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Resumo

Herrera-Carmona, J. S. O morfismo de Chern-Weil-Lecomte para L..-algebras. 2022. Tese
(Doutorado) - Instituto de Matematica e Estatistica, Universidade de Sao Paulo, Sao Paulo, 2022.
Nesta tese, estendemos o morfismo de Chern-Weil-Lecomte para o contexto de extensoes de al-
gebras Ly, junto com uma representagao a menos de homotopia. Este morfismo toma valores na
cohomologia de uma algebra L., com coeficentes em um espaco vetorial graduado. Provamos que
esta construcao é natural e que a cohomologia é invariante por quasi-isomorfismos equivariantes
de algebras Lo,. Como aplicacdo obtemos um morfismo de Chern-Weil-Lecomte para 2-fibrados

principais sobre grupoides de Lie que admitem uma 2-conexao.

Palavras-chave: grupoides de Lie, 2-grupos de Lie, 2-fibrados principais, algebras Lo, extensoes

de algebras Lo, homomorfismo de Chern-Weil.

iii



iv



Abstract

Herrera-Carmona, J. S. Chern-Weil-Lecomte morphism for L.-algebras. 2022. Thesis (PhD)
- Instituto de Matematica e Estatistica, Universidade de Sao Paulo, Sao Paulo, 2022.

In this thesis we extend the Chern-Weil-Lecomte morphism to the setting of extensions of L.-
algebras together with a representation up to homotopy. This morphism takes values in the Lo-
algebra cohomology with coeflicients in a graded vector space. We prove that this construction is
natural and that the L,-algebra cohomology is invariant by equivariant L.-quasi-isomorphisms.
As an application we obtain a Chern-Weil-Lecomte morphism for principal 2-bundles over a Lie

groupoid that admit a 2-connection form.

Keywords: Lie groupoids, Lie 2-groups, principal 2-bundles, L.o-algebras, extensions of L.-

algebras, Chern-Weil homomorphism.



vi



Contents

Introduction

1 Preliminaries
1.1 Principal bundles . . . . . . . .. .
1.2 Classical Chern-Weil theory . . . . . . . .. . .
1.3 Lecomte’s approach . . . . . . . . . ..
1.4 Lie groupoids . . . . . . . . . e
1.5 The de Rham cohomology of a Lie groupoid . . . . . . . ... ... ... ... ....

2 Crossed modules
2.1 Lie 2-groups and crossed modules of Lie groups . . . . . . .. ... . ... ... ...

2.2 Lie 2-algebras and crossed modules of Lie algebras . . . . .. .. ... ... .....

3 Principal 2-bundles over Lie groupoids
3.1 Principal 2-bundles over a Lie groupoid . . . . . . .. ... ... ...

3.2 Morita morphisms . . . . . ... L

4 The Atiyah sequence of a principal 2-bundle over a Lie groupoid
4.1 The adjoint 2-bundle . . . . . . . ..
4.2 The Atiyah 2-bundle . . . . . . . ...

4.3 Atiyah sequence of a principal 2-bundle over a Lie groupoid . . . . .. ... ... ..

5 2-connection form
5.1 2-connection form . . . . . . . L L
5.2 The curvature of a 2-connection . . . . . . . . . .

5.3 Flat up to homotopy 2-connections . . . . . . . . . ... ... ... ..

6 L.-algebras
6.1 Basicconcepts . . . . . . . e
6.2 Coderivation on Sym(V) . . . . . .. L
6.3 Loo-algebras . . . . . . oL

7 Ly-algebra cohomology with values in a graded vector space
7.1 Representations up to homotopy . . . . . . . . .. ... L
7.2 Tensor product of representations up to homotopy . . . . .. .. .. ... ... ...

7.3 Cochain products . . . . . . . . .

vil



viii CONTENTS

7.4 Representations up to homotopy in terms of Maurer-Cartan elements . . . . . . . ..
7.5 The reduced cohomology . . . . . . . . ...

7.6 The canonical spectral sequence . . . . . . . . . ... L Lo

8 The Chern-Weil-Lecomte morphism
8.1 Extensions of Loo-algebras . . . . . . . .. ..o
8.2 The Chern-Weil-Lecomte morphism . . . . . . ... ... ... ... ... ......
8.3 Naturality . . . . . . . . . e
8.4 The Chern-Weil-Lecomte morphism for Lie 2-algebras . . . . . ... ... ... ...

9 An application
9.1 The Ly-cohomology of multiplicative vector fields over a Lie groupoid. . . . . . . . .
9.2 Chern-Weil-Lecomte morphism for principal 2-bundles with a 2-connection form . . .

9.2.1 Simplicial approach . . . . . . . ...

A Constructions in PB
A.1 Constructions in PB . . . . . . .
A.2 Constructions in PBC . . . . . . . .

B The adjoint representation of a semi-direct product of Lie groups

B.1 The adjoint representation of semi-direct product of Lie groups . . . . . .. ... ..

