implies smoothness of the time-dependent vector field T' :=

{T¢}, defined on Ho = H. Then, by applying 4, to the expression above, we get

—(@2)+éx = —(02)+(057, Th)-

Or equivalently, by injectivity of (¢y)«,

T = &y;



22 DEFORMATION OF MORPHISMS AND SUBGROUPOIDS 2.5

which says that the (time-dependent) flow of T' = {T.}. gives rise to Lie groupoid isomor-
phisms F, : Ho — He, e € J C I (Proposition 2.1.6).

Now, define ¢, := ¢, o F.. We will show that {(ﬂo,we)}ge 7 is a trivial deformation of
H C G, completing the proof (the family {F.}. will give us the equivalence between {He}y,
and {Hc}o,).

In fact, note that {¢} is a deformation of the inclusion morphism ¢ : H — G, and
looking at the associated cocycles, f(f\ € C’éef(w)\), we have

XA (h) = Xa(Fa(h) + (62)T2) 7y 1))
= 05, (@) (5 ()
= 5¢)\0F)\(O_é)\)(h) = 67/’A (dA)(h), where dA = ;:5/\ € Cgef(d))\)'

Hence, by Theorem 2.5.2, we get 9. = I, o, that is, {1}, is trivial. O

Looking again to examples 2.2.6, note that another point of view of triviality of deforma-
tions can be considered. For instance, a family of elements in Aut(G) determines a deformation
of a given morphism ¢g : H — G and a Lie subgroupoid H C G. In this direction, we want
now to adapt the main results above to the context of all automorphisms of G. That is, to use
Aut(G) to define trivial deformations, instead of just the subgroup of inner automorphisms.
In this sense, a trivial deformation of ¢g will be a deformation of the form {¢ = F, o ¢o},,
where {F.}, is a smooth family of elements in Aut(G), with Fy = Idg; and similarly we define

trivial deformations of Lie subgroupoids.

For the following result we use the notations of remark 2.2.2.

Proposition 2.5.7 Let (¢, ¢) be a deformation of (¢o, o), with ¢ injective and G compact.
If the map in cohomology ¢* : Héef(g x I) — H;ef(qb) is surjective, the deformation ¢ is
trivial with respect to Aut(G).

Proof. Since ¢* is surjective, thereNeXist a cocycle Z € Céef(g X 1) (= Xsxpri—proj(g x 1)) and
a cochain & € Cgef(@ such that X — ¢*(Z) = d4(a). Then, by extending & to a section of
Agx1, there exists Z € Cc}ef(g x ) (ie. Z(g,€) = (Zc(g), f(s(g),€)) for some smooth family
{Z}e C Céef(g)d, and some f € C*(M x I)) which satisfies

d

—0e(h) = Xe(h) = Ze(e(h).

Hence, if F, := 4% are the automorphisms of G coming from the flow of the time-
dependent vector field on G, Z := {Z.},, we get F.(¢o(h)) = ¢(h). That is, the deformation

is trivial. O
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A similar result for Lie subgroupoids also holds. Consider the projection between com-
plexes m: Cg,.r(¢) = Cpep(d(H x I) C G x I).

Theorem 2.5.8 Let {Hc}, 4 = {Hc}, be a s-constant deformation of H C G, with H and G

compact. If the map H;ef(g xT) o) H;ef(¢(7-[ x 1) C G x I) is surjective, the deformation
{He}y is trivial with respect to Aut(G).

Proof. The proof follows an analogue idea to that of Theorem 2.5.6. Let [X] € C’éef(qﬁ(?-l, X
I) € G x I) be the cocycle defined by the deformation {H.}4, that is, X(g,€) := (Xc(g),¢€)
where [X ] € C, f(HE C G) is the family of cocycles corresponding to the deformation. From
surjectivity of 7o ¢* it follows that there exists Z € Céef(g x 1, Z(g,€) = (Zc(9), f(5(g),€))

(note that Z, € C},ef(ge)d), such that

[(¢)"Z] = [X] = ds(1a)); @ € Caep(0),

i.e.

(0)'Z =X — (9)T =b4(@); T € Ciep(H) (T(h,e) = (Te(h),r(s(h),e)),

which implies,
(¢e)*Ze - Xe - (¢e)*T€ = 5¢e (de)a Ve € Ia (27)

where a(z,€) = (a“(z), €).

Then, as in proof of Theorem 2.5.6, by extending & to a section a of Agxs, a(x,e) =
(ae(x),€), we get that g (@) can be viewed as the restriction of the field W, := §(af) €
Céef(g)cl-

In other words, equation (2.7) becomes
Xe=(0) Ze — (9p)Te;  Ze = Ze — We € Ciof(G)a. (2.8)

Applying d4, to (2.8)
_(Qbe)*& = 5055)_(6 = _(¢6)*6ETE‘

Thus, by injectivity of (¢¢)s, the vector field T € X(H), T(h,€) = (T.(h),0) + % (he)’
on M is multiplicative. Take {G. : Hy — H.} the family of isomorphisms induced by the
flow of T, and define ¢, := ¢, o G.. We claim that {(7:[0,1/16)}5 is a trivial deformation of
‘H C G, which completes the proof. In fact, note that {1}, is a deformation of the inclusion

morphism. Thus, looking at the associated cocycles X, € Cée f(¢€), we have

e(h) = () = Xe(Gelh) + (6T g, 00 = ((00)°2.)

de (Gew)
= Ze(ve(h)),
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where we use (2.8) in the third equality.

Therefore, from previous proposition, 1. = F, o, where {F.} are the automorphisms of G
induced by the flow of the multiplicative vector field on G, {Z}.. Thus, the family {F,} gives
us the equivalence between the deformations {H}y, and {#H.}4 . That is, the deformation of
H C G given by {(He, dc)]}e is trivial (w.r.t. Aut(G)). O

2.6 Simultaneous deformations

Following the spirit developed so far in studying deformations of morphisms and sub-
groupoids (definitions, deformation complex and Moserts argument), we can now study the
key facts of the most general case of deformations: given the triple of objects H N G, where
¢ is a morphism of groupoids, we want to deform each of the structures at the same time,
keeping the compatibility between them. That is, we want a family of triples {#. & Geteers
where {H,}eer and {G. }cer are deformations of H and G respectively, and {@¢ }ecr is a smooth

family of morphisms. In this way, we have the natural notion of equivalence of deformations.

Definition 2.6.1 (Equivalent deformations)

Let {H. & Gete and {H. £> G'}e be two deformations of the triple H i> G. We say
that they are equivalent if the deformations of H and G are equivalent in such a way that
the corresponding deformations of morphisms are related by those equivalences, up to inner
automorphisms. More explicitely, an equivalence is a family of triples {Fe, Ge, 0¢}eer where
{F. : He — H.}e and {Ge : Ge —> Gl}c are smooth families of isomorphisms and {oe :
M — Gleer is a smooth family of maps with o. a bisection of the groupoid G. for every e,
such that they satify

GloeoF.=1,, 00

for all € small enough.

In this sense, a deformation {H. ﬁ> Gete of H & G is said to be trivial if I, o ¢ =
G-'o ¢ o F,. for € small enough, where {F, : H — H.}. and {G. : G — G} are families

of isomorphisms of groupoids and o, is a smooth family of bisections of G.

Deformation complex and Moser’s trick

Consider the diagram of cochain maps explained in Remark 2.3.1. Out of this data, we
construct the complex which controls the deformations of the triple H i> G as follows. Take

the mapping-cone complex associated to the cochain map ¢.,

MC*(¢) = Ct (H) @ Cie(9) (2.9)

with differential 05704, )(¢,Y) = (03¢, dxc —J4Y). Note now that the map ¢* in Remark
2.3.1 induces a cochain map ¢* : ;;ef(g) — MC*(¢«) putting zero in the first compo-
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nent, qﬁN* :c— (0, (—1)d69(c)c). Take now the mapping-cone associated to ng*, getting the

deformation complex of the triple,

Ciff (#.6.9) i= MC"(§%) = MC™(6.) & C3(@)
= Cilf (H) @ Clep(0) © Ci(9),

with differential 6(c, X, ¢) = (—0pc, 84(X) — duc + (—1)de9(0) p*g, dgc).

In this way, given a deformation {H. RN Gete of {H N G}, by computations similar
to those in Proposition 2.4.1 and Proposition 2.4.4, we get that (£, —X,&g) is a 2-cocycle
in C', f(H, ®,G), where &y and &g are the respective deformation cocycles for H and G, and
X = % o ®e 1s the usual cochain (Section 2.4) associated to a deformation of morphisms.

In fact, that (4, —X,&g) is a cocycle follows by applying %‘
{He 25 Go)e

o to the compatibility of

€=

D1 butmm(gn b)) = L g, (6gh), 6e(h)
e=0 e=0
= X(9) + 0:Eulg. h) = E6(0(a), 6(h) + dig(X (gh), X (1)
= 0p(X) + ¢l — 9" = 0.

The fact that the corresponding cohomology class of (37, — X, £g) only depends on the equiv-
alence class of the deformation is also an analogous computation. Thus, we pass now to

establish the main result concerning this type of most general deformations.

Theorem 2.6.2 Let {H. (9) Gete be a deformation of (H N G), with H and G com-
pact, and ¢. injective for every e. If the family of associated cocycles {(£3.,—Xe,&g.) €
Cgef (He, be, Ge) }e is transgressed by a smooth family of cochains {(Ye, G, Ze) € Céef(HE, ey Ge)te,
then the deformation {H. N Gete is trivial.

Proof. Exactness of the family of cocycles amounts to

En. = —0n Yo
X = 5@56 (de) - ¢*Ye - d)*Ze;
§g€ = 6geze'

By the first and third equation, if ¢, and 1. are the time-dependent flows starting at zero
of the vector fields {—Y.}c and {Z,}. respectively, then they define the equivalences with the

corresponding constant deformations of Lie groupoids. We claim that these equivalences can
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be used to prove the triviality of {H. Pe, Gete. In fact, by using Theorem 2.5.2, we will show
that the family of morphisms {f. := 9! 0 ¢. 0 ¢}, is a trivial deformation in the sense of

the definition at the beginning of Section 2.2. Note that such a family satisfies,

(imm—(iﬁf)@wwﬂm+dMVXMMMD—(w o 60) (Ye(e()

= —dp " (Ze(¢e 0 pe(h)) + vt (Xe(e(h)) — dib .t [de (Ye(pe(h))))]
=dyp. " [Xe(@e(h)) = ((06)+YE) (oo (h)) — (D Z) (oo ()]

= —dyp7 " (84, (@) (pe(h)))  (by transgression equations above)

= —d; " (6peop. (@) (B) (A = plde)
byt (@) (o =~ )ea0)

= 0r.(ac)(h),

where the second equality follows from the fact that (£ 1)(ve(h)) + dv7 (Ze(1be(h))) = 0
(apply % to 1 ! ot = Id). Therefore, by Theorem 2.5.2, -1 0 ¢. 0 o = I, 0 ¢, for € small

enough, as claimed. O

2.7 Particular cases and relation between (sub)complexes

In view that the complex C, f(H, ®,G) concerns the most general type of deformations of
the three structures (H, ¢, G), in this section we consider particular cases of deformations of
the triple and we look at their relation with some subcomplexes of Cj,((H, $,G). We begin
by the simplest case.

2.7.1 H and G fixed

In this case, we get a deformation of a Lie groupoid morphism. Of course, a deformation
{de}e of ¢ can be viewed as a deformation {H RN G}e of the triple (H,¢,G). This fact is
expressed, in cohomological terms, by the injection C7, f () — C5, f(?-[, ?,9)

X — (0,-X,0).

Moreover, this map takes the infinitesimal cocycle of {¢.} to the infinitesimal cocycle of
{H & G}e. Therefore, in this case, the relevant subcomplex controlling deformations of this
type is given by {0} & Cj,;(¢) & {0}.



2.7 PARTICULAR CASES AND RELATION BETWEEN (SUB)COMPLEXES 27

2.7.2 (G fixed

In this case, the relevant subcomplex is CZZ;} (H) & Chep(¢) ® {0} In fact, it is not
hard to see that a deformation like {(He, de,G)}e is governed by the mapping-cone com-
plex MC*((¢o)«) (see (2.9)) (associate the cocycle (&, —X) € C’gef(?‘-l) @Ccllef(@). Thus the
(injective) chain map MC*(¢.) — Cj (K, ,G)

(¢, X) = (=1)%90) (¢, X, 0) (2.10)

shows that the subcomplex C;e':cl (H) & Cj.;(¢) @ {0} controls the deformations of the triple
when we fix the groupoid G.

