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Introduction

Deformation theory appears in various areas of Mathematics. In particular, deformations
of complex manifolds and complex structures have been extensively investigated, notably
in the work [13] of Kodaira and Spencer. This has inspired many mathematicians to study
deformations of geometric objects in different contexts. One approach to understanding
how geometric objects or structures behave under deformations is to look at the variation
of the object at hand at an infinitesimal level. This usually gives rise to a cocycle in an
appropriate complex. The vanishing of the associated cohomology leads to rigidity results
and this highlights the importance of some cohomology theories controlling deformations
(see [7, 8, 18, 20, 24, 28]).

In this thesis, we primarily examine deformations of Lie group representations. Recall
that elements of a Lie group G can be represented via automorphisms of a finite-dimensional
real vector space V' given by a Lie group homomorphism G — GL(V'), which in turn is
equivalent to a smooth linear action of G on V. Hence, the first natural approach that we
take is understanding deformations of Lie group actions on smooth manifolds, as studied
by Palais and Stewart in [23, 24]. The following rigidity result is obtained from [23] which
we prove with further illustration.

Theorem. Every smooth deformation of an action of a compact Lie group on a compact
smooth manifold is trivial.

The next natural step is to study deformations of Lie group homomorphisms, inspired
by the work [20] of Nijenhuis and Richardson. In the attempt of understanding how a
Lie group homomorphism behaves under deformations, we will see how the variation of
the homomorphism gives rise to a differentiable 1-cocycle. The discussion will lead to
an important rigidity result, which is only stated in [20]. In this thesis, we prove the
statement by using our construction of the cocycle.

Theorem. Let ¢ : G — H be a Lie group homomorphism between two connected Lie
groups G and H. Consider the representation of G on the Lie algebra b of H given by
g + Adgy(y), where Ad is the adjoint representation of H. If H'(G,h) = 0, then every
smooth deformation of ¢ is locally trivial.

This theorem has the following immediate consequence on rigidity of representations.

Theorem. Let G be a compact and connected Lie group and V be a finite-dimensional real
vector space. Let ¢ : G — GL(V') be a representation of G on V. Then, every smooth
deformation of 1 is locally trivial.

Furthermore, a significant part of this thesis is devoted to understanding deformations
of so-called Lie groupoids and their representations. Intrinsically, a groupoid is a group-like
geometric structure, which has many identities, arrows between them and a multiplication
defined on composable arrows. As such, a Lie groupoid is an extension of the notion of a
Lie group. In essence, it can be also thought of as a category with objects the identities,
and where each arrow is invertible. The theory of Lie groupoids comes together with its
infinitesimal counterpart, namely Lie algebroids, which are generalizations of the notion
of Lie algebras. For a historical note on groupoids, one may refer to [3] by Brown or [29]
by Weinstein.

Our analysis of deformations of Lie groupoids is mainly based on the paper [7] by
Crainic, Mestre and Struchiner, which is further elaborated in the PhD thesis [18] by
Mestre. The authors have defined the so-called deformation cohomology Hj ;(G) of a Lie



groupoid G and thoroughly investigated how it controls deformations of G. More precisely,
they have shown that deformations give rise to 2-cocycles and that the vanishing of H, gef(G)
leads to rigidity results of the underlying geometric structure. This paper comes parallel
to a previous one [8] by Crainic and Moerdijk, who have introduced the deformation
cohomology Hj(A) of a Lie algebroid A and shown how it controls deformations of A
and its bracket. Two of the rigidity results from [18] are as follows, which we prove with
more details.

Theorem.
(i) Ewvery (s,t)-constant deformation of a proper Lie groupoid is trivial.
(ii) Ewvery s-constant deformation of a compact Lie groupoid is trivial.

In addition, we explore the generalization of the notion of representations to the case of
Lie groupoids. This has proved to be more subtle and challenging due to the very definition
of Lie groupoids, and hence there are only few representations defined in a natural way.
In this thesis, we examine two natural representations of regular Lie groupoids, namely
the isotropy i and normal v representations, and their relation with the deformation
cohomology in low degrees as first studied in [7, 18]. We arrive to this exact sequence
from [18], which we prove with further details.

Proposition. For any Lie groupoid G, there is an exact sequence:
0— HY(G,i) = H):(G) = HY(G,v) = H*(G,i) — H3:(G)

In contrast to Lie groups, some representations, such as the adjoint representation, do
not have natural generalizations to Lie groupoids. Nevertheless, Arias Abad and Crainic
have introduced and studied so-called representations up to homotopy of a Lie algebroid
in [1], and by a parallel construction, representations up to homotopy of Lie groupoids
in [2]. The adjoint representation of a Lie groupoid will be shown to be a well-defined
representation up to homotopy up to isomorphism. Although the choice of a connection on
the groupoid will be crucial in defining the adjoint representation, different connections
will yield isomorphic representations as shown in [2]. The significance of the adjoint
representation in deformations is depicted in the following isomorphism, stated and proved
in [18].

Theorem. Given an Ehresmann connection o on a Lie groupoid G, H}(G) = H(G,Ad,)*.

This result in fact generalizes a similar result in the case of groups, where the usual
adjoint representation is considered. A proof is provided in this thesis.

Theorem. For a Lie group G, H}(G) = H*(G,Ad).

Lastly, an approach to deformations of Lie groupoid representations will be presented.
Similar to representations of Lie groups, we will show that a representation of a Lie
groupoid G can be given by a Lie groupoid morphism from G to the so-called general
linear groupoid GL(E) of a vector bundle E. For this reason, we first try to understand
deformations of groupoid morphisms, which will require the notion of cohomology of
groupoid morphisms as introduced in [7]. In this thesis, we generalize the theorem on
rigidity of Lie group homomorphisms from [20] to the case of Lie groupoid morphisms.

Theorem. Let G and H be compact Lie groupoids and let F' be a Lie groupoid morphism
from G to H. If Héef(F) =0, then every smooth deformation of F is locally trivial.



In terms of groupoid representations, the theorem can be stated as follows.

Corollary. Let G be a compact Lie groupoid and let (E, ) be a representation of G.
Denote by 1 the corresponding Lie groupoid morphism from G to GL(E). If Hl () =0,
then every smooth deformation of ¥ is locally trivial.

As a conclusion, we make the following observation. Actions of Lie groups on smooth
manifolds give rise to a special kind of Lie groupoids, namely action groupoids. Hence, it
is natural to ask how deformations of action groupoids and deformations of the underlying
representations (viewed as smooth linear actions) could be related. In particular, one can
ask if the rigidity of one would lead to the rigidity of the other. In this thesis, we try to
establish some connections between them. Nonetheless, this topic is yet to be studied and
is open for future research and investigation.
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1 Preliminaries

1.1 Lie groups and Lie algebras

Lie groups, which are simultaneously smooth manifolds and groups together with smooth
group operations, are fundamental tools for studying symmetries. Moreover, the theory of
Lie groups comes in parallel with its infinitesimal counterpart, the theory of Lie algebras.
This section provides a brief recall on the basic notions of a Lie group and a Lie algebra
along with some examples. For a more detailed exposition, one can for instance refer to
[12, 14].

Definition 1.1.1 (Lie group). A Lie group G is a smooth manifold which comes equipped
with a group structure such that the group operations

(i) GxG— G, (g,h) — gh (multiplication)

! (inversion)

(i) G — G, g+—g~
are smooth maps.

Example 1.1.2.

e The real and complex euclidean spaces R™ and C™ are Lie groups under addition.

R* =R\ {0} and C* = C\ {0} are Lie groups under multiplication.

The general linear group GL(n,R) is a Lie group under matrix multiplication.

Let G1, ..., G, be Lie groups. Then, their direct product Gy x - - - X G,, is a Lie group
as well.

Many other examples of Lie groups can be constructed as Lie subgroups of existing
Lie groups. Recall that a Lie subgroup of a Lie group G is a subgroup H of G such
that it comes equipped with a topology and smooth structure making it into an immersed
submanifold of G and a Lie group on its own.

Given a Lie group GG and an element g € (G, one can define the following maps

Ly:G— G, h+——gh

Ry,:G— G, h+——hg

which are called left translation and right translation respectively. These maps are
diffeomorphisms with inverses L,-1 and R -1 respectively.

Definition 1.1.3 (Lie group homomorphism). A Lie group homomorphism is a smooth
map F': G — H between two Lie groups G and H, which is also a group homomorphism.

The main application of Lie groups is through their actions on smooth manifolds as
well as through their representations, which will be recalled in section 1.5.

Definition 1.1.4 (Lie algebra). A Lie algebra V is a real vector space together with a
map

[ ]: VXV —V, (u4v)—[u,v]
called the Lie bracket, satisfying the following conditions:



(i) [crur + couz,v] = erfur, v] + calug, v]
[u, c1v1 + cova] = er[u, v1] + co[u,v2]  (bilinearity)

(i) [u,v] = —[v,u] (antisymmetry)
(iii) [u, [v,w]] + [v, [w,u]] + [w, [u,v]] =0  (Jacobi identity)
YV u,uy,uo,v,v1,v2,w € Vand V ¢1,co € R.
Example 1.1.5.
e Any vector space V is a Lie algebra with the zero bracket.

e Let M be a smooth manifold. The space X(M) of all smooth vector fields on M is
a Lie algebra under the commutator as the Lie bracket.

Recall that a Lie subalgebra of a Lie algebra V is a linear subspace U of V such that
it is closed under the Lie bracket. Then, U would be a Lie algebra on its own with the
restriction of the bracket of V.

Each Lie group has an associated Lie algebra, defined via its left-invariant vector fields.
Given a Lie group G, recall that a vector field X € X(G) on G is called left-invariant if it
is invariant under all left translations, i.e. (dLgy)n(Xn) = Xgp for all g,h € G. It can be
shown that the set of all left-invariant vector fields on G is a Lie subalgebra of the space
X(G) of vector fields on G, called the Lie algebra of the Lie group G, and denoted by
Lie(G) = g.

Remark 1.1.6. Given a Lie group G, the map
g —1T.G, X— X,
s an isomorphism of vector spaces.

Definition 1.1.7 (Lie algebra homomorphism). A linear map f: V — W between two
Lie algebras V and W is called a Lie algebra homomorphism if it preserves the Lie
bracket, i.e. if f([v1,v2]) = [f(v1), f(ve2)] for all v1,ve € V.

1.2 Lie groupoids

This section will introduce one of the main geometric objects under study of this thesis,
mainly Lie groupoids, as well as discuss their main properties and provide fundamental
examples. Lie groupoids are primarily understood as generalizations of Lie groups [3] and
therefore describe symmetry of geometrical structures in more general cases. One may
refer to [4, 15, 29| for further understanding of Lie groupoids, their structures and their
contribution to symmetry.

Definition 1.2.1 (Groupoid). A groupoid over a set M is a set G together with the
following structure maps:

(i) s: G — M, called the source
t: G — M, called the target

(ii) m : G® — @G, called the multiplication, which is defined on the set of composable
pairs
G = {(g,h) € G x G | s(g) = t(h)}

and commonly denoted by m(g, h) = gh, such that ¥ (g, h), (h, k) € G®:



e (gh)k = g(hk) (associativity)
* s(gh) = s(h) and t(gh) = t(g)

(iii) w: M — @G, called the unit, such that V g € G, = € M:

* gu(s(g)) = u(t(g))g = g
o s(u(z)) =tu(x)) ==

(iv) i : G — G, called the inversion, commonly denoted by i(g) = g~!, such that
VgeG:

e g9 =u(t(g)) and g~ g = u(s(g))
e 5(g7") =t(g) and t(g™") = s(g).

Definition 1.2.2 (Lie groupoid). A Lie groupoid is a groupoid G over M such that G
and M are both smooth manifolds (with M Hausdorff), all the structure maps are smooth
and the source and target maps are surjective submersions.

A groupoid G over a set M is usually denoted by G = M where the two maps represent
the source and target maps. G is commonly called the space of arrows, whereas M is
called the space of objects, as we can visualize an element g of G as an arrow from its
source s(g) to its target t(g).

Moreover, multiplication between two composable arrows g and h can be understood
as the composition between them as depicted below.

gh

A /\
t(gh) = t(g) s(g) = t(h) s(h) = s(gh)

The multiplication naturally induces a division map on G defined by:
m: GxsG — G, (g,h)— m(g,i(h)) = gh™?

where GxG :={(g,h) € G x G | s(g) = s(h)}.

One can also view a groupoid as a category whose objects are the elements of M and
the morphisms are the arrows between these objects, hence the elements of G, such that
each morphism is invertible.

In this thesis, we will be dealing mostly with Lie groupoids unless stated otherwise. For
all x € M, the sets s™1(z) and t~!(z) are called the source fiber and the target fiber of
x respectively, and are closed embedded submanifolds of G since s and ¢ are submersions.
Moreover, the inversion map ¢ : G — G turns out to be a diffeomorphism of G which
exchanges the source and target fibers (see [15, Proposition 1.1.5]). Additionally, the unit



source fibers st (z) et (v) target fibers

Figure 1: Lie groupoid

M~ GO

map u : M — G is an embedding and hence M can be viewed as a closed embedded
submanifold of G. One may refer to [15, 19] for further properties of a groupoid.

Figure 1, which is inspired from [4, p. 86], is extremely useful in understanding Lie
groupoids and the operations associated to it.

Let us now consider few examples of groupoids.

Example 1.2.3.
e A Lie group can be viewed as a Lie groupoid over a point.

e Let M be a smooth manifold. The product manifold M x M can be seen as a
groupoid over M, called the pair groupoid with the following structure maps.
For all z,y € M, s(z,y) =y, t(z,y) = z, m((x,y), (y,2)) = (z, 2), u(zr) = (z,x),
i(z,y) = (y, 7).

e Every groupoid G = M induces a groupoid structure on the tangent bundle of G over

the tangent bundle of M, TG = T M, with structure maps given by the differentials
of the structure maps of G. This induced groupoid is called the tangent groupoid.

Let G = M be a given Lie groupoid. One can define an equivalence relation ~ on M
by:
r~y & JgeG st s(g) =xand t(g) =y.

Remark 1.2.4. The relation ~ indeed defines an equivalence relation on M.
Proof.
e Reflexive: x ~ x since the unit u(x) € G is s.t. s(u(z)) = t(u(z)) = .

e Symmetric: z ~y = 3 g € G s.t. s(g) = x and t(g9) = y, by the inversion map
gleGisst. s(g)=tlg)=yand t(g7!) =s(g) =z =y ~ .

e Transitive: x ~yandy~2=3g:y ~ax,h: 2z y e G, which implies that
(h, g) is a composable pair where s(hg) = s(g) = x and t(hg) =t(h) =z =z ~ 2.

O]



The orbits {Orb(x)},enr of the groupoid are defined to be the equivalence classes of
this relation. It can be proved that Orb(z) is a submanifold of M for all x in M (see [15,
Theorem 1.5.11] or [19, Theorem 5.4]).

The groupoid G = M is called a regular groupoid if its orbits have the same
dimension. Moreover, it is said to be a proper groupoid if G is Hausdorff and

(s,t): G— M x M, g (s(g9),t(g9))

is a proper map. The notion of properness can be seen as a generalization of the notion of
compactness. For instance, a Lie group H being compact is equivalent to the Lie groupoid
H = {x} being proper. Also, G = M is called a compact groupoid if G is Hausdorff
and compact as a manifold.

For each z € M, we let GG, denote the set of arrows starting and ending at x

Gy :={g€G|s(g) =tlg) =a} =s""(z) Nt} (x)
and call it the isotropy group of z.
Remark 1.2.5. For all x € M, G, is a Lie group.
Proof. We first show that it satisfies the properties of a group.

e Binary operation: Let G, x G, — G, (g,h) — m(g,h) = gh where m is the
multiplication of the groupoid. This is well-defined since all arrows starting and
ending at the same object x are composable, and their composition starts and ends
at x as well.

e Associativity: Follows from that inside the groupoid.

o Identity: We show that u(z) is the identity of G,. Firstly, s(u(z)) = t(u(z)) =
x and hence u(x) € G5. Now, V g € G, m(g,u(x)) = m(g,u(s(g))) = g and
m(u(z), g) = m(u(t(g)),g) = g hold.

e Inverse: For all g € G, g~ € G, too since s(g~!) =t(g) = z and t(g~!) = s(g9) =
x. Moreover, m(g,g~!) = u(t(g)) = u(z) and m(g~1,g9) = u(s(g)) = u(z).

To see that G, is a smooth submanifold of G, one can for instance refer to [19, Theorem
5.4], where the authors provide a proof using some foliation theory. Smoothness of the
multiplication and inversion maps follow directly from that of G. 0

Definition 1.2.6 (Groupoid morphism). A groupoid morphism between two groupoids
G = M and G’ = M’, with structure maps s, t, m,m,u,i and s',t',m’,m’, v, i’ respectively,
is a pair of maps F': G — G’ and f : M — M’ such that the following diagrams commute:

G G/ G(Z) m G
t||s t’Ms’ FXF|(;<2)‘ F
o —L ¢ —— ¢

That is, s o F = fos, t' o F = fot and F(m(g,h)) = m/(F(g), F(h)) for all (g,h) € G@.

A Lie groupoid morphism between two Lie groupoids is a groupoid morphism (F, f)
with smooth maps. Moreover, a Lie groupoid morphism (F, f) is an isomorphism of Lie
groupoids if the maps F' and f are diffeomorphisms.



Remark 1.2.7. Let (F, f) be a groupoid morphism between two groupoids G = M and
G' = M'. Then,

(i) Flu(z)) =v'(f(z)) VzeM,
(i) F(g~!) = (F(9))"! VgeG.
Proof. For (i): Let 2 € M. Then, F(u(z)) is an element of G’ with

This makes sense since s'(F(u(x))) = f(s(u(z))) = f(z) and ¢ (F(u(z))) = f(t(u(z))) =
f(z). Therefore, F(u(z)) € G}(m), the isotropy group of f(x), with the condition that
F(u(x)) = m/(F(u(zx)), F(u(z))). But, G/f(w) is a group, which implies that F'(u(z)) can
only be the identity of the group. Therefore, F(u(z)) = u/(f(z)) true for all x € M as x
was chosen arbitrarily.

For (ii): We show that F(g—1) is the inverse of F(g) by showing that it satisfies the
conditions of the inversion map. Using the commutativity relations,

s'(F(g™)) = f(s(g™)) = f(t(g)) =t'(F(g)) and
t'(F(g™) = f(tlg™1) = f(s(9)) = §'(F(g)).

Moreover, we get that

Similarly, m/(F(g~1), F(g)) = u/(s'(F(g))) and therefore F(¢g~1) = (F(g))™! Vge G. O

Proposition 1.2.8. Let G = M and G' = M’ be two groupoids and let F : G — G’ and
f:M — M’ be two maps. Then, the following are equivalent:

(i) (F, f) is a groupoid morphism
(ii) s o F = fos and m'(F(g),F(h)) = F(m(g,h))
for all (g,h) € G x5 G.

Proof. (i) = (ii): By the definition of groupoid morphism, s'(F(g)) = f(s(g)) holds
VY g € G. For the second equality,

m'(F(g), F(h)) = m'(F(g), (F(h))™")
"(F(g), F(h™1))

(9:h71))

m(g,h))

V (g,h) € G x5 G by using the properties of a groupoid morphism and Remark 1.2.7.

Il
-
3
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(iil) = (i): First note that for all g in G, t(g) = s(m(g,g)) since s(m(g,g)) =
s(m(g,971)) = s(u(t(g))) = t(g). Hence, for all g € G, we get

t'(F(g)) = ¢

|
[y

To show commutativity of multiplication, observe that for all g € G and x € M:

F(u(z)) = u'(f(z)) and F(g~") = (F(g))™"

by using commutativity of the source, target and division maps and similar arguments as
in Remark 1.2.7.
Therefore, V (g,h) € G®@ | these observations lead to:

O]

Definition 1.2.9 (Lie subgroupoid). A Lie subgroupoid of a Lie groupoid G = M is
a Lie groupoid H =% N such that there exist injective immersions H — G and N — M
which form a Lie groupoid morphism.

1.3 Lie algebroids

Similar to the notion of the infinitesimal counterpart of a Lie group G, namely its Lie
algebra g, we can construct the infinitesimal object associated to a Lie groupoid G = M,
its Lie algebroid Lie(G). First of all, let us consider the definition of an abstract Lie
algebroid.

Definition 1.3.1 (Lie algebroid). A Lie algebroid over a manifold M is defined to be a
vector bundle 7 : A — M together with:

(i) a Lie bracket [-,-] : I'(A) x I'(A) — TI'(A) on its space of smooth sections

(ii) a vector bundle map p : A — T'M, called the anchor, where T'M is the tangent
bundle of M, such that the Leibniz rule is satisfied:

e, f8] = flew B] + (p(e) ) B (1)
Voa,Bel(A), feC®(M).
The following remark shows that (1) makes sense.

Remark 1.3.2. The anchor induces a Lie algebra map between the space of sections, also
denoted by p:
p:T(A) — X(M).

11



Proof. Note that the induced map is naturally defined by p(«)(x) := p(a(z)) for a« € T'(A)
and x € M.

e Linear:
For all o, 8 € I'(A), x € M, we have p(a + §)(z) = p((a + 8)(x)) = p(a(z) + B(x))
where a(z), B(x) € 7~ 1(x), the fiber of A over z. As p: A — TM is a vector
bundle map, and hence linear at the level of fibers, we get that p(a(x) + B(x)) =
pla(z)) + p(B(x)) and thus linearity.

e Closed under the Lie bracket:
It is still required to show that pla, 5] = [p(a),p(B)] V o, € T'(A). By using
the Jacobi identity, bilinearity and antisymmetry on the Lie bracket as well as the
Leibniz rule, one gets:

= [, [B, AN+ 1B, [y, all + [f, [a, B]
= [a, f[B: ]+ (p(B) )] + [B. = fle, 7] = (p() )] = fllev, B], 7] = (plev, B
[a F1B:A + [, (p(B) )] = B fles Y] = B (p(e) £)A] = fllev, 8], 7] = (ple, B1f )y
fles [B,A] + (pleyHBAT + (eByAHeA] + (p(a)p(B) )y
— [18 [, )] = (eBYHeAT — (pleyHBAT — (p(B)p(@) f)y

= flla, B1,79) = (plev, BI )y
= tHestbrttFBredtt—Flastes B + (p(a)p(8) f)y = (p(B)p(@) )y = (plas, B1F)y

true for every section a, 8,y € I'(A) and for every function f € C°°(M), hence the
result.