Bibliography

77
7
80
85
88

91
91
96
97

103
103
106

109
109

111



Introduction

Lie groupoids were introduced by Charles Ehresmann in [Ehr59] and have played a central
role in differential geometry as unifying objects. Examples of Lie groupoids include manifolds, Lie
groups, manifolds with symmetries, fibrations, regular foliations, among others. Also, Lie groupoids
have strong connections with several areas of mathematics and mathematical physics, including
Lie theory [Mac05, CF03|, Poisson geometry [Wei87, Wei88, BCWZ04|, index theory [DS19] and

noncommutative geometry [Con90, Haw08|, among others

Another important fact of Lie groupoids is that they serve as smooth models for the study of
singular spaces e.g. orbifolds. These are topological spaces whose local model is a quotient of an
open set of R™ by the action of a finite linear group. Orbifolds can be viewed as Morita equivalence
classes of proper and étale groupoids [MP97]. In general, a Lie groupoid can be seen as a generalized
atlas for a virtual structure on an orbit space [Pra04]. This approach to the study of singular spaces
was originally introduced in the framework of algebraic geometry [Gro62] with the Deligne-Mumford
stacks [DM69]| and it arises also in genuine problems of differential geometry under the name of
differentiable stacks. Concretely, a differentiable stack is represented by a Morita equivalence class
of a Lie groupoid [Blo08, BX11].

In recent years many attention has been paid to geometric structures on Lie groupoids having
as main goal extending classical differential geometry to the realm of differentiable stacks. For in-
stance, vector fields on differentiable stacks were introduced in [Hep09], the Lie 2-algebra structure
on the space of the vector fields on a differentiable stack studied in [BL20, OW19|, Lie algebroids
over a differentiable stack developed in [Wall5]|, vector bundles over differentiable stacks introduced
in [dHO20|, Riemannian metrics on differentiable stacks as defined in [dHF19]|, equivariant coho-
mology for differentiable stacks studied in [BTN21|, and principal actions of stacky Lie groupoids

over stacks in [BNZ20|, among others.

We are interested in the study of principal 2-bundles over Lie groupoids as models for principal
bundles over differentiable stacks. In particular, these can be seen as (strict) principal actions of
Lie 2-groups considered as stacky Lie groupoids over a point, in the sense of [BNZ20|. In order to
determine invariants of isomorphism classes of these principal bundles over differentiable stacks, we
are led to study techniques associated with Chern-Weil theory compatible with Morita equivalence

of Lie groupoids.

Chern-Weil theory was developed by Shiin-Shen Chern and André Weil in [Che51]|. Initially, it

was motivated by the study of topological invariants of isomorphim classes of fiber bundles. Then,

ix
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it became relevant due to the fact that it offers an alternative construction of the characteristic
homomorphism of a principal bundle relying on purely differential geometry techniques. More con-
cretely, for a principal G-bundle (P, 7, M,G) the Chern-Weil homomorphism is a map that goes
from the space of Ad-invariant polynomials on the Lie algebra g of G to the de Rham cohomology
of a manifold M,

cw : S(g")% — Har(M).

It allows us to construct representatives of de Rham cohomology classes which classify isomorphism
classes of principal bundles over M. Those classes are usually called characteristic classes and
have a variety of applications in differential geometry, usually arising as obstructions to the exis-

tence of geometric structures.

Due to the naturality of the Chern-Weil theory, several authors have generalized its techniques to
more algebraic contexts with the aim of constructing invariants of associated geometric structures.
For instance, Lecomte extended the Chern-Weil homomorphism to the framework of Lie algebras
and differential graded Lie algebras in [Lec82, Lec94|, Kamber and Tondeur did it for semisimpli-
cial Weil algebras in [KT75], Connes extended it to noncommutative geometry in [Con90|, Alekseev
and Meinrenken to non-commutative graded algebras in [AMO05]|, Laurent-Gengoux, Tu and Xu to

G-differential simplicial algebras in [LTX07], among others.

In particular, the Lecomte approach is central in this thesis. This construction of the Chern-Weil
homomorphism takes as initial data an extension of Lie algebras,

™

0 yn—— g g > 0,

together with a representation of Lie algebras p : g — gl(V'). The outcome is a more general Chern-
Weil homomorphism defined on the space of symmetric g-invariant maps on n with values in V' into

the Chevalley-FEilenberg cohomology of g with values in V'
cw : Sym(n; V)g — Hop(g; V).

The main objective of this thesis is to generalize the Chern-Weil homomorphism via the Lecomte
approach to the context of extensions of L.-algebras together with a representation up to homotopy.

Our main result states the following.

Theorem 0.0.1. Let us consider an extension of Loo-algebras

™

0 n———g g 0

and p a representation up to homotopy of g on a dg-vector space V. There is a natural map
cw : Hom® (A*n[1], V)8 — HER (g;V);  cw(f) = [fi)

that is independent of the chosen linear section h of .

We stress that the cohomology involved in the previous theorem is the cohomology of an Lo-
algebra with values in a dg-vector space, which has been studied before in [Pen95, Kje01, Reil9]. It
turns out that this cohomology is well-behaved with respect to equivariant L, quasi-isomorphisms.

This is the content of our second main result
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Theorem 0.0.2. Let p and p' be two representations up to homotopy of g and b on the dg-vector
spaces V and W, respectively. If (F, f) : g — b is a (p, p')-equivariant Lso-quasi-isomorphism along
to f: W — 'V, then the induced map

F*: Hop(h; W) — Hop(g; V)

s an isomorphism.

As an application of this result, we introduce a Chern-Weil homomorphism for principal 2-
bundles over Lie groupoids that admit a 2-connection form. For that, we extend the classical Atiyah
sequence of principal bundles to a short exact sequence of LA-groupoids. Then, based on the fact
that the category of multiplicative sections of an LA-groupoid has a structure of 2-term L..-algebra

[OW19], we obtain a natural sequence of Ly-algebras for a principal 2-bundle over a Lie groupoid.