Important examples of this type of deformations are given by deformations of Lie sub-
groupoids {He C G}y, . Therefore, the injection (2.10) above reflects, in cohomological terms,
the fact that a deformation of subgroupoids {Hc}¢.} induces the deformation {(H. KN G)}e
of the triple (H,¢,G). In terms of the complex MC*(¢,) above, we obtain the following

proposition whose proof is similar to that of Theorem 2.6.2.

Proposition 2.7.1 Let {H.}. (o G be an s-constant deformation of H C G, with H com-
pact. If the family of associated cocycles {(&y., —X.) € Cgef(He) @ Céef(qﬁe)}6 is transgressed
by an smooth family of cochains {(T¢, ae)}e, the deformation {He C G}, is trivial.

Note the analogy of the statement above with that of Theorem 2.5.6. In fact, by using the
fact that every (é)« is injective, it is not hard to see that the condition of {[X,] € Céef (He C
G)}e being transgressed by an smooth family is equivalent to the one of {(&3,, —X¢)} being

transgressed by an smooth family of cochains (this is not true in general for any deformation

{H. dée}e of the triple (H, ¢, G): the smoothness of the family of primitives of (&3, , —X.) would
not be guaranteed just by assuming the smoothness of the family of primitives of [X.]). In
this sense, Theorem 2.5.6 and Proposition 2.7.1 above prove the same thing, with the same
assumptions, in terms of two different complexes. We prove now that these two complexes

have the same cohomology.

Proposition 2.7.2 Let ¢ : H < G be the inclusion map of the subgroupoid H. The short
exact sequence (2.2) determined by the deformation complex of subgroupoids induces an iso-
morphism, F : Hj (H C G) — H*(MC(ti)), between the deformation cohomology of
H C G as subgroupoid and the cohomology of the mapping-cone complex of the cochain-map
b+ O (M) — G (i)

Proof. In order to define F, we look at its action on cocycles. Let [c] € C’f;ef(’H C G) be a

cocycle. By the exactness of

0 = Cjop(H) == Cjop(t) — Ciop(H C G) — 0, (2.11)
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in C, ;(H C G), there exists an element in ck () which projects to [c]; assume it is c. Thus
dp(c) € ng}l(b) projects to zero in ng}l(’;’-{ C G). Therefore, d4(c) = 14(£), for an unique

element £ € ng}l (H). In this way, we define F by,

F([d) = (€, —e)] € HH(MC* (1))

The fact that (£, —c) € 05;}1 (H) @C(’jef(b) = MC¥(1,) is a cocycle follows from the injectivity
of ¢,. To check that F is well-defined and injective is a straightforward computation. An inverse
for F is given by Z([({,¢)]) := [—c], which is well-defined and injective (a straightforward

computation again). O

Remark 2.7.3 Following the arguments of the previous proof, one has in fact a general prop-
erty for any injective chain map ® : A — B between complexes: there is an isomorphism
between the cohomology groups of the cokernel complex of ® and the ones of the mapping-cone

complez of P.

Thus, in view of Proposition 2.7.1 and Proposition 2.7.2, we can regard the complex

MC*(1y) as another complex controlling deformations of subgroupoids.

2.8 General deformations

In this section we show how the correspondence ‘deformations-cocycles’, explained in
Section 2.4, for strict deformations of Lie subgroupoids also apply for general deformations
of Lie subgroupoids (remark 2.2.5). That is, we associate a cohomology class to a general
deformation of subgroupoids.

In view that this process is similar to that described in Crainic et al. (2015a) for general
deformations of Lie groupoids, we indicate here the main steps for the case of Lie subgroupoids.

Let

(H—sN-—T"51) 2 (G x I 2% M s 1 -0 1) (2.12)
I

Shy [ @

be a general deformation of H C G as subgroupoid. Take X € X(H) a tranverse vector field
for H (i.e., X projects by § to a vector field on N which in turn projects to the vector field
d/0e € X(I)). Then, if we denote by prg : G x I — G the projection to G and by Hy the
fiber of H over 0, the element X € Cley (@) defined by

X = ((prg)« ()X )l g,

induces the cocycle X := [X] € Céef(?-[ C G). In fact, by (Crainic et al. (2015a), Prop. 5.12),
5H(X) € Cgef(ﬁ) restricted to Hy is tangent to Ho C H, therefore dy(¢.X) = qﬁ*(&g(j()) €
Cgef(qﬁ) when restricted to Hy C H is tangent to t(Hp) C G. Thus, due to the fact that
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soto. 5|, = (3 (o0,

G); that is, X = [X] is a cocycle in Céef (H C G). The corresponding cohomology class of X

> ,O), we get that §,(X) € C?lef(L) is tangent to t(Hy C

is called the associated cohomology class of the deformation (I:[ ,®). That this class does not
depend on the choice of the tranverse vector field is proved in a similar way to that of (i)
in Proposition 5.12 of Crainic et al. (2015a).
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Chapter 3

Application: Rigidity of Lie group

morphisms and Lie subgroups

This chapter aims to use the deformation theory developed in the previous work in the con-
text of the Lie groups theory. This will give us, under compactness conditions, rigidity results
for Lie group morphisms and Lie subgroups in relation with those made in Nijenhuis and Richardson Jr
(1967) and Coppersmith (1977). For that we will express several of the previous results in
the language of Lie groups, which provides a more direct analogy with the arguments of the
classical Moser’s trick in symplectic geometry. In particular, this will indicate that for the case
of Lie group morphisms and Lie subgroups, the space of cochains of the Lie group complex is
the analogue to the space of forms on M (the space cochains of the de Rham complex), and
the deformation cocycles are the analogue to the cocycles %we € Q(Qz (M) appearing in the
classical Moser’s theorem. The last section of this chapter explains the rigidity results and

compares them with some related works existing in the literature.

3.1 Lie group cohomology

In this section we briefly recall the Lie group complex associated to a representation V'
of a Lie group G, and describe the representations useful for our purposes. Having in mind
the classical Moser’s theorem in symplectic geometry, in our approach, the corresponding Lie
group cohomology can be seen as the analogue to the de Rham cohomology, they will play
the same role as the de Rham cohomology groups for deformations of symplectic forms on a
manifold, as explained in McDuff and Salamon (1998). As in the previous sections, we study
deformation problems in an infinitesimal way. In this sense, to each deformation, we associate
certain cocycles which preserves the infinitesimal information, and look at its corresponding
cohomology classes. With this in mind, we now describe the relevant cohomology theory for

us: the Lie group cohomology.

31
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Let G be a Lie group and p : G — GL(V) be a representation of G. The cochain
complex of G with coefficients in V is defined as follows: the cochains C*(G, V') of degree
k are given by the smooth functions of G* with values in V, C=(G*, V), with differential
8, : C*(G,V) — CK1(G, V) described by

k
0pC(g1: - Gk+1) == p(g1)c(ga; - Grt1) + Z(—l)lc(gl, -GiGi+1, - Gh+1)
1

1=
+ (=) e(gr, .., gr).

For any representation p of G, we have 52 = 0; the resulting cohomology is denoted by
HE(G, V).

For this chapter, the following examples will be useful for us.

Example 3.1.1 Take V = g, the Lie algebra associated to G, along with the adjoint repre-
sentation of G, Ad : G — GL(g). We denote the differential by §, and the cohomology by
H*(G,g).

Example 3.1.2 Take V = g. If ¢ : H — G is a morphism, p = Ado ¢ : H — GL(g) is
a representation of H. In this case, we denote the differential by 04 and the cohomology by
Hi(H,g).

Example 3.1.3 Let H C G be a Lie subgroup of G, take V.= g/b, where h C g is the Lie
subalgebra associated to H. We have a representation of H on g/b induced by the represen-

tation of H on g of previous example (with ¢ = + : H < G). In this case, we denote the
differential by 0 (again) and the cohomology by H*(H,g/h).

Remark 3.1.4 Note that, by putting together the previous two examples, if ¢ : H — G is
a morphism and b is the Lie algebra of H, one also obtains a complex with differential and

cohomology that we denote by 5¢ and H(’;(H,g/ﬁ) respectively, where b is the Lie subalgebra
of ¢(H).

Remark 3.1.5 Observe that, with the same notation of the previous remark, there is a natural

cochain-map between these complexes:

¢. 1 C*(H,b) — C3(H,b) C C;(H,qg).

3.2 Deformations of morphisms and Lie subgroups

For clarity, in this section we adapt the definition of deformation of Lie groupoids, mor-
phisms and Lie subgroupoids to the context of Lie groups. We start by considering the key
facts of deformation of Lie groups.

Let G be a Lie group with multiplication m : G x G — G.
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Definition 3.2.1 A deformation of the Lie group G, {(G,m¢)}eer, is a smooth family of
maps {me : G Xx G — G} with mg = m (i.e. a deformation of the map m), such that every
(G,me) is a Lie group. We denote the Lie group (G,m) by Ge. The deformation such that

me = mg for all € is called the constant deformation of G.

Example 3.2.2 If {F. : G — G} is a smooth family of bijective functions with Fy an auto-
morphism of G, one obtains a deformation {m.} by makingm(g,h) = F-1(m(F.(g), F.(Rh))).
In other words, this deformation is determined by the flow of a time-dependent vector field
(the one induced by the family {F.}c). This type of deformation is called a trivial deformation

of the Lie group (see definition below).

Definition 3.2.3 (Equivalence of deformations) Two deformations of G, {G.} and {G"} are
called equivalent if there exists a smooth family, {F.}, of isomorphisms F. : G, — G’ such
that Fy = Idg. The deformation {G.} is said to be trivial if it is equivalent to the constant

deformation. The Lie group G is called rigid if any deformation of G is trivial.

Remark 3.2.4 If {ée} is a deformation of G, one can always assume that the identity of
G remains fized by the deformation. (We can always build an equivalent deformation which
keeps the identity fized).

There is a natural cochain map ® which relates the deformation cohomology of G to the

group cohomology of the adjoint representation of G. Namely @ : C’gef(G) — C’ff‘d(G, 9),

®()(g1s s gr) = 11 (c(91, - K))-

Note that ® is an isomorphism.

Now we pass to give an infinitesimal description of deformations of Lie groups, by following
the general principle of deformation theory: associate to every deformation a deformation
cocycle in an appropriate cohomology. In this case, such a cocycle is a rewriting of that
of deformation of Lie groupoids determined by the isomorphism ®. Namely, given {G.} a

deformation of the Lie group G, its deformation cocycle is:

d
1
§0<g7 h) = _Tmo(g’h,) <Ci6

me(g, h)) eT.G=g.

=0

By its definition, &y has the infinitesimal information of the deformation close to Gy, and it
is one of the main ingredients to study the rigidity question for Lie groups, as shown below.
To see that &y is in fact a 2-cocycle it suffices to take derivative at ¢ = 0 of the associativity
property of the multiplication m.. Similarly, one can consider the 2-cocycles, &, in time
different from e = 0.

The rigidity question for Lie groups is based on the following proposition whose proof we
sketch in order to motivate the proofs of the rigidity results of morphisms and Lie subgroups

below.
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Proposition 3.2.5 Crainic et al. (2015a) Let {G.} be a deformation of the compact Lie
group (G, mg). Consider the (smooth) family of deformation cocycles {&. € C*(Ge,g)}. If
there exists a smooth family, {X. € CY (G, g)}e, of primitives of {€.}, i.e., elements such that

0cXe = &, the deformation is trivial.

Proof. Given the family {X, : G = G, — g}, we can construct a family of vector fields on
G, {X. = 76(Xe(g))}, where 7¢ is the right translations on Ge. The family of isomorphisms
F. : G — G, arisen as the flow of the time-dependent vector field {X,}ccs gives rise to the

equivalence of the deformations. O

Remark 3.2.6 Note that, in the previous proof, the cohomological condition . X, = & is

which guarantees that the induced flow is by isomorphisms of Lie groups.

Therefore, by using the homotopy operator of the Lie group complex (which exists if the

Lie group is compact) is obtained the following

Corollary 3.2.7 (?, Thm. 7.1)

Every compact Lie group is rigid.

We now define deformations of Lie group morphisms and Lie subgroups. Given H, G
Lie groups and ¢ : H — G a Lie group morphism, we call the family of maps {¢c}.; a
deformation of ¢ if this is a smooth family of morphisms ¢, : H — G with ¢¢ = ¢. Clearly,
if {e — g.} is a smooth curve in G with gy = e € G then, by conjugating ¢ by every g., one
obtains a deformation of ¢, ¢ := I, o ¢. This is called a trivial deformation of ¢. Also, we
will say that two deformations of ¢, {¢.} and {1}, are equivalent if there exist a smooth
curve {€ = g} in G, with gg = e, such that ¢ = I, o ¢, for all e. The morphism ¢ is called
rigid if any deformation of ¢ is trivial.