O
Example 1.3.3.
e A Lie algebra can be viewed as a Lie algebroid over a point.

e Given a smooth manifold M, the tangent bundle TM over M is a Lie algebroid,
together with the usual Lie bracket on the space X (M) of vector fields on M, where
the anchor is the identity on TM.

For the rest of the section, fix a Lie groupoid G = M. Before looking at the details of
the construction of the Lie algebroid of G, let us consider the following remark.

Remark 1.3.4. Let g: y  x be an element of G.

e Right translations are defined only on source fibers. More precisely, one can apply
right translation by g only to elements h € G, such that s(h) = t(g). This follows
from the fact that multiplication in a groupoid is defined only on composable pairs.

Ry:sHy) — s Hx), hw hg.

o Left translations are defined only on target fibers by similar arguments.

Lyt x) — t7(y), hw gh

12



The Lie algebroid of G = M will be defined via right-invariant vector fields. However,
we restrict the vector fields to be tangent to the source fibers, as right translation is defined
only on source fibers. Let

T°G :=ker(ds) = | ] T(s'(x)) C TG
xeM

be the subbundle consisting of vectors tangent to the source fibers. Here, ds represents
the differential of the source map, T'(s~!(z)) is the tangent space to source fibers and T'G
is the tangent bundle of G.

Definition 1.3.5. A vector field X € X(G) is called right-invariant if it is:
e tangent to the source fibers, i.e. X € I'(T*G)

e invariant under right translations, i.e. (dRy)y(Xy) = X,n ¥V (9,h) € G,

Left-invariant vector fields can be defined similarly, by being tangent to the target

fibers and invariant under left translations. Denote the space of right-invariant vector
fields of G by X{ (G), and that of left-invariant vector fields by X! (G).

mv mv

The Lie algebroid is now the vector bundle A := u*(T*G), the pullback by the unit
map of the subbundle T°G C TG.

A= u*(T*G) TG C TG
M - G

Hence, the fibers of A are the tangent spaces to the source fibers at the units of the
groupoid. That is, A, = Tu(x)s_l(m) for all z in M, and A = ker(ds)|,(ar), as depicted in

Figure 2.
ACL’ Ay Az
lji‘;ig— M ~ GO

Figure 2: Fibers of the Lie algebroid of a Lie groupoid

The anchor is defined as the restriction of dt to A, where dt is the differential of the
target map
p:=dtlpa: A— TM.

It still remains to define the Lie bracket on the space I'(A) of sections of A. Note that
I'(A) can be identified with the space X  (G) of right-invariant vector fields on G via the

mv
following isomorphism

N(A) — %,,(G), ar—

mv
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where @ is a right-invariant vector field on G defined as

(g:y~nz)— 5>g = dRylyy) (o) € Tgs_l(x)

as shown in Figure 3.
For any a, 8 € T'(A), let @ and F be the induced right-invariant vector fields of «
and ( respectively. Since X2 (G) is closed under the usual Lie bracket on vector fields,

we get that [o, ?] € %3 ,(G). Hence, [a, 8] can be defined such that [, 5] = [, ?]

For later use, note that every section a € T'(A) of A induces also a left-invariant vector
field @ € X! _(G) on G, defined by

(g:y N a)— Qg i=dLyl,wdi(eg) € Tyt (y)

as illustrated in Figure 3.

source fibers s71(x) t=1(y) target fibers

Figure 3: The right- and left-invariant vector fields induced from o € I'(A)

Note that the anchor and the bracket defined above do satisfy the Leibniz identity (1)
(see [6, Proposition 1.24]) and hence the Lie algebroid A of G is indeed a Lie algebroid.
This finishes our discussion on the Lie algebroid associated to a Lie groupoid. We conclude
by giving two basic examples.

Example 1.3.6.

e The Lie algebroid of a Lie group G = {x} is precisely g = {*}, where g is the Lie
algebra of G.

e Given a smooth manifold M, the Lie algebroid of the pair groupoid M x M is
isomorphic to the tangent bundle T'M of M.

1.4 Integral curves, flows and multiplicative vector fields

The aim of this section is to first present the definitions of integral curves of vector
fields and flows on smooth manifolds as well as highlight the fundamental theorem on
flows. Intuitively, flows, which are the collection of all integral curves of a vector field
on a manifold, represent movements of the manifold along the integral curves at different
times, and hence will be important in the discussion of deformations. In addition, we will

14



introduce multiplicative vector fields and study their flows. For a thorough understanding
of these geometric objects and the background behind their definitions, one may for
instance refer to [14, 15].

Let M be a smooth manifold and I be an open interval containing zero throughout
the subsection.

Definition 1.4.1 (Integral curve). An integral curve of a vector field V € X(M) is a
smooth curve v : I — M such that

d
%fy(e) =Vye, Veel

That is, the velocity vector at each point of the integral curve is equal to the value of the
vector field at that point.

Definition 1.4.2 (Global flow). A smooth global flow on the smooth manifold M is a
smooth map ¢ : R x M — M such that Vo € M, e, e R

e 9(0,2) ==z
hd ¢(€,¢(5,$)) = ¢(5 + 5733)

For a given flow ¢ on M, consider the curve defined by ¢(*) : R — M, & — (e, z), for
each x € M. It is a known result that every smooth global flow ¢ on M gives rise to a
smooth vector field V defined by V, := ¢®)(0) € T, M for every 2 € M, where the curves
@) are precisely the integral curves of V starting at each = in M. However, it is not in
general true that every vector field generates a global flow since not all integral curves of
smooth vector fields are defined on the whole R. This leads to the definition of local flows,
which are flows defined only on open subsets of R x M.

Definition 1.4.3 (Local flow). A smooth local flow of M is a smooth map ¢: D — M
where D C R x M is an open subset such that Vo € M, D@ := {¢ € R | (¢,2) € D} CR
is an open interval containing zero, and such that

e $(0,7)=x
L d ¢(57 QS((S?'T)) = ¢(5 + 57 .’L')
hold ¥V z € M, e € D@¥2) 5 D& (¢ 4 §) € D@,

Let us introduce some terminology and notation. D as in the previous definition
is usually called a flow domain for M. A vector field V on M is said to generate a
flow ¢y : D — M on M if V, = d)%f) (0) V x € M for some flow domain D and where
gzﬁgf) : D®) — M is defined by (;5%?) () = ¢v(e,z). By a maximal integral curve, we
mean an integral curve which cannot be extended to a larger interval, and by a maximal
flow, we mean a flow which cannot be extended to a flow on a larger flow domain. The
following theorem from [14, Theorem 9.12] is of great importance.

Theorem 1.4.4 (Fundamental Theorem on Flows). Every smooth vector field V € X(M)
on M generates a unique smooth maximal flow ¢y : D — M on M. Moreover, the curves

¢§f) are the unique mazximal integral curves of V' starting at each x in M.
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Given a vector field V € X(M), let D. = D (V) :={x € M | (¢,z) € D} C M be the
set of all elements x € M such that the integral curve of V' at e starting at x is defined.
Also, denote the flow of V' at time € by ¢7, : Dc(V) = M, x — ¢y (e, x).

The fundamental theorem on flows can be generalized to the time-dependent case in
a slightly different manner. Recall that a smooth time-dependent vector field on M
is a family {V(e)}.c; of vector fields on M which is smoothly parametrized by ¢, that is

MxI—TM, (z,e)—V(e),€TuxM

is a smooth map. One can identify such a vector field with the vector field V* on M x [
defined by V("; o) = (V(a)w, %). Similar to the time-independent vector fields, an integral
curve of a time-dependent vector field {V'(¢)}..; on M is a smooth curve v : I — M such

that
d

d—g’y(e) =V(e)ye), Veel.
This is equivalent to the condition that I — M x I, € — (7y(¢),¢) is an integral curve of

the induced vector field V* on M x I. The generalization of the previous theorem is as
follows (see [14, Theorem 9.48]).

Theorem 1.4.5 (Fundamental Theorem on Time-Dependent Flows). Let V = {V(¢)}
be a smooth time-dependent vector field on M. Then, there exists a smooth map

eel

Yy A—>M
for some A C I x I x M open, such that

Q) Ve M e cl A .= {ccT|(ee0,z) €A} C I is an open interval
containing €g.

(ii) the smooth curves w‘(/so,x) c AT 5 M ety (e, 0, %) are the unique mazimal
integral curves of V' starting at time € = €g at each x € M, i.e. Yy (gg,e0,2) = x.

(iii) V (e1,e2) € I x I, the map ¢‘(fl’€2) M — M, z — yy(er,e2,x) is locally a
diffeomorphism.

(iv) For ey, eq,e3 €1, 1/1{(/51’82) o ‘(f2’53) = 1/;{(/’51’83) whenever defined.

Given a time-dependent vector field V' = {V(e)} on M, the induced map ¢y as
in Theorem 1.4.5 is usually called the time-dependent flow of V. Similar to the
time-independent case, where vector fields on compact manifolds generate global flows,
there is a desirable result in the time-dependent case which will be crucial in proving some
rigidity results for deformations of group actions.

Proposition 1.4.6. If M is a compact smooth manifold, then every time-dependent vector
field V.= {V(e)}.c; on M generates a time-dependent flow vy with domain the whole of
I xIxM.

Corollary 1.4.7. Let M be a compact smooth manifold and let V = {V(e)}.c; be a
time-dependent vector field on M. Then, the unique maximal integral curves 1/11(/60’96) of V

at €y starting at each x € M are defined on the whole interval I.

Corollary 1.4.8. Let M be a compact smooth manifold and let V. = {V(e)}.c; be a

(e1,62)

time-dependent vector field on M. Then, the map vy, M — M, x— py(e1,e9,1) is
a diffeomorphism defined on the entire M for all (e1,e2) € I x I.
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Given a time-dependent vector field V' = {V(e)} on M, note that the associated

time-dependent flow w (e1,62) depends on two time parameters. In relation to the flow )y«

generated by V*, which is the induced vector field on M x I, one has
Uik 00) = (W (@), 01 4 00) 2)

whenever defined. When we deal with ¢‘(f 122) i the case where the parameters are close
to zero, then we will consider the flow given by a single time parameter, by setting the
other one to be equal to zero:

i =Y.

The subsection will be concluded by introducing multiplicative vector fields on Lie
groupoids and by showing that the flows generated by such vector fields preserve the
groupoid structure.

Definition 1.4.9 (Multiplicative vector fields). Let G = M be a Lie groupoid. A
multiplicative vector field on G is a pair (X, V) of vector fields where X € X(G)
and V € X(M), such that the pair of maps X : G — TG and V : M — TM make
a groupoid morphism between the groupoid G = M and the induced tangent groupoid
TG=TM.

G TG
tMS dt hds
M 4 TM

Denote the set of all multiplicative vector fields on G by X (G). According to the
situation, sometimes X € X(G) alone will be called a multiplicative vector field on G and
the corresponding vector field V' € X(M) will be called the base field associated to X.

The following terminology will be commonly used in the next sections. We say that X
in X(G) is s-projectable to V' in X(M) if ds(Xy) = Vy(, for all arrows g € G. Similarly, X is
called t-projectable to V' if dt(X,) = Vig) ¥V 9 € G. Naturally, X is called (s, t)-projectable
if it is both s- and ¢-projectable. In this case, X is also called an (s, t)-lift of V. In light
of these notations, a vector field X on G is called multiplicative if it is (s, t)-projectable
to some vector field V on M and if it commutes with multiplication.

Remark 1.4.10. The multiplication dm on the tangent groupoid has the following explicit
formula [15, p. 6]
dm|(gn)(Xg, Xn) = dRp|g(Xg) + dLg|n(Xn) (3)

for all (g,h) € G® and whenever ds(X,) = dt(Xp,) = 0.
Example 1.4.11.

e A multiplicative vector field (X, V') on a Lie group G, which is a Lie groupoid over
a point, is necessarily of type (X,0) such that

Xn(gn) = dm(Xg, Xp) = dRp(Xy) + dLy(Xp) using (3)

for all composable pairs (g, h) € G*).
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e Let M be a smooth manifold. A multiplicative vector field on the pair groupoid
M x M — M is of the form (V x V,V) for V € X(M).

Remark 1.4.12. If the given pairs (X, V) and (X', V') are multiplicative vector fields on
a Lie groupoid G = M, then so is (X + X',V + V).

Proof. By straight forward calculation, one gets for all ¢ in G:
ds(X + X")(g) = ds(X, + X;)
= ds(X,) + ds(X,)

= Viig) + Vi)
= (V =+ Vl)s(g)'

Similarly, dt(X + X')(g) = (V + V")) ¥V g € G. Moreover, for every (g,h) € G, we get

dm(Xg + Xy, Xp + Xp,) = dm(Xy, Xp) 4+ dm(Xg, X3,)
= Xin(g.n) + Xu(g.n)
= (X + X/)m(g,h)'

O]

The following important result from [15, Proposition 9.8.3] shows that the flows
generated by multiplicative vector fields preserve the groupoid structure.

Proposition 1.4.13. Let (X, V) be a multiplicative vector field on a Lie groupoid G = M.
Then, the flow ¢x of X preserves the groupoid structure. That is, the pair of flows
% : Do(X) = G and ¢, - D(V) — M of X and V respectively form a groupoid
morphism ¥V € > 0.

Proof. It is required to prove that the maps ¢5 and ¢}, commute with the source, target
and multiplication maps of the groupoid. Without loss of generality, assume that the
flows ¢% and ¢}, of X and V respectively are defined globally. Let g € G. Due to the
multiplicativity of (X, V'), we know that X projects to V by s and hence ds(X;) = V().

Also, X, = d% 0 qﬁg“g) (¢) where qﬁgg) is the unique maximal integral curve of X starting
at g. The projection of this curve under s is a maximal integral curve of V' in M starting
at s(g), since

a
de|._g

st (e) = as (4

Y (5)) = ds(Xy) = Vy(g)-
e=0
This is true for all g in G and so by uniqueness of maximal integral curves, so¢5 = ¢, 0s.
Similarly, dt(Xy) = Vy(4) ¥ g € G implies that t o ¢5 = ¢j, ot holds.
To prove commutativity of multiplication, observe that

X*X:G® 517G, (g,h)— (X,, Xp)

is a vector field on G, where X, and X}, are indeed composable for (g,h) € G@ | since
ds(Xy) = Vg = Vi) = dt(Xn). Moreover, the flow generated by X x X in G®@ is
exactly ¢5,x(9,h) = (¢5%(9), 5% (h)). Now, due to the multiplicativity of X we have that
dm(Xg, Xn) = Xpgn for all (g,h) € G®@ | and hence X * X projects to X under m. By
similar arguments, m o ¢%, y = ¢% om and hence m(¢% (g), ¢% (h)) = ¢%(m(g, h)) for all
(9,h) € G?. O
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Observe that D.(X) = D.(V) is an open subgroupoid of G = M. It is clear from [15,
Proposition 9.8.3] that the converse of this result is true as well. Hence, the multiplicativity
of a vector field X € X(G) is equivalent to the condition that its flow ¢x preserves the
groupoid structure. In the proper case, the authors in [7] have proved the following
important result [7, Lemma 4.4].

Remark 1.4.14. If G = M s additionally proper, the flow ¢ (g) of X is defined precisely
when the flows ¢7,(s(g)) and ¢5,(t(g)) are, that is D-(X) = G|p_(v)-

1.5 Actions and representations

Actions of Lie groups on smooth manifolds as well as representations of Lie groups are
of primary importance and are considered to be the heart of Lie group theory. In this
section, the notions of Lie group actions and representations will be recalled. Moreover,
these notions will be further generalized to the case of Lie groupoids in their own context.
A Lie groupoid will act on a space which is fibered over its base, the space of objects.
Furthermore, the idea of representing elements of a group via automorphisms of a vector
space will be generalized to representing elements of a groupoid via linear isomorphisms
between fibers of a vector bundle over the base of the groupoid.

Definition 1.5.1 (Lie group action). A smooth (left) action of a Lie group G on a
smooth manifold M is a smooth map ¢ : G x M — M, (g,z) — ¢(g,x) := g - © such
that

o (gh)-z=g-(h- )
ec-r=ux
V g,h € G, £ € M and where e is the identity of G.
Right actions can be defined in a similar manner.
Example 1.5.2.
e A group G acts on itself naturally by conjugation, i.e. g-h:=ghg~ 'V g,h € G.
e Left translations as defined in section 1.1 are actions of groups on themselves.
e A smooth global flow ¢ on a manifold M is a smooth left action of R on M.

The concept of equivariant maps is useful for us, especially because it will be needed
in defining equivalent deformations of group actions.

Definition 1.5.3 (Equivariant map). Let G be a Lie group acting on two smooth manifolds
M and N. A map f: M — N is said to be G-equivariant if f(¢g-z) =g f(z) Vg € G,
reM.

If ¢1 and @2 denote the actions of G on M and N respectively, then f is G-equivariant
if the following diagram commutes.

GXMLM

Idcxfj lf
Y2

GxN—>N
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Definition 1.5.4 (Linear action). An action ¢ of a Lie group G on a finite-dimensional real
vector space V' is said to be linear if for all g in G, the map ¢, : V =V, v = ¢(g,v) = g-v
is a linear map.

Definition 1.5.5 (Representation of a Lie group). Let G be a Lie group and V be
a finite-dimensional real vector space. A representation of G on V is a Lie group
homomorphism

Y :G— GL(V) = Aut(V), g 1(9)

where GL(V) is the general linear group of V', composed of all automorphisms of V.
Equivalently, a representation of G on V' is a smooth linear action of G on V'

p:GXV —V, (g,v) > p(g,v)=g"v.

This equivalence of definitions is not difficult to prove and it mainly follows from the
axioms of a group action and the properties of a group homomorphism (see [14, Proposition
7.37]).

One of the most important representations of a Lie group in this thesis will be the
so-called adjoint representation, which gives a way of representing the elements of the
group as automorphisms of the Lie algebra of the group through conjugation.

Example 1.5.6 (Adjoint representation). Let G be a Lie group with g its Lie algebra.
For all g € G, define the group automorphism through conjugation

v,: G — G, h— ghg™!
and let Adg :=d(Vy)e : TeG = g — T.G = g. Now,
Ad: G — Aut(g), g¢g— Ady

is called the adjoint representation of G.
This is indeed a representation of G since Adg, g, = d(¥g,g,)e = d(¥g, 0 Vy,)e =
d(Wy,)e0d(Vy,)e = Adg, 0 Ady, and hence a group homomorphism.

Next, we present the generalization of actions and representations to Lie groupoids.

Definition 1.5.7 (Action of a Lie groupoid). Let G = M be a Lie groupoid and let P be
a smooth manifold such that p: P — M is a smooth surjective map. A smooth (left)
action of G on P is a smooth map:

GxuyP— P, (9,p)—9-p
where G xyr P :={(g,p) € G x P | u(p) = s(g)} and such that
e w(g-p)=1tlg), V(g,p)€EGxmuP
e (gh)-p=g-(h-p), V(g9,h) G, (h,p)eCGxyP
o u(u(p)) -p=p, VYpeP

Note that the definition of an action of a groupoid implies that g : y v x € G maps
elements in the fiber of P over x to elements in the fiber over y. Also, for the second
condition, (g, h) being a composable pair and choosing p € P such that u(p) = s(h) make
these actions and equality well-defined (using the fact that s(gh) = s(h), t(gh) = t(g),
s(g) = t(h)). The map p is usually called the moment map.
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Example 1.5.8. Let G = M be a Lie groupoid.

e (G acts on itself via left translation when viewed as a space fibered over M through
the target map.

e Let G®) denote the set of k-composable arrows for & > 0. That is,
G® = {(g1,.sgr) €Gx ... X G | s(gi) =t(gis1) Vie{l,k—1}}.
Then, G®) can be viewed as a space fibered over M by
piGW = M, (g1, ) = H1).
There is a left action of the groupoid G on G*) defined by
9+ (91,92, 91) = (991,92, - 9%) V¥ (9,91) € G

Definition 1.5.9 (Representation of a Lie groupoid). Let G = M be a Lie groupoid. A
representation of GG is a vector bundle 7 : E — M, together with a linear action of G
on E. That is, for every arrow g : y »~x € G, g: E; — E, is a linear isomorphism.

Example 1.5.10.

e If M = {x} is a point, the groupoid G = {*} can be viewed as a Lie group G, the
vector bundle E — {x} can be viewed as a vector space E, and each g € G induces
automorphisms of £. We then recover the usual definition of a representation of a
Lie group.

e Let M be a smooth manifold and G = M x M = M be the pair groupoid. Then, a
representation of G is a vector bundle E over M with an identification of fibers £,
and E, for all (x,y) € M x M. That is, it is precisely a trivialization of FE.

In contrast to Lie groups, the nature of groupoids is more subtle and hence there are
in general only few canonical representations of Lie groupoids. In sections 4.1.1-4.1.2,
some important representations of regular Lie groupoids will be studied. In particular,
the isotropy i and normal v representations will be defined in terms of the kernel and
cokernel of the anchor p of the Lie algebroid associated to the Lie groupoid respectively,
which are useful in the analysis of deformations of groupoids.

On the other hand, this generalization of representations to groupoids fails to make
sense for some well-defined representations of groups, such as the adjoint representation.
This leads to the notion of representations up to homotopy of groupoids introduced in [2],
which will be studied in section 4.2. The main example of representations up to homotopy
that we will consider is the adjoint representation Ad which also has direct implications
on the deformation theory of groupoids similar to the case of groups.