Part of the data in Lecomte’s approach is given by a representation up to homotopy. In our case,
for a given Lie groupoid we consider a canonical representation up to homotopy of the Lie 2-algebra
of multiplicative vector fields on the 2-term complex of multiplicative functions. It is roughly given
by the action of multiplicative vector fields by derivations of multiplicative functions. Putting all

this pieces together gives rise to a Chern-Weil-Lecomte homomorphism for principal 2-bundles.
Theorem 0.0.3. Let (P, 7, X,G) be a principal 2-bundle over a Lie groupoid that admits a 2-
connection form. Then, for each k > 1 there exists a natural morphism

cw : Hom® (AF25,,5(Ad(P))[1], C(X)) — HEE® i (X500 (X); C(X),

that is independent of the 2-connection form.

This thesis is composed of nine chapters, in the following we will give a brief description of these.
Chapter 1 is about the basic material that will be used throughout this thesis, including principal
bundles, the classical construction of the Chern-Weil homomorphism for principal bundles given by
Chern in [Cheb51], as well as the Lecomte approach to the Chern-Weil homomorphism for extensions
of Lie algebras together with a linear representation [Lec82]. Also, with the aim of fixing notation

we review the basics on Lie groupoids and their cohomology.

Chapter 2 is about Lie 2-groups, Lie 2-algebras and their relation with both crossed modules of
Lie groups and Lie algebras, respectively. The main result of this chapter is Theorem 2.1.1 which
states a one-to-one correspondence between Morita morphism of Lie 2-groups and elementary equiv-

alences of crossed modules of Lie groups.

In chapter 3 we study the notion of principal 2-bundle over a Lie groupoid. For that, we follow
closely [HOV]. Briefly, a principal 2-bundle is a categorification of the notion of principal bundle in
the sense that both the base space and the fibers are categorified from a manifold to a Lie groupoid,
with the suitable requirement that all the fibers will be isomorphic to a Lie 2-group. The main result
in this chapter is Theorem 3.2.1 gives conditions for a morphism between principal 2-bundles over

a Lie groupoid to be a Morita map.
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In Chapter 4 we introduce the Atiyah sequence of a principal 2-bundle over a Lie groupoid, this
is a short exact sequence of L£.A-groupoids that extends the classical Atiyah sequence of a principal

bundle. As main results in this chapter we have Proposition 4.1.5 and Proposition 4.2.3.

In Chapter 5 we start with the study of 2-connection forms on principal 2-bundles over Lie
groupoids. These results are part of [HOV|. Here we present some examples of 2-connection forms,
we show their correspondence with multiplicative splittings of the Atiyah sequence of principal 2-
bundles. Also, we focus in the study of its curvature and finally, we introduce the notion of a flat
up to homotopy 2-connection form. As main result of this chapter we have Theorem 5.3.1, in which
we prove that the Maurer-Cartan elements in the DGLA of multiplicative forms on the total space
with values in the Lie 2-algebra of the structural 2-group induce 2-connection forms that are flat

up to homotopy.

In Chapter 6 we proceed to study Ls.-algebras. For that, we review some basic algebraic con-
cepts, we introduce both the graded-symmetric and skew-symmetric algebras, and study coderiva-
tions of the symmetric algebra. Finally, we recall the notion of L..-algebra and present some ex-

amples.

In Chapter 7 we introduce the Ly,-cohomology of a L.,-algebra with values in a graded vector
space, already studied in [Pen95, KjeOl, Reil9]. For that, we study representations up to homotopy
of L.-algebras, we present some examples that make these notions more natural. We define the
notion of equivariant L.,-morphism with the objective of inducing a morphism at level of cohomol-
ogy. Then, we study representations up to homotopy in terms of the Maurer-Cartan elements of
a certain DGLA. Finally, we study the canonical spectral sequence of this cohomology and show
the main result of this chapter, namely Theorem 7.6.1. Which states that the Ly,-cohomology with

coefficients is invariant under equivariant quasi-isomorphisms.

In Chapter 8 we present the main theorem of this thesis, that is Theorem 8.2.1 which gives an
L version of the Chern-Weil-Lecomte homomorphism. For that, we start by studying extensions
of L,-algebras, then we state and prove Theorem 8.2.1. Furthermore, we show some results about
naturality of the Chern-Weil-Lecomte morphism. Finally, we compute the Chern-Weil-Lecomte mor-
phism for the particular case of extensions of (strict) Lie 2-algebras together with a representation

up to homotopy on a 2-term vector space.

In Chapter 9 we show applications of the previous chapters. On the one hand, for a Lie groupoid
we have that the category of multiplicative vector fields has structure of Lie 2-algebra [OW19, BL20)].
This is the same thing that a 2-term Ly,-algebra. On the other hand, in Theorem 9.1.2 we have show
a canonical representation up to homotopy of the Lie 2-algebra of multiplicative vector fields on the
2-term vector space of multiplicative functions on the Lie groupoid. Therefore, for a Lie groupoid
we can associate a cohomology in the sense of Chapter 7. We refer to this cohomology as the Lq-
cohomology of multiplicative vector fields on a Lie groupoid. As a consequence we state Theorem
9.1.3 in which we show that two Morita equivalent Lie groupoids have the same Ly,-cohomology. We

interpret this result as that this cohomology is an invariant of the differentiable stack represented
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by the Lie groupoid. Now, when we consider a principal 2-bundle over a Lie groupoid that admits a
2-connection form, we have an extension of 2-term L..-algebras associated to its Atiyah sequence.
Thus, this extension of L..-algebras together with the representation up to homotopy in Theorem
9.1.2 allows us to apply Theorem 8.2.1 giving rise to a Chern-Weil-Lecomte morphism for principal

2-bundles over a Lie groupoid that admit a 2-connection form.
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Chapter 1

Preliminaries

In this chapter we present the basic material that will be used throughout the thesis. Our
purpose is to present some basic concepts of principal bundles, the construction of the Chern-Weil
homomorphism, both the classic construction that can be found in [Che51] or in [KN69|, and the
construction via Lecomte’s approach as in [Lec82]. We also recall the basics on Lie groupoids.