The definition for Lie subgroups is as follows. Let H C (G, m) be a Lie subgroup, then
(H, m|y) is a Lie group, where m|, : H x H — H.

Definition 3.2.8 A deformation of H C G as Lie subgroup is a deformation of m|, as Lie
group, {H.}, together with a smooth family of injective morphisms {¢. : H. — G} with
¢o = ¢t : H — G. We will denote this deformation by {Hc}s or by {H.} when there is
no confusion. The deformation such that JEIE = H and ¢. = ¢ will be called the constant
deformation of H,i.e., H. = H for all €.

Definition 3.2.9 (Equivalence of deformations of Lie subgroups) Given two deformations
{H.} and {H!} of H C G as Lie subgroup. We will say they are equivalent if there exist a
smooth curve g, in G, with go = e, such that H, = I, (H.) for every € € I. The deformation
is said to be trivial if it is equivalent to the constant deformation. The subgroup H is called

rigid if every deformation of H is trivial.
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Remark 3.2.10 Note that, by the injectivity of ¢, if two deformations {H}y, and {H/}y,

are equivalent there exist a unique family of isomorphisms {F, : He — H!}. such that

e o Fe :Ig(e) O Qe

and since every V. is an immersion, this family is smooth. (Recall that injective morphism of

Lie groups is also an immersion,).

We now apply the ‘general principle’ of deformation theory to deformations of morphisms

and subgroups.

3.2.1 Relation with deformation complexes and associated cocycles

Analogous to the deformation complex of a Lie group G, if ¢g : H — G is a morphism
of Lie groups, there exists a natural cochain-map ¥ : C;ef(%) = Coy (H,g) given by
V(e)(hy,...,hy) = T;()l(hl)(c(hlv ey hi)). Then if {@¢}ecr is a deformation of ¢, we have the
following 1-cocycle in CF (H, g) associated to the deformation

. L d
Ko0) 1= 13y 71| 6l

which is the image by ¥ of the deformation 1-cocycle associated to {¢¢}e. The element X will
be also called the infinitesimal cocycle associated to the deformation {¢.}. Hence, Proposition

2.4.1 is translated as follows.

Proposition 3.2.11 Let {¢c}e be a deformation of ¢pg. The corresponding cohomology class
m HQ150 (H,g) of the cocycle X, defined above, depends only on the equivalence class of the

deformation.

For Lie subgroups the situation is similar: since the cochain-map ¥ defined above (making
¢o = ¢ : H — G) restricts to lIl’C;;ef(H) : Cjos(H) — C*(H,b), the map ¥ induces the

isomorphism of complexes W : C’;ef(H CcG) — gbggg;, and this latter complex is clearly
related to C*(H, g/b) by the isomorphism F : gbgggg — C*(H,g/h),

F([e])(h1y oy hg) = [e(ha, ..., hg)] g /8-

Therefore if {H.}4 is a deformation of H C G, the deformation cocycle of {H.}, has
image (by F o W) X, € C'(H,g/h) given by Xo(h) = [Xo(h)]g/h, where
Ko i=rghy | 6w €a (Koeci(mg)
0 = b e 0 € 9, 0 L ,8))-

€

The cocycle Xy will be also called the infinitesimal cocycle associated to the deformation
{Hc:}4 of H C G. Thus, proposition 2.4.4 turns,
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Proposition 3.2.12 Let {H}4 be a deformation of H C G. The corresponding cohomology
class in H(H, g/h) of the cocycle Xo, above described, depends only on the equivalence class

of the deformation.

3.2.2 Rigidity

In order to prove the rigidity results for Lie group morphisms as an application of the
deformation theory of morphisms of groupoids, we write the Theorem 2.5.2 in the language

of Lie groups theory.

Proposition 3.2.13 Let {¢c} be a deformation of ¢o : H — G. If every associated 1-cocycle

X is exact and equal to 9y, (u®), with {u},. a smooth family of elements in g, then the

deformation {¢.}e is trivial.

Theorem 3.2.14 (Rigidity of morphisms)
Let ¢ : H — G be a morphism of Lie groups. If H is compact, ¢ is rigid.

Proof. Let {¢.} any deformation of ¢. If H is compact, each quse(H , g) vanishes. One prim-
itive of X, is given by u¢ = — S Xe(h) dh € g, where the integral is taken w.r.t. the Haar’s
measure of H. Thus, since X, is a smooth family (X, : H — g), the family of elements {u¢}

of g is smooth. Now, apply the previous proposition. O

Remark 3.2.15 In Lee (197}) was already studied a little different notion of rigidity of mor-
phisms of Lie groups. There, the author considers the action of G on Hom(H,G) (the set of
continuous homomorphisms) given by g - ¢ := Iy 0 ¢ and says that ¢ is rigid if the orbit Oy
of ¢ is an open subset of Hom(H,G) with the compac-open topology. Thus, such a notion of
rigidity of ¢ implies that any deformation of ¢ is of the form I, o ¢, for g a curve in G.
However this curve g is not necessarily smooth. Therefore, this notion of rigidity does not
necessarily imply the ours. Conversely, if ¢ is rigid in the sense of our notion, still that any
small curve in Hom(H, Q) starting at ¢ is inside the orbit of ¢, we can not guarantee that ¢
is Tigid in the sense of Lee (1974).

Theorem 3.2.16 (Rigidity of Lie subgroups)

Every compact Lie subgroup is rigid.

Proof. Let H C G be a compact Lie subgroup of G and {H5}¢> be a deformation of H C G.

Consider the family of 1-cochains associated to the deformation,

5 _ d - .
X =i (45| o) en (%l g
Note that {Xe H — g} is a smooth family of functions. Now, since H is compact, proof

of vanishing of cohomology says that, for £ > 0, there exist an homotopy operator A€ :
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k—1
Cze(Heag) — C¢€ (H7g)7

he(c)(hla ) hk—l) = / Ad(d)e(h))c(h’a hla ey hk—l)dha
He

where the integral is computed by taking the Haar’s measure defined on H.. Then, since
{lEIg}6 is a smooth family, the family of Haar’s measures also varies smoothly, in the sense
that fHe f, for f € C*°(H), is a smooth function w.r.t. e. Hence, {u‘} := {hf(j(e)} is a

smooth family of elements in g. Thus,

Xe = 5¢E (ue) — TE,

where T, = h¢(—(pe)«&e) € (¢)«C (He, b). So, define T, € C*(H,h) by T. =: (¢¢).T.. By
applying ds,, we get —§ = 0 Te. Then, by proposition (3.2.5), {T¢} induces a smooth family
of isomorphisms F, : Hy — H, with Fy, = Idy. Define the deformation of the inclusion
H < G, ¢ :== ¢ o F.. We claim that {1} is a trivial deformation. Indeed, its associated

"/
1-cocycles, X, are

X!(h) = Xc(Fe(h)) + (o)« Te(Fe(h))
= 8¢ (U) (F.(n)) = Opeor. (U ) ()
= 0y (U (n)-

Therefore, by proposition 3.2.13, the deformation {4} is trivial. This means, ¢.o F, = I o;
obtaining thus the triviality of {H.},. O

Remark 3.2.17 In Coppersmith (1977) was already considered the question of rigidity of Lie
subgroups, the author uses some analytic and algebraic tools to prove a more general notion of
rigidity. Indeed, by assuming that the factor group H/H° is finitely generated (here HY is the
connected component of H at the identity), the rigidity result of Lie subgroups, as established
in the previous theorem, can be seen as a particular case of Theorem 1 in Coppersmith (1977).
Thus Theorem 3.2.16 above is implied by Theorem 1 in loc. cit., however our proof provides a
simpler and more geometric proof of (our type of ) rigidity but in turn it needs an additional

condition of compactness on the statement.

Theorem 3.2.18 (Triviality of morphisms up to the action of Aut(G)) Let {¢.} be a defor-
mation of ¢g and X, its associated 1-cocycles. Assume that there exist Z. € CHG,g)a such
that ¢*Z, = X, (i.e. Zel gy = X.). If {r(Z.)}, is a smooth and complete (time-dependent)
vector field on G, then {¢c} is trivial.
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Proof. This follows directly from the next fact,

d

2 0e(h) = 19, (1) (Xe(R)) = 79, (1) (Ze(@e(1))

= (r(Ze) (¢ (ny) -
Thus {€ — ¢(h)} is an integral curve of {r(Z)}, . So, if > is the flow of {r(Z.)}, F. := ¢*°

are automorphisms of G satisfying Fi(¢(h)) = ¢c(h). This is, {¢.} is trivial up to the action
of Aut(G). O



Chapter 4
Deformation of symplectic groupoids

The aim of this chapter is to introduce the study of deformation of geometries over Lie
groupoids. In the case of symplectic structures, for instance, we can think of it as the defor-
mation (over the same manifold) of both the groupoid and symplectic structures keeping a
compatibility condition (the one reflecting the multiplicativity of the symplectic structure).
In this sense, such a notion has a intuitively simple formulation (See Definition 4.2.1). We will
work on this concept in an infinitesimal way by using the ‘principle of deformation theory’,
that is, we get a cohomology theory controlling the deformations of symplectic groupoids,
and use it to get an analogue of the classical Moser’s theorem in symplectic geometry for the
context of symplectic groupoids. For that, we first recall briefly some facts of VB-groupoids

which will help us to understand the cohomology mentioned above.

4.1 VB-groupoids

Intuitively, a VB-groupoid can be thought of as a groupoid object in the category of vector
bundles. They provide alternative ways to look at the representation theory and the deforma-
tion theory of Lie groupoids. For instance, the deformation complex of Lie groupoids (Section
2.1) can be seen as a complex naturally associated to the cotangent groupoid when regarded as
a VB-groupoid, called the VB-complex (See Crainic et al. (2015a), del Hoyo and Ortiz (2016)
and Remark 4.1.6 below). This point of view will be useful for us in following section. Thus
we expose now briefly the notion of VB-groupoid, show some examples and describe the nec-
essary tools about VB-groupoids which will be useful for us. For a more detailed description
we refer the reader to (Mackenzie (2005a), Gracia-Saz and Mehta (2010b) and Bursztyn et al.
(2016)).

Definition 4.1.1 A V B-groupoid (T, E,G, M) is a structure of two Lie groupoids and two

39
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E

— M

vector bundles as in the diagram

wz[ﬁm

Q———H

where the vertical directions are vector bundle structures and the horizontal ones are Lie
groupoids, such that the structure maps of the groupoid I' (source, target, identity, multipli-
cation, inversion) are vector bundle morphisms over the corresponding structure maps of the

groupoid G.

Remark 4.1.2 Note that the multiplication mp : T'® —s T' makes sense as a vector bundle
morphism when it is considered the induced vector bundle structure of T® over G(2) (guaran-
teed from the fact that the ‘double source map’(q,8) : I’ — G s X E is a surjective submersion
(appendiz A in Li-Bland and Severa (2011)).

In this setting a morphism of VB-groupoids (¢r, ¢, ¢g, dn) : (T, E,G, M) — (I, E',G', M")
is a morphism (¢r, @) between the Lie groupoids I' = E and I" = E’ preserving the vector
bundle structures, i.e, such that ¢r and ¢g are vector bundle morphisms covering the maps
¢g: G — G and ¢p; : M — M’ respectively. Observe that, by restricting ¢r to the zero

section, ¢¢g turns out to be a Lie groupoid morphism.

Example 4.1.3 (Tangent VB-groupoid)

Given a Lie groupoid G = M with source, target and multiplication maps s, t and m, by
applying the tangent functor one gets the tangent groupoid TG = T M with structure maps
Ts, Tt, Tm and so on. This tangent groupoid is further a VB-groupoid over G = M (with

respect to the tangent projections).

Remark 4.1.4 Note that in the previous example one has the following short exact sequences

of vector bundles over G,

s*(Ag) 225" TG =% (T M) (4.2)
and '
#(Ag) = 176 T ¢ (T M) (4.3)

where r and | are the right and left multiplication on vector tangent to the s-fibers and t-fibers
of G, respectively; and (Ts)" and (Tt)" are the maps induced by T's and Tt with image on the

corresponding pullback bundles.
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Example 4.1.5 (Cotangent groupoid) As noticed in Coste et al. (1987), given a Lie groupoid

G its cotangent bundle inherits a groupoid structure over the dual of the Lie algebroid of G,
T*g :; A* ,

with source and target maps induced, respectively, from the dual of the exact sequences (4.2)
and (4.3). Explicitly, for ay € T,G and a € I'(Ag),

<'§(O‘g)a as(g)> = —(ayg,lgo Ti(a))

and
<t~(0‘g)>at(9)> = (ag,rg(a))

With multiplication determined by
<m(a97 ﬂh)? Tm(vga U)h)> = <ag7 ’Ug> + <Bh7 ’LUh> 9

for (vgawy) € (TG)P.