In the context of representations up to homotopy, the notion of quasi-actions will be
needed. Quasi-actions are operations which behave like actions but do not necessarily
satisfy the identity and associativity axioms, as defined below:
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Definition 1.5.11 (Quasi-action). Let G == M be a Lie groupoid and let E — M be a
vector bundle over M. A quasi-action of G on E is a smooth map:

GxyE—FE, (g,v)—g-v=:7(v) € Eyy
such that for all g € G, Ay : Egg) — Ey(g) is linear and where Ay varies smoothly with g.

Clearly, a quasi-action of G on E is an action whenever the identity and associativity
axioms hold.
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2 Cohomology theory

Cohomology theory plays a significant role in determining the behavior of geometric
objects that undergo deformations. In [7], Crainic, Mestre and Struchiner have defined
the deformation cohomology of a Lie groupoid, and meticulously investigated how this
cohomology controls deformations of Lie groupoids mainly by showing that deformations of
groupoids give rise to deformation 2-cocycles. In section 3.2, we will see how deformations
of Lie group homomorphisms give rise to differentiable 1-cocycles. In later sections, it will
be clear how the vanishing of cohomologies yield rigidity results.

2.1 Cohomology of Lie groups

In this subsection, we examine two types of cohomologies of a Lie group G. Firstly, the
usual differentiable cohomology with values in a representation of G will be recalled. Next,
we define the deformation cohomology of GG, which will turn out to be isomorphic to the
differentiable cohomology with values in the adjoint representation g of G.
Let G be a Lie group and G¥ = G x ... x G be the direct product of k copies of G.
——

k

Definition 2.1.1 (Differentiable cohomology of a Lie group). Let V' be a representation
of G. The differentiable cohomology H*(G,V) of G with coefficients in V is the
cohomology of the complex (C*(G,V), ), where the cochains are defined as:

e k> 1: the k-cochains w € C¥(G, V) are the smooth maps
w:Gk —>‘/7 (gla“'7gk) Hw(gla"wgk) EV
where the differential is defined as 6 : C*(G, V) — CF1(G, V)

(6w) (g1, s Grt1) = g1 - w(G2, s Gt1)
k
+ Z(*l)zw(gh vy Giit 15 s Gh+1)
=1

+ (=D w(gr, . gw)-

e k= 0: the 0-cochains w € CY(G, V) are the elements of V, i.e. C°(G,V) =V. The
differential is defined as & : C°(G,V) — C1(G, V) with

(Ow)(g) :==g-w —w.

Definition 2.1.2 (Deformation cohomology of a Lie group). The deformation
cohomology Hj ¢(G) of G is the cohomology of the so-called deformation complex
(C3£(G),6) of G, where the cochains are defined as:

e k> 1: the k-cochains ¢ € C% .(G) are the smooth maps
C:Gk —>TG, (g1,...,gk)r—>c(g1,...,gk) ETglG
and the differential is defined as § : C% .(G) — ngfl(G)

(6c)(g1, - Gur1) == — dm(c(g1g2; s Gry1), (92, -+, Gt 1))
k
+ Z(—l)’c(gl, ey GiGiA1s o, Ght1)
=2

+ (=1 e(gr, o0 98)
where m(g, h) = gh~! for all g,h € G.
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e k = 0: the O-cochains ¢ € C9;(G) are the elements of g = T.G, i.e. C;(G) = g.
The differential is defined as & : C3,;(G) — Ci;(G) with

(0¢)(9) = dRy(c) — dLy(c).
Note that (C}¢(G), d) as in Definition 2.1.2 is indeed a cochain complex (see [7, Lemma
2.2]).
Lemma 2.1.3. Forall g,h € G, X, € T,G, X}, € T),G,
dm(Xg, Xp) = dRp— (Xg) — dLgdLh—ldRh—l (Xp).
Proof. We will mainly use the formula (3) for the differential of the multiplication map
for groups. Firstly, note that for all g € G, X, € T,G
dm(Xgy,di(Xg)) = Oc
=  dR,1(Xy) +dLy(di(Xy)) =0
= di(Xy) = —dL,1dR;-1(X,)
where ¢ denotes the inversion in G. Now, we get that
dm(Xg, Xp) = dm(Xg, di(Xp))
= dRh—l (Xg) + dLgdi(Xh)
- dRh—l (Xg) - dLgdLh—ldRh—l(Xh).
O

Theorem 2.1.4. Consider the adjoint representation g of the Lie group G. Then, the
map

f:Che(G) — CH(G,g), (fo)(gr,..gk) = (dRg,-1) ,, (clgrs - g8))
18 an isomorphism of cochain complexes.

Proof. As right translations are diffeomorphisms, we will only show that f commutes with
the differentials, i.e. the commutativity of the following diagram:

f

Che(G) CH(G, g)

1

f
oai(e) CHY(@, g)

J

Let c € C% (G) and (g1, ..., grt1) € GFHD,

d (6(fc))(glv "'agk’-i-l) =91 (fc)(QQa : 7.gk+1>
k
) (=D O (G1s e Gilig 15 -oor Gt
=1

+ (=D (fe) g, 01)
= dLgldR 71dR 71c(g2, ...,gk+1) - dR(glg2)71C(gng, ...,gk+1)

+ Z —16(G1, s GiGit1s s Gt 1)
+ (_ )k+1ng1flc(gl7 7gk)
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o f(6(c))(g1, s gr1) = dRg -16(c) (g1, ---s Gt1)

= —ngl—ldm(C(glgz, oo Gt 1), €92, -0 G 11))
k

+ ng1—1 Z(*l)ic(gl, s GiGi41, ...,gk+1)
1=2

+ (-1)**YdR, ~ic(g1, .., gr)
- _ngrlngzflc(glg% ooy Ghit1)
+ ngl—ldLg1g2dL92—1ng2—1C(gg, ceey gk’—i—l)

k
+ Z(_l)lnglflc(gla cs GiGit 1y ey gk-‘rl)
=2

+ (_1)k+1d‘Rg1_1c<gl) 7gk)
= —dR, ) -1¢(9192, -, Giy1) + dRg, 1dLg dRgy1¢(g2, s Ght1)

k
+ Z(_l)lngn_lc(gla s 9iGi+1,5 -0 gk+1)
=2

+ (_1)k+1ng1flc<gl7 7gk)

by straightforward calculation and using Lemma 2.1.3.
Hence, o f = fod since ¢ € Ck (G) and (g1, ...gx+1) € G were chosen arbitrarily.
O

Corollary 2.1.5. H; ((G) = H*(G, g).

Hence, deformations of groups are mainly controlled by the differentiable cohomology
with values in the adjoint representation.

2.2 Cohomology of Lie groupoids

We now generalize the notions of deformation and differentiable cohomologies of a Lie
group to a Lie groupoid as first introduced by the authors in [7].

Consider a Lie groupoid G = M with its associated Lie algebroid A = Lie(G), and
let G = {(g1,...,9%) € G X ... x G | s(g;) = t(giy1) Vi € {1,k — 1}} denote the set of
k-composable arrows.

Definition 2.2.1 (Deformation cohomology of a Lie groupoid). The deformation
cohomology H} ((G) of G is the cohomology of the deformation complex (C} ((G),0)
of G which is defined as:

e k > 1: the k-cochains ¢ € C% (@) are the smooth maps
c: GW — TG, (91, 9k) = c(g1,-,9k) € T9,G

which are s-projectable, i.e. ds o c¢(gi, ..., gx) does not depend on g1, and where the

differential is defined as
5 Chu(G) — CAEN(G)

(50)(91»--~,9k+1) == dm(0(9192, ~--79k+1)vc(92> ~--79k:+1))
k
+ Z(—l)lc(gl, ey GiGit1s oy Ght1)
=2
+ (=1)"*e(gy, ..., gr)-
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e k = 0: the 0O-cochains ¢ € C9;(G) are the smooth maps
GO =M — A z~cx)eA,

which means that CJ,;(G) = I'(4), the smooth sections of A. Let the differential be
defined as & : C9;(G) — Ci;(G) with

(6c)(g) == ?g +cy
where ¢ and ¢ are the induced right- and left-invariant vector fields of ¢ respectively.

Note that (C}.(G),0) as in Definition 2.2.1 is indeed a cochain complex as proven in
[7, Lemma 2.2].

Definition 2.2.2 (Differentiable cohomology of a Lie groupoid). The differentiable
cohomology H*(G, E) of G with coefficients in a representation F of G is the cohomology
of the complex (C*(G, E), §), where the cochains are defined by:

e k> 1: the k-cochains w € C¥(G, E) are the smooth maps
w:G® — B, (915 gk) = w(g1, -+, Gk) € Eigy)
and where the differential is defined as 6 : C*(G, E) — C*¥T1(G, E)
(Ow) (g1, s grt1) == g1 - w(g2, s Ght1)
k
+) (=D 'w(gt, - giis1s oo Gi1)
i=1
+ (=1 w(gy, ... gr)-

e k= 0: the 0-cochains w € C°(G, E) are the smooth maps
w:GO =M —E, z~wk)ekE,

That is, C°(G, E) = I'(E), the smooth sections of E. Let the differential be defined
as 6 : O°(G,E) — CY(G, E) with

(Ow)(g) := g - w(s(g)) —w(t(g)).

Note that Definition 2.2.2 implies that in degree zero, H°(G,E) = T'(E)" where
[(E)™ :={a€T(E): g a(s(g)) = at(g)) ¥V g € G} is the space of smooth section of E
invariant under the action of G.

In the special case where E is the trivial line bundle, that is £ = M x R, and where
the action of G on F is given by the trivial action, the differentiable cohomology will be
denoted by H*(G) with the underlying complex C*(G). Hence, C*(G) = C*(G*). That
is, for k > 0, a k-cochain f € C*(G) is a smooth function f : G*) — R with differential

k

(6F)(g1s s ght1) 7= F(92 s Gkr1) + (=1 F (91, 005 GiGi4 15 s Ght1)
i=1

+ (_1)k+1f(glv "'7gk>7
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and 0-cochains are smooth functions f : GO = M — R with (6f)(g) := f(s(g))—f(t(g)).

There is a natural algebra structure on C*(G) given by the following bilinear product
map:

C*(G) x C*(G) — C*(G), (f,h)— f-heCH?P(@)
for f € C*(@), h € CP(Q), defined by the cup product

h k=p=0
f(t(g1))h(g1, -, gp) k=0,p>0
f(g1, -, ge)h(s(gr)) p=0,k>0
FQ91s s )Gkt 1y s Gktp) Ky >0

(f : h)(gb w9y Jk+1, "'agk’-i-p) =

for all (g1, ..., gr1p) € GFFP). Moreover, observe that the differential § : C*(G) — C*1(G)
satisfies the graded Leibniz rule

8(f-h)=8(f) h+(=1)*f-8(h)

for all f € C*(G), h € CP(G) and hence makes the space C*(G) into a differential graded
algebra (DGA).

Remark 2.2.3. Given a vector bundle E — M, one could still make sense of the graded
vector space of differentiable cochains on G with values in FE

C*(G,E) =P MG, E)
keN

where each degree k part is defined as
CH@G,E) :=T(GW t*E)

with t*E being the pullback of the vector bundle E — M by the target map t and where
t(g1, - 9k) = t(g1)-

t*E E
am —

Given a vector bundle E — M, we next note that the space C*(G, E) can be viewed
as a right graded module over the algebra C*(G) via the map:

C*(G,E) x C*(G) — C*(G,E), (w,f)—w-feC*P(G,E)

for w € C¥(G, E), f € CP(G), defined similarly by the cup product.

If £ is additionally a representation of G, the cochain complex (C*(G,FE),d) has
the structure of a right differential graded module over C*(G) since the graded Leibniz
rule

O(w- f) =o(w) f+ (=1)*w-8(f)
for w € C*(G, E) and f € C*(G) is satisfied.
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2.3 Main example: The action groupoid

One of the major examples of Lie groupoids is that arising from an action of a Lie group
on a smooth manifold. This groupoid also gives us a nice picture of how the deformation
cohomology and differentiable cohomologies with values in representations can be related.
Throughout this subsection, let G be a Lie group acting smoothly on a smooth manifold
M.

A groupoid structure can be constructed in the following way. Let the product G x M
be the space of arrows and let M be the space of objects. For all g,h € G, x € M, define
the structure maps as:

s(g,x) ==x

t(g,l’) =gz
m((g7h : .TJ), (hvx)) = (ghvx)

u(z) = (e, )

Z(g7$) = (g_lvg : .’L’)
The resulting groupoid is called the action groupoid (see Figure 4) and denoted by
Gx M.

G s (z) sMg- @) GxM

h .
! (hg.2) |
(hhg'x)
M
‘ () |(eg ) t| |s
g ]
(9,z)

Figure 4: Action groupoid

Note that the set of all composable pairs of the action groupoid G x M can be identified
with G x G x M since

(G x M) ={(g,2),(h,y) € Gx M | s(g,z) = t(h,y)}
={(g,2),(h,y) €EGx M | 2 =h-y}
={(g;h-y), (h,y) € G x M}
=~ {(g,h,y) € G x G x M}

=G x G x M. (4)

The associated Lie algebroid A is given by the trivial vector bundle g x M — M with
typical fiber the Lie algebra g of G. Note that the source fibers are exactly

s (zx) =G x {z}
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and hence the tangent spaces to the source fibers at the units are given by
Ay =Typys H(2) = T.G x Tp{a} = g
for all  in M. The anchor is defined as
d
p:gxXM—TM, (X,:z:)r—>d— (exp(eX) - z)
€le=0

where exp is the exponential map recalled in section 3.1. Moreover, the condition that
lox,0v] = J(X,Y]

for all X,Y € g and ox, o0y constant sections of g x M, together with the Leibniz identity,
uniquely determine the Lie bracket on the sections of A.

Furthermore, a representation F of the action groupoid G x M is a vector bundle F
over M together with an action of G x M on E such that (g,z) : E, — E,., is a linear
isomorphism V g € G, x € M. Hence, it is exactly an equivariant vector bundle over M
by its very definition.

Given a representation E of G x M, the space I'(E) of smooth sections of E has the
structure of a left module over G via

GxT(E) —T(E), (9-0)(z):=(9,2) 0(x) € Eyy

for all g € G, 0 € I'(F), * € M. In light of this, one can identify the differentiable
cohomology H*(G x M, E) with coefficients in E with the differentiable cohomology
H*(G,T'(F)) with values in I'(E).
We now mention two natural representations of the action groupoid G x M, which are
explained in [18, p. 148].
1. The Lie algebroid A = g x M together with the action
(g,2): Ap =g — Ay =g, (g9,2) X :=Ady(X).

By the above noted identification, we have H*(G x M, A) = H*(G,T'(A)) where the
smooth sections of the trivial bundle A = g x M are precisely the smooth functions
from M to g (see [14, Example 10.10(c)]).

2. The tangent bundle T'M together with the action

d
(9,2) : TuM — Ty M, (g,2)-V := = (g-V(e))
€ e=0

where V(¢) is a curve which represents the tangent vector V' € T, M. Here, we get
the identification H*(G x M,TM) = H*(G,X(M)).

It is worth to have a look at the relation between the deformation cohomology of the
action groupoid G x M and the above noted differentiable cohomologies. Indeed, we have
the following long exact sequence, which is stated and proved in [18, Proposition 5.18].

oo — HF"YGx M, TM) — HY (Gx M) — H¥(Gx M, A) 25 H¥(Gx M, TM) — - -

where for a cocycle ¢ € CF(G x M, A), psc(Y1, V) = pga(c(11y k) € TyuM for
all k-composable arrows (7y1,...,7) in G x M and vy, = (g, ).
It is important to remark that one gets the following splitting as vector spaces

Ch (G x M) = CHG x M,A) @ C* G x M, TM)

which does not respect the differentials. This is very much in the spirit of how the adjoint
representation will be defined as a representation up to homotopy.
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3 Deformations of group representations

Elements of a Lie group G can be represented via automorphisms of a finite-dimensional
real vector space V given by a Lie group homomorphism G — Aut(V'). This, in turn, is
equivalent to a smooth linear action of G on V as recalled in section 1.5. Thus, in our
attempt to understand deformations of group representations, it is a natural approach
to first study deformations of Lie group actions as well as deformations of Lie group
homomorphisms. The discussion will be concluded by some rigidity results displayed in
section 3.3.

3.1 Deformations of group actions

Throughout the subsection, let G be a Lie group with associated Lie algebra g, M a smooth
manifold and I an open interval containing zero. This subsection is mainly based on the
papers [23, 24] by Palais and Stewart. The definitions are stated in a slightly different
manner to make the discussion parallel to deformations of groupoids in [7].

Definition 3.1.1 (Deformation of a manifold). A smooth deformation of M is a
family 1 = {1}, of diffeomorphisms of M which is smoothly parametrized by ¢ € I,
ie. I x M — M, (g,x) — e(x) is smooth, and such that ¢y = Idy,.

Definition 3.1.2 (Deformation of an action). A smooth deformation of a smooth
action ¢ of G on M is a family ¢ = {p.}..; of smooth actions of G on M which is
smoothly parametrized by € € I, i.e. Gx M xI — M, (g,z,¢) — ¢<(g,z) is smooth, and
such that @y = ¢.

The deformations and actions under study in this thesis will all be smooth unless
specified otherwise.

Definition 3.1.3 (Constant deformation). A deformation {¢.}..; of an action ¢ of G on
M will be called a constant deformation if p. = Ve € [I.

Definition 3.1.4 (Equivalent deformations). Let ¢ be an action of G on M. Two
deformations ¢ = {¢.} and @ = {p.} of ¢ are said to be equivalent if there exists
a deformation ¢ = {1} of M, such that each member 1), is a G-equivariant map from M
(with respect to o) to M (with respect to L), in the sense that the following diagram
commutes.

Gx M —2 N
Idcxibeh hﬂ%
Gx M M

ie. pl(g,7) = Ye(p=(9,9-"(x))) Vg€ Gandxe M.

Definition 3.1.5 (Trivial deformation). Let ¢ be a smooth action of G on M. A
deformation ¢ of ¢ is called a trivial deformation if ¢ is equivalent to the constant
deformation.

Definition 3.1.6 (Rigid action). A smooth action ¢ of G on M is said to be rigid if
every deformation of ¢ is trivial.
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Next, let us take a glimpse at deformations of group actions from an infinitesimal
perspective via the Lie algebra g of the Lie group G as studied in [24]. Recall that the
exponential map of G gives a natural smooth map from the Lie algebra to the Lie group,
defined by

exp:g— G, X —exp(X):=vyx(1)

where vx : R — G is the maximal integral curve of X starting at the identity e. One can
show that exp(eX) = vx(¢) V ¢ € R. Consider a smooth action ¢ of G on M. Then, every
left-invariant vector field X € g on G induces a smooth vector field X* on M defined by

X

xT

=5 . (exp(eX)-z), Y ae M.

Such a vector field is usually called the action field associated to X. The map
g—>X(M), X— X"

is a homomorphism of Lie algebras and is called the infinitesimal generator of p. A
linear map D : g — X(M) is called an infinitesimal deformation of ¢ if for all X, Y € g,

D(IX,Y]) = [D(X),Y"] + [X*, D(Y)].
Remark 3.1.7. Given Z € X(M), the map D : g — X(M), X — [Z,X*] is an
infinitesimal deformation of .

Proof. By using the fact that X — X™* is a Lie algebra map and the properties of the
Lie bracket, we get for all X, Y ing, D(X+Y) =[Z, (X +Y)] = [Z,X"+Y*] =
[Z, X*] + [Z,Y*] which shows that D is linear. Moreover,

[
= [2,[X% Y]
= [[2, X7,V + [[Y7, 2], X7]
= [D(X), Y]+ [-D(Y), X"]
= [D(X), Y]+ [X7, D(Y)]

O]

Infinitesimal deformations of ¢ of the form D : g — X(M), X — [Z, X*] for some
Z € X(M) are called trivial.

In section 3.3 we will explore some conditions under which a Lie group action shows
rigidity both on global and infinitesimal levels.

3.2 Deformations of group homomorphisms

Let G and H be connected Lie groups with g and h their Lie algebras respectively. Let
I denote an open interval containing zero and let the map ¢ : G — H be a Lie group
homomorphism.

Note that in this and the next subsection, ¥ will denote the group automorphism
defined by conjugation

v,:G =G, regrgt VgreG
and hence the differential of ¥, at the identity will just be Ady, where Ad is the adjoint

representation of G.
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Definition 3.2.1 (Deformation of a Lie group homomorphism). A smooth deformation
of ¢ : G — H is a family ¢ = {¢c}.; of Lie group homomorphisms from G to H which is
smoothly parametrized by € € I, i.e. G X I — H, (g,€) — ¢<(g) is smooth, and such that

b0 = .

Definition 3.2.2 (Constant deformation). A deformation {¢.} .; of ¢ is called constant
fo.—pVeel

Definition 3.2.3 (Equivalent deformations). Two smooth deformations ¢ = {0e}.c; and
¢ = {¢.}.c; of ¢ are said to be equivalent if there exists a smooth curve

h:I—H, e~ h

starting at the identity e of H (i.e. hy = e) such that U, o ¢. = ¢. for all € € I, in the
sense that the following diagram commutes.

G 0 H
\d);\ U,
H

Definition 3.2.4 (Trivial deformation). A deformation ¢ of ¢ is called trivial if ¢ is
equivalent to the constant deformation.

Definition 3.2.5 (Locally trivial deformation). A deformation ¢ = {¢.} ey of ¢ is called
locally trivial if there exists a smooth curve h : I — H, € — h, starting at the identity
e of H such that ¥;,_o ¢ = ¢, for € small enough.

Definition 3.2.6 (Rigid homomorphism). The Lie group homomorphism ¢ is said to be
rigid if every deformation of ¢ is trivial.

Next, we examine how a deformation of a Lie group homomorphism gives rise to a
differentiable 1-cocycle.

Let ¢ = {¢<} be a deformation of the Lie group homomorphism ¢ : G — H. In order
to study the behavior of ¢ under the deformation <;~5, it is natural to look at the variation
of ¢. with respect to €. Consider the expression

d

| 9:l9) € TygH.

e=0

The choice of the minus sign will be clear in calculations. Now, using the isomorphism
ThH = 4 for all h in H, given by right translation, we get that for h = ¢(g)

d
_dR¢(g‘1) (de

Consider the representation of G on  defined by the composition

¢E<g>) e . (5)

e=0

¢ — g A

where Ad is the adjoint representation of H.
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Definition 3.2.7. Let ¢ = {¢.} be a deformation of ¢ : G — H. The differentiable
cocycle w € (G, h) associated to ¢ is defined by

d
w(g) = —dR(z)(gfl) (d&“

where b is the representation of GG defined as above.