1.1 Principal bundles

Definition 1.1.1. Let P and M be smooth manifolds and G be a Lie group. A principal G-
bundle (P, 7, M,G) is a quadruple composed of a surjective submersion 7 : P — M and a right
action of G on P satisfying the following conditions

i. m(pg) = w(p), for all g € G,p € P;

ii. the action is transitive on the fibers, i.e., the orbits of the action are the fibers of 7 : P — M,

O, =7 Yn(p)), forallpe P;

iii. the action is free, that is, if pg = p for p € P,g € G then g = e the identity of G.

Example 1.1.1. Let G be a Lie group and M a manifold. The trivial G-bundle over M is given
by the canonical projection pry : M x G — M together with the right action (z, g)h := (z, gh).

Example 1.1.2. Given a principal G-bundle (P, 7, M, G) and an embedded submanifold N of M,
the fiber bundle
T 10y 7 YN) = N

is a principal G-bundle called the restricted G-bundle to N and denoted by |y : P|y — N.

Example 1.1.3. For a principal G-bundle (P,m, M,G) together with f : N — M a smooth map
the pullback bundle
7 f*P — N,7'(z,p) =z,

is principal G-bundle with the right action given by (x,p)g := (z, pg).

Definition 1.1.2. A morphism between the principal bundles (P,7p, M,G) and (Q,7q, N, H)
consists of a triple (F, f, ) composed of a bundle map F : P — @ covering the map f: M — N,
and a Lie group homomorphism ¢ : G — H such that

F(pg) = F(p)¢(g), forallpe P,geG.

In these terms, we say that the map F' : P — @ is a bundle morphism along ¢ : G - H
covering the map f: M — N,



2 PRELIMINARIES 1.1

Pt qQ, 2 (GLH).
TP Q)
M-t N

Principal bundles with morphisms between them constitute a category that we denote PB.

Remark 1.1.1. It is easy to prove that if a principal G-bundle (P,w, M,G) admits a section
s: M — P,mos = 1Idyy, then it is isomorphic to the trivial G-bundle. Therefore, as 7 : P — M is a
surjective submersion, the local form of a submersion implies the existence of smooth local sections
of m. In other words, a principal G-bundle is locally trivial. That is, for every z € M there is an
open U C M such that P|; is isomorphic to U x G,

Ply, —=——UxG
TN /

Remark 1.1.2. Given a principal bundle (P, 7, M, G) one observes that the right action of G on
P is proper. Indeed,

©0:PxG—PxyP, (pg)— (pg,p)

is a diffeomorphism. Conversely, by the slice theorem (see for example [Mic08]) given a free and
proper action of G on M, the orbit space M /G admits a unique smooth structure such that M —
M /G is a principal G-bundle.

For a principal bundle (P, 7, M, G) we shall denote the right action of g € Gon Pby Ry : P — P
and the fundamental vector field associated to vector X € g by X. Also the adjoint representation
of a Lie group G over its Lie algebra g by Ad.

Definition 1.1.3. Let (P, 7, M,G) be a principal G-bundle and g be the Lie algebra of the Lie
group G. A connection 1-form is a g-valued 1-form § € Q!(P;g) with the properties

i. 0,(X,) =X, forall X € g,p e P;

ii. R:6,=6p50R,, =Ady 106, =Ad,1-6,forallgeq.

9x,p

Let (P,7p, M,G) and (Q, g, N, H) be two principal bundles and F': P — @) a morphism along
the Lie group homomorphism ¢ : G — H covering the map f : M — N. We write ¢, : g — b
for the morphism induced on the Lie algebras. Note that given a connection 1-form 8p on P and a
connection 1-form g on @, both the form F*fg and the form ¢, - 0p are h-valued 1-forms on P,

F*0g € QY(P;h), ¢.-0p € Q'(P;h).

We introduce the category PBC of principal bundles with connection the category with ob-
jects (P,m,M,G,0) where (P,m, M,G) is a principal bundle and 6 a connection 1-form on P. A
morphism between two principal bundles with connection (P, 7p, M,G,0p) and (Q,mq, N, H,0q) is
a morphism (F, f, ¢) : (P,mp, M,G) — (Q,nqQ, N, H) such that F*0g = ¢, - Op. In these terms, we
say that F': P — @ is abundle morphism along ¢ : G — H covering f: M — N preserving
the connections.

¢

F*0g = ¢. - Op, J RN A G —— H.

Q
ML N



1.1 PRINCIPAL BUNDLES 3

Recall that every principal bundle admits a connection, which can be shown by using a partition
of unity argument (see for example [KNG3, Bor12]).

A connection 1-form 6 on a principal bundle P determines an G-invariant splitting of the tangent
bundle TP =V & ‘H, where
YV =kerm,, H =kero.