4.1.1 VB-groupoid cohomology

VB-groupoids have a special cohomology induced from their own groupoid structure
which, additionally, takes into account the vector bundle structure. The corresponding com-
plex is called the VB-groupoid complex and it was defined by Gracia-Saz and Mehta in
Gracia-Saz and Mehta (2010b). It turns out to be isomorphic (non-canonically) to the de-
formation complex of Lie groupoids (Remark 4.1.6), providing another interpretation of the
deformation complex of a groupoid; the definition is as follows.

Let I’ be a VB-groupoid. The differentiable complex of I' (as Lie groupoid) has a natural
subcomplex C};, (I') given by the fiberwise linear cochains of I'. The VB-groupoid complex
Cy () of T', is the subcomplex of Cj; (I') determined by the left-projectabe elements of

C;,(I'), that is, the elements satisfying the following two conditions

1. ¢(0gy,Ygas > Ygs) = 0,

2. C(Og “Yg1> Vg2 "'>'79k) = 0(791"7927 "'>'79k)-

This complex has important applications in the theory of representations (up to homotopy) of
Lie groupoids, in particular, it yields an interesting interpretation of the adjoint representation
of a Lie groupoid, this latter turns out to be closely related to the complex of the tangent
VB-groupoid (Gracia-Saz and Mehta (2010b)). But what is important for us, in this thesis,
is the following notorious fact which concerns its relation with the deformation complex of

Lie groupoids.
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Remark 4.1.6 A straightforward computation shows that the deformation complex of a Lie
groupoid G is isomorphic to the VB-groupoid complex of its cotangent VB-groupoid, C}; 5(T*G)
(del Hoyo and Ortiz (2016), Prop. 4.5). The isomorphism is given by Cg,(G) — Cy p(17G),
c— d with

(gys+37g) = (1gy> (g1, -1 Gh)) -

4.2 Deformations

The notion of deformation of symplectic groupoids can be formulated in a natural way
based on the the concept of deformation of Lie groupoids explained in Definition 2.1.2. We

just add the condition of this latter deformation to be by symplectic groupoids.

Definition 4.2.1 (Strict deformations of symplectic groupoids)

Let (G,w) be a symplectic groupoid, {Ge}e = {(G,me)}e be a strict deformation of G and
{we € Q2%(G)}e be a deformation of w by symplectic forms. We say that the family {(Ge,we) e is
a strict deformation of (G,w) if {(Ge,we) }e is a family of symplectic groupoids. Analogously, by
considering s-constant deformations of the Lie groupoid structure, it is defined an s-constant
deformation of symplectic groupoids. The deformation such that (me,we) = (Mm,w) for all €

will be called the constant deformation of (G,w).

Examples of deformations can be easily constructed (at least) in two simple ways.

Examples 4.2.2 Consider (G,w) a symplectic groupoid with (M,r) the Poisson structure
induced on the base M of G.

1. (Diffeomorphisms) Let {¢. : G — G} be a family of diffeomorphisms with ¢o = Idg.
For every €, induce the groupoid structure G. := (G, m,) in such a way that ¢, : Go — G

is an isomorphism. Thus {Ge, pFw}e turns out to be a deformation of (G,w).

2. (Gauge transformations) Let {ae € Q% (M)} be a smooth family of closed 2-forms on
the base of G with ay = 0 and assume that G is compact. The family {(G, Qa.)}e, where
Q. = w+s*a.—t*a., is a deformation of (G,w), for € small enough. Note in particular
that (G, Q. ) is the symplectic groupoid integrating the Poisson structure < on M (the

gauge transformation of ™ by a.).

The previous two examples are just particular cases of what we call trivial deformations

of (G,w). More generally, we have the following notion of equivalence of deformations.

Definition 4.2.3 (Equivalent deformations) Given two deformations {(Ge,w.)} and {(G.,w!)}
of the symplectic groupoid (G,w). We say that they are equivalent if there exists a smooth fam-
ily of isomorphisms {F. : Ge — G'}, with Fy = Idg, and a smooth family of 2-forms on M,
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{ac}e, with ag = 0, such that
Frow! = we + 6c(ae), for everyee I,

where d¢(ae) = s¥(ae) — t(ae). The deformation is said to be trivial if it is equivalent to the

constant deformation.

4.3 Deformation complex of (symplectic) groupoids

In this section we revisit the deformation complex of Lie groupoids for the case of sym-
plectic groupoids. If (G,w) is a symplectic groupoid we use the corresponding symplectic form
to look at the deformation complex Cj;(G) as a subcomplex of (Ql(g(*)), §), the complex
of 1-forms on the nerve of G with differential coming from the simplicial structure of the
nerve. Such a point of view will be of importance to get an infinitesimal interpretation of
deformations of symplectic groupoids (the infinitesimal cocycles).

Consider the deformation complex Cj, (G) viewed as the VB-groupoid complex CY, 5 (1*G)
of T*G (Remark 4.1.6). Denote by C*(T*G) such a VB-complex. In particular, C*(T*G) C
Cr.,,(T*G), then by using the groupoid isomorphism wb: TG — T*G (Lemma 3.6 in Bursztyn et al.
(2009)), we get a subcomplex C*(TG) C Ct.(TG). Indeed, due to the fact that w® is also a
vector bundle isomorphism, such a subcomplex consists in fact of linear cochains of T'G. Fur-
thermore since, for each integer k, (TG)*) 2 TG"¥) | the elements of Clkm(Tg) can be viewed
as the fiberwise linear functions on TG, i.e., as elements of C3° (TG®) = Q1(GW). Also,
this identification of C};, (T'G) with Q*(G) is compatible with the differentials of the complexes
involved. In fact, the differential in Cj;, (T'G) is determined by the tangent prolongation of the
structure maps of the nerve of G (it is the alternate sum of the dual of the face maps of the
nerve of T'G), that is, by T's, T't, T'pr1, Tpra, Tm,..., while the differential of Ql(g(*)) comes
from the simplicial structure of the nerve of G as the alternate sum of the pullback of 1-forms
by the structure maps of the nerve of G, so these two differentials reflect the two different ways
to look at the pullback of 1-forms by a function f : M — N between two manifolds: as the
usual pullback of forms f*a and as the pullback of functions (7'f)* : C;X (T'N) — Cps (TM)
by T f. With this setting, we denote by Ql(g(k)) the subcomplex corresponding to C’k(TQ)
inside (G (k)). In other words, we identify the deformation complex of G with a subcomplex

of Q1 (GH):

Proposition 4.3.1 Let (G,w) be a symplectic groupoid and consider the cochain complex
QLG of 1-forms on the nerve of G. The deformation complex C;ef(g) of G is isomorphic
to the subcomplez Y1 (G™H)) of QLGM).

Explicitly, under this identification, the complex Q(G) is completely described by trans-
lating the conditions of the VB-groupoid complex to Ql(g(*)). Indeed, let a € Ql(g(k)) be a
1-form on G*). We say that « is in Q*(G®)) if the following two conditions are satisfied.
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L a€ Tgw (T*Q(k)) comes from a section & of the bundle pri7*g — G®) where pry :
G*) — G is the projection on the first coordinate. That is, there exists a necessarily
unique section & such that the left triangle below commutes

Tpri)*

Trgh) L2 px(prg) . Trg

Cgk) | cg

G o G;

2. « is left-invariant by the action of G on G (k) acting on the first coordinate.

In terms of elements, these identifications are

(T*g)(w—b)*) ka (Tg)

lin

Cgef (g) # ék

lin

c — — (W) —— ¢,

where ¢ (1g,,...,0g,) == (Mg, (g1, - ., gx)) and, by construction,

é(vgl, o ,ng) = (Wb)*cl(vgv T ’ng)
= C/(wb(vgl)7 . 7wb(vgk))
= — <wb(0(91, . agk‘))7v91>

= = [[@pr) @ (elgns - 90)| (oo v0):

(4.4)

In other words, ¢ € Cc’gef(g) corresponds with the section —wboc: gk priT*G of
condition (1) above. Condition (2) holds for ¢ because it amounts to ¢ being s-projectable.

Thus, in particular, if {(Ge,we)}e is an s-constant deformation of (G,w), under the iden-
tification above, the deformation cocycle &y of {G.}e corresponds to a 1-form ¢y € 91(9(2)).
Observe also that for X € C’éef(g), the corresponding 1-form on G is —iyw = —w?(X).

Remark 4.3.2 Note that, in the identification above, we only use the multiplicativity and
non-degeneracy conditions of w. Then, in particular, such an identification also holds for

twisted symplectic groupoids.

4.4 Associated cocycle and Moser’s trick

We now show the existing relation between deformations of symplectic groupoids and

the Bott-Shulman complex, Q*(gé*)), which tells us how its total cohomology controls such
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deformations. Then we state a result analogue to the classical Moser’s theorem in the context
of symplectic groupoids. For simplicity we consider only s-constant deformations of symplectic
groupoids.

Denote by Hj¢(G) the cohomology of the total complex associated to the Bott-Shulman
double complex; this is the double complex (Qq(g (p)), é, d) whose horizontal differentials ¢ :
Q1(G®)) — Q(G(**+Y) are determined by the simplicial structure of the nerve of G and
vertical differentials d : Q*(G®)) — Q**+1(G(P)) given by the de Rham differential of forms.
For {(G.,w¢)} a deformation of (G,w), we define the associated 3-cochain, ny € Tot3(Q'(g((]°)))
by

no == Co — wo € QHGP) & Q2(G).

Due to the following proposition, we also call the element 7y the infinitesimal cocycle associ-
ated to the deformation {(Ge, we)}e.

Proposition 4.4.1 The 3-cochain ng := (o — wy € T0t3(Q*(gé*))), defined above, is a 3-
cocycle. The corresponding cohomology class in H%S(go) depends only on the equivalence

class of the deformation.

In order to prove this proposition we first need some lemmas:
Lemma 4.4.2 Denote by G the domain of the division map of G, i.e., the space of pairs of
arrows with the same source. The k-form w € QF(G) is multiplicative if, and only if,

m'w = plw — Pow; (4.5)

where p; : g[Q} — G are the projections on G and i : G — G is the inversion of G.

Proof. We just need to show that equation (4.5) is equivalent to equation
m*w = priw + priw, (4.6)

where pr; : G — G are the projections from the space of composable arrows to G. For
this, we use the diffeomorphism 1 : G — G (p, q) — (p,i(q)). Indeed, by applying *
to equation (4.6) and recalling that i*w = —w (Bursztyn et al. (2004), Lemma 3.1), we get
equation (4.5). O

Lemma 4.4.3 Let {(G,m¢)}ecr be an s-constant deformation of G. Define for every e € I

the diffeomorphism M, : glal — gl (p,q) — (Me(p,q),ic(q)) and the map . : gkl —

6(2), (p,q) — (p,ic(q)). These families of maps satisfy the following conditions:

1.
(i) meo M, =p
= (pri)e o ¥¢;
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.. ——1
(11) proM. =meo i

——1 .
(t91) paoM, =ic0ps
= (pra)e © Ye.

2. If {V}e denotes the time-dependent vector field on G associated to the family of dif-
feomorphisms {M}c (i.e., - — M:(p,q) =Ve(Mc(p,q))), then

Vi) = (6o .

i)

Proof.
1. This is straightforward once that M;l(p, q) = (me(p,ic(q)),ie(q)).

2. Note that V.(p,q) = % e (M, oﬂzl)(p, q), thus the proof follows by applying % e

to (M, OME_I)(p, q) = (Mr(me(p,ic(q)),ie(q)),i-(ic(q))) (observe that such a derivative

in the first component is exactly the groupoid deformation cocycle).

O
Proof of proposition 4.4.1
The proof of the first part follows from differentiating the multiplicativity condition, as stated
in equation (4.5), of the family {wc}e. In fact, by taking derivative with respect to ¢ and

reordering, we get

d

de

. d . d
iG] wo-mg| @) )
e=\ e=\

we = | —m) d
= (G

Now, to deal with the expression in the left hand side, note that if {M, : G 2l Q[Q]}e
is the family of diffeomorphisms defined in lemma 4.4.3 by M(p,q) = (m.(p, q),i.(q)), then

€=\

d - . d Y B . d Tk -1
EL:A miwy is equal to E|€:A MZprijwy which is equivalent to EL:A M3 (Mo M " )*priwn.