¢s(g)> €h Vged

e=0

Let us prove that w is indeed a cocycle.
Lemma 3.2.8. w € ker(6 : C1(G, b)) — C%(G,h)).

Proof. Since each of ¢. is a Lie group homomorphism from G to H, we have for all
91,92 € G
P<(9192) = P=(91)P<(g2)-

Differentiating this identity with respect to ¢ at e = 0, we get

4
de e=0

o)) ©

d d
¢<(9192) = dRy(g) (da ¢s(91)> +dLg(g) <d5

e=0 e=0

by using equation (3) for groups, that is, if m represents the multiplication of H
dm(Xp, , Xny) = dRpy (X, ) + dLp, (Xp,) (7)
for all hi,hs € H, Xh1 S Tth, Xh2 € Th2H.

Applying dRy((4,4,)-1) On both sides of (6), we get

d
¢e(9192>> = dRy((g1g,)-1) © ARy (gy) (dg ¢a(91>>

d
+ dRy((g192)-1) © dLg(gn) (de

d
= dRQS(gfl) <d€ ¢5(g1)>

d
+dWg(gy) 0 AR (g1 <d€

d
AR ((g19) 1) (dg

e=0 e=0

<Z>e(92)>

e=0

e=0

o) W

e=0
since
AR y((g1g2)~1) © dLg(gy) = ARy, -1) © dRy(g,-1) 0 dLy(g,)
= dRy(g,-1) 0 dLy(g,) © dR (g, 1)
= dWg(g,) © dRy(g,-1)-

But, (8) is exactly equivalent to the cocycle equation

6(w)(g192) = Adg(g,)(w(g2)) — w(g1g92) + w(g1) = 0.
Therefore, w is indeed a cocycle. O

Recall the following well-known fact from Lie group theory.

Lemma 3.2.9. Let h : [ — H, € — h. be a smooth path in H starting at the identity
e =hg of H. Then,
d

de

L d

e T T 2 e
e=0 de

e=0
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Proof. Let m denote the multiplication of H. Differentiating the identity m(h, hZ!) = e
with respect to € at € = 0, we get

d d
dm< hey — h;1> =0
de e=0 de e=0
d d 1
= dR.| — he | +dLo | — h_ =0 by (7)
de |, de|._
d d
= —| het+—| ht=0
de |, de |,
and hence the result. O

Remark 3.2.10. Two equivalent deformations of ¢ give rise to two differentiable cocycles
whose resulting cohomology classes are equal in H'(G,b).

Proof. Let ¢ = {¢e}.cr and ¢ = {¢.}.c; be two equivalent deformations of ¢ and let
w and w’ be their associated differentiable 1-cocycles respectively. Then, there exists a
smooth curve h : I — H, € — h, starting at the identity e of H such that ¥;,_o ¢, = ¢L.
That is,

¢=(9)hz' = h'¢l(g) Vgeq. (9)
Now, let X € C%(G,b) = b be a differentiable 0-cochain defined by

d
X = —

h T.H = §.
de e € b

e=0

Let m denote the multiplication of H. Differentiating (9) with respect to € at ¢ = 0, we
get

d d
el 3 h—l _ h—l /
I Ezom(é (9),he) = — Ezom( - 1 ¢:(9))
d d d d
dm | — —|  hl)=dm(—| nl — !
oo <d5 £=0 #e(9), def._o ° > "\ e em0  deloo ¢€(g)>
d d
o R (] 0d0)) + dla(-X) = dRy(-X) 4 i (] 80)
3 e=0 d€ e=0

by using the identity (7) and Lemma 3.2.9. Applying dRy,-1) both sides, we get

o) (CZT 0 ¢5<g)) + dRy(g-1) © dLy(g)(—X) = (=X) + dRy(y1) (jE i <Z5/5(9))
& —w(g) = Adyy)(X) = =X —u'(g)
& w'(g) —wlg) = Adyg (X) = X
= 0(X)(9)-
Thus,
[w] = [w'] € HYG,H).
O
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3.3 Rigidity results

Geometric objects, structures or operations are called rigid if any attempt of deforming
them leads to trivial deformations. The following theorem from [23] by Palais and Stewart
shows the rigidity of actions of compact Lie groups on compact smooth manifolds. We
prove the statement mainly by the steps done in [23], providing more details.

Theorem 3.3.1. Let G be a compact Lie group acting by ¢ on a compact smooth manifold
M. Then, any smooth deformation of y is a trivial deformation.

Proof. Let {¢:}.c; be a smooth deformation of ¢. Our aim is to show that this is a trivial
deformation, i.e. :(g,7) = ¥(¢(g,%- (z))) holds V g € G, x € M, € € I and for some
deformation {v.}.; of M.

As a first step, consider the following smooth action of G on M x I induced by the
members .:

d:GX(MxI)— (MxI), (g,(z,€))—g-(x,e):=(pe(g,2),¢).

This is indeed a smooth action since ¢, are smooth actions V ¢ € I.

Let ¢g : M x I — M x I,(x,e) — ¢(g,(z,¢€)) be the corresponding diffeomorphisms
for all g € G, and let 7 : M x I — I be the projection on I. Then, ro¢, = 7w forallg € G
since 7(¢pg(x,€)) = m(P(g, (x,€)) = m(pe(g,x),€) = € = w(x,¢) for all (z,e) € M x I, and
hence

drodpy,=dr VgeG (10)

as the differential commutes with composition.
As a second step, we aim to get a smooth time-dependent vector field on M, which
will in turn generate a smooth deformation of M since M is compact. Let V € X(M x I)

be the vector field on M x I defined as Vi, o) := (Oq, %) for all (z,e) € M x I. We will

use the notation % =: D,.

Now, due to the compactness of G, we apply some averaging techniques by using the
Haar measure p on G (for details about averaging techniques and the Haar measure one
may refer to any basic book about the topic, such as [31]). More precisely, to average V
over (G, we construct the vector field V* on M x I defined by:

Vize) = /Gd% (Vi 0y ) duto).
Smoothness follows from that of ¢. Moreover, V* satisfies the invariance property, i.e.
d¢g (‘/(Z,&‘)) = V(;g($,€) \V/ g S G, x € M, € € I (]_1)
since
oy [ aon (Vi) ) = oy [ donon (Vs o) ) = [ o (Vi)

by the property of invariance of Haar measure. Next, we show that V* induces a smooth
time-dependent vector field on M. To do that, we note:

dm (V¢g—1(x,€)> =D. VgelG,zeM,ecl (12)

since dmw (Vdng_l(ac,a)) = dr (‘/(tps(g—l,w)’g)) = dr (0@5(9—1@),135) = D., where 7 is the
projection map. Putting (10) and (12), we get

dr (V(’;ﬁ)) =dn /G doy (V¢;1(x75)) du(g) = /G dm (V@l(x,a)) du(g) = /G D.du(g) = De
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and therefore
Vi (X(e)

z,e) D5)
for some time-dependent vector field X = {X(¢)}.c; on M.

By Proposition 1.4.6, its corollaries and due to the compactness of M, X generates a
smooth deformation {v.} c; of M, which is given by t).(z) = v,(e) Ve € I, x € M for
v, representing the unique maximal integral curve of X starting at x.

This is equivalent to saying that 7,0y : I — (M X I), € = (7z(¢),¢) is the integral
curve of V* starting at (x,0).

By the invariance property (11), € = ¢g(vz(€),€) = ¢g(¥e(x),€) is the integral curve
of V* starting at ¢(z,0) = é(g, (x,0)) = (v0(g,),0) = (#(g;2),0).

But, by definition 7,540y : L = (M X I), € = (Yp(g,0)(€):€) = (Ye(0(g, x)),€) is the
integral curve of V* starting at (¢(g,x),0). Hence,

bg(Ve(2),€) = (Ye(p(g,2)),e) VgeG, zeM, el

by uniqueness of integral curves. Now, ¢q(¢-(x),€) = ¢(g, (Ve(x),€)) = (pe(9,Ve(2)),€)
implies that

x)

Pe(9,Ve(x)) = he(p(g, ) VgeG zeM el
In particular, for ¢ 1(x) € M, we get the desired result:

0:(g,7) = Y-(p(g, 97 () VgeG, €M, ccl.
0

It is natural to ask if this result still holds if the condition of compactness of G or M
is dropped. There are counterexamples in the literature which clarify that if G or M is
not compact, we would not necessarily get trivial deformations. Here is a counterexample
from [9, Examples 5.1.2(b)], also mentioned in [23].

Example 3.3.2. Let the real line R act on the torus T? = S' x S! by
0 RxT2 5T2, o <x’ (627ri91’ e27rz'6'2>> — (627ri(91+m)’ 627ric92) .
Then, the deformation {y.}eer of ¢ given by

e (% (ezmel’€2m(92)> — <627ri(91+x)’ 627ri(92+€x)>

is a non-trivial deformation since the topology of the orbits varies with respect to €.

T2

Al
¥@ii)

Figure 5: Orbits of the action ¢., for € € Q

ay

Observe that the orbit space of ¢, has the indiscrete (trivial) topology if and only if &
is irrational. If ¢ is rational, the orbits look like the curve depicted in Figure 5.
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The formulation of the next counterexample has been inspired by [18, Remark 73] and
[9, Example 5.2.2].

Example 3.3.3. Firstly, it has been proved by McMillan [17] that there exist uncountably
many topologically distinct open manifolds W, of dimension 3 such that:

e W, x R" is diffeomorphic to R”*3 for all n > 1 and for each a

e W, is not diffeomorphic to R? for each «a.

Next, let G be a compact Lie group and let ¢ : G — GL(R") be a faithful representation
(i.e. v injective) of G on R™, for n > 1. The existence of such representations is guaranteed
by known results (see [31, p.70, Theorem 1]). Note that the associated smooth linear action
given by g -v = (g)(v) has only 0 as a fixed point.

We now construct an action of the compact Lie group G on the non-compact space
R"3 = W, x R™ referring to [22, Section 5] by Palais and Richardson. For each a, define
the smooth action by

P Gx (Wo X RY) — Wo xR, (g, (w,0)) := (w,9(g)(v))-

Observe that the set of fixed points of ¢ is precisely W, x {0} = W,.

By [25], any smooth action of a Lie group on a Euclidean space with at least one
fixed point can be smoothly deformed into a linear action. Specifically, consider the above
defined action ¢ : G x R"*3 — R"+3 with 0 € R"*3 as a fixed point, and linearize it at 0
by the following deformation:

1 1
v : G x R — R™H3, ©0e(g,v) == —p(g,ev), o= lim —p(g,ev).
e e—0 ¢

Observe that the set of fixed points of ¢ is R? which is not diffeomorphic to W, which
is the set of fixed points of each ., V € > 0. Hence, we found a deformation of ¢ which
is non-trivial.

Another desirable result yielded by compactness is the one established in [21]. Namely,
there are at most countably many inequivalent smooth actions of a compact Lie group
G on a compact smooth manifold M. The assumption of compactness of M is shown to
be a necessary condition by the authors in [22], which actually follows from Example 3.3.3.

From an infinitesimal perspective, the authors in [24] have proved the following rigidity
theorem [24, p. 638|, where the compactness of M can be dropped, but the property
of semi-simpleness of G is added. Recall that a Lie group is called semi-simple if its
corresponding Lie algebra is semi-simple.

Theorem 3.3.4. Let G be a compact semi-simple Lie group acting by ¢ on a smooth
manifold M. Then, every infinitesimal deformation of ¢ is trivial.

This theorem is a direct consequence of some results proved in [24] which make use of
the cohomology theory of Lie algebras. Mainly, one can show that the triviality of every
infinitesimal deformation of an action of G on M is equivalent to the vanishing of the first
order cohomology of g with coefficients in X(M) viewed as a g-module.

The next rigidity theorem was mentioned in the paper [20, p. 178] by Nijenhuis and
Richardson, where the proof is omitted and only referred to the paper [27, p. 152] by Weil
for a similar proof in the discrete case. We prove the statement in this thesis by using
our construction of the differentiable 1-cocycle associated to deformations of Lie group
homomorphisms as explained in section 3.2.
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Theorem 3.3.5. Let G and H be connected Lie groups and let ¢ : G — H be a Lie
group homomorphism. Consider the representation of G on the Lie algebra b of H given
by G — Aut(h), g — Adyy)-

If HY(G,h) = 0, then every smooth deformation of ¢ is locally trivial.

Proof. Let ¢ = {pe}eer be a smooth deformation of ¢. Our aim is to show that there
exists a smooth curve
h:1—H, & h,

starting at the identity e of H such that for € small enough

h-¢(g)h=t = ¢(9), Y g€G. (13)

First of all, let us consider the differentiable 1-cocycle w € C1(G, ) associated to the
deformation ¢, and the resulting cohomology class [w] € H'(G,h). Due to the vanishing
of H'(G,b), there exists an element X € C°(G, h) = b with

w(g) =6(X)(g) Vged&

d
< *dRqﬁ(g‘l) <ds

Next, we attempt to find the smooth curve € — h. in H such that (13) is satisfied.
Now, since X € b is a left-invariant vector field on H, let us consider the unique maximal
integral curve vx of X starting at the identity e of H:

B gbg(g)) = Ady)(X) - X, Vged. (14)

vx I — H, ~x(0)=e.

Note that vx () is exactly given by exp(¢X) for all ¢ € I (definition of the exponential
map was recalled in section 3.1). Define

he :=vx(e) =exp(eX), Veel

with the defining equation for integral curves

d
fhEZXhE, Veel
de

and so at e =0 J
— he = X, = X.
de e=0

Lastly, to show that (13) holds with our particular h., we prove that the differential
with respect to ¢ of

hZ ' o=(g)hed(g")

at € = 0 vanishes, as shown below.

Let m denote the multiplication of the group H. For all g € G, we have
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[ d . d )
=dm <d€ EZOm (hE 17¢5(g)) y df E_Om( 67(25(9 1)))
. i -1 i i i -1
= dm (dm (d*f =0 del—g ¢€(g)> am (dff e=0 7 de e=0 Hs ))>
=dm (dm <—X, % be(g) ) ,dm (X’ 0¢(9‘1))>
e=0

by using the identity (7), Lemma 3.2.9 and the cocycle equation (14). Therefore, for all g
in G, we get that
h;1¢a(9)ha¢(971) =e, for e small enough

and hence
hsqﬁ(g)hgl = ¢e(g), for e small enough

which implies that the deformation ¢ of ¢ is locally trivial. O

Remark 3.3.6. It seems likely that Theorem 3.3.5 still holds even if the condition of
connectedness of G and H is dropped. We keep the condition, for the statement to be the
same as the one mentioned in [20].

The authors in [20] provide another approach to rigidity of Lie group homomorphisms.
Here, we give an overview of these ideas.
Consider the set R of all Lie group homomorphisms from G to H

R={¢p:G— H | ¢is a Lie group homomorphism}

and equip it with the compact-open topology. In addition, let the group H act on the
space R by
HxR—-R h-¢:=Upo00

where W, is the group automorphism defined through conjugation. Then, the orbit Orb(¢)
of ¢ € R is precisely composed of all Lie group homomorphisms which are equivalent to
¢ in the sense of Definition 3.2.3 since

Orb(¢) ={¢' €R |3 h e H with h-¢ = ¢}
={¢' € R|IheH with U,0¢=4¢}.

Having this in mind, the Lie group homomorphism ¢ is said to be rigid if its orbit
Orb(¢) is an open subset of the space R as defined by the authors in [20]. The natural
question would then be if this view on rigidity and our notion of rigidity in the sense of
Definition 3.2.4 are equivalent, and if not, which one implies the other.
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4 Representations of groupoids

Representation theory of Lie groupoids is a relatively recent theme which attempts to
generalize the notion of representations of Lie groups. Due to their subtle nature, groupoids
have only a few canonical representations. In sections 4.1.1 and 4.1.2, we will introduce two
natural representations of a regular groupoid, in particular the isotropy and the normal
representations, and study their effect on the deformation cohomology in low degrees. The
results mentioned by Crainic, Mestre and Struchiner in [7] will be crucial in our study and
hence mentioned with further details. In addition, sections 4.2.1-4.2.3 will mainly deal with
the notion of representations up to homotopy, which were first introduced and studied by
Arias Abad and Crainic in [2]. As a conclusion, we will explore the generalization of the
adjoint representation to the case of Lie groupoids as a main example of representations
up to homotopy and look into its relation to the deformation cohomology.

4.1 Representations of regular groupoids

First of all, recall that a representation of a Lie groupoid G = M is a vector bundle
m: E — M, together with a linear action of G on E. Moreover, a Lie groupoid is said to
be regular if all its orbits have the same dimension. Sections 4.1.1 and 4.1.2 mainly refer
to [7], which is further elaborated in [18].

4.1.1 Isotropy representation

In this subsection, the isotropy representation of a regular groupoid will be formally defined
as the kernel of the anchor map of the Lie algebroid associated to the groupoid. This
representation will lead to some important results of the deformation cohomology in degree
zero. Firstly, recall from [14, Theorem 10.34] that the kernel of a smooth vector bundle
map is a vector subbundle if and only if the given vector bundle map has constant rank.

Let G = M be a Lie groupoid with associated Lie algebroid Lie(G) = A. Define the
isotropy bundle as

i:=ker(p) = U ker(py) C A
xeM

where p: A — T'M is the anchor of A. If G is a regular groupoid, this is indeed a vector
subbundle of A since p, as a vector bundle map, has constant rank. This is due to the fact
that p(A;) = T, Orb(z) Vo € M. If G is not a regular groupoid, then i is not a subbundle
of A. Nonetheless, one can still talk about its fibers and space of smooth sections. In the
general case, one can show that the fibers i, of i over x are precisely the Lie algebras of
the isotropy groups G;.

Next, we define the action of G on i. Consider the conjugation, usually called the
adjoint action, of ¢ : y v» x in GG, on the isotropy group.

U, : Gy — Gy, ks gkg™?
which is equivalent to the composition of right and left translations

Ly Ry
Gy —— s H(x) Nt (y)

ko gk | gkg™! = (Ry—1 0 Lg) (k).
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Note that the multiplication gkg~' makes sense for k € G, and that gkg~' lies indeed

in Gy. The action of G on i is now defined to be the differentiation of the adjoint action
at the units of G. That is, for all g : y v~ x in G, the action is given by

d(\pg”u(x) =: adg : Tu(x)Gz — Tu(y)Gy, V= (ngfl o dLg)(U).
Using the fact that T),,)G, = Lie(G,) = iz, this is equivalent to
adg 1y — iy, v g-v=(dR,10dLy)(v)

which are linear isomorphisms, since the right and left translations are local
diffeomorphisms. If G is regular, then the isotropy bundle together with this action gives
rise to a representation of G, called the isotropy representation.

More generally, when G is not necessarily regular and where i is not necessarily a
representation of G, define the sections of i by I'(i) := ker(p : I'(4) — X(M)), where
smoothness is defined by viewing them as smooth sections of A.

Remark 4.1.1. If G is a regular groupoid over M, then T'(i) = ker(p : T'(A) — X(M))
holds.

Proof. 7C”: Let o € I'(i). Then, o € I'(A) with p(o)(z) = p(o(z)) =0V x € M since
o(x) ei=ker(p: A—TM). Thus, o € ker(p : I'(A) — X(M)).

”D”: Similarly, let o € ker(p : I'(A) — X(M)). Then, 0 € T'(A) s.t. p(o) =0 and so
plo(x)) = p(o)(x) =0V x € M. Hence o(z) €i =ker(p: A —TM). O

Hence, for any Lie groupoid G = M, talking about the space of smooth sections
of i makes sense. Recall that the differentiable cohomology of G with coefficients in a
representation F of G in degree zero is exactly the space of smooth sections of F, which
are invariant under the action of G. In the general case here, let

HO(G,i) =T @)™

9) VgeG }
Proposition 4.1.2. HY (G) = H%(G,i) for any Lie groupoid G = M.
Proof. Recall that H} ((G) = {a € T(4) | D+ ﬁg =0VgeG} Let a € T'(A). Ttis

required to show that for all ¢ in G, 39 + @y = 0 holds if and only if p(a) = 0 and
g+ Qgg) = Qy(g)- First of all, we get that

where T'(i)™ := {a € T(i) | g ag(q) = ay

dt(d g+ g) =0
= dt(d,) + dtlagT =0
= dt(d,) =0
for all g in GG, as the differential is linear and & is left-invariant. Restricting dt to A, we get
dt]A(ﬁu(w)) =dt|a(ay) =0V x € M and since p = dt| 4, this implies that p(a) = 0. Now,
from the relations p(ay) = agz +di(ay) and p(ag) =0V z € M, we get that di(ay) = —ay
Vaxe M. Lastly, forall g : y »~ x € G:
Ag+oy,=0
& dRgyoyy + dLgdio, =0
& dRyoy — dLga, =0
& ay =dRy-1dLgoy

&y =g ag.
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In higher degrees, the differentiable cohomology H*(G, 1) with coefficients in i can still
be understood for any Lie groupoid G. The k-cocycles w € C*(G,1i) can still be defined
as beforehand. Similar to the sections, smoothness is defined by viewing the cochains as
having values in A. Consider the following inclusion:

r: CF(GL 1) — Ck (@)

defined by r(w)(g1,...,gr) = dRg (w(g1,.,g5)) € T, G for all w € C¥(G,i). This
inclusion gives in fact an identification of C*(G,1i) to a subcomplex of Cj(G) in the
following way

CH(G, 1) {c € Ch (@) | e(g1, -, gr) € kerds|y, Nkerdt|y, ¥ (g1,..., gr) € G(k)}.

Remark 4.1.3. The map r commutes with the differentials. That is, the following diagram
commautes:

Ck (G, 1) CH(a,1)
r ‘T
C(]ifef(G) d Cg;;l (G)

The interchangeable usage of § as the differential in the differentiable or deformation
cases should be understood from the context.