This splitting allows us to define the horizontal lift of any vector field X € X(M) to a vector field
X" € %(P) in such a way that X;} € H, and ﬂ*’ng = Xy (p)- The horizontal lift is G-invariant,
that is, Rg*Xh = X" for all ¢ € G. In this sense, having a connection on a principal bundle is
equivalent to the choice of an G-invariant horizontal distribution H C T P, where by horizontal we
mean transverse to the fibers.

Let h : TP — H be the projection onto the horizontal distribution given by the splitting
determinate by 6. If V' is a vector space, we consider the application induced in V-valued forms

this is the projection onto the space of horizontal differential forms
Qhor(P; V) := {0 € UP; V) |13 =0, forall X cg}.
We define the exterior covariant derivative induced by 0 as Dy : Q(P; V) — Qpor(P; V), Dg =
h* od.
Definition 1.1.4. Let (P, 7, M, 0) be a principal bundle with connection. The curvature 2-form
of @ is the g-valued 2-form Q2 € Q?(P;g) defined by
Q := Dyf.

This is a tensorial form of type (G, Ad), that alternatively could be defined by the structure
equation

1
Q:d9—|—§[0,9]. (1.1)
For more details about it see [KN63, Mic08].

Remark 1.1.3. Let (P,7p, M,G,0p) and (Q,7g, N, H,0g) be two principal bundles with connec-
tion and F': P — @ be a bundle morphism along ¢ : G — H covering f : M — N that preserves
the connections. Then we have that F' also preserves the curvatures

* * 1
F"Qq =F"(dfq + 5 [0, 0q])
1
:d(F*QQ) + 3 [F*QQ7 F*HQ]
1

=0, (dp + 3 [Br, 0p))
:(;5* . QP-

Associated to a principal G-bundle (P, 7, M, G) we have a canonical short exact sequence of vector
bundles,



4 PRELIMINARIES 1.2

0*)k€f(d7f)*>TP*>ﬂ' M) —— 0

Due to the action of G on P is free and proper we have that the tangent lifting action of G on T'P
is a linear action that is free and proper as well. Moreover, we can induce a natural right linear
action of G on 7*(T'M) in a such a way that it is a free and proper action and the projection map
dm is G-equivariant. In other words, it is a short exact sequence of G-equivariant vector bundles.
We get that the induced sequence of quotient spaces is a short exact sequence of vector bundles
over M. This sequence is known as the Atiyah sequence and we denote it by

0 —— Ad(P) —— At(P HTM%O

\ l / (1.2)

where At(P) := TP/G is called the Atiyah bundle and Ad(P) := P X g is the associated vector
bundle to P and the adjoint representation of G on g. The vector bundle Ad(P) is called the adjoint
bundle. For more detail about the Atiyah sequence see [Ati57].

1.2 Classical Chern-Weil theory

Let (P,m, M,G,0) be a principal bundle with connection. Let us consider the following con-
struction: for each covector a € g* we can construct a 1-form on P in the following way

TP -2 g SR, X, a(6,(X,)).

This procedure defines the morphism:
co:g" = QA (P), araoh,
and induces a morphism between the graded commutative algebras
co : N@") = Qar(P).
Consider the Chevalley-Eilenberg dga (Ag*, dcp) where the differential is defined by
A (g") — A"H(gY), a = dopa.

For X; € g,2=0,...,n we have

dopa(Xo, ..., Xn) = > (-1 a([X;, X;], Xo,.. ., Xiy .., X, Xo).

1<J
In general ¢y is not a differential graded homomorphism. Indeed, for each a € g* the following holds
dgr o cy(a) — cgodop(a) = ao Q.
Applying the last procedure to the curvature 2-form we get a map,
co:g" = Vg(P), a—aoQ,
that can be extended to a homomorphism of graded algebras

ca : S(g") — Qar(P),



1.2 CLASSICAL CHERN-WEIL THEORY )

where S(g*) denotes the symmetric algebra of g* with even grading S?*(g*) = Sym*(g*) and
S2k+1(g*) = 0 for all 0 < k. Note that a homogeneous element of degree 2k in S(g*) is actually a
homogeneous polynomial on g of degree k, and it is mapped by cq into a differential form of degree
2k. Thus cq preserves the grading. Moreover, the following equation holds,

dir o cg — cgodor = cq,
yielding the next definition.

Definition 1.2.1. The Weil algebra of g is the dga

W(g) := A(g") @ S(g%),
with differential given by d = dog + d, where
o d is the derivation of degree 1 generated by d(z ® 1) =1® z,d(1 ® ) = 0, and
e dcop is extended uniquely on generators such that dggod = —d o depg.

We extend the morphisms ¢y and cq to morphisms from W(g) and define the map
wy :=cyp ®cq : A(g7) @ S(g") — Qar(P).
The following relation hold:

wyod =cq od,
dgr o cp — cgodop =cqod,
ddR O Wy =Wy © (dC’E + d)

The map wy : W(g) — Qqr(P) is a dga-homomorphism. Recall that for a principal bundle P the
right action of the structure group G induces a left action on the de Rham complex Qgz(P) given
by pullback R} , = (Rgr o Rg)* = R o R, Infinitesimally, it generates a linear action of the Lie
algebra g on Qgr(P) by derivations of degree 0. That means, for each X € g and «, 5 € Qqr(P) we

have

d *
ﬁ)za = @ o Rexp(tX)a’

which satisfies
LianB)=(Lza)ANB+an(LgB).