In this way, by making ¢ := ]\_460]\_4;1 (which, by construction of {V, }, is its time-dependent

flow), we have

A . g
“ ¥ Me M—l * % - M= €Ak, *
d€ > )\( © by ) b1 A dﬁ N (QD ) b1

€=

= My Ly, (pjw)

That is, by item (1) of lemma 4.4.3, equation (4.7) becomes
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* r— 1\ * — % * d * d
D) = 01 (~mi( wonilq] wo-ni| w)
= 3L e em( L] w) e (L w)
= A prl A de ) We )\m)\ de ) We A pro A d ) We
d
R W
- /(/})\5 (d€ GZAwe)'

Also, since wy is a closed form, by Cartan’s formula we have,

(V3 1) Lyy (piwn) = d (03 1)*(Va 2 piwn))
d[(2)<Va 3 (03 1) piw]

d[(¥x)«Va 4 (pr1)3wa]

= —dQy,

where the last equality follows from identification (4.4) in Section 4.3. Namely,

(D2 Va 2 (pr1)3wn) gy = (dpr1)3l(g.n) [wﬁ‘g (d(pr1)x o () (g,irn)) (Valg, ir(h))))

= il | 4], @00
= —(\(g,h) (by identification (4.4)).
Therefore, we conclude that

Gy = N

de we)-

€=M\

This completes the first part by taking A = 0.

Take now {(G/,w!)} an equivalent deformation of (G,w), and denote by 7)) its infinitesimal
cocycle. The exactness of 79—, follows from taking derivatives at € = 0 of F*w] = we+d¢ ()
(recall that ap = 0). That is,

Fy (digywy + wp) = o + o(co),

where {Z.}. is the time-dependent vector field associated to the family {F¢}.. Thus,

w6 —wp = —dizow6 + 50(@0).

On the other hand, by considering the groupoid deformation cocycles, since every Fp :

G — Gl is an isomorphism for every €, £, — & = 5gef(Z0). Thus, in terms of forms, this
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amounts to () — (o = do(—iz,w) (identification (4.4)).

Therefore, the equation above becomes

o~y = —wo + Co — (—wh + (o)
= —dizow + 50(@0) + (50(iZOw)

= DOBS(do + izow).
O

Corollary 4.4.4 The 3-cocycle associated to the trivial deformation vanishes in cohomology.

Remark 4.4.5 Note that, since a deformation {(Ge,we)} of (Go,wo) can be seen as a defor-
mation of (Gx,wy) for any A € I, the corresponding ny € Tot?’(Q*(Q/(\*))) is also a cocycle.
Further, in the case of a trivial deformation we can say even more: every ny is exact. In fact,
this follows from noting that if {(Ge,we)} is a trivial deformation of (Go,wo), {(Ge,we)} also
can be regarded as a trivial deformation of (Gx,w)) for any X € 1.

The following theorem shows that, under appropriate regularity and compactness condi-

tions, the converse statement of the previous remark is also true.

Theorem 4.4.6 (Triviality of deformations)
Let {(Ge,we)}e be an s-constant deformation of a compact symplectic groupoid (G,w). If the
family of cocycles ne := (e — we is transgressed by a smooth family of cochains, then {(Ge,we)}e

is a trivial deformation.

Proof. Since G is compact, H%4(G:) = 0 for all ¢, thus to say that the family {nc}e is

transgressed by a smooth family of 2-cochains amounts to having
wr — (= D%S(XT + O~‘T)7

with {x, € Q1(G;)}, and {a, € Q2(M)}, smooth families of forms.
Then, we get da, = 0, wr = —d(xr) + 9-(&;) and d5(—x-) = (r, which amounts to
gef(XT) = &, with xr = tx,w,. Thus, denoting by (¢, ¢.) the flow of the time-dependent
field {X }¢ (starting at time zero), by taking &, := @%da,, and @, such that &, = %aﬂ we

get,

) e @
Gr = —d(ex,wr) + 0((97 ) %OZT),

which is,

d

%|6=T [¢:we —do(ae)] = 0.
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Therefore,

Prwe — 0p(ae) = w, for ae = ap — a..

That is, the deformation {(me,we)} is trivial. O

Having in mind to get an analogue to the classical Moser’s theorem in the context of
symplectic groupoids, we now explain a variation of the concepts introduced in this chapter.

Note that, given a deformation {(Ge,we)}e of (G,w), the family of elements 7. = (¢ — w, €
91(96(2)) ® Q%(G.) is also a cocycle in the total complex of the double complex BP'? :=
(Q4(Gh)) >0, p>1- More generally, we can consider this “new” total complex and, by analogous
arguments to the ones exposed in this chapter, to develope an slight variation of the deforma-
tion theory of symplectic groupoids, which “forgets” of the base manifold of the groupoid G
and yields a more closely related statement to the classical Moser’s trick in symplectic geom-
etry. Indeed, if we assume that trivial deformations of symplectic groupoids are (only) those
deformations of the form given by the first item in example 4.2.2, and that two deformations
are equivalent if the symplectic groupoids of the deformations are symplectomorphic by a
smooth family of isomorphisms of the groupoids (that is, take ae = 0 for all € in definition

4.2.3) then we get the following groupoid-version of the classical Moser’s trick.

Proposition 4.4.7 Let {(Ge,we)}e be an s-constant deformation of a compact symplectic
groupoid (G,w). Then, the family of cocycles ne = (. — we € Tot?>(BPY) is transgressed by a
smooth family of cochains if and only if the deformation {(Ge,we)}e is given by (¢¢)*we = wo
for a smooth family of isomorphisms of groupoids ¢¢ : (G, mo) — (G, Me).
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Chapter 5

Cohomological relation in a

symplectic groupoid

Let (M, ) be a Poisson manifold and (7% M), its underlying Lie algebroid. In the context
of deformation of Lie algebroids, Crainic and Moerdijk in (Crainic and Moerdijk (2004), sec-
tion 4.4) define a map i : Hy(M) — Hgey ((T*M)5) between the Poisson cohomology and the
deformation cohomology of the algebroid (T*M),, which are the cohomologies controlling
deformations of Poisson structures and Lie algebroids respectively. In this sense, the main
result of this chapter consists in the construction of a map ig which can be thought of as the
global counterpart of the map 4. For that we first recall the notion of VB-algebroid and some
related concepts which will be necessary to prove the main statements of this chapter. Also,

we recall the deformation complex of Lie algebroids in order to review the map i.

5.1 VB-algebroids

Just as Lie algebroids are thought of as the infinitesimal counterpart of Lie groupoids,
VB-groupoids have an infinitesimal analogue: VB-algebroids. These objects were defined by
Mackenzie as LA-vector bundles in Mackenzie (1998) and then reinterpretated by Gracia-Saz
and Mehta in Gracia-Saz and Mehta (2010a); and similar to the role of VB-groupoids for
deformation and representation theories of Lie groupoids, VB-algebroids provide alternative
interpretations of the deformation cohomology of Lie algebroids (see Remark 5.2.1) and of
the representation theory of Lie algebroids Gracia-Saz and Mehta (2010a). Roughly speaking,
VB-algebroids are vector bundles in the category of Lie algebroids. In this way, such a concept
is supported in the more fundamental notion of double vector bundle (a vector bundle in the

category of vector bundles), which we now proceed to define.

51
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5.1.1 Double vector bundles

In the same way that a vector bundle can be viewed as a Lie groupoid (with the addition
map as the multiplication), a double vector bundle (DVB) can be regarded just as an example
of a VB-groupoid (making the Lie groupoids involved in 4.1 to come from vector bundle

structures). So, with this in mind, the following definition becomes natural.

Definition 5.1.1 A double vector bundle (D, E, A, M), or simply D, is a commutative square

D
qfil
A

(D has two vector bundle structures, on bases E and A, which are themselves vector bundles

of four vector bundles

— F

B (5.1)

az

O q

qa M,
D s 9B

over M), such that g and the addition map of D — E, +g : D ®g D — D, are vector

bundle morphisms over q4 and the addition of A, +. A &y A — A, respectively.

Remark 5.1.2 Making the conditions in definition above more explicit, one easily sees that

D, as in diagram 5.1, is a double vector bundle if
1. qg is a morphism of vector bundles,
2. qg is @ morphism of vector bundles, and
3. (di4+ads)+g (d2+ads) = (di +E d2) +4 (d3 +5 da),

for quadruples dy, ...,ds € D such that 2 (dy) = qB(d2), q2(ds) = ¢B(d4), ¢ (d1) = ¢% (d3)
and q& (ds) = ¢& (dy). (Item (2) follows directly from the commutativity of + g with the bundle
projections, and (3) expresses the linearity condition of the morphism +g). The equation in

(8) is also referred to as the interchange law.

In the vertical bundle structure on D with base A, D4, we denote by 04 : A — D, a —
034 the zero-section; similarly, in the horizontal vector bundle structure on D over E, D,
we write 07 : E — D, b — OI;E And the two vector bundles A and E over M, with

zero-sections 04 and 0F, respectively, are called the side bundles of (5.1).

Definition 5.1.3 (Morphisms of DVB)

A morphism of double vector bundles (¢, g, da, ér) : (D, E, A, M) — (D', E', A", M)
consists of maps ¢ : D — D', ¢p : E — E', ¢4 : A — A, ¢pr : M — M’ such that
each of (¢, dp), (¢,04), (PE, drr) and (Ppa, par) are morphisms of the corresponding vector
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bundles.
If M = M', E = FE' and ¢ = idg, one says that ¢ preserves E. If, further, A = A’ and

¢pa = idg one says that ¢ preserves the side bundles.

Besides the two side bundles of D, there is an important third vector bundle over M
related to (D, E, A, M): the core bundle, C, which is defined as the intersection of the kernels
of qg and qf‘) . Thus, to avoid future confusions, when looking at C' as a vector subbundle of
D, we denote an element ¢ € C' by ¢ The core-bundle fits into the following exact sequence
of vector bundles over A.

* TA = (qg)! *
0—=q4C —= Dy — q4E —0, (5.2)
where (¢P)' is the induced projection on ¢%E and 74(a,c) = 02 +p ¢ (observe that it

makes sense because (i) Og{and ¢ € D are in the same gP-fiber over OqEA(a) and (ii) ¢% is a
morphism, thus 74(a,c) € D4 is over a € A). This sequence is called the core sequence of D
over A. And analogously, there is a core sequence of D over E.

One interesting thing about these core sequences is that, for instance in (5.2), a section

of C induces a section in T'4(D) of D 4. In fact, ¢ € I'(C) defines ¢* € T'4(D) by

cA(a) = T7(a,cq,(a) = 634 TE Cga(a)-

A

The section ¢ is called the core section over A corresponding to c. And analogously, with

the core sequence over E, one gets core sections over E.

Example 5.1.4 (Tangent prolongation double vector bundle)

1. Consider the vector bundle (E BN M). Applying the tangent functor to the structure
maps of E (projection, addition, zero-section) yields the DVB

TE — 1 s 7pf

E—% M,

with core E. The core sections over E and TM corresponding to o € T'(E) are respec-

tively:

ol €TR(TE): a'(e) = 0F+ryalpe(e)) = di (e+ea(pe(e))) (the vertical lift of a);
€ e=0

and
& € Pru(TE), d(ve) =0, +p a(z) € TypE.
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Note that in this context 0T™ = T(0F), and a(z) = ol (0F).

xT

2. Consider F : E — E’ a morphism of vector bundles over f : M — M'. The tangent
prolongation of F induces the morphism of vector bundles (T'F,Tf,F, f): TE — TFE'.

Example 5.1.5 (Dual DVB) By dualizing the core exact sequence over A (5.2), we can
induce a double vector bundle

q*A

* c* *

aa

Aq—A>M,

with core E*, where D% denotes the dual over A, and qu : D% — C* comes from the dual
Of TA-
(62 (na), ¢) = (nas7a(a,c))

for na : (gB)"Y(a) "y Wnear R and ¢ € Cyata)- The addition map +c~ : Dy @cx DYy — D7 is
defined in such a way that the natural pairing (,) : D% & Da —> R is linear with respect to

the vector bundle structure over C* @y E, i.e.,

<77a +c* 77;/’ do +E d:;’> = <77a7 + <77a’7 a’ > :

Note that n, +c+ 1., is determined by the expression above due to the fact that any element
in (DA)grar can be written as the sum of elements d € (Da)q and d' € (Da)q. It is not hard
to see that +c+ given in this form is well-defined. The zero above k € C, denoted by 0*4
(0:4 (DA)OA = [Ker(qA)] Hneqr R), is defined by

<(~)2A,(~)6E +4 E> = (k,c), fore€ Ey, c€ Cy.