Proposition 4.1.4. The induced map r : H(G,i) — H1(G), [w] — [r(w)], is injective,
where [w] is the cohomology class of the cocycle w € C*(G,1).

Proof. Let [w] € ker(r). That means, w is a differentiable 1-cocycle with [r(w)] = 0 in
H}:(G), and so
r(w) = é(a) (15)

for some a € C{;(G) = I'(A). Applying dt to (15), we get 0 = dt(d 4+ ‘ay) = dt(d,) for
all g € G, since r(w) is in the subcomplex of C} (G) where it is killed by ds and dt, and
since @ is left-invariant. Restricting dt to A, we get that p(a) = 0 and hence a € T'(i).
For any g : y v z in G, it holds:

r(w)(g) = d(a)(g)
dRy(w(g)) = @4 + &,
dRy(w(g)) = dRgoy, + dLgdicy,
w(g) = oy + (dRy-1 o dLgy)(dicw)
w(g) = oy — (ng—l odLg)(0z) using di(ag) = —ay
w(g) =oay—g- o
(9)

for « € T'(i) = C°(G, ). As a conclusion, we get that w is in im(d) and so its cohomology
class [w] = 0 in H'(G, 1), and hence injectivity of r. O

However, it is not in general true that the induced map r : H*(G,i) — H}4(G) is
injective for higher degrees.
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4.1.2 Normal representation

Another significant representation of a regular groupoid is the normal representation,
which will be defined as the cokernel of the anchor of the Lie algebroid associated to the
Lie groupoid. Similar to the isotropy representation, the normal one will have important
consequences on the deformation cohomology in lower degrees, especially in degree one.
Recall from [14, Theorem 10.34] that the image of a smooth vector bundle map is a vector
subbundle if and only if the given vector bundle map has constant rank.

Let G = M be a Lie groupoid and A be its Lie algebroid with anchor p. Define the
normal bundle as

v := coker(p) = TM/p(A).

If GG is regular and hence p has constant rank, this is the quotient bundle of the tangent
bundle mod the image of p. In the general case where G is not necessarily regular, we
can still make sense of the fibers and space of smooth sections of v. However, this will be
harder than the isotropy case because of the existence of a quotient.

In order to define the action of G on v , we let v be a smooth path in G starting at
v(0) =g for g : y » z € G. Now, %LE:OS(V(E)) is a tangent vector to M at s(g) = =z,
and hence a representative of [V] € v,. We define the action as:

adg : 0 —> by,

Vg =g |

aosw(s))} F:

SO

e=0

Note that d% .o t(v(g)) is a tangent vector to M at t(g) = y and hence a representative
of g-[V] €v,.

Equivalently, for g € G and [V] € vy, the action is defined as

9)
g- V] = [dt(X)] € vy
for X € X(G) being any s-lift of V.

Remark 4.1.5. The action defined above is independent of the choices made and hence
well-defined.

If G is regular, then the normal bundle with the above defined action is a representation
of G, called the normal representation. Similar to i, we consider the more general case,
where G is not necessarily regular. Define the space of smooth sections of v by

() := X(M)/im(p : T(A) — X(M)).

To define the smooth invariant sections of v, let [V] € T'(v) such that g - [Vyy)] = [Vi(g)]
holds V g € G. Note that this condition is equivalent to the fact that for any s-lift
X € X(G) of V, the class of V) is equal to the class of dt(X,) mod p(A). This leads to
the following definition of the space of smooth invariant sections of v:

[(v)™ := {[V] €T(v) | 3 X € X(G) which is s- and t-projectable to V'}

and we let H°(G,v) = T'(v)"™. Here, one can also check that in the case of a regular
groupoid, these are just the usual definitions of smooth sections as well as smooth invariant
sections.

Next, we show that there is a natural linear map between the deformation cohomology
of G in degree one and the space of smooth invariant sections of the normal bundle. The
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main tool to do this is to describe the degree one deformation cohomology in terms of
special types of multiplicative vector fields.

Given a € T'(A), vector fields of the form d+°:G —TG, g E>g + ﬁg are
called inner multiplicative vector fields on G over p(«). Denote the set of all inner
multiplicative vector fields on G by Xin,(G).

Remark 4.1.6. Inner multiplicative vector fields are indeed multiplicative.

Proof. Firstly, note that the following diagram commutes

—
+

¢~ . 1¢g

t||s dt hds
pla)

M TM

ds(d + @)(g) = ds(d, + @)
= ds(erg) + ds(w,) since @ is right-invariant
= (dS e} dLg e} di)(as(g))
= dt(ay(g))
= p(as(g))

= p(@)(s(9))
for every g in G. Therefore,
dso (d + &) =p(a)os.
By similar calculations and since & is left-invariant, one gets
dto(d + %) =pla)ot.

The commutativity of multiplication (& + S)gh = dm((d + E)g, (@ + )y) follows
from a step by step calculation by using for instance the formula of dm in terms of right
and left translations corresponding to certain bisections (see [15, Theorem 1.4.14]). O

Proposition 4.1.7. The deformation cohomology of G in degree one is precisely the
multiplicative vector fields on G modulo the inner multiplicative vector fields on G, i.e.

Hiot(G) = Xt (G)/ Xinn (G).
Proof. Consider the coboundry maps of lower degrees:
Ch(G) = D(A) 2 Cl(@) 5 CEu(G).
By definition, H} ;(G) = ker(6')/im(6°). Since
m(0°) = {8°(a) | a € T(A)} = {d + & | a € [(A)} = X (G),

it remains to show that a vector field X € X(G) being multiplicative is equivalent to X
being a deformation 1-cocycle.
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Let the pair (X,V) represent a multiplicative vector field of G. Hence, (X,V) is a
morphism of groupoids between G = M and the induced tangent groupoid TG = T M.
This is equivalent to saying that ds(X,) = Vi, V g € G and dm(Xy, Xp) = Xpg.n)
V (g9,h) € GxsG by Proposition 1.2.8. Hence, X is s-projectable and using the second
part with ¢ = g1g2 and h = g2, we get

(51X)(gla 92) = —dm(Xgng,, Xg2) + (_1)2Xgl = _dm(Xgng’XQQ) + Xﬁ%(9192792) = 0.
The reverse direction is easily obtained by similar steps. O
Now, we are ready to see the following result.

Proposition 4.1.8. There exists a natural linear map
m: Hyee(G) — T(0)™,  [X] = [V]
for X € X(G) a multiplicative vector field over the base field V € X(M).

Note that by the very definition of a multiplicative vector field, we know that X € X(Q)
is both s- and t-projectable to its base field V' and hence [V] is indeed an invariant section
of v.

Proof. By straight forward calculation, we get for every (X, V) and (X', V') multiplicative
vector fields

m([X]+ (X)) = =([X + X))
vV +Vv

= [V]I+[V]

= m([X]) + 7([X])

by using Remark 1.4.12. O

Next, we show that every invariant section of v gives rise to a differentiable 2-cocycle
with coefficients in i by a linear map. First, consider the following lemma.

Lemma 4.1.9. Let [V] € T'(0)™ and let X € X(G) be an (s, t)-lift of V. Then:
(i) 6(X) € C*(G,i).
(ii) [6(X)] € H%(G,i) does not depend on the choice of X .

Proof. (i): X € X(G) is such that it is both s- and t-projectable and so X € C} ;(G). So,
§(X) € C34(G). To prove that §(X) is in C%(G, i), recall the identification of C?(G,1) with
the subcomplex of C2 (G where the cochains are killed by ds and dt. For all (g,h) € G

ds(6(X)(g,h)) = ds(—=dm(Xgn, Xn) + Xg)
= ds(—dm(X, gh X)) + d3<Xg)
= —di(Xp) + ds(X,)
= —Viyn) + Vi(g) (X is s- and t-projectable to V)
—0 (s(g) = t(h)).
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Similarly, we get that

dt(6(X)(g,h)) = dt(—dm(Xgn, X)) + dt(Xy)
= —di(X,) + dt(X,)
= —Vig) + Vi)
-0

and hence 6(X) is killed both by ds and dt, which implies that it lies in C?(G, ).

(ii): To show well-definedness of the cohomology class [6(X)] induced by [V], firstly let
X’ be another (s,t)-lift of V and let ¢ := X’ — X. Then, c lies in the subcomplex C'*(G, 1)
since ds(c(g)) = ds(X; — Xg) = ds(X;) — ds(Xy) = V() — Vi) = 0 and dt(c(g)) = 0 in
the same way. Thus,

§(c) € im(d : CH(G,1) — C*(G,1))

and so [06(c) = 0] in H%(G,1i). Therefore, [§(X")] = [6(X) + 6(c)] = [0(X)] in H%(G,1).
Secondly, let V' € X(M) be such that [V] = [V'] € I'(v) = X(M)/im(p). Then,
V' =V +p(a) for some a € T'(A). Let X be an (s, )-lift of V. Then, X' := X + o + & =
X +6(a) is an (s, t)-lift of V'. Hence, [6(X")] = [6(X) + 8(8¢0))] = [6(X)]. O
Proposition 4.1.10. The map K : T'(0)"™ — H?(G,i), [V] = [0(X)] as defined above is

linear.

Proof. For all [V], [V'] € T'(v)"™ with X and X’ some (s, t)-lifts of V and V' respectively,
K([VI+ V') =K(V+V)

= [0(X + X')] since X + X' is an (s, t)-lift of V + V'

= [6(X) +o(X")]

= [0(X)] + [0(X)]

= K([V])) + K([V']).

Proposition 4.1.11. There is an exact sequence:

0— HY(G,1) 5 HL(G) 5 T(v)™ £

Proof.
e 7: HY(G,i) — H] (G) is injective by Proposition 4.1.4.
e Let [X] € im(r) C H};(G). That is, X € Xpu(G), with ds(X,) = 0 and dt(X,) =0

Vg € G. Thus, the base field of X is zero and so 7w([X]) = 0, hence [X] € ker(n).
Moreover,

ker( )
= ] € Hit(G) | X € Xpuie(G) with the class of its base field [V] =0 in I'(v)}
= | € Hdef G) | X € Xmuit(G) with base field V = p(a) for some a € T'(A)}
= ] € Hit(G) | X € Xpuit(G) s.t. V — p(a) = 0 for some o € T'(A)}.

Therefore, ker(m) is composed of all classes [X] of multiplicative vector fields with
base field zero, and so of classes [X], where X vanishes under ds and dt, hence lying
in the image of r.
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e Let [X] € H! ((G) with m([X]) = [V] € im(n), i.e. X is amultiplicative vector field of
G with base field V. Then, 6(X)(g,h) = —dm(Xgn, Xn) + Xg = =X gnn) + Xy =
~X,+ X, =0V (g,h) € G?. Hence, K on[X] = K[V] = [§(X)] = 0 and so
7[X] € ker(K). On the other hand, let [V] € ker(K). That is, [V] € I'(b)™ such
that K([V]) = [0(X)] = 0 in H?(G,i) for some (s,t)-lift X € X(G) of V. Thus,
§(X) = d(c) for some c in the subcomplex of C} (G) where it vanishes under ds and
dt. Hence, for all g in G we get that

ds(X —c)(9) = ds(X,) — dstetg)] = V(g
dt(X — c)(g) = dt(X,) — dilefg)) = Vi)

which imply that Y = X — ¢ is another (s,¢)-lift of V' with the property that
(YY) =06(X —c¢)=6(X)—0d(c) =0. That is,
—dm(th, Yh) +Y,=0
= dﬂ_’L(}/gh, Yh) = ng
= dm(Ygn, Yn) = Yi(ghn)
Y (g9,h) € G® and hence Y is a multiplicative vector field of G with base field V
and with [6(Y)] = [6(X)]. Therefore, [V] comes from a multiplicative vector field.

e Let [V] € T'(v)™ and so K ([V]) = [6(X)] € im(K) for some (s, t)-lift X € X(G) of V.
Then, 7o K([V]) = r([§(X)]) = 0 in H2;(G). Hence, K[V] € ker(r). Furthermore,
let [¢] € ker(r). That is, [c] is an element of H?(G,i) with 7([c]) = [r(c)] = 0 in
H2.(G). So, there exists some X € C}(G) s.t. r(c) = §(X). But, we know that

r(c) is in the subcomplex of C3 .(G) where it vanishes under ds and dt. Hence, X
is s- and t-projectable to some vector field V' € X(M). Thus, [c] = K([V]) € im(K).

O

It is natural to ask if there is such an exact sequence for higher degrees of the
cohomologies as well. As described in [18, Proposition 5.52], when G is a regular groupoid,
there exists a long exact sequence

= H¥G,i) —» Hi(G) — HY(G,v) — H*THG, i) — HEHG) — -

To prove this statement as given in [18], it is useful to understand the adjoint representation
of a groupoid and the deformation cohomology interpretation through it.

4.2 Representations up to homotopy

The key to proceed with representations up to homotopy is to represent a groupoid in a
complex of vector bundles, instead of just a single vector bundle. Sections 4.2.1 to 4.2.3
refer mainly to [2].

4.2.1 Representations up to homotopy of groupoids

The following notations and definitions are needed for the discussion.

Definition 4.2.1 (Graded vector bundle). A graded vector bundle over a smooth
manifold M is a vector bundle £ — M together with a direct sum decomposition

E:@El

IEZ

which is called a grading of F.
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An element v € E! is said to have degree I. Note that the fibers of a graded vector
bundle carry the structure of a graded space. Given two graded vector bundles E and F
over M, we can construct the new graded space of morphisms, denoted by

Hom(E, F) = @5 Hom! (E, F)

where each T' € Homl(E,F ) is a vector bundle map T : E — F of degree [, that is
T(E™) C F™*' Y m € Z. For F = E, we denote Hom(E, E) = End(E) and call it the
space of endomorphisms of E.

Given a Lie groupoid G = M and a vector bundle E over M, recall from Remark 2.2.3,
that the space C*(G, E) of differentiable cochains on G with values in E' makes sense as
a graded vector space. If E is a graded vector bundle over M, C(G, E)* has the following
total grading

C(G,E"= P CHG,E)
k+l=n

where elements w € C*(G, E') are said to have bidegree (k,l) and total degree k + I.
The space C(G, E)* has also the structure of a right graded C*(G)-module similar to the
ungraded case.

Definition 4.2.2 (Complex of vector bundles). A cochain complex of vector bundles
over M is a graded vector bundle E = @ E! over M equipped with an endomorphism

leZ
0 € End(FE) of degree 1

and such that 9% = 0.

We are now ready to define a representation up to homotopy of a Lie groupoid
according to [2]. Firstly, we unpack the shortest but less intuitive definition. Later,
through a bijective correspondence between representations up to homotopy and sequences
of particular differentiable cochains, the structure of a representation up to homotopy will
be more explicitly revealed. In what follows, let G = M be a Lie groupoid.

Definition 4.2.3 (Representation up to homotopy). A representation up to homotopy
of G is a bounded graded vector bundle E = @ E' over M together with a linear operator
on C(G, E) of degree one

D:C(G,E)" — C(G,E)"!
such that D? = 0, and for all w € C(G, E)*, f € C*(G), the graded Leibniz identity
D(w - f) = D(w) - f + (=1)*w - 5(f)

is satisfied.

G E=@QF
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Equivalently, a representation up to homotopy of G is a bounded graded vector bundle
E = @ E' over M together with a differential D on C(G, E) which gives C(G, E) the
structure of a right differential graded module over C(G). D as in the above definition is
usually called the structure operator of the representation up to homotopy E of G.

Clearly, a usual representation E of GG can be viewed as a representation up to
homotopy of G concentrated in degree zero, since the space C(G, E) of E-valued cochains
on G is endowed with the usual differential § which makes C(G, E) into a right differential
graded C(G)-module as mentioned in section 2.2.

Definition 4.2.4. Let F and F' be two representations up to homotopy of G with structure
operators Dp and Dp respectively. A morphism ® : £ — F between E and F' is a
C*(G)-linear map of degree zero

¢:C(G,E) — C(G,F)*
such that Dpo® = ® o Dg.

The following proposition is an essential one stated and proved in [2, Proposition
3.2]. Here, we only mention the statement and look into its interpretation. At first note
that, given a graded vector bundle E over M, the bigraded vector space C(G,End(FE)) in
bidegree (k, 1) is precisely

C*(@, End (E)) = D(G%), Hom(s*E*, t* E**1))

where s(g1, ..., gk) = s(gx) and t(g1, ..., gx) = t(g1)-

Proposition 4.2.5. There exists a bijective correspondence between representations up
to homotopy (E, D) of G and graded vector bundles E over M together with sequences
{Ri}>o composed of differentiable cochains Ry, € C*(G,End'~*(E)) satisfying

kol

-1

k
(1) Ri1(g1, -+ 9595115 - 98) = »_(=1) Rj(g1, -, 95) © Rij(gj1, - 95)  (16)
1 =0

for all k> 0.

[
Il

The elements R; of the sequence are also called the structure operators of the associated
representation up to homotopy. Through the first elements of the sequence, one can get
an intuitive idea of the notion of a representation up to homotopy.

For k=0: Ry : G») = M — End!(E) induces an endomorphism of E of degree 1
denoted by

0:=Ry: E* — E*.

In this case, (16) becomes 0 = Ry o Ry = 0 o @ which means that E, as a graded vector
bundle over M, together with 0 becomes a cochain complex of vector bundles over M.

For k=1: R, : G = G — End’(FE) = Hom®(s*E,t*E) induces a (graded)
quasi-action of G on E denoted by

)\g = Rl(g) : Es(g) — Et(g)'

Moreover, (16) implies that the differential 0 of the cochain complex commutes with the
quasi-action since

0=Rpo Ry —Ri0oRy
= RioRy= Ryo Ry
= Ng00 =00
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and hence an arrow g € G acts via a map A, of cochain complexes.
For k=2: Here, (16) becomes

—Ri1(g192) = Ro o R2(g1,92) — Ri(g1) o Ri(g2) + R2(91,92) © Ro
= Ri(g1) o Ri1(92) — R1(9192) = Ro o Ra2(g1,92) + R2(91,92) o Ro
= )‘91 © )‘92 - )‘9192 =0do R2(91a92) + R2(91792) 00

for all composable pairs (g1, g2) € G®?). This means that the quasi-actions as induced by
R; are not necessarily associative. That is, for (g1,g2) € G, Agr © Ag, and Ay 4, are not
necessarily the same maps of complexes, but they are homotopic and the homotopies are
controlled by the map Rs.

Definition 4.2.6. A representation up to homotopy F of G is said to be unital if V& € M,
the map Ri(u(z)) : Ey — Ey is the identity map, and if Rg(g1,...,gx) = 0 for £ > 2 with
one of the g;’s being a unit.

Similar to the case of usual representations of Lie groupoids, one can define the
differentiable cohomology of G with coefficients in a representation up to homotopy of

G.

Definition 4.2.7. Let (E, D) be a representation up to homotopy of the Lie groupoid G.
The differentiable cohomology of G with coefficients in E, denoted by H(G, E)*, is
the cohomology of the complex (C(G, E)*, D).

Remark 4.2.8 (Related to VB-groupoids). In relationship to VB-groupoids, which are Lie
groupoids endowed with some compatible linear structure, there is a bijective correspondence
between VB-groupoids and unital 2-term representations E = E° @ E' up to homotopy of
Lie groupoids up to isomorphism. This result, which is stated and studied in [11] by
Gracia-Saz and Mehta, provides a geometrical model for unital 2-term representations up
to homotopy. In addition, there is a cochain complex associated to any VB-groupoid which
18 isomorphic to the complex of Lie groupoid cochains with coefficients in the corresponding
representation up to homotopy according to [11]. This in turn gives a canonical model
of the differentiable cohomologies of Lie groupoids with values in a representation up to
homotopy.

Remark 4.2.9 (Related to weak representations). In a wvery recent paper by Wolbert
[30], the notion of a weak representation of a Lie groupoid is introduced as a consequence
of some issues and restrictions with representations up to homotopy of Lie groupoids.
Among the issues is the lack of geometrical interpretation of the higher order equations
between the homotopies associated to the representations up to homotopy. Also, there is
no general well-defined notion of a "right” representation up to homotopy. Moreover, the
linear structure of the graded vector bundle E plays a huge role in the definition of a
representation up to homotopy. In contrast, weak representations, which are defined in
[30] via so-called weak actions, do not possess these issues. Furthermore, it can be shown
that weak representations of a Lie groupoid G are in bijective correspondence with 2-term
representations up to homotopy of G.

As a first and important example of a 2-term representation up to homotopy, we will
study the adjoint representation Ad generalized in the setting of groupoids in the coming
subsections. Its significance in the deformation theory of a groupoid G will be clear through
the isomorphism between the differentiable cohomology H (G, Ad)* of G with coefficients
in its adjoint representation and the deformation cohomology Hj (G) of G.
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4.2.2 Connections and basic curvatures on groupoids

This subsection will provide the necessary background for the construction of the adjoint
representation of a groupoid as a representation up to homotopy. More specifically, we
introduce the notion of a certain type of connection on groupoids, namely Ehresmann
connections, as well as the induced basic curvature. Although the notion of connections
on groupoids has appeared in the literature earlier, we will mainly follow the definition
given in [2].

Let G = M be a Lie groupoid with its associated Lie algebroid A. Observe that

0—t*A LB 17Gq L T —5 0

is a short exact sequence of vector bundles, where s*T'M = T'M| ) and t*A = Al ) are
the pullback bundles of "M and A by the source and target maps respectively. For each
arrow g € G, the maps are precisely given by dRy : Ayg) — TG and dsg : TyG — Ty M.
The injectivity of dR, follows by similar arguments as before and the surjectivity of ds,
is due to the fact that s is a submersion. Moreover, ker(ds;) and im(dR,) coincide since
they are composed of all the vectors tangent to the source fiber at g. It is a known result
on vector bundles, also mentioned in details in [15, Proposition 5.2.6], that the short exact
sequence above induces a right inverse o : s*T'M — T'G to ds (i.e. dsoo =1d) and a left
inverse w : TG — t*A to dR (i.e. wo dR =1d), usually called a right splitting and a left
splitting of the sequence respectively.