Moreover, the interior product with respect to X induces an action by derivations of degree -1 on
Qqr(P), and these two actions interact by mean of Cartan’s relations

ﬁgoﬁf,—[,?oﬁ)? :ﬁ[/)zi//],
dOL)'V(—l—L)}Od:[,f(,
L

xoty —iy oLy =gy

tg oty +iy oLy =0.
We introduce the concept of G-dga which is relevant in this work.

Definition 1.2.2. Let GG be a Lie group and g its Lie algebra. A G-differential graded algebra
is a triple (X, p,t) that consists of a dga (X,-,d) together with a left action of G by graded
automorphisms p : G — Aut(X), and a linear action of g by derivations of degree -1 ¢ : g — Der(X)
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such that they satisfy the Cartan calculus equations

LX OLY - Ly OLX :L[X,Y]7
dovx +itxod=Lx,
Lxow —wyoLx =txy)

tx oty + ty ovx =0.
where Lxa = %‘t:O plexp(tX)) - a, for X € g,a € X.

For more details about this concept see [AL10, GS99|. The model example of a G-dga is the de
Rham complex Qg4r(P) of a principal G-bundle P, so that, for analogy we call the derivation ¢4 as
the interior product with respect A.

Definition 1.2.3. A dga-morphism f : (X,-,d) — (Y,-,d) between the two G-dga’s X and Y is
a G-dga-morphism if it commutes with both actions, namely, the action by automorphism of G
and the linear action by derivations of g.

Example 1.2.1. The Weil algebra W (g) is a G-dga with grading given by

W) =Pw™e), W'@= B AU oSym’(g").
o=n 2p+q=mn,
0<pq

The coadjoint action of G on g* induces an action by automorphisms on W(g) and the morphism
wp commutes with the actions by G due to the fact that R0 = Adg-1-60 and Ry = Adg-1-Q. The
interior product ¢x over W(g) is completely determined by the commutativity with the map wy.
Essentially, it is constructed by dualizing the equations ¢ 36 = X, 50 = 0. The Cartan calculus
equations are deduced from the Lie algebra structure of g. Therefore, the Weil algebra W(g) is a
G-dga and the dga-morphism

wp : W(g) = Qar(P)

is a G-dga morphism.

Given a principal G-bundle (P, 7, M, ) is well-known that the map 7* : Qqr(M) — Qqr(P) is
an injection. The image im(7*) is better known as the space of basic forms on P. These forms are
completely characterized for the properties of being horizontal to the fibers and invariant by the
action of GG. Therefore, it can be described as

Qpasic(P) = {¢ € Qr(P) | Ry = 0,150 =0, forall ge G, X € g}.

This description motives the study of differential forms on quotient spaces as the space of basic
forms.

Definition 1.2.4. Let X be a (G-dga. The space of basic elements of X is
Xpasic = {a € X|p(g) -a=a,txa=0,forall g € G, X € g}.

Remark 1.2.1. Note that the Cartan calculus implies that the space of basic elements of a G-dga
is a dga, and if f : X — Y is a morphism of G-dgca, then f|Xbasic : Xpasic = Yopasic 18 a well-defined
dga morphism. Therefore, the G-dga morphisms are precisely these type of morphisms of G-dga
that descend to the quotient space.

Example 1.2.2. For the Weil algebra W (g) we have that the dga of basic elements is

W(g)basic = (S(g*)G’ d= 0),
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In other words, the basic elements of the Weil algebra is the commutative algebra of Ad-invariant
polynomials on g. We want to recall that all homogeneous elements have even grading.

Theorem 1.2.1. Let (P, 7w, M,G) be a principal bundle. For a connection 1-form 0 the homomor-
phism of G-dga
wy : W(g) = Qar(P)

restricts to a dga-morphism
we : S(g%) = Qur(M)

that induces a morphism in cohomology that is independent of the connection 1-form

cw: S(g%)% = Hyr(M). (1.3)
The morphism cw is called the Chern-Weil homomorphism.
Proof. The proof of this fact can be found in [KNG9, pag. 295|. O

More concretely, the Chern-Weil construction says that for a given basis {Xi,..., X, } of the
Lie algebra g we have

(X5, X;] Z b X,

where C’fj € R for 1 < 14,5 <n are the structure constants relative to this basis. If we consider the
dual basis {aq,...,a,} and a copy of it {ui,...,u,} one has that the Weil algebra is given by

W(g) = Na1,...,an) ©Rlug, ... up].

Actually, it is the free graded commutative algebra generated by elements «; of degree 1 and the
elements u; of degree 2. Also, the connection 1-form 6 and its curvature 2-form ) can be expressed

in this basis as " "
b=> 6:X;, Q=) QX
i=1 i=1

where 0; € Q},(P) and Q; € Q2,(P). The properties defining a connection 1-form 1.1.3 imply that
these differential forms satisfy the following conditions

. Hi()?j) = 55 (Kronecker delta: 55 =lor0ifi=jori#j);
(] L)N(jQi =0 N
efor1<i<n

R*H—ZAd -0, R*Q_ZlAd JQJ
J

The structure equation (1.1) can be written as

by = Qp — > CHO; N 0;.

i<j

Bianchi’s identity can be written as

A == CHoi A Q.