Analogously, one can take the dual of the core exact sequence over E, inducing a DVB
(D}, E,C*, M) with core A*. See Mackenzie (2005a) or Mackenzie (2005b), for further de-

tails.

Remark 5.1.6 We now note that, similarly to the dual of a morphism of vector bundles over
the same base covering the identity, it is defined a dual of a morphism of DVBs which have
one same side bundle. If (¢, dp,ida, dnr) : (D, E, A, M) — (D', E', A, M) is a morphism
of DVB preserving A, by dualizing ¢ as a morphism of vector bundles over A, one obtains
a morphism of double vector bundles preserving A (¢%, ¢¢,ida, o) - (D5, (C')*, A, M) —
(D%, C*, A, M) with core morphism ¢%; : (E')* — E*.
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5.1.2 Isomorphisms of duals of DVBs

As example 5.1.5 shows, there are two different ways to dualize a DVB; one wvertical
dualization and another one horizontal. An interesting fact is that the horizontal dual of the
dual DVB (5.3), (D%)é«, C*, E, M), turns out to be a DVB with the same side bundles
and core as (D3, E,C*, M). In fact, they are isomorphic double vector bundles. Such an
isomorphism, Zg : D}y, — (D% )+, is the one induced by a natural pairing, | -, - |, existing

between the vertical and horizontal duals D% and D7, as vector bundles over C*,

’ 77(1706 |: <77a;d>A - <067d>E;

na € DY, 0. € D}, with q*c‘i‘(na) = qég (0.) and d € D any element such that the canonical

pairings in the RHS make sense.

N

A
Of course, this pairing also yields the isomorphism D% = (D})¢«, which induces the

identity on the core bundles E* and on the sides C*, and is —id4 on the sides A, (Mackenzie
(2005a), Corollary 9.2.4). This shows that taking the dual over C* interchanges the vertical
and horizontal duals of (D, E, A, M). Or equivalently, that alternation of vertical and hori-
zontal duals interchanges the duals (e.g. horizontal dual followed by vertical one is the (flip

of the) vertical one).

5.1.3 Reversal isomorphism

Examples 5.1.4 and 5.1.5 show us two important ways to get double vector bundles (by tan-
gent prolongation and dualizing). In fact, by considering dualization of (honest) vector bundles
also, there exists a certain compatibility between these processes: dualization commutes with
tangent prolongation (up to a canonical isomorphism). Indeed, the tangent lift of the canon-
ical pairing, (,) 4, between A and A* over M induces the tangent pairing ((,)) 4 between T'A
and T(A*) over TM — for (ve=,w,) € TA* ®py TA, ((Vor,wq)) 4 = % o (v(€),a(€)) 4
where ~(€) and «(e) are curves on A* and A determining v,+ and w,, respectively, with
pa=(Y(€)) = pa(a(e)) — yielding the isomorphism I4 : TA* — (T'A)},,, which is also an
isomorphism of DVBs, between the tangent prolongation of the dual of A and the (horizontal)
dual of the tangent prolongation of A. This isomorphism, I4, preserves the sides and core

bundles, and is often called the internalization map (Mackenzie (2005a), Prop. 9.3.2).

«T M

TA* 1 Ty (TAY;y — 2 TM
Ia
pax O M T IM o) PM (5.4)

A M Ar 9y
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Consider now the tangent prolongation DVB of A — M. The natural pairing existing

between its (horizontal and vertical) duals induces the isomorphism
Za: T"A = (TAYy — (TAYip)ie-
Composing with the dual of 14 over A* the following isomorphism of DVBs is obtained
(Ip)y=0Zy :T*A — TFA*

which (like Z4) induces —id 4 on the side bundles A and preserves the cores, T* M, and sides,
A*. Therefore (to preserve the side bundles) it is defined the map

Ra = ()0 Za) " o(—aridpeas) : T*A* — T*A,

which is an isomorphisms of DVBs preserving the sides and inducing —idp+p; on the cores.
The map Ry is called the reversal isomorphism.

Alternatively, it is possible to describe this map in a simple way by using local coordinates.
If (z°,(y) are (fibered) local coordinates of A* — M, one writes the coordinates of T*A* as
(z*, Cq, pi, u?), where (p;) and (u?) describe, respectively, a point in 7 M and in A, (the dual
of the tangent space to the fiber of A* — M over x). And analogously, T* A is described
locally by the coordinates (x°, u, p;, ¢4)- In this coordinates R4 has the form

RA(xi7Cd7piaud) = (xi7uda _pi7Cd)' (55)

Note that if we would define R4 locally by (5.5), it is easy to see that Ry glues well to
determine the reversal isomorphism globally, on 7™ A*.

The following propositions tell us about the naturality properties that the several previous
maps satisfy. Before that, for clarity of the statements, we make a convention about the dual

of morphisms of vector bundles and DVBs.

Remark 5.1.7 Consider A and B two vector bundles over My and My, respectively, and
® : A — B a morphism covering the diffeomorphism f : My — M. In this context,
there is a natural induced isomorphism (the pointwise dual of ®) between the duals of B and
A covering f~1 which we denote by ®%_, : B* — A*. And analogously, we can consider
the dual of a morphism of double vector bundles which have one isomorphic side bundle.
For instance, if f : A — B is an isomorphism, we have the dual of the DVB morphism
Tf:TA — TB over the isomorphism [, denoted by (Tf)},1 :T*B — T*A.

Proposition 5.1.8 Consider A and B two vector bundles over M.

1. 14 is compatible with morphisms of vector bundles: If f : A — B is a morphism

of wvector bundles covering the identity, the internalization maps make the following
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diagram commute
(")

T(B*) T(A*)
IB O IA (56)
. (@p; i

2. Z 4 is compatible with isomorphisms of vector bundles: If f : A — B is an isomorphism

of vector bundles, we have the following commutative diagram

(Tf)5-
T*B T*A
Zp O Za (57)
(TB) ) B S (TA) )

(THrar) (o)1
Proof.
1. Follows from looking at the corresponding tangent pairings. Note that, if vy« € Ty« B*,
La(Tf* (o)) = UTS* (), Va (T Ao ™ R,

where (T'A)pps refers to the vector bundle structure of T'A over T'M. Then, if vy =
4| y(e) and X, = L] _ ale) € TuA,

La(Tf* (o)) (Xa) = (F*(v(e), l€)) a

(v(€), f(e())) 5

(vp, Tf(Xa)))
{vp, ) p (Tf(Xa))
(T (I (v5))] (Xa)

d
de
d
de

e=0
e=0

=
=
=
2. It suffices to compare the pairings introduced in subsection 5.1.2: |-,:|, : T*A &1y

(TA)%y — Roand |-,-|5 : T*B @&rm (T'B)h); — R. In fact, commutativity of
(5.7) amounts to have ‘(Tf)},l(ﬁ), (Tf)i}M(SB)’A =|8,8Blp, for (8,8B) € T*B&®rm
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(T'B)’% ;- And this follows from noting that

(T31(8). (TN (E8)|, = (TH51(8)0) = (THin(Er):v)ryg

=B, Tf()p— &, Tf()ru
= ‘5738‘37

for v € T A such that the relevant pairings are well defined.

O

The map R4 also satisfies several interesting properties (e.g. it is an antisymplecto-
morphism with respect to the canonical symplectic structures on the cotangent bundles
(Mackenzie (2005a), Thm 9.5.2)), we remark some of them which will be useful for later
use in this chapter. The first one, which is direct by using the previous proposition, describes
the naturality of R4 with respect to isomorphisms of vector bundles. Another property is in

Proposition 5.1.15 below.

Proposition 5.1.9 Consider A and B two vector bundles over M. If f : A — B is an

isomorphism covering the identity, the following diagram commutes

T*A* —BA o eg

(T} ey o (T (5.8)

B " g

Proof. The commutativity follows from previous proposition by dualizing the internalization

maps, indeed we get

1A —2 (T Ay )y —— (TA)
()5 (T} ey

Ig)%.
T°B —Z5 s (TBYjy)y — 22 (TB)s:

which implies diagram (5.8) (right vertical map is a DVB morphism, therefore commutes with
scalar multiplication by -1). O
5.1.4 Linear sections

Consider a DVB as in (5.1). Beside the core sections of D over A, I'.(D, A), induced from

the core exact sequence (5.2), there is another special type of sections of D 4, called the linear
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sections of D over A, whose set is denoted by I';(D, A).

Definition 5.1.10 A section X € I'(D, A) is called linear if it is a vector bundle morphism
from A— M to D — E.

Example 5.1.11 In example 5.1.4, if X € T'(E) is a section of E, its tangent prolongation
T(X):=d(X) e I'(TE,TM) is a linear section of TE over TM . Linear sections of TE over
E are called linear vector fields of E.

An interesting fact about linear and core sections is that they span the other sections
of D over A Mackenzie (2011). This follows essentially from taking a special splitting of the
core exact sequence (5.2). Note first that if o : (¢7)*E — Da is a splitting of (5.2) and
p € I'(E,M) is a section of E, then o o (¢%3) is a linear section of D over A if, and only
if, o is (also) linear when viewed as a morphism of vector bundles over the base E; that is,
if and only if ¢ is a splitting in the setting of double vector bundles. The local existence of
such splittings is guaranteed by using the local form of DVB (over open neighborhoods in M)
showed by Grabowski and Rotkiewicz Grabowski and Rotkiewicz (2009), and a partition of
unity argument proves that such a splitting exists globally. With this in mind, if X € I'(D, A)
is any section of D over A, Y = X —4 a((qg)!X) is a section of A which projects to zero
by (¢R)', thus Y = 74(Y), where Y € T 4(¢4C) = C*®(A) ®ceo(ar) I'(C), implying that Y is
a sum X; F; - YiA, for F; € C*°(A) and YiA the core sections corresponding to some sections
Y; € I'(C). In this way, by using this fact, we can simplify some statements in terms of sections

of D over A by taking only linear and core sections, see for instance Example 5.1.13 below.

5.1.5 'VB-algebroids

Definition 5.1.12 A VB-algebroid is a DVB as in (5.1), where the vector bundle D — E
1s a Lie algebroid with anchor map pp : D — TFE being a vector bundle morphism over
A — TM and such that the Lie bracket [-,-|p satisfies the following conditions:

1. [Fl(D7E)7Fl(D7E)]DCrl(DvE)¢
2. [PI(D7E)7PC(D7E)}D C Fc(DaE);

3. 0D, E),Ty(D, E)]p = 0.

As pointed out by Gracia-Saz and Mehta in Gracia-Saz and Mehta (2010a), a VB-algebroid
D — FE induces a Lie algebroid structure on A — M and the structure maps (projection,
zero section, sum) of the vertical bundle structures form Lie algebroid morphisms. In this

sense, a VB-algebroid can be though as a vector bundle in the category of Lie algebroids,
(Gracia-Saz and Mehta (2010a), Thm. 3.7).
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Example 5.1.13 (Tangent Lie algebroid)

Given A s M a Lie algebroid, there is a Lie algebroid structure on the tangent pro-
longation T A I TM in such a way that the tangent DVB in example 5.1.4 becomes a
VB-algebroid. Denoting by X, e I(TA,TM), i = 1,2, the core section corresponding to
X; € I'(A), the Lie bracket is defined by:

[TX1,TXs) = T[X1, Xs], [TX1,Xs] = [X1, Xs), [X1,Xs] =0. (5.9)

A completely analogous argument to that given at the end of the previous subsection shows
that the linear sections of the form T'(X), X € T'(A) (example 5.1.11), and the core sections
span the set of sections T'(TA,TM), therefore the bracket in equations (5.9) is well-defined.
The anchor pr is defined by pr = J~1 o T(p) where

T(TM) ——L— T(TM)

PTM Tpy

™M

is the involution map (isomorphism) of the double tangent bundle T(T'M), determined locally
by J(x;, 4,025, 00;) = (x5, 04, @4, 0d;), where for local coordinates (x%) of M, (i') are the
coordinates on the fibers of TM and (5z',04%) are the coordinates on the fibers of T(T M) “%
TM.