Definition 4.2.10 (Ehresmann connection). An Ehresmann connection on G is defined
to be one of the following equivalent structures:

(i) A subbundle H of the tangent bundle T'G of G such that

o Hydker(dsy) =T,G VgeG
¢ Hyw =T:M Vel

(ii) A right splitting o : s*T'M — TG of the above sequence, such that it restricts to the
canonical splitting at the units, i.e. 0y, = du, ¥z € M.

(iii) A left splitting w : TG — t*A of the above sequence, such that it restricts to the
canonical splitting at the units.

The existence of such a right or left splitting (see [15, Proposition 5.2.6]) proves the fact
that every Lie groupoid has an Ehresmann connection. Moreover, the following crucial
relation holds between the maps:

dRow+ocods=1d. (17)

In what follows, we will usually use the right splitting ¢ as the chosen connection on
the groupoid.

Let o be a connection on G. Our aim in the remaining part of the subsection is to
study a particular type of curvature associated to the connection ¢. In order to do that,
we first note that ¢ induces quasi-actions A of G on A and T'M, defined in the following
way:

Ag i Ay — Ay, v— Ag(v) := —wy(dLydi(v))

N : ToM — TyM, X +— \g(X) :=dty(0q(X))
forallg:y ~nxinG,ve Ay, X e T, M.
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For a given composable pair (g, h) € G® and a tangent vector X € TynyM, consider
the following expression lying in T,,G

L(g, h) X = ogn(X) — dm| g p)(og(An (X)), on(X)).
Lemma 4.2.11. The expression L(g, h)X € ker(ds,;) ¥V (g,h) € G?), X € TonyM
Proof.

ds(L(g, H)X) = ds(ogn(X) — dml s (04 (Mn(X)), 03(X)))
— ds(04n(X)) — ds(dml (o9 (M (X)), 04(X)))
=X —ds(op(X))
=X-X
=0
using the fact that o is a right-inverse to ds and hence ds o o = Id. 0

The fact that the expression L(g, h)X is killed by dsg, further implies that L(g, h)X
lies in the image of dRgp, : Ayg) — TynG. Denote by

K7™(g.h)X € Ay
the preimage of L(g, h)X under dRg,. That is
ARy (K5 (9,h)X) = 0gn(X) = dm|(gn)(0g(An(X)), o4 (X)) (18)

Definition 4.2.12. Let o be an Ehresmann connection on G. The basic curvature
associated to o is defined to be the resulting section

KP* e T(G®, Hom(s*T M, t* A))

satisfying (18).
In other words, the basic curvature is an operator K2 which associates to each
composable pair (g, h) € G®@ and tangent vector X € TsnyM, the vector

Kzlfaas(.% h)X S At(g)
characterized by (18).
Remark 4.2.13. The basic curvature K2 is precisely given by the formula:
K™(g, )X = —wgn(dm|(gn) (og(An(X)), on(X)))
V (g,h) €GP, X € T, M.
Proof. By using equation (17), we get that for all (g,h) € G®, X e TynyM
dRgp © wgn(dm| g n)(0g(An(X)), on(X))) = (Id —ogn o dsgn)((dm|(g,n) (7 (Ar(X)), on(X))))
= (dm(g,n) (09(An(X)), on(X))) = ogn © dsgn(on(X))
(

= (dm|(g,n)(0g(An(X)), on(X))) — ogn(X)
= —dRg(Ky™ (g, h) X).

Therefore,
K2 (g,h)X = —wgn(dm|(y ) (0g(An(X)), on(X))).
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4.2.3 Adjoint representation and the deformation cohomology

The attempt of generalizing the well-defined adjoint representation of Lie groups to the
case of Lie groupoids via the usual definition of representations of groupoids has not been
completely successful. For instance, there is no natural action of a Lie groupoid on its
algebroid which may be thought of a generalization of the adjoint action. In this respect,
the concept of representations up to homotopy as introduced in [2] has played a crucial role
since the adjoint representation has a well-defined generalization to Lie groupoids as an
isomorphism class of representations up to homotopy. As mentioned in the introduction,
the construction of the adjoint representation of a Lie groupoid is completely parallel to
the infinitesimal case of constructing the adjoint representation of a Lie algebroid also
introduced and studied by Arias Abad and Crainic in [1].

Let G = M be a Lie groupoid and let A be its associated Lie algebroid throughout
the subsection. In order to construct the adjoint representation of G, we first have to
choose an Ehresmann connection o on the groupoid G. The anchor p associated to A, the
quasi-actions A of G on A and TM as well as the basic curvature K2 associated to o
will be essential in defining the structure operators of the adjoint representation.

Definition 4.2.14 (Adjoint representation of a groupoid). Let o be an Ehresmann
connection on G with K22 its associated basic curvature. The adjoint representation
of G is a 2-term representation up to homotopy (E, Ry, R1, R2) of G where:

(i) E=Ad:= A® TM is the cochain complex of vector bundles over M, where A has
degree zero and T'M has degree one, and with differential given by the anchor map
p. The complex Ad
0— A5 TM—0

is usually called the adjoint complex of G.
(ii) The structure operators are defined by

e Ry := p (anchor map)
e R := )\ (quasi-actions of G on A and T M)

e Ry := KP* (basic curvature associated to o).
For a given connection ¢ on GG, the adjoint representation of G will be denoted by Ad, .

Proposition 4.2.15. Let o be an Ehresmann connection on G. Then, the adjoint
representation Ad, of G is indeed a unital representation up to homotopy of G.

The proof is based on [2, Proposition 2.15], providing more details.
Proof. We need to show that the structure operators satisfy a set of equations:
() podg=Agop
(ii) AgAn(X) = Agn(X) = —p(Ep*(g,h)X)
(iii) AgAn(v) = Agn(v) = —K2*(g,h)(p(v))
(iv) AgKQ™(h k) — Kg*(gh, k) + Kg*(g, hk) — K*(g, )\, = 0
V(g.hk) € G®, X € TyyyM, v € Ay
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(i) Forg:yvax € G and v € Ay,
py(Ag(v)) = dtg o dRy(Ag(v)) as p=dt|a
= —dty 0 dRgy 0wy odLgodi(v)
= —dtyo (Id —o40dsg) odLgodi(v) using (17)
= —dty odEgodi(v) + dtgoo40dsg o dLg o di(v)
=dtgoay(p(v)) since dsyodLyodi= dtyy) = ps
= Ag(pz(v))-

Thus, po Ay = Ay 0 p.
(ii) For (g,h) € G and X € TynyM,

p(K5™(g, ) X) = dign 0 dRg (K5 (g, h) X)
= —dtgh o ngh O Wgp, © dm](g,h)(ag()\h(X)), Uh(X))
= —dtgp o (Id — ogp, 0 dsgp) o dm|(g py(og(An(X)), on(X))
= —dtgn o dml g ) (7 (An(X)), o4 (X))
+ dtgh O 0gh O dsgh o dm](gjh) (Ug(/\h(X)), Uh(X))
= —dtgh(dg()\h(X))) + dtgh 0 0ggp 0 dsgh(ah(X))
= —dtgn(og(Mn(X))) + dtgn(ogn(X))
= —AgAn(X) + Agn(X).
Hence, AgAn(X) = Agn(X) = —p(Kp*(g, h) X).
(iii) For the next equation, we need the following relation:
0g0p=dLgdi +dRg\,.
This indeed holds since V g € G, v € Ay(y),

dLgdi(v) + dRyAg(v) = dLgdi(v) — dRywydLydi(v)
= dLydi(v) — (Id — 04dsg)dLydi(v)
= dLgdi{T) — dLgdi{T) + 04dsydLydi(v)
— ay(p(0).

Now, for (g,h) € G® and v € Agny

K3*(g,h)(p(v)) = —wgn © dm| (g n) (00 (p(v)), o (p(v)))
(agp(An(v)), on(p(v))) Dy (i)
(AL ydidy(v) + dRoAGAR(v), dLydi(v) + dRpAy(v))
= —wgp © dm|(g,h (dRgAg AR (v),0r)
— wgp, © dm|(y ) (0g, dLpdi(v))

)
)
= —wgh e} dm](gyh)
)

g g, g ’
= —Wgh © ngh()\g)\h(U)) — Wgp © dLghdi(U)
= —)\gAh(v) + )\gh(v).

Hence, A\gAn(v) — Agn(v) = —K2(g, h)(p(v)).
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Note that in the above calculations we used the fact that for all (g, h) € G,
dm|(g,n)(Xg,0n) = dRp(Xy), (19)

dml(g,n)(0g, Xp) = dLg(Xp), (20)
which are special cases of (3).

iv) For simplicity, let K = Kb, For all (g, h, k) € G®), X € T, M,
7 (k)

K(g,hk)X = —wgnk o dm/|g niy(0g Ak (X), one (X))
= —wWgnk © dM|g i) (TgAAL(X) + 0gp(K (h, k) X ), o (X))
= —Wgpk © d’m‘(g’ )(Ug)‘h)\k(X + dLydi(K (h, k)X)
+ dRgAg(K (h, k) X), opi(X)
= —Wypk © dm| (g hi) (OgARAL(X) + dLgdi(K (b, k) X), op(X))
— Wgpk © dm\ (g,hk) (dR Ag(K (h, k) X),Onk)
= —Wgnk, © dM| (g 1) (OgARAL(X) + dLgdi(K (h, k) X), opk(X))

(
— Wyhk © ARgniAg(K (R, k) X)
(g MM (X) + dLydi(K (hy k) X), ope(X)) — Ag (K (h, k) X).

~— —

\_/\_/

= —Wgpk © dM|(g i)
This implies that

K (g, hk)X + MK (hy )X = —wgng, o dml (g ey (0 MM (X) + dLgdi(K (h,
= —Wgnk © Mg ni) (TgAnAL(X) + dLgdi(K (h,

— Wank © A (g iy (—ALydi(K (h, k) X), —dRpe(K

= —Wynk © dM| (g hiy (TgARAL(X ), Ok (X) — dRpg

(0.1) (Tg AR AR (X)), dm| 1 1y (G AR (X)), 0%(X))).

= —Wghk © dm\ g,hk

By the associativity of the multiplication we get further that

K(g,hk)X + AgK (h, k)X = —wgnk o dm/|gn r) (dm| (g n) (0gAnAk(X), on Ak (X)), 0 (X))
= —wgnk, © dm|gn k) (dm|g.n) (TgAnAL(X), oA (X))
+ dRgnK (g, h)Ae(X), 0% (X))
+ K (g, h)Ap(X)
= —wgnk © dAM|(gn k) (Tgn Ak (X), 0k (X)) + K (g, h)Ar(X)
= K(gh, k)X + K (g, h)\p(X).

Therefore, \yK (h, k) — K(gh, k) + K(g,hk) — K(g,h)\; = 0.

Finally, to show unitality, observe that the quasi-actions A,y (z € M) on A and TM
at units are the identity maps. Also, forall g:y ~x, X € T, M,

K™(g,u())X = —wg 0 dm| (g @) (0g @) (X), 0u@) (X))
= —wy o dm|(g7u(x))(ag(X), du(X))
= —wy 0 04(X)
=0.

Similarly, K2 (u(y),g)X =0forall g:y~z, X € T, M. O
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The issue with this definition of the adjoint representation is that it relies primarily
on the choice of an Ehresmann connection on . It is natural to ask how the adjoint
representations defined upon different choices of connections are related. The following
crucial result from [2, Proposition 3.16] solves this issue.

Theorem 4.2.16. Let o and o’ be two Ehresmann connections on G. Then, we get the
following isomorphism of representations

Ad, = Ad, .

It can be therefore concluded that the adjoint representation Ad of G is a well-defined
unital representation up to homotopy, which, up to isomorphism, is independent of the
choice of the connection.

The following significant result is stated and proved in [18, Lemma 5.53]. It generalizes
a similar result in the case of Lie groups (Theorem 2.1.4) and shows the relation between
the deformation cohomology and adjoint representation of a groupoid.

Recall that by the total grading, C(G, Ad,)* = C*(G, A) @ C*Y(G,TM).

Theorem 4.2.17. Let o be an Ehresmann connection on G. Then, the map
I" . C(G,Ad,)" — Ch (@), (u,v) — I%(u,v)
defined by
IE(u,0) (g1, oo 1) i= dRgy (w(g1,s ey g1)) — 09, (V(g2, s G1)) € Ty, G
s an isomorphism of cochain complexes.
Corollary 4.2.18. Given an Ehresmann connection o on G, Hj (G) = H(G,Ad,)*.

Remark 4.2.19 (Related to VB-groupoids). Given a Lie groupoid G = M, the associated
tangent groupoid TG = T M has the structure of a VB-groupoid which corresponds precisely
to the adjoint representation of G as shown in [11]. Moreover, the following isomorphism

Hyp(TG) = H(G,Ad)" = Hj4(G)

where Hyp(T'G) is the cohomology of the cochain complex of the tangent groupoid viewed
as a VB-groupoid, gives a canonical model of the deformation cohomology.
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5 Deformations of groupoids

The goal of this section is to familiarize ourselves with deformations of Lie groupoids. At
first, specific kinds of deformations will be considered and studied, which will pave the way
to understanding general deformations. Furthermore, the relation between deformations
and the deformation cohomology will be clearer. Namely, we will see how deformations
of groupoids give rise to 2-cocycles. Lastly, the vanishing of the deformation cohomology
H?2 :(G) in degree 2 will lead to some important rigidity results. The upcoming discussion
is based on the paper [7] by Crainic, Mestre and Struchiner with further illustration given
in the PhD thesis [18] by Mestre. In this thesis, we provide more details and explanations.

5.1 Basic definitions

In this subsection, G = M denotes a Lie groupoid and I an open set containing zero as
before.

Definition 5.1.1 (Deformation of Lie groupoids). A smooth deformation of G is a
family 3
G={G: = M.},

of Lie groupoids which is smoothly parametrized by ¢ € I and such that Gy = G as
groupoids.

The structure maps of G will be naturally denoted by s., te, me, M, ue, i-, whereas
the structure maps of the original groupoid G are given by s,t, m,m,u,% as before.

In other words, a deformation of G can be understood as a Lie groupoid G = M, with
structure maps §, ¢, m, m, @, i, together with a surjective submersion 7 : M —s I with the
property that 7o § = m ot and so that for each € € I, G. := 5 (M.) = M. := 7 1(¢)
denotes the groupoid over the fiber 7=!(g) such that Gy = G as groupoids.

Definition 5.1.2 (Equivalent deformations). Two smooth deformations G={G.= M.}
and G’ = {G./ = M.} of G are said to be equivalent if 3 a family

{(Ff:G: — G, f£: M. — M)}

of isomorphisms of Lie groupoids which is smoothly parametrized by an open interval
containing zero and such that (F°, f%) = Id.
In light of the reinterpretation of the definition of deformations above, two deformations

C:T' 3~M % I and G’ = M1 are called equivalent if 3 a Lie groupoid isomorphism
F:G— G, f:M— M with 7’ o f = 7 and such that at ¢ = 0, it is the identity.

As it is difficult to study such general deformations in a straightforward manner, we will
first consider different types of deformations with additional properties. Understanding
such specific deformations will pave the way to the analysis as well as rigidity theorems
for general deformations.

Definition 5.1.3. Let G = {G. = M.}, 1, equivalently G = M =5 I be a deformation
of G. Then, the deformation G is called:

e strict if G. = G as manifolds for all e € T
e s-constant if it is strict and s. is e-independent

e t-constant if it is strict and ¢, is e-independent
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e (s,t)-constant if it is strict, s-constant and ¢-constant
e constant if G. = G as groupoids for all € € T

e proper if G = M is a proper groupoid

e trivial if G is equivalent to the constant deformation.

Definition 5.1.4 (Rigid groupoid). The Lie groupoid G = M is said to be rigid if every
deformation of G is trivial.

5.2 Deformations

For our exploration of deformations of Lie groupoids, let G = M be a Lie groupoid with
associated Lie algebroid A, and let I be an open interval containing zero throughout the
coming subsections.

5.2.1 (s,t)-constant deformations

Recall that an (s, t)-constant deformation of G is a deformation G = {G. = M.}, such
that G, = G as manifolds and where the source s. and the target t. of G. do not depend
on €. The aim of this section is to investigate the behavior of the groupoid G which
undergoes an (s,t)-constant deformation. Naturally, the behavior of the groupoid under
deformations is primarily understood via the variation of its structure maps.

Fix an (s, t)-constant deformation G = {G. = M.} .cr of G. Under the restriction of
e-independent source and target maps of G, we get the advantage that any composable
pair (g,h) € G® in the original groupoid G is still composable in each G.. That is,
me(g,h) would still make sense for any (g,h) € G®. We will typically stick to the
notation mq(g, h) = m(g, h) = gh to denote the multiplication of a composable pair (g, h)
in the original groupoid.

In light of these thoughts, we study the variation of the multiplication of the groupoid
G (see Figure 6) under the deformation G. Consider the expression

d

-2 e 21)

e=0

which is a well-defined element in T,,G for any (g,h) € G).

me(d;h)
T gh T
g h
v /\ /\ \
t(g) s(g) = t(h) s(h)

Figure 6: Variation of the multiplication of the groupoid

Remark 5.2.1. The expression (21) lies in ker(ds)|qn and ker(dt)|gn.
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Proof. First of all,

d d
_ds [ & n)=-2 h
(| metam) == | omelo)
d
- _ ¢ h
de|._g s(h)
—0.
Similarly, we get that
d d
—a [ L n)=-2 ~0
(] mtm)=-%|

O]

The fact that the expression (21) is killed by ds really means that it is tangent to the
source fiber s~1(s(h)) at gh, and hence comes by right translation from an element which
is tangent to the source fiber s~!(#(g)) at the unit u(t(g)). That is,

d

— df ms(g, h) S im(ngh : At(g) — TghG).
€le=0

Note that Remark 5.2.1 points out that (21) is additionally killed by dt which further
implies that it comes from an element in i, C Ay(4), where i is the isotropy bundle
defined in section 4.1.1. Therefore, we get that

d

- df me(gv h) = ngh(UO(ga h)) € TghG
€ e=0

for some differentiable 2-cochain ug € C%(G,1) with values in i. By definition, this means
that ug is a smooth map

ug: G — i, (g,h) — ug(g, h) € b(g)-

Recall from section 4.1.1 that C*(G, 1) still makes sense for any groupoid G, which is not
necessarily regular. What we aim to do next is to show that ug is actually a cocycle.

Lemma 5.2.2. ug € ker(§ : C%(G,i) — C3(G,1)).

Proof. The main hint in proving this is the fact that the multiplication m. of the groupoid
G. is associative. That is, for all (g, h, k) € G®)

me(me(g, h), k) = me(g, me(h, k)).

Differentiating this associativity equation with respect to € at € = 0, we get

d
dié‘ o ma(me(gvh)ak) = dig o me(gvme(ha k))
am (L) i), 00 ) + L me(gh k) = dm (0, L] me k) ) + L me(g, hi)
dE —o S ga s Uk d€ o € g 9 - g dE o (3 9 dE o &€ g7

dm(—dRyn(u0(g, 1)), 04) — dRga (1o (gh, k) = dm(Oq, —dRs o (b, K))) — dRgn (1o (g, k)
—dRgni(uo(g, h)) — dRgni(uo(gh, k)) = —dL dth(uo(h, k)) — dRgni(uo(g, hk)).
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Applying dR(ghk)—l to both sides, we get
uo(g, h) +uo(gh, k) = dR,—1dLy(uo(h, k)) + uo(g, hk) (22)

where dRj-1dLy(uo(h,k)) = adg(uo(h,k)) = g - uo(h, k), ad being the action of G on i.
Hence equation (22) really means that

5(’&0)(g, hv k) =g UO(h’ k) - UO(ghak) + uﬂ(gv hk) - u0(97 h) =0

for all (g, h, k) € G®) and thus g is indeed a cocycle. Note that we have used equations
(19) and (20) from section 4.2.3 in our caculations. O

Remark 5.2.3. Two equivalent (s,t)-constant deformations of G give rise to two
differentiable cocycles whose resulting cohomology classes are equal in H*(G,1).

Proof. Let G = {G.} and G’ = {G"} be two equivalent (s,t)-constant deformations of G
and let ugp and uf, be their associated differentiable 2-cocycles respectively. Then, there is
a family {(F*: G. — GL, f¢: M. — M/)} of groupoid isomorphisms which is the identity
at € = 0. Without loss of generality, assume here that f. = Id on the units. Then,

d d d
ds [ =|  F(g)) = &=
’ (d€ e=0 (g)> de

(soF*(g)) =
since groupoid morphisms commute with the source map. Similarly,

y = pGstan =0
d . B
dt <d5 F (g)) =0

e=0

e=0

and hence d%'e:o F&(g) is tangent to both the source and target fibers. For simplicity,

denote
d

ng) =

F=(g).
e=0

Now, let X € C}(G, i) be a differentiable 1-cochain defined as
X(g) ==dRyn(g) € iy Vgea.

Next, we use the fact that a groupoid morphism commutes with multiplication and
hence ¥ (g, h) € G
m(F*(g), F*(h)) = F*(me(g,h)).

Differentiating with respect to € at € = 0, we get

d

dm(n(g),n(h)) + d% _Om’s(gvh) == _Oma(g7h)+n(9h).

Applying dR(gh)_1 to both sides, we get
up(g, h) = uolg, h) = dR ) -1dm(n(g),n(h)) — dR,y-1n(gh)
= dR(gh)—ldRh(n(g)) + dR(gh)fldLg(n(h)) — dR(gh)fln(gh)
=dR,-1n(g) + dRy-1dLydRy,-1n(h) — dR(gh)_m(gh)

= X(g9) +9g-X(h) — X(gh)
=(X)(g,h)

by using (3) and the definition of . Thus
[uo] = [ug] € H*(G,1).
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Let us recall from section 4.1.1 that the complex C*(G,1i) can be identified with the
subcomplex of the deformation complex C} ¢(G) where the deformation cochains take
values in ker(ds) and ker(dt) by the following inclusion (here, specifically in degree 2):

r: C%(G,1) — C34(G).