The G-dga morphism wy : W(g) — Qqr(P) is defined on generators by

we(oy) = 0;,  we(u;) = €.
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The G-dga structure in W (g) is defined on generators for the automorphism action of G as
g- Q= OAdgfl, g-uj = u; oAdgq,
and for the linear action by derivations of g on generators by
ix, 0 = 5{, ix,uj = 0.
Thus a homogeneous elements of degree 2p + ¢
9'(ai1/\“‘/\aip@uj1 ®"‘@qu) = (g-ail)/\"-/\(g-ai,,)Q(Q-Ujl)G---Q(g'qu)

and

(_1)(—1)|ais\ail Ao Aago, A Ay, @uj, @ O ug, + 0

NE

LXk(OéZ'l/\"'/\Oéip@’u]'l@"'@'ujq):

Vo)
Il
—

Qi A AN Ay, Oujy O O uy,

-

»
I
—

The differential of W (g) on generators is

doy, = up — E Clk]OéZ A aj, duy, = — E Clk]OéZ © Uj.
1<j 12

An Ad-invariant homogeneous polynomial f on g of degree 2k has the form

r
f= Z @iy ,if Wiy O - O Uy

U1 yeeeylik

where a;, . 4, is symmetric in 41,...,7; and for all ¢ € G holds that g - f = f. Therefore, the
Chern-Weil homomorphism is the map cg : S(g*)¢ — Qqr(M) that takes Ad-invariant polynomials
of degree 2k on g and maps them to the 2k-differential forms

r
fQ = Z a’il,...,iinl JARERIVAN Q’Lk

(SRR

Remark 1.2.2 (Relation with the classifying space). It is well-known that for a topological group
G, in particular for a Lie group, there is a universal principal G-bundle, that is, a topological
principal G-bundle (EG, 7, BG, G) such that EG is contractible and BG is a paracompact Hausdorff
space homotopy equivalent to a CW-complex, which is universal in the sense that for any principal
G-bundle (P,7p, M,G) there is a map f : M — BG such that P ~ f*EG,

P~ f*(EG) — EG

| lﬂ

M—L . Ba
The space BG is called the classifying space of G and the map f : M — BG the classifying map.
These names are justified because isomorphism classes of principal G-bundles over M are in one-
to-one correspondence with homotopy classes of maps from M to BG. Therefore, the isomorphism
class of (P, 7, M,G) determines the homotopy class of its classifying map f : M — BG, and this
in turn determines a unique morphism

f*H,(BG;R) — HZ  (M;R).

sing sing
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The Chern-Weil Theory offers a differential geometric method to compute f* through the Chern-
Weil homomorphism. It is well-known too that in the case where GG is a compact Lie group one
has Hj  (BGiR) ~ S(g*)¢, and that the Chern-Weil construction agree with the topological
construction. For more information about this topological perspective see for example [Tu20].

1.3 Lecomte’s approach
There is an algebraic approach to the Chern-Weil homomorphism due to P. B. Lecomte |Lec82].
Let us consider an extension of Lie algebras,

™

0 n——g g > 0,

together with a representation (V,p) of the Lie algebra g on a vector space V. We denote by
Sym” (n, V)ﬁ the space of linear k-symmetric and g-invariant maps on n with values in V. That
means, if f € Symk(n, V)8, then f is a k-linear map f :n x --- x n — V that is symmetric and for
all X € g and Y7,...,Y) € n the following holds

k

p(r(XN (Y, V) =D f(V,. (XY, V).
i=1

Given a linear section h : g — g, i.e. mo h = Idg, its curvature is defined as
Kp:gxg—n, Kp(X,Y):=[hX,hY]-h[X,Y].

Every element f € Sym®(n, V)8 determines a 2k-cocycle f, € A**g* @ V defined by

(X1, Xoy oo Xopo1, Xow) o= D sg(0) F(ER( X1y, Xo(2)s - - Kn(Xor-1), Xo@n))-
o(2i—1)<o(21)

The Chern-Weil-Lecomte homomorphism is the map
cw : Sym®(n; V)T — HZ(g; V), ew(f) = [ful,

where H2%(g; V') denotes the even part of the Chevalley-Eilenberg cohomology of g with values in
V.

Remark 1.3.1. In the particular case of a principal G-bundle (P, 7, M, G) we have that its Atiyah
sequence (1.2) induces a sequence of space sections. In fact, it is a short exact sequence of Lie
algebras,

0 —— T(Ad(P)) —— X(P)¢* = X(M) —— 0.
Thus, on one side, we have the following equivalences
i.
Connection 1-form 6 € QLo(P) S h:X(M) — X(P)¢, mooh= Idx(ar)-

where h denotes the horizontal lift of vector fields. It is worth noticing that h preserves the
C*°(M)-module structure, that means, h is a C°°(M)-linear splitting.

il.
Curvature 2-form Q € Q2,(P) S Kj € Q2,(M,Ad(P))

where

K : Ao (anyX(M) = T(AA(P)), Kn(X AY) = [X" V"] - [X,Y]".
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On the other side, for G connected it holds

§*(g")¢ = Sym*((Ad(P)), O (M) AP,
For f € S¥(g*)¥, we can induce a map

f:T(Ad(P)) x --- x '(Ad(P)) — C(M),

such that .

Lx(fr ) =D (& XM 6] &),
i=1
for all X € X(M) and & € I'(Ad(P)). Therefore, the Chern-Weil-Lecomte morphism is well-defined
and takes values in the Lie algebra cohomology of the vector fields with values in the space of
smooth functions. Given that the horizontal lift preserves the C°°(M )-module structure it yields
differential forms, that is, the Chern-Weil-Lecomte takes values in the de Rham cohomology of M,

S(g4)% == Hep,c(X(M); C(M))
I (1.4)
Hyr(M).

Therefore, the Chern-Weil-Lecomte associated to a principal G-bundle agrees with the classical
Chern-Weil homomorphism (1.3).