Example 5.1.14 (Cotangent Lie algebroid) It is well known that a Lie algebroid A — M
induces a Poisson structure on its dual A* — M which is linear with respect to the vector

bundle structure over M (Courant (1990), Thm. 2.1.4). In this way, the cotangent bundle of A,
Rl
T*A £ T*A* —s A* inherits a Lie algebroid structure which is further a VB-algebroid when

considered over A — M. This structure of VB-algebroid also can be described in a simple

way by using the natural notion of dual VB-algebroid explained in (Gracia-Saz and Mehta
(2010a), Thm 3.1).

The two previous examples have another interesting property: they are (isomorphic to) the
associated Lie algebroids of the tangent and cotangent groupoids (section 4.1), respectively.
In fact, the isomorphism Jg : T(TG) — T(TG), given by the involution map, restricts to
the isomorphism of Lie algebroids

TAg 2% Arg
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over TM (Mackenzie (2005a), Thm 9.7.5). For the isomorphism of the cotangent algebroid,

one considers the dual of Jg. Explicitely, the isomorphism
Org :=JGolrg : T(T*G) — (T(TG)) 1y — T (TG)

given by the composition of the internalization map and the dual of the involution induces
the isomorphism (Mackenzie (2005a), p. 463)

0
Apeg =25 T* Ag.

The map Org is often called the Tulczyjew map, and has another interesting property when

related with the canonical symplectic structure weq, on the cotangent bundle T*G.

Proposition 5.1.15 (Mackenzie (2005a), Thm 9.6.7) Given a manifold M, the Tulczyjew

and reversal isomorphisms, Oy and Ry, are related by the following commutative diagram
T(T*M) — 2T (T )

(5.10)

T*(T*M),
where Wean € Q2(T*M) is the canonical symplectic structure on the cotangent bundle of M.

5.1.6 VB-algebroid complex

VB-algebroids also have their own cohomology Cf, (D) induced from the algebroid coho-
mology (of D — FE) when considered its linear structure over A. In fact, for a VB-algebroid
D — E, the VB-algebroid complex is defined as the subcomplex of linear cochains of C*(D)
(the algebroid cohomology of D); ie., Cy 5(D) := Cp;, (D) C C*(D) in the following sense:
regard the elements of C*(D) = T'(E, A*D3%) as the k-multilinear and alternating functions
@k D — R; the linear k-cochains of D are the elements in C*(D) which are fiberwise linear
with respect to the vector bundle structure of @D over @y A. The space Cf, 5(D) defines in
fact a complex, it was shown by Cabrera and Drummond in Cabrera and Drummond (2017),

where the authors defined this complex.

5.2 Deformation cohomology of Lie algebroids

The deformation complex of Lie algebroids was defined by Crainic and Moerdijk in
(Crainic and Moerdijk, 2004) when working in the deformation theory of Lie algebroids, and

it is one more example emphasizing the general “principle” of the deformation theory. For a
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Lie algebroid A, this complex is denoted by (Cy,;(A),d). For its definition first we need the
notion of multiderivations on a vector bundle.

Let E — M be a vector bundle. A derivation on E is a linear operator D : I'(E) — I'(E)
such that there exists a vector field op € X(M), called the symbol of D which satisfies

D(fs) = fD(s)+op(f)s, for s e I'(E) and f € C>(M).
A multiderivation of degree n on E is a multilinear and antisymmetric map

D:T(E)x---xI'(E) —T'(E)

n+1 times

which is a derivation in each entry, i.e., there is a symbol map

op i T(E) x - x T(E) — X(M)

n times

which is C°°(M)-linear in each entry and satisfies
D(s0, 81, f$n) = fD(S0, ..y 8n) + 0D(S0, .oy Sp—1)(f)Sn, for s; € I'(E) and f € C(M).

The set of multiderivations of degree n is often denoted by Der™(E). One sets Der 1(E) =
I'(E).

In this way, the deformation complex of A is the complex in which the set of k-cochains
C’f;ef(A) consists of the multiderivations of degree £ — 1 on A, i.e., C’gef(A) = Der*=1(A),
with differential given by

(5(D)(040, ey Oék) = Ei(—l)i[ai,D(ao, ey Qi oy Ozk)]—f—

N o (5.11)
+ Ei<j<—1)l ]D<[Oéi, aj], QQy eeey Ay veey Ay ey C{k).

We now revisit the map ¢ introduced in Crainic and Moerdijk (2004). Such a map is defined
in terms of cochains by i : C¥(M) — C’C]lfef(T*M), X + Dx, where Dx € Der*=Y(T*M) acts
on exact forms by

Dx(df1,....,dfy) := d(X(f1, -y f£))-

A general expression for the multiderivation Dx can also be obtained (see Crainic and Moerdijk
(2004), Prop. 3), but the previous formula is enough for our purporses. In order to can
study the map 7 in another way, we use the notion of the tangent lift of k-multivector fields,
T :XHM) — XE (TM) C X¥(T'M), defined as follows. Regard the k-vector fields as the

k-multilinear functions
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/\ TM . {@ T M k- Inultﬂlnear R}

CMm

Thus,

x (TM /\ T TM = {@ T* TM) k- mulLﬂ;near R}

pr™m CTM

Then, if X € X¥(M), its tangent lift is given by

k k
X :=TXo&"er,  PT(TM) — PTIT"M) — R
CT M TC]V[

Note further that, in this way, X is (fiberwise) linear with respect to the vector bundle
structure of @F epyy L7(TM) over @’CCM T*M (TX is (fiberwise) linear with respect to the
bundle projection @*prsy and ©O7yy is an isomorphism of DVBs). That is X e f{f’m(TM ),
the tangent lift of the multivector field X € X¥(M) is a linear multivector on TM.

Now we remark that, by using the tangent lift of multivector fields, T', we can see the map

i as the composition
xk() L 2k (TM) PEY Dert Y (T M); (5.12)

where Dry is a particular case of the map (isomorphism) Dg : X (E) — Der*=1(E*)
defined in (Crainic and Moerdijk (2004), section 4.9) for any Vector bundle E over M by
Dp(X)(s1,...,s%) == X(lsy, ..., ls,,), with s; € ['(E*) and [ : I'(E™*) = Cre (E) the correspon-

lin

dence which views a section s € I'(E*) as a (fiberwise) linear function on E.

In fact (by simplicity we verify for k = 2), denoting (also) by I : X*(M) — C° lm(@ e I
the function which regard the bivector fields on a manifold M as bilinear and antisymmetric
functions on @iM T*M we get

Dy (X)(df, dfz) = X (lap, Lap,)

(dfl, dfg) (where ﬁ := T f; = lgf,is the tangent lift of f;)
(Ix) © O71(df1, df2)

(Ix)(T'(dfr), T(df2))

(Ix(dft1, df2))

(Ix(df1,df2))

(X(f1, f2)) (by definition of )

= i(X)(df1, df2).

I
b

I I
&&'ﬂ’ﬂ’ﬂ

M)
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where in the fourth equality we use the fact that 7y o T(df) = df, see Mackenzie (2005a)
p. 394.

Remark 5.2.1 Note that, as pointed out in (Crainic and Moerdijk (2004), Prop. 7), the
map Dg defined above, when E = A* (the dual of the Lie algebroid A), provides us with
an interpretation of the deformation complex of Lie algebroids in terms of the VB-algebroid
complex of the VB-algebroid T*A* — A* wviewed over the algebroid A — M. In fact,
Xk (A*) = CE(T*A*), and Da- = X3, (A*) — Ces(A) turns out to be an isomorphism
of differential graded Lie algebras, where on the left one considers the Schouten bracket of

multivector fields.

Remark 5.2.2 In the context developed in this subsection (M Poisson manifold), the Tul-
czyjew map Opyy : T(T*M) — T*(T'M) has an additional interesting property: it is an
isomorphism of VB-algebroids, between the tangent algebroid and the Lie algebroid associated
to the linear Poisson structure on TM (Mackenzie (2005a), Prop. 10.3.13).

5.3 ig and van-Est commutativity

Consider { (G, w¢) }¢ an s-constant deformation of (G,w), with (M, 7) the Poisson structure
induced on the units of G. By applying the Lie functor to {(G,,we)}e one looks at two types of
deformations: one deformation of Poisson structures on M, and another one of Lie algebroids
Ag.. Of course, such deformations are not independent of each other, the deformation of Lie
algebroids is isomorphic to the one induced from the deformation of Poisson structures (when
looking at the Lie algebroids underlying to such Poisson structures). More generally, every
deformation of 7 can be viewed as a deformation of Ag as a Lie algebroid, but not conversely.
This latter fact has an analogue in terms of infinitesimal deformations given by the definition
of the map i : Hy (M) — Hj,; (Ag = (T"M)z) Crainic and Moerdijk (2004). In this sense,
we now define a map ig : Hyg(G) — Hg,;(G) which will be the global analogue of such a
map ¢ (for integrable Poisson structures). That is, we describe the map ig in the case of G
being a symplectic groupoid.

Recall from Remark 4.1.6 that Hj .(G) = Hy p(1"G), and moreover, by Lemma 3.1
in Cabrera and Drummond (2017), Hy, 5(T*G) = Hp, (1*G), therefore defining a map (be-
tween cohomologies!) H*(G) — Hg,;(G) amounts to defining another map j : H*(G) —
Hp (T*G). The latter is defined in terms of cochains by

ctg) Ly ck,(rg) U b (179,

where w? := (W’)7! : T*G — TG and T, the natural tangent lift of groupoid-cochains,
we define by using the canonical identification (TG)*) = TG®): T(c) : (vgy,...,vq) —

de(vg, s ..., Vg, ).
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Notorious of this map ig is that if G is s-connected and (M, ) is the Poisson structure
induced on the base (i.e. the infinitesimal information associated to (G,w)), we can look at
the map i : Hy(M) — Hgep(T* M) as the infinitesimal data corresponding to ig in the sense

that we have the following commutative diagram,

HY(G) —%—— HE (G)
VE O V Egey (5.13)

HE(T*M) —— HE (T"M),

where V Eg. is the van-Est map between the deformation cohomologies as defined in Cabrera and Drummond
(2017). That is,

Theorem 5.3.1 Let (G,w) be a symplectic groupoid. If G is s-connected, the map ig : H*(G) EN
Hp (T*G) = H, (), as defined above, is the global counterpart of the map i. That is, ig
together with i and the respective van-Est maps (of the differentiable and deformation coho-

mology) form the commutative diagram (5.13).

The proof of this theorem is based on some lemmas. The first one refers to the tangent

lift of algebroid cochains, analogue to the tangent lift of groupoid cochains described above.

Lemma 5.3.2 Let A be a Lie algebroid over M. The tangent lift determines a cochain map
T :C*(A) — CF (T A) c C*(TA),
between algebroid complexes. We refer to this map as the tangent lift of algebroid cochains.

Proof of Theorem 5.3.1

The proof follows from working on each of the properties of the symplectic form w (non-

degeneracy, multiplicativity and closedness). First note that, from non-degeneracy and mul-
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tiplicativity, the map j fits into the following diagram

ck(G) —TF— Cf(T9) RN Ck (T*G)
VE (1) VE
vE () Ok (Ang) —ZTV L Ok (Ageg) (5.14)
=175 (ITI) 05"

CH(A) — T Ch (T Ay 2% (1% A),,

Indeed, diagram (/) (to be proved in subsection 5.3.1 below) is a general fact relating
the tangent lifts of cochains on Lie groupoids and Lie algebroids by the van-Est map. Dia-
gram (II) follows from the naturality of the van-Est map with respect to morphisms of Lie
groupoids (Lemma 2.10 Cabrera and Drummond (2017)). And diagram (/1) amounts to re-
garding the morphism of Lie algebroids Lie(w®) : Apg — Ap+g in terms of the (canonically)
isomorphic Lie algebroids TAg and T*Ag; denote it by L(w)® : TAg — T*Ag. Further,
because this latter morphism is the infinitesimal counterpart of a morphism of Lie groupoids
induced by a 2-form on G, it also turns out to be induced by a 2-form L(w) on A (which
makes sense to the notation L(w)® above). In fact, one can describe explicitely such a 2-form
L(w) by using the tangent lift, w? € Q*(TG), of the form w € Q?(G) getting L(w) = tjwT,
where ¢4 is the inclusion map Ag < T'G; this point is developed in (Bursztyn et al. (2009),
Prop. 3.7).

So, now by putting together the reversal isomorphism 7% A* BA x4 and the map (iso-
morphism) D 4+ defined above (section 5.2), with the lower part of diagram (5.14), we get

w)F)* * N
e O (T AY L Ok (T Ay —L2 s OR (T Ay — 22 Derk=1(A),

(5.15)

Then, by diagram (5.14) and sequence (5.15), we have the following commutative diagram
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in cohomology

1%

*G) —L— HE (T*G)

VE V Epin, VEges (5.16)

w)#)* o * *
HR A (7% A s (T A% )i 225 H, 1 (A).