Denote by & the image of ug under the inclusion r. That is, & € Cgef(G) such that for
all (g’ h) € G(Z)’ ds(€0(97 h)) = dt(EO(gvh)) =0 and

§0(g,h) = dRy(uo(g, h)) € TG,

We conclude this section by establishing a formula for & in terms of the variation of
the division map m. of G, which will lead to understanding s-constant deformations for
reasons explained in the next section (5.2.2).

Lemma 5.2.4. (g, h) = —dRj,—1 (d% c=0 me(g, h))

Proof. For any composable pair (g, h), it holds that

§0(g,h) = dRy(uo(g, h))
= dRgpp-1(uo(g, h))
= dRh—l ¢} ngh(UO(g, h))

d
= —dR;-1 ( m (g,h)) :
de e=0 )
O
Proposition 5.2.5. The image & of ug under r is exactly given by:
Golg.h) = | melgh,h)
o\9, - de 0 e\gn, .
Proof. The trick here is to consider the following identity
me(me(gh,h),h) = gh.
Differentiating with respect to € at € = 0, we get
d d
— ne(gh,h),h) = — h
| me(e(gh, h), h) = — Y
dm (L1 ((gho 1), 00) = — L1 mo(mlgh, b, b)
de o elgh,n),Vp | = de 0 € gn,n)j,
d _ d . .
dRy, (me(gh,h) ) = — — me(g,h) using equation (19).
de e=0 de e=0
Applying dRj,-1 to both sides, we get
d d
— ne(gh,h) = —dRj—1 | — h)|.
| melonb) = —drs (| meton))
Therefore, by using Lemma 5.2.4, we arrive to the desired result
Golg.h) = | ne(oh.h)
o\9, - de - elgh, ).
O
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5.2.2 s-constant deformations

Next, we slightly generalize the previous case by dropping the condition of e-independence
of the target map t. of G.. That is, we will consider s-constant deformations G = {G.} el
where the target map t. of G, could depend on ¢ and study the behavior of the groupoid
accordingly. The discussion of (s,t)-constant deformations in the previous section (5.2.1)
will be very useful in defining the anticipated deformation 2-cocycle &, associated to
s-constant deformations. Also, the formula for &y in terms of the division map m. given
by Proposition 5.2.5 is advantageous in this case since division in a groupoid is defined for
elements which have the same source.

It is worth to mention here that looking at the variation of the division map (see Figure
7) instead of the multiplication map to study deformations is a crucial approach, since one
can as well recover all the structure maps of the groupoid G from the division and source
maps. This is well-explained in the Appendix of [7]. One could for instance also sense this
in Proposition 1.2.8.

Definition 5.2.6. Let G = {G:} . be an s-constant deformation of G. The deformation
cocycle & € C2 (G) associated to G is defined by

d
€(g,h) == —| me(gh,h) € T,G V¥ (g,h) € GP.

de|._g
me(gh, h)
t=(9) t(g) s(g) = t(h) = s(h™") s(h) =t(h™")
\_/
hfl

Figure 7: Variation of the division of the groupoid
Similar to before, let us first show that & is indeed a cocycle.
Lemma 5.2.7. & € ker(d : C3,(G) = C3,(Q)).

Proof. Consider the associativity equation of the division map

Me(Me(u, w), me(v,w)) = me(u,v)

which makes sense for arrows u,v,w having the same source. Using the same trick as
before, let us differentiate this equation with respect to € at € = 0. We get

d d

7 . Me(Me(u, w), me(v,w)) = 7 » Me(u,v)
d d d _ _ d _
= dm <d6 » me(u, w), 7 L mg(v,w)>+d6 . me(uw ™, vw 1)_% . me(u,v) = 0.
Now, by letting u = ghk, v = hk, w = k for some (g, h, k) € G®), we get
am (L ok k), L m b)) + L me(ghoh) — L] e (ghk, BE) = 0
de|._, e\gnK, 7d€a:0 € ) de|._, \gn, de|._, e\gnK, =
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which implies by using the definition of &y and the differential §

5(50)(97 h) k) = _dm(f()(gh) k)’ £O(h7 k)) - gﬂ(gv h) + 50(.97 hk) =0.
O

Remark 5.2.8. The cohomology classes of the deformation cocycles associated to two
equivalent s-constant deformations of G are equal in H3 (G).

Proof. Let G = {G.} and G’ = {G} be two equivalent s-constant deformations of G' and
let & and &) be their associated deformation 2-cocycles respectively. Then, there exists a
family {F* : G. — G} of groupoid isomorphisms which is the identity at ¢ = 0.

Let X € Cl+(G) be a deformation 1-cochain defined by

d

X(9)= | Fl9) € T,G VgeC.
e=0

Using Proposition 1.2.8, we know that F*¢, being a groupoid isomorphism, commutes
with the division map. That is,

me(F°(gh), F*(h)) = F*(me(gh, h))

for all (g,h) € G® which gives us after differentiating with respect to € at ¢ = 0

d
dmr —
m(da

which implies that

_ d 3 d
m’a(gh,h>:; me(gh. h)+——|  F°(g)

d
Fe (gh’)7 I
dE e=0 d e=0 e=0

)

e=0 e=0

dm(X (gh), X (h)) + &(g.h) = (g, h) + X(9)
= 56(g>h)_£0(gvh) :5(X)(gvh)

by using the definition of the differential 4 and thus

(o] = [€0] € Hier(G).
O

Our goal in the remaining part of this subsection is to show that if the induced
deformation cocycles & of an s-constant deformation {G.} of G come from a smooth
time-dependent vector field X = {X.} on G, then the flow ¢ x of X is locally a groupoid
morphism between the members of the deformation. In order to achieve this goal, we will
first reinterpret s-constant deformations and their associated deformation cocycles.

Let G = {G. = M.}.c; be a strict deformation of the Lie groupoid G = M. That is,
each G. = G as manifolds. Then, G can be identified with the groupoid G = M where
G:=G x I and M := M x I, with structure maps given by:

* 5(g,e) = (s=(9),¢)

o t(g,e) = (t-(9).¢)

o m((g.€), (h,e)) = (m=(g, h),€)

o m((g1,€), (92,€)) = (Me(91,92), €)
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o U(x,e) = (us(x),€)

* i(g,e) = (ic(9),¢)
for (g,h) € G@ and (g1, 92) € G x, G.

This is very much in the spirit of the reinterpretation of the definition of deformations
of groupoids as demonstrated in Definition 5.1.1, where the surjective submersion 7 here
is simply the projection on I.

Note that if G is specifically s-constant, one can view the element % as one lying in
Céef(é), using the fact that it is 5-projectable, and where as a vector field on G

0 d

&(975) = dzo (9, +eo0) € T(g,s)é' (23)

e0=0

Viewing s-constant deformations from this perspective, one can interpret the associated
deformation cocycles in the following way.

Lemma 5.2.9. Given an s-constant deformation G = {G<}eer of G, define
o -
¢=-5(5) € Chul®)
where % € Cl¢(G) as described above. Then,
o :é‘Go € Cgef(GO)'

Proof. For a composable pair (g,0), (h,0) € Gy = G x {0},

£((9.0),(1,0) = =3 (57} (3.0) (0

— din (im«g,ox (h,0)), i(h,m) -2 0.0

Il
o N
Su
N
o))
=y
=~
[a)
:—/
&l
—
S
(@)
S~—
N———
|
o))
Q
=2

= | (metoh )

= 60(9’ h)

Note that in the proof we have used equation (23) in the special case where ¢ = 0 and
hence

0 d
%(970) - % o (g,&)-

O]

The proof of Lemma 5.2.9 also implies that £((g,0), (h,0)) lies indeed in T{,0Go C

T(g,o)é for any composable pair ((g,0), (h,0)) € Géz).

The following proposition from [18] is a crucial one which will lead to the main result
of this subsection. Before stating it, recall from section 1.4 that a time-dependent vector
field V' = {V(¢)} on a manifold M can be identified with a vector field V* on M x I
defined as V7 ) = (V(€)a, %) € Tipey(M x I).
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Proposition 5.2.10. Let G = {Ge = M_.}.cr be an s-constant deformation of the Lie
groupoid G = M with induced deformation cocycles & € Cgef(Ge). That is, for all

(9,h) € G
d

§(g9,h) = — mg+50(ma(g,h),h) € TyG..
d€0 go=0

Also, let G = M be the Lie groupoid associated to the deformation G. Consider a smooth
time-dependent vector field X = {X (g)}eer on G. Then, the following are equivalent:

(i) 6(X(e)) =& Veel
(ii) the induced vector field X* € X(G) is multiplicative.

Proof. Firstly, note that X* € X(G) being a multiplicative vector field means that it
is §-projectable and commutes with the division map by Proposition 1.2.8. In case of
s-constant deformations, the s-projectability of X* follows naturally. The commutativity
with the division map means that ¥ (g, h) € G

din (Xm(cga ). (hie) )
s din (X(* )

< dm (X(g)ms(g,h) + — o 85

m(m( 9:€),(hs€)),(h.e))

X (9:6)
X(e

& dim (X (&) m.(g.n)> X ()n )+dm<§ aa> X(a)g—i—%

where the first expression on the left-hand side is precisely
din (X (€)m(g.n) X (€)n) = dme (X (€)m. (g.n), X (€)n)

since X (¢) is tangent to G.. Whereas, using equation (23), the second expression is given
by

_ /0 0 [ d d
i (5 (a2 5 1,e) ) = di (do mamere) 2| <h,s+so>)
d =
= m((me(g,h),e + o), (h,e + €0))
€0 e0=0
d _
= di (m6+€0(m€(gah)ah)7€+50)
€0 e0=0
0

Therefore, we get that the multiplicativity of X* means exactly that

X (E) atg X() + €0 1) + A = X(0)y 4 2L
holds V(g,h) € G which is equivalent to

€e(9,h) = —dme (X (€)m. (g,n)> X (€)n) + X (€)g
= 6(X(e))(g, h)-
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We now state the main result of this subsection, which reflects the importance of
the 2-parameter dependence of time-dependent flows of time-dependent vector fields in
relating members of s-constant deformations.

Proposition 5.2.11. Let G = {G. = M.}.c; be an s-constant deformation of the Lie
groupoid G = M with induced deformation cocycles & € C2;(G:). Assume that there
exists a smooth time-dependent vector field X = {X(¢)}cer on G such that

0(X(e)) =& for e small enough.

Denote by ¢g§1’€2) and ¢$1’E2) the respective time-dependent flows of X and V where
V= {V(s)}ael is the time-dependent vector field on M given by V(e) = ds(X (¢)).

Then, ( (c1,2) Wy (e1,e2 ) is locally a morphism from G, to Ge, for €1 and g2 small
enough.

Proof. Firstly, Proposition 5.2.10 implies that the induced vector field X* € X(G) of X is
multiplicative. And thus, by Proposition 1.4.13, the flow 5. of X* is locally a groupoid

morphism over the flow 17.. of V* for ¢ small enough and where V* € X(M) is the induced
vector field of V.

P

(G

_—

2

iz (Y]
e
2

iz ) o
oy

But, recall from section 1.4, equation (2), that for all g € G, = € M, 1,2 small enough

VS (g.22) = (5T g)er o).

YL (3, 82) = (uﬁlmﬁ (z),e1 + 52) .

Thus, < g?l’@), ‘(/61’52)> is locally a groupoid morphism from G., = M., to G, = M,
for €1 and €9 small enough. ]

Observe that, Remark 1.4.14 would further imply the following.

Remark 5.2.12. If G is additionally proper, then the flow ¢§1’62)(g) is defined whenever
the flows 1/1(51’82 (s(g)) and ¢ El’52)( t(g)) are defined.

5.2.3 General deformations

The main objective of this subsection is to generalize the previously studied particular
types of deformations and understand deformations in their general context. Contrary to
(s,t)-constant and s-constant deformations, the choice of 2-cocycles for general
deformations is not canonical. However, the resulting cohomology classes will be the
same. The reinterpretation of the definition of deformations of groupoids from Definition
5.1.1 will be very useful for the discussion.

Recall that a deformation of G may be viewed as a Lie groupoid G =% M together with
a surjective submersion 7 : M — I with the property that 7 o § = 7 o {, and so that for
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each € € I, G, := 5 1(M.) = M, := n~(¢) denotes the groupoid over the fiber 771(¢)
such that Gg = G as groupoids.

Let G =% M — I be a general deformation of the Lie groupoid G = M throughout
the subsection. The primary goal is to define and show the existence of the deformation
class [§] € H2,(G) associated to G. In order to achieve that, we will proceed in a similar
way as the reinterpretation of strict, and specifically s-constant, deformations. Namely,
the reinterpretation given in Lemma 5.2.9 will serve as a model of how to construct the
deformation class of G. The so-called transverse vector fields will be introduced such

that they are well-defined elements lying in C’dlef(é) and hence they will give us a way to

: 0
generalize 3.

Definition 5.2.13 (Transverse vector field). A vector field X € %(G) is said to be a
transverse vector field for the deformation G if it is $-projectable to some vector field
V € X(M) such that V is m-projectable to g

Lemma 5.2.14. There exist transverse vector fields for the deformation G of G.

Proof. The idea of proving this is to use the nature of the maps 5 and 7 as surjective
submersions, normal forms and partitions of unity. O

Proposition 5.2.15. Let X Ej?(é) be a transverse vector field for the deformation G of
G and let £ := —6(X) € C34(G). Then,

(i) the restriction of & to Gy induces a cocycle
£o = €|, € Clur(Go),

(ii) the cohomology class [§o] of &o is independent of the choice of the transverse vector
field X .

Proof.

(i) Recall that Gy = G as groupoids. So, for all composable arrows (g, h) € GE)Q) =G®,
we need to show that (g, h) is tangent to the fiber groupoid Gy and hence lies in
T4Go. That is, we will show that it vanishes under d( o 3).

dr o di(§0(g, h)) = dm 0 d5(—6(X)(g, h))
= dr o d5 (din (Ko, Xn) — Xy
= dr o d3 (dfn (X 0h)» Xh>) — dr o d3(X,)
= dr o di(Xy) — dr o d3(X,)
= dr o d3(Xp — X,)

using the fact that 7 o § = 7 o . Moreover, due to the transversality of X, it is
S-projectable to some vector field V' € X(M), which is in turn w-projectable to %
and thus we get

dr o d3(Xy, — X)) = dr( s(h) — Va(g))

But, 7(5(h)) = 7(5(g)) = 0 since g and h are arrows in Gy which is the groupoid
over My = 7~1{0}, and therefore £y(g, h) vanishes under dr o d3.
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(ii) Let X’ be another transverse vector field. Define Y := X’ — X and let Yj := Y|q,,
the restriction of Y to Gg. Then, for all g in G

d(m o 5)(Yo(g)) = dm o ds(Yo(g))
=dmrods (X'; —Xg)
=0

by similar calculations as in (i) since X’ and X are transverse vector fields. Hence,
Yo(g) € T,Gy for all g € Gy and so Yp lives in C1;(Go).

As a final step, observe that V (g,h) € G(()Q) =GO,

€o(g.h) — & (g, h) = —6(X)(g, h) + 6(X")(9, )
=0(Yo)(g, h)

where & and & are the cocycles associated to X and X respectively and thus
[€o] = [€0] € Hiet(G).

O]

Definition 5.2.16. Choose a transverse vector field X € %(Q) for the deformation G of
G. The deformation class associated to G is defined to be the cohomology class

[€0] € Hiw(G)
where & = —6(X)|a, € C3(Go).

This definition is well-defined by Proposition 5.2.15.

In light of the discussion about (s,t)-constant, s-constant and general deformations,
one gets the intuition behind proving rigidity results. Essentially, we will try to find
multiplicative vector fields X € ¥(G) which are also transverse, and consider their flows
to get isomorphisms between the members of the deformation and the groupoid G.

Naturally, the question of the existence of multiplicative transverse vector fields arises.
In fact, by the exact sequence given in Proposition 4.1.11, this is equivalent to the existence
of elements [V] in T'(0)™ which are killed by K, and where V is m-projectable to %. More
precisely, having an element [V] in I'(v)™ means that there exists a vector field X € X(G)
which is (s, t)-projectable to V' € X(M). Also, [V] € ker(K) means that it comes from a
multiplicative vector field. The vanishing of the cohomology H2;(G) in degree 2 will be
useful in that sense as described in the next subsection. It is also important to have in
mind the issue of the domains of definition of the flows generated by such vector fields.

5.3 Rigidity results

This subsection will highlight some rigidity results for deformations of Lie groupoids.
Bearing in mind results from [21, 22, 23, 24| as described in section 3.3, where the
compactness of Lie groups played a significant role in proving rigidity results, a key
approach for obtaining rigidity is to consider compact and proper groupoids, as well as
proper deformations. Recall that the notion of properness of groupoids generalizes the
notion of compactness of groups.
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First of all, recall that a Lie groupoid G = M is said to be proper if G is Hausdorff
and if the map G — M x M, g — (s(g),t(g)) is a proper map. Recall as well that a
deformation G = M — I of G is called proper if the groupoid G = M is proper.

We now look at the deformation cohomology in higher degrees for proper groupoids.
Note that in degree zero, Hy,;(G) = I'(i)™ for any Lie groupoid G by Proposition 4.1.2.

Fix a Lie groupoid G = M with its corresponding Lie algebroid A throughout the

subsection and let I be an open interval containing zero as before.
Proposition 5.3.1. Let the groupoid G = M be proper. Then,
(i) H*G,i)=0 Yk>0,
(i) HY;(G)=0 VEk>2.

For a detailed proof of Proposition 5.3.1, one may refer to [18, Theorem 5.41], which
follows the same method as in [5, Proposition 1] for the vanishing of the differentiable
cohomology in the proper case. The main idea for part (ii) is to show that for every
deformation k-cocycle ¢ € CX .(G) , k > 2, one can construct a deformation (k—1)-cochain
X e Cge}l(G) by using a Haar system and a cut-off function on the proper groupoid G,
such that 6(X) = c¢. The vanishing of the differentiable cohomology H*(G,1i), k > 0, of G
with coefficients in i in part (i) follows directly from [5, Proposition 1].

Corollary 5.3.2. If the groupoid G = M s proper, then H} (G) = T'(v)nv.
Proof. Consider the exact sequence from Proposition 4.1.11:
0— HY(G,i) = H);(G) = T(v)™ — H*(G,i) — H2;(G)

By Proposition 5.3.1, we get that H'(G,i) = 0, H*(G,i) = 0 and H2;(G) = 0 and hence
HYf(G) = (o)™, 0

Another direct consequence of Proposition 5.3.1 is the following.

Corollary 5.3.3. Let G = M — I be a proper deformation of the groupoid G = M. For
k > 2, consider a smooth family {uf}.cs of deformation cocycles u® € CX (G.).
Then, there exists a smooth family {X (¢)}cer of deformation cochains X (€) € C(’fe_fl(GE)
satisfying
I(X(e)=u" Veel.

Proof. The deformation G being proper means that the groupoid G = Misa proper
groupoid. Hence, using the fact that the deformation cohomology vanishes in degree
k > 2, we get the result. O

The next lemma is important and solves the issue of the existence of multiplicative
transverse vector fields for proper deformations of the groupoid G where one makes use of
the isomorphism given in Corollary 5.3.2.

Lemma 5.3.4. For any proper deformation G = :7\2/ 5 I of the Lie groupoid G = M,
there exists a multiplicative transverse vector field X € X(G).

Proof. By the explanation at the end of section 5.2.3 and by corollary 5.3.2, the existence
of a multiplicative transverse vector field for GG amounts to finding a vector field V' € X(M)
such that it is m-projectable to % and the class [V] € T'(v)v.
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Let first X GN%(G) be a transverse vector field for G. (Existence is due to lemma

5.2.14). Then, X is 3-projectable to some vector field W € X(M), which in turn is

m-projectable to %

Now, using a Haar system and a cut-off function on the proper groupoid G, let V be
the vector field on M defined by

V, = /df(f(a)da € T,M for each p € M
p

where [ di(X,)da simply denotes ft—l(p) di(X) as described in [18]. We now verify that

our candidate V is m-projectable to %.
dn(V,) = / drdi(X,)da
p

drd3(X,)da since mof=mo3

Next, the aim is to show that [V] € I'(v) is actually invariant in the sense that there exists
a vector field on G which is (5, #)-projectable to V. Define the vector field X’ € X(G) by

X} = / dm (Xm(,,,a),f(a) da € T,G foreachbe G
5(b)

and observe that

d ( Cinba)s Xa) da

QU

Therefore, X' is indeed (3, {)-projectable to V. O
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Lastly, we put together the techniques, ideas and statements developed so far to state
and prove some rigidity results of deformations of Lie groupoids. As mentioned earlier, this
whole section about deformations of Lie groupoids and in particular the coming rigidity
theorems refer to the ones from [18, Section 5.6].

Theorem 5.3.5. Let the Lie groupoid G = M be proper. Then, any (s,t)-constant
deformation of G is trivial.

Proof. Let G = {G.}.es be an (s,t)-constant deformation of G. The hidden statement
that this deformation is strict implies that the deformation is given by G = M = I with
G =G x I and M = M x I where 7 is the projection on the second component. Also,
the properness of the Lie groupoid G = M implies the properness of the Lie groupoid
G x I = M x I and hence the properness of the deformation G.

Consider the induced deformation cocycles & € C3;(G:). By Corollary 5.3.3, there
exists a smooth family X = {X (g)}.¢s of deformation cochains X (¢) € C} ;(G.) satisfying
5(X () = &..

Moreover, Proposition 5.2.11 tells us that for €; and €2 small enough, the pair of flows
(wg?"”), ¢€/51£2)> is a local groupoid morphism from G., to G¢,, where V = {V(g)} is the
time-dependent vector field on M given by ds(X(g)) = V (¢).

Next, we need to make sure that w(al’az) Gy, — G, is defined on the whole G,.
But, the properness of G and Remark 5.2.12 imply that ¢(€1,€2 (g9) is defined precisely

when wgl’”)( (9)) and w(61’€2 (t(g)) are. And so it is enough to prove that wgl’”) is
defined on the whole M.