1.4 Lie groupoids

A groupoid is a small category in which all arrows are invertible. Concretely, a groupoid consists
of two sets X7 and X that we call the set of arrows and the set of objects, respectively, together
with the structural maps,

XlSXtXl L> X1 :i; Xo v X1 L X1,

satisfying the axioms of a category. We denote an arrow g € X7 as g : y < = where s(g) = = and
t(g) = y, and its inverse arrow as t(g) = g~! : x < y. For an object z € M we denote the unit at =
as u(x) = 1,, and for a pair of composable arrows (¢, g) € X;,x:X;1 we denote the composition
arrow m(g’, g) as the concatenation ¢’g. In general, we write a groupoid by X; = X or X when
the context does not demand to specify the base.

Definition 1.4.1. A Lie groupoid is a groupoid X; = Xy in which X; and Xy are smooth
manifolds, and the source and the target maps s,t : X1 — X are surjective submersions, and all
the other structural maps are smooth.

Remark 1.4.1. The composition map m is a smooth map from the set of composable arrows
X9 := Xq4x4Xq with the smooth structure of embedded submanifold of X; x X;. We have that the
inversion map ¢ is a diffeomorphism of X; and the unit map w is a smooth bisection of the source
and the target.

Let us see some examples of Lie groupoids.

Example 1.4.1 (Manifolds). We can see a smooth manifold M as a Lie groupoid with only identity
arrows M = M

Id
AM) = MigxaM -2 M ——= M 145 v 14
Id
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This Lie groupoid is called unit groupoid.

Example 1.4.2 (Lie group). A Lie group G can be seen as a Lie groupoid with only one object
G = *
\—1
GXGLG:;*L)GLG.

Example 1.4.3 (Manifolds with symmetries). If a Lie group G acts on a smooth manifold M,
then the product M x G inherits a structure of Lie groupoid over M. We call this Lie groupoid the
transformation groupoid and denote it by G x M,

(G x M)sx¢(G x M) LGKM%MLGMM%GMM,
its structural maps are given by
S(g,$) =, t(g,$> =g, m((h,gm),(g,m))Z((hg)x,x)

for all (g,z) € G x M.

Other important examples of Lie groupoids include: the fundamental groupoid of a manifold,
the holonomy groupoid of a foliation, the gauge groupoid of a principal bundle, among others. For
more details about Lie groupoids see [MMO03, Mac05].

Definition 1.4.2. A Lie groupoid morphism (F, f) from X; = Xy to Y1 = Y| is a pair of
smooth maps F': X1 — Y7 and f: Xy — Y such that the following diagram commutes

XlthXl L) X1 ﬁ XQ u X1 L X1

| L VA R

Ylsxtn%mﬁyo Ly, LY

In this case we say that F': X7 — Y7 is a Lie groupoid morphism covering the map f : Xg — Yp.

Remark 1.4.2. It is common to find in the literature an alternative definition of a morphism of
Lie groupoids as a functor ® : X — Y composed by smooth maps in arrows and objects spaces.

Example 1.4.4 (Pullback groupoid). Let X = (X; = Xj) be a Lie groupoid and f : Yy — X
be a smooth map. Assume that t o pry : YorxsX; — Xg is surjective submersion then f'X =
(Yorx:X1sx£Yy =3 Yp) is a Lie groupoid where the structural maps are

1

5!(l‘agvy) =Y, t!(m,g,y) =, U;J = (y7uf(y)7y) L(xagay) = (?J’g_ 71')

m'((2,9,9); (.4, 7)) =(2, 99, ).
We call this Lie groupoid the pullback groupoid of X along f.

Definition 1.4.3. Let X; == Xy be a Lie groupoid. A VB-groupoid over X; == Xy is a Lie
groupoid V =% F, where both ¢y : V — X; and qg : E — X{ are vector bundles compatible with
the groupoid structure of V in the sense that all the structural maps are vector bundle maps over
the corresponding structural maps of X; = X. We denote the structural maps of V by §, ¢, 7, 7, 1.
In diagram as
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Observe that since § is a vector bundle map of maximal rank, then ker(5) — X is a vector bundle.
We call the vector bundle C' := ker(8)|y, — Xo by the core bundle and the vector bundle E — Xj
by the side bundle of the VB-groupoid V.

The following notion is relevant in the forthcoming work

Definition 1.4.4. A morphism of Lie groupoids ® : X7 — Y7 covering ¢ : Xg — Yy is a Morita
morphism if it satisfies the following conditions

i. (Fully faithfull) the following diagram

Xl%yl

(vatx)l l(SY:tY)

X()XX()M%XYE)

is a pullback diagram,

ii. (Essentially surjective) the map
ty o pry : XO¢>X5yY1 — Yb
is a surjective submersion.

Definition 1.4.5. Two Lie groupoids X and Y are Morita equivalent if there exists a third Lie
groupoid W together with Morita morphisms ¥ : W — X and & : W — Y.

Intuitively, we may think that the Lie groupoid W determines a notion of isomorphism % X =
Y between the Lie groupoids X and Y. Formally, what we are doing is localizing the category of Lie
groupoids along the Morita morphisms. Thus, two Lie groupoids are Morita equivalents if and only
if they are isomorphic in the localized Lie groupoid category. Morphisms in the localized category
are called generalized morphisms between Lie groupoids [MMO03, del13].

Remark 1.4.3. It is common to find in the literature the notion of Morita equivalence between
Lie groupoids