On the other hand, by considering the fact that w is also closed, we get both on M a
Poisson structure 7 and, infinitesimally, an isomorphism of Lie algebroids o : Ag — (T*M).

Therefore, by using the expression (5.12) of the map i, we have the following commutative

diagrams.

o) .
CMA) —— T Ok (TAyy —— 4 Ok (T* A7)y —PA Derk=1(4)

Gl (To=1)* (Tw)*)# G
-1

6 E3
Ck (T*M) — Ly Ch,(T(T* M)y~ CE (T (TM)) iy — 22 Derk=1(T* M),

cTM
(5.17)
where O 4~ is the isomorphism of VB-algebroids (isomorphism of DVBs preserving the Lie

algebroid structures involved) induced from ©7j; by using the isomorphism o : A — T* M.
That is, ©4+ = ((TU*)?U*)A)i 0OryoTo : TA — T*A* (remark 5.1.7), which for
simplicity we just write ((To*)*) ™' 0 Opps 0 To.

Then, by comparing the upper part of diagram above with the previous sequence of maps
(5.15), we have two isomorphisms of VB-algebroids: L(w)# o R4 and O} from T*A* to TA.
We show now that these two maps are the same, which completes the proof (just put together
diagrams (5.16) and (5.17) in cohomology). In fact,

O = (To*)*) L 0 Opp 0 (To)
= ((To*)*) Lo (Rras0wl,) o To  (Prop. 5.1.15)
= Ry« o (To)* ow®,, oTo (Prop. 5.1.9)
= R;l o (U*wcan)b

=R, o L(w)"

where R« = R;l is easily verified from a local point of view, and the last step follows from

the characterization of the linear 2-forms on Ag coming from multiplicative 2-forms on G
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(Bursztyn et al. (2009), Prop. 4.6). O

Remark 5.3.3 Note that, in view of (Cabrera and Drummond (2017), Thm. 2.14), the map
V Egeyp considered above, is a map which, under the same k-connectedness condition on the s-
fibers of G, satisfies the same properties of the van-Est map ﬁdef as defined in (Crainic et al.
(2015a), Thm 10.1); and due to that one calls V Eqe5 also a “van-Est type map” between the
deformation cohomologies. In this sense, it would be interesting to understand the underlying

relation between such “two van-Est maps”.

Remark 5.3.4 (IM-2-forms)

It is worth to say that besides considering the map o for w closed (and multiplicative), this
map also makes sense even if w is only multiplicative (not necessarily closed); in that case
o: Ag — T*M is a vector-bundle map which satisfies some relations involving the Lie
bracket on sections of A and the Lie derivative, interior product and exterior differential on
sections of T*M . In the literature, such a map o is called the IM-2-form associated to the
multiplicative 2-form w. Further, an abstract definition of IM-2-forms also can be considered
[Bursztyn et al. (2004), Bursztyn et al. (2009), Bursztyn and Cabrera (2012), Crainic et al.
(2015b)]. Analogously, multiplicative k-forms on G lead to the notion of IM-k-forms (see e.g.
Bursztyn and Cabrera (2012)).

5.3.1 Proof of diagram (I)

The goal of this section is to complete the proof of theorem 5.3.1 by proving the commu-
tativity of diagram (I) in (5.14) above. Such a diagram involves the tangent Lie structures
(tangent groupoid and algebroid) and the tangent lift of cochains. In this way, the arguments
exposed here will be based on the two kinds of special sections of the tangent algebroid: core
sections and tangent lift of sections (example 5.1.13). They are the fundamental sections of
this algebroid in the sense that they span (as a C°°(M )-module) all the other sections of it,

which allows to simplify the proofs below.

Lemma 5.3.5 Consider k a positive integer. The tangent lift of Lie algebroid cochains T :
Ck(A) — C*(TA) (lemma 5.5.2) satisfies the following conditions:

1. (Linear sections) Te(Tau, ..., Tag)l,, = (T¢)w, (Tai(wz), ..., Tag(wy)) = [T (c(ai, ..., ax))] (wz),
2. (One core-section) Tc(Tau, ..., &), = cla1, ..., ar)l,,
3. (More than one core-sections) Te(Tay, ..., g1, )|, = 0.

Proof.

1. The first statement is direct. For simplicity, we prove the following properties for k = 2,

the general case (k # 2) is totally analogous.
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Te(Ton, bo)l,,, = (T¢)(w,)(Tar(we), Ga(wz))
€ Toy ()4

A 1
= (T¢)(wy) | Ter(wz), TO%(wz) +4 (ag)pa

= (T¢) (w,) (Toq(ww),TOA(wx)) +
=0
<A 1 R 2
+ (T'¢) (02 <0al(x), (a2)0§x) (Linearity of Tc over @3, A)
a4
dX

c(ar(z), Aag(x))
A=0

= c(ar, az)|(,)  (Bilinearity of ¢ (over M)),

where in the third equality the first term vanishes by the multilinearity of Tc with
respect to the vector bundle TA — T'M.

3. Finally, considering more than one core-section:

Te(n, Ga)l, = Te(T0A (we) +4 (a])oa, TOM (wa) +4 (ad)oa)
= Te(T0* (wy), T0 (wy)) + Te((a])oa, (ad)oa)

d
=0+ - - c(Aa (x), Aaa(z))
d
=&l M claq(2), az (7))
—0,

where in the third equality Tc(T04(w,), T0*(w,)) = 0 by the multilinearity of Tc with
respect to the vector bundle TA — T'M.

Note that the key fact in order to extend these proofs to the general case k # 2 is using the
linearity of T'c to get a sum of zero plus a more simple expression in terms of ¢ and sections
of Ag.
O

We can now pass to prove the commutativity of (I). For that, recall the definition of the
van-Est map Crainic (2003), VE : CF(G) — C¥(Ag), between the differentiable cohomology
of a Lie groupoid and the algebroid cohomology of its associated Lie algebroid. Given ¢ €

C*(G), VE(c) is defined by

VE(e)(X1,... Xp) = Y sgn(0)Ry(xy) 0 -+ 0 Ry(x,yc; for X; € T(Ag),
g€Sy,



70 COHOMOLOGICAL RELATION IN A SYMPLECTIC GROUPOID 5.3

where if X € T'(Ag), Ry is the map Rx : C*(G) — C*~1(G) given by

—

70 c(¢eX(t(gl))7glv 9k — 1)

RXC(gla "'7gk71) =

4
de
with ¢€X being the flow of the right invariant vector field associated to X € I'(Ag).

In this way note that, if ¢ € C?(G), by definition of Rx we have

a
o de2

d

(RXI RXz C) (z) = diel

¢ (v (01 (@), w0 (@) (5.18)

€1= eo=0

where V) € X(M) is the vector field on M, p(X7) (the projection by the anchor).

In general, for ¢ € C¥(G) and X,..., X} sections of Ag,

_d
_d€1

d

Ry, Rx.0)(x e
(Rx, X3,C) (z) T der

c (¢§k( 221:1 = '7/)2{1 (x)), é)ik:ll( Zf:; e ?/)2/11 (), ... ,1/151 (SC)) )
0

Therefore, all the essence is captured by considering the case k = 2, which we will prove
explicitly below with all the details, and we will coment the way to apply them for the general

case (which yields an analogous proof).

In order to use formula (5.18) for sections of the tangent Lie algebroid, we study the flow
of the appropriate right-invariant vector fields on T'G. We then, analogous to lemma 5.3.5,

split the proof in three cases:

1. Linear sections: (X; = jgo (Tw;), a; € I'(Ag), i =1,2.)

In this case, the flow of X; € X(T'G) is the tangent lift of the flow of &; (Mackenzie et al.
(1994), Thm 7.1), thus for instance,

S (Tu(wy)) = (TYF) (Tulw,))
= T(4% o u)(w,)

= a \—o we U(’}/()\))7

for y(A) a curve determining wy,.
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Then,
Ry R (T = 2| L1 ae( L] @@eham)), 6 ()
X AhXo (wz) dEl €1=0 d€2 eo=0 d\ A=0 “ “ e
d
= o, B Faaoo
= d(Ra; Ry C) (w,)-

Therefore, it follows that

VE(Tc)(Xy1, X2)l,, = d(VE(c)(a1,a2))l,, -

Which, by item (1) in lemma 5.3.5, is

jé(VE(TC))(Tal,TOZQ)’ =T (VE(c) (Tozl,Tozg)|ww .

Wy

The same argument shows that the equality holds for general k-cochains (k > 0) if we

take only linear sections.

. One core-section case: Let & € T'(T'Ag) be the core-section associated to a € I'(Ag),
and X := jgoa.

—

In this case, the right-invariant vector field on TG associated to X is X = (@)t
(Mackenzie et al. (1994), Thm 7.1), therefore its flow is given by ¢6(Q)T (vg) = vg + €d.

Thus, if X7 := jg o Tay and X5 := jg o dg, denote by u; = p(aq) € X(M):

d d . . .
(Rx, Rx, (TC))(wz) = de ) i 0Tc (¢§§2>(tTg(¢§1 (wx)))7¢§1(wx))
€1= €o=
d d }
= — e T T Ul - ~ w ,T aq N
dey e1=0 des €2=0 C(M te 042|¢€11 (z) ¢E1 (w ))
Yl @)
d d B
e — _ T /u T al .
dex e1=0 dex €2=0 C(w%ll(x)’ djﬁl (wz))
0
d d .
_d d _— .
- qu:O d\ AZOC@A (pe) (@), ve (ﬂf))

= (RalRazc)(g;) )
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where in the third equality we use the linearity of T'c over G (Tc € C2, (TG)).

Similarly, by changing the order,

(Rx, Rx,(T¢)) 4,y = di o d(jl o Te | (Tve) &g(ﬁl ’w
watez(u2)z/  watez(d2)s
N de N di . de(T (w,), w,)
- 6;:2 €a=0 dcell €1=0 @ de ((ngl)(j)‘ - cqu(x)), di)‘ A=0 w§2(x)>
B 6;612 €2=0 dcﬁll €1=0 62% >\06< S‘}(@KQ(I‘)), fQ (m))
= dal | (e vEe)

= (ROQ Roélc) (:C),

where in the second equality we view dc as an element of CZ (T'G). Hence, it follows
that

VE(Tc)(X1, X2)(w,) = (VE(C)(QLC“?))(I) ‘

Which, by lemma 5.3.5 above, is

jg(VE(Tc))(Tay,a2)| ., , = T(VE(c))(Tar, d2)|,

wg)

(wz)

as we want.

Note that the main ideas used in the proof of this case are two. (i) in the expression,

EQE)T (vz) = vy +€ dal,, for the flow of the right-invariant vector field on T'G associated
to the core-section éo of T'Ag, the time parameter € only is with ds|,, and (i7) by using
the linearity of T'c € C? (TG) and (i), we can form two vectors of (TG)®?): one vector
multiplied by €3 and the other one without dependence on e3. Thus, by using these
two main facts, a completely analogous argument shows that the equality holds for
general k-cochains if we have one core-section. In fact, by the skew-symmetry property
of the elements of C*(Arg), we can assume that X € T'(Apg) is the core-section in the
expression VE(T¢)(X1, ..., Xx), and in this way the proof of the equality is directly like

that above for the case k = 2.

3. More than one core-section case: (X; := jgo &, o € I'(A), i =1,2.)
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(RX1 RX2 (TC))(wm) -

d
dey
d
dey
d
dey
d
dey
d

+d7€1
=0.

€1=

e1=0

e1=0

e1=0

e1=0

d
dea
d
des
d
des
d
dea
d

o de2
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Te (95 (brgvd (we) w5 (w.))

e2=0

Te (trgul™ (wy) + ex(d2)e, wy + €1(@1)a )

ea=0

Te(wy + €1(p(ar))s + €2(d2)z, wy + €1(A1)2)

e2=0

Tec(wg + €1(p(ar))z, wy + €1(A1)z)

ea=0

Tec (62(072)$, Oz)

ea=0

That is, jg [VE(Tc)] (41,a2) = 0. Then item (3) in lemma 5.3.5 completes the com-

mutativity in this case. Therefore, these three cases prove the commutativity of the

diagram (I) between tangent lift of cochains (of Lie groupoids and Lie algebroids) and

the van-Est maps.

Analogously it is shown that the equality holds for k-cochains if we have more than one

core-section: it suffices to decompose the vector in (T'G)*) as a sum of two vectors, one

depending only on €; and another depending only on es.
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