Since we are dealing with (s, t)-constant deformations, we know from section 5.2.1 that
the induced deformation cocycles & actually live in the subcomplex C?(G,i) — C3 (G)
with values in the isotropy bundle i. Hence, solving the equation §(X(g)) = £ amounts
to finding differentiable cochains X (¢) € C1(G, 1) with values in i satisfying the equation.
But, elements in the subcomplex C*(G, 1) of C}+(G) are the deformation cochains which
are killed by ds and dt, and thus it can be arranged that V' (¢) = 0 and the issue with the

domains of definition of the flows would be solved. 0
0,e

As a conclusion, we get a family of groupoid isomorphisms G. —— Gy, which is
smoothly parametrized by € such that it is the identity at € = 0 by using the properties of
a time-dependent flow of a time-dependent vector field given in Theorem 1.4.5. Therefore,
the deformation G of G is a trivial deformation. O

In [28, Theorem 7.1], Weinstein has already stated and proved that any (s, t)-constant
deformation of a proper regular Lie groupoid is trivial, where he makes use of the isotropy
bundle i as a well-defined bundle over the base of the groupoid. Recall from section 4.1.1,
that i is indeed a vector bundle in the regular case. Here, we see that the rigidity result
still holds even when the condition of regularness has been dropped, keeping in mind again
from section 4.1.1 that C*(G, 1) still makes sense as a vector space.

Theorem 5.3.6. Let the Lie groupoid G = M be compact. Then, any s-constant
deformation of G is trivial.

Before proving the statement, recall that the groupoid G = M is said to be compact
if G is Hausdorff and compact as a manifold. Note that this in particular implies that the
groupoid is proper. It follows from this definition that the base M of the groupoid is also
compact, since it can be viewed as a closed embedded submanifold of G.
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Proof. Such a deformation is also proper and all the statements about proper deformations
and proper groupoids are valid here. Thus, this theorem can be proved by basically
following the lines of the proof of the previous theorem until a local groupoid morphism
(1[)&?1’82), @/}51’62)) is obtained from G, to G, for £1 and €2 small enough. In order to

prove that w‘(f 122) i¢ defined on the whole M in this case, one uses the compactness of M

and Corollary 1.4.8. O

Note that s-constant deformations of proper groupoids are not necessarily trivial (see
Example 3.3.3 or [18, Remark 73]). In general, we have the following results from [18],
which we only state here.

Theorem 5.3.7. Let the Lie groupoid G = M be compact. Then,
(i) any strict deformation of G is trivial.
(ii) any proper deformation of G is locally trivial.

Recently, the authors in [9] have provided another method of proving such rigidity
results in the compact and proper cases. Instead of a cohomological point of view as in
[7, 18, 28], they approach from a more geometrical perspective to understand rigidity by
using so-called groupoid fibrations and associated linearization results.

For further exploration of rigidity results, one may refer to [18], where general proper
deformations have been thoroughly studied from a semi-local perspective, as well as some
applications to linearization problems have been presented.
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6 Deformations of group representations revisited

In light of the discussion on deformations of Lie group actions and homomorphisms in
section 3, we proceed by giving precise definitions of deformations of Lie group
representations. Furthermore, for a given representation ¢ of a group G on a vector
space V' in the sense of a smooth linear action ¢ of G on V, we will consider the associated
action groupoid G x V. It will be clear that a deformation of ¢ would naturally give rise to
an s-constant deformation of G x V. We conclude the section with open questions about
how the rigidity of representations and of the corresponding action groupoids could be
related.

Throughout the coming subsections, let G be a connected Lie group with Lie algebra g,
and let V be a finite-dimensional real vector space. I denotes an open interval containing
zero as before. Let

b1 G — GL(V) = Aut(V)

be a given representation of G on V. Recall from Definition 1.5.5 that the representation
1 is equivalent to the smooth linear action

0:GxV —=V, p(g,v)=g v="1(g)(v).

6.1 Basic definitions

Definition 6.1.1 (Deformation of a representation). A smooth deformation of the
representation ¢ of G on V is a smooth deformation ¢ = {¢.}.c; of the Lie group
homomorphism . That is, it is a family

{¥e : G — GL(V)}cer

of representations of G on V which is smoothly parametrized by € and such that 1y = 1.

Note that a smooth deformation ¢ = {tc}eer of 9 is corresponds to the smooth
deformation ¢ = {¢.}.cs of the associated action ¢ of 1, where each ¢, is given by

0:(g9,v) == (g)(v) YgeEG, veEV, ecl.

Definition 6.1.2 (Constant deformation). A deformation {t.},.; of ¢ is called constant
it = Veel

Definition 6.1.3 (Equivalent deformations). Two deformations {t.}..; and {¢L},.; of
1 are said to be equivalent if V e € I, 3 f. € Aut(V) such that f. o.(g) o f=! =1.(g)
for all g € G and where fy = Idy.

Definition 6.1.4 (Trivial deformation). A deformation ¥ of 9 is called trivial if ¢ is
equivalent to the constant deformation.

Definition 6.1.5 (Locally trivial deformation). A deformation 1) = {tbe}.cp of ¥ is called
locally trivial if for ¢ small enough, 3 f. € Aut(V) such that f. o1 (g) o f=! = v.(g) for
all g € G and where fy = Idy.

Definition 6.1.6 (Rigid representation). The representation ¢ of G on V is said to be
rigid if every deformation of ¢ is trivial.
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For the rest of the discussion, fix a deformation ¢) = {1} -cs (equivalently @ = {¢:}, o)
of the representation ¢ (equivalently ¢) of G on V.

Let gl(V) = Lie(GL(V)). We get from section 3.2, that the deformation v of 1) gives
rise to a differentiable 1-cocycle w € C1(G, gl(V)), defined as

d
w(g) := —dRy(g-1) (da _Owa(g)> € gl(V) Vged

S

(see Definition 3.2.7) whose resulting cohomology class depends only on the equivalence
class of the deformation v (see Remark 3.2.10).

6.2 Deformation of the associated action groupoid

Next, let us consider the action groupoid G x V associated to the action ¢ of G on V, as
defined and explained in section 2.3.

GxV = GxV

t S

Vv
The deformation ¢ = {p.}.cr of ¢ will lead to a natural s-constant deformation of
G x V', denoted by I' and defined in the following way:
e s.(g,v)=v
* t(9,v) = ¢elg,v)
me((g, ¢=(h,v)), (h, v)) = (gh,v)

us(v) = (e,v)

ic(g,v) = (97, ¢=(9,v))
forall gh e G,veV.

Lemma 6.2.1. The s-constant deformations of G x V coming from two equivalent
deformations of ¢ : G NV are equivalent.

Proof. Let ¢ = {pc}teer and @' = {¢L}.cr be equivalent deformations of ¢. Denote by
I’ and IV the resulting s-constant deformations of G x V respectively. Then, there exists
a family {f:}ccs of automorphisms of V', which is smoothly parametrized by ¢ € I with
fo = Idy, and such that each f. is a G-equivariant map in the sense that the following
diagram commutes:

/
g

GxV Vv
IdGsth 3 fe
GxvV—2 Ly

This implies further that the following diagram commutes:
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GxV GxV
t;Hs tsMs
1% & %

since for all g € G, v € V.
o s(g, fe(v) = fo(v) = fe(s(g,0)),
o te(g, fo(v)) = @e(g, f«(v) = felpi(g,v)) = fe(t(g,v)).
Moreover, V g,h € G, v € V
o me((g, fe(@L(h,v))), (B, fe(v))) = (gh, f=(v))
o (Ida x fo)(mc((g, (R, v)), (h,v)) = (Ida x fe)(gh, v) = (gh, fe(v)).

Therefore, {(Idg X f-, fc)} gives a smooth family of groupoid isomorphisms between the
members of the deformations I" and I of G x V such that at ¢ = 0, it is the identity. [

Recall from section 5.2.2 that to any s-constant deformation of a groupoid, there is an
associated deformation 2-cocycle (see Definition 5.2.6). We now describe explicitly what
this cocycle &y is in our specific case. For a composable pair (g, h - v), (h,v) € G x V,

6o(lg.h-0), (1) = 2| melm((g.h-0), (1,0), ()
_ di _ mellghso). (v)
_ dii mel(ghyv)ic(0)
_ di _ mellghy o), (07 e )
-2 g
_ <og, d% _ oo (h, u)) .

Hence, using the identification (4), the deformation 2-cocycle § € C3,(Gx V) associated
to the s-constant deformation I' of G x V is given by

d
€ :GXxGxV —TGxTV, &lg h,v)= (og,dg

gog(h,v)> € T,G x Ty, V.
e=0

Remark 6.2.2. Two equivalent deformations of ¢ give rise to two deformation 2-cocycles
in C3 (G x V) whose cohomology classes are equal in H3 (G x V).

Proof. Result follows directly from Lemma 6.2.1 and Remark 5.2.8. O
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6.3 Rigidity results

We state here a rigidity theorem which is an immediate consequence of results from sections
3.2-3.3.

Theorem 6.3.1. If G is compact and connected, then every smooth deformation of the
representation ¢ : G — GL(V') of G on V is locally trivial.

Proof. Note that the differentiable cohomology in degree £k > 1 of a compact group
with coefficients in any representation vanishes (see [5, Proposition 1]). In particular,
HY(G,gl(V)) = 0. Moreover, as G is connected and 1 is smooth, we get that ¥(G) is
connected. The fact that the Lie group homomorphism 1) maps the identity e of G to the
identity Idy of GL(V) implies that ¢ (G) lies in the connected component of Idy . Hence,
result follows from Theorem 3.3.5. O

In consideration of possible relations between rigidity of representations and of the
corresponding action groupoids, two natural questions can be asked:

Q1 : Does rigidity of group representations imply rigidity of the associated action
groupoid?

Q2 : Does rigidity of the action groupoid imply rigidity of the underlying group

representation?

The answer of Question 1 is negative and can be shown by the following counterexample.

Example 6.3.2. Let G be a compact and connected Lie group. Consider the action
¢ : GxR"3 — R"3_ the deformation {(.} and ¢y as defined in Example 3.3.3. Note that
¢ is a representation of G, which is (locally) rigid because of Theorem 6.3.1. However, as
an action, it is not rigid since {p.} is a non-trivial deformation of it as shown in Example
3.3.3. Thus, the corresponding action groupoid will also not be rigid.

Further exploration on rigidity results of group representations, as well as the answer
of Question 2 is beyond the scope of this thesis and is left open for future research.
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7 Deformations of groupoid representations

This section will provide one approach to deformations of groupoid representations. Due
to their subtle nature, this proves to be more challenging and involved than the case of
groups. The discussion is built in a way that is parallel to the study of deformations of
group representations as in previous sections.

7.1 Representations of groupoids

Let G = M be a Lie groupoid. First of all, recall from Definition 1.5.9 that a representation
of GG is a vector bundle £ — M together with a smooth linear action of G on E, that is,
for each arrow g : y ~ 2 in G, g : B, — Ey is a linear isomorphism. In this subsection, we
show that this definition is equivalent to having some Lie groupoid morphism from G to
the so-called general linear groupoid of the vector bundle F, similar to the case of group
representations.

Definition 7.1.1 (General linear groupoid of a vector bundle). Let E be a vector bundle
over M. The general linear groupoid of F is denoted by GL(F) and defined to be the
set of all linear isomorphisms from E, to E, for all x,y € M.

Let z,y,2 € M and let ¢ : E, — E, and ¢’ : E, — E, be elements of GL(E).
Construct a groupoid structure on GL(FE) with base M by the following structure maps:

. s(p) =2
o t(p)=y

o m(p,¢') =poy

e u(x): E, — E; is the identity map on E,

e i(p) = ': E, — E, is the inverse map of ¢.

Note that GL(E) has the structure of a Lie groupoid as shown in [15, Example 1.1.12].

Now, let E — M be a given vector bundle. Consider the representation (E,¢) of
G = M, where ¢ is the smooth action of G on E and denote by ¢, : Ey4) — Eyg) the
linear isomorphism induced by each arrow g. Define the Lie groupoid morphism (¢, Ids)
by ¥(g) := ¢4, as shown in the following diagram.

(

G GL(E)

t S

t h S
Idas
M

=

The usage of the same letters for the structure maps of G and GL(E) should be clear from
the context. Now, this is indeed a goupoid morphism since for all g, h € G

e 5(¥(g)) = s(g) =1d(s(9))
e t(¥(g)) =t(g) = 1d(t(9))
e (m(g,h)) =(gh) = ogn = @g ° on = m(pg, on) = m(¥(g), ¥ (h))
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using the axiom of associativity of actions of groupoids.
The reverse direction of obtaining a representation of GG from a given Lie groupoid
morphism (¢, Idys) from G to GL(E) follows by a similar manner.

Bearing the above discussion in mind, the coming subsections will mainly deal with
deformations of Lie groupoid morphisms. As our aim is to understand deformations
of groupoid representations, it will be enough to look at groupoid morphisms between
groupoids over the same base such that they are the identity over the base.

7.2 Cohomology of groupoid morphisms

Similar to before, deformations of Lie groupoid morphisms will give rise to deformation
cocycles living in the so-called deformation complex of groupoid morphisms. This complex
is very similar to the deformation complex of Lie groupoids and was first introduced by
Crainic, Mestre and Struchiner in [7, Remark 8.2]. In this subsection, we give the definition
of this complex and its associated cohomology. We restrict to the case of groupoids over
the same base.

Let G = M and H = M be two Lie groupoids and let (F,Id;s) be a Lie groupoid
morphism from G to H.

Definition 7.2.1 (Deformation cohomology of a groupoid morphism). The deformation
cohomology H} (F) of the morphism F'is the cohomology of the deformation complex
(C3es(F),6) of F which is defined as:

e k > 1: the k-cochains ¢ € C% ((F) are the smooth maps
c:G®) — TH, (g1, g) = (g1, -, gk) € Tr(gn H

such that dspg o c(g1, ..., gr) does not depend on g1, and where the differential is
defined as
§: Chy(F) — CAEN(F)

(6c) (g1, s Gi1) i= — dmp(c(g192; -y Go+1), (925 -5 Gh41))
k
+ Z(—l)zc(gl, vy Giit 15 ooy Gt1)
i—2

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

e k = 0: the 0-cochains ¢ € C;(F) are the smooth sections of the Lie algebroid Apy
of H. Hence, C§;(F) = T'(Ay). The differential is defined as § : C9.;(F) — Cl.¢(F)
with

(9)(9) = rig) + Crig
where ¢ and ‘¢ are the induced right- and left-invariant vector fields of ¢ respectively.

Remark 7.2.2. H}(G) = H;((1dg).

For further details of this complex, especially about its relation to the deformation
complexes of G and H, one may refer to [7, Remark 8.2].
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7.3 Deformations of groupoid morphisms

The goal of this subsection is to define deformations of groupoid morphisms and show
how they give rise to deformation 1-cocycles. The discussion will be parallel to that of
deformations of group homomorphisms as in section 3.2. Throughout the subsection, let
G = M and H = M be two Lie groupoids over the same base M and let (F,Idys) be a
Lie groupoid morphism from G to H. I denotes an open interval containing zero.

Definition 7.3.1 (Deformation of a Lie groupoid morphism). A smooth deformation
of (F,1dys) is a family {(F:,1das)},c; of Lie groupoid morphisms from G to H which is
smoothly parametrized by € € I and such that Fy = F.

Definition 7.3.2 (Constant deformation). A deformation {(F:,Idas)}.c; of (F,1dxs) is
called constant if I, = FVeel.

To define equivalent deformations of groupoid morphisms through conjugation, the
subtlety in the case of groupoids lies in the fact that right and left translations are only
defined on the source and target fibers respectively. This issue is solved via the notion of
bisections, as defined below.

Definition 7.3.3 (Bisections). A bisection of the groupoid G is a smooth section o of
the source map s with ¢ o ¢ a diffeomorphism. That is, it is a smooth map ¢ : M — G
such that s o 0 = Idys and where t o o is a diffeomorphism on M. Denote by Bis(G) the
set of all bisections of G.

It is easy to prove that Bis(G) is actually a group under the operation
(o7)(x) :=0(toT(x))r(x) Vo, T€Bis(G), xeM

and with identity the unit map ug : M — G of G as shown in [15, Proposition 1.4.2].

Note that, right and left translations corresponding to bisections can be now defined
on the whole G (see [15, p. 22, 24]). We now define the automorphism ¥ via conjugation
using bisections. Let o € Bis(G). Define

Uy G— G, g olt(g))gols(e) .

Definition 7.3.4 (Equivalent deformations). Two smooth deformations {(F.,Idnr)}.c;
and {(F.,Idn)}.c; of (F,Idys) are said to be equivalent if V e € I, 3 0. € Bis(H) such
that U,_o F. = F! in the sense that the following diagram commutes,

Fe
G H
\F'E\ \110'5
H

and such that o. varies smoothly with respect to € and where o9 = uy : M — H is the
unit map of H (i.e. the identity of the group Bis(H)).

Definition 7.3.5 (Trivial deformation). A deformation {(F:,Idas)}.c; of (F,Idas) is
called trivial if it is equivalent to the constant deformation.

Definition 7.3.6 (Rigid morphism). The Lie groupoid morphism (F,Id,) is said to be
rigid if every deformation of (F,Id;y) is trivial.
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Next, we examine how a deformation of a Lie groupoid morphism gives rise to a
deformation 1-cocycle.
Let {(F,Idar)}.c; be a given deformation of the Lie groupoid morphism (F,Idxys).

Definition 7.3.7. The deformation cocycle ¢ € C} (F) associated to the deformation
{(Fe,Idnr)}ep of F is defined by

c(g) : d

= de Fg(g) S TF(g)H VgeQqG.

e=0

It is important to realize that ¢ lies in C} ;(F). Indeed, note that

dstela)) = ds 1

d
de
d
de

=0.

E@O

e=0

so Fe(g)
e=0

1d(s(9))
e=0

Let us now prove that ¢ is a cocycle.
Lemma 7.3.8. ¢ € ker(6 : C} (F) — C2:(F)).

Proof. Since each of F; is a Lie groupoid morphism from G to H and by Proposition 1.2.8,
we have for all (u1,u2) € G x5, G

Fe(mg(ur,uz)) = mp (Fe(u1), Fe(u2))

Differentiating this identity with respect to € at € = 0, we get

d d d
R FE a } = d 7 5 FE v g FE
de e=0 (mG(U1 UQ)) i <d€ e=0 (U1) d5 e=0 (UZ)>
and by letting u; = g192, us = g2, we get
i (L Fge), L Fg)) + L Emal ) =0
H de - e\g192), de - e\g2 de - e\Mmagl\gi192,92)) =

= —dmp(c(g192),c(g2)) + c(g1) =0
= 4(c)(g1,92) =0.

7.4 Rigidity results

We state here a generalization of Theorem 3.3.5 to the case of Lie groupoids.

Theorem 7.4.1. Let G = M and H = M be Lie groupoids over a compact base M and
let (F,Idp) be a Lie groupoid morphism from G to H. If Hl ;(F) =0, then every smooth
deformation of (F,1dyy) is locally trivial.
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Proof. Let {(Fz,1dps)}eer be a smooth deformation of (F,Idys). Our aim is to show that
for & small enough, there are bisections o. € Bis(H) that vary smoothly with respect to
€, 09 = uy and such that

o=(t(9))F(9)o<(s(9)) " = Fe(g), Vg€G. (24)

First of all, let us consider the deformation 1-cocycle ¢ € CJ (F) associated to the
deformation {(F:,Idas)}, and the resulting cohomology class [c] € H} ;(F). Due to the
vanishing of H} ;(F), there exists an element o € CY ((F) = T'(Ay) with

c(g) =d(a)(g) Vgei

= Fg(g) = ﬁF(g) + Hp(g), VgeQq. (25)

de e=0

Next, we attempt to find the bisections o. such that (24) is satisfied. From [15,
Proposition 3.6.1] and due to the compactness of M, we get that for a € I'(Ay) and
for & small enough, there exists a smooth family of bisections on H, denoted by exp(ec)
satisfying similar properties as the usual exponential map in Lie groups. Define

o := exp(eq).
Lastly, to show that (24) holds with our particular o., we differentiate
0:(t(9))F (9)o=(s(9) "
with respect to € at e = 0. For g € G, let s(F'(g)) = s(g9) = = and t(F(g)) =t(g) = y.
da
de

d
de

» oa(y)F(g)aa(x)_l

. exp(ea) (y) F(g)exp(ea) () ™!

. exp(ea)(y) F(g)exp(0a)(z) ™"

de
exp(0a) (y) F(g)exp(ea)(z) "

e=0
d

Rpg)(exp(ea)(y)) + P

L
de

_ad
de

-1

Lp(g)exp(ea)(x)

e=0 e=0

d o d
= dRp(g <d€ . (exp(ea)(y))) +dLpg)di (de

= dRF(g)Ozy + dLF(g)dZ'Ozx

explza)(a) )

e=0

— —
= A Fp(g) T QF(g)

d
-2 F
dE —o 5(9)

by using properties (i), (ii) and (iv) of [15, Proposition 3.6.1] and (25). Therefore, for all
g in G, we get that

0=(t(9))F(g)o=(s(g)) " = F(g), for e small enough

which implies that the deformation {(F.,Idps)}eer of (F,Idps) is locally trivial. O
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Corollary 7.4.2. Let G = M be a Lie groupoid over a compact base M and let (E, ) be
a representation of G. Denote by (1,1dyr) the corresponding Lie groupoid morphism from
G to GL(E). If Hi;(¢) = 0, then every smooth deformation of (v,1dar) is locally trivial.

Remark 7.4.3. In contrast to Lie groups, the condition of properness, or even compactness
of the Lie groupoid G = M does not guarantee the vanishing of H} () in degree 1.
However, a natural question would be if the compactness of the Lie groupoid G = M would
mmply that the cocycle associated to the deformation of the representation v is actually a
coboundry.

This ends our discussion on deformations of Lie groupoid morphisms and of Lie
groupoid representations. As mentioned earlier, this is one approach to this topic and
is open for further research and investigation.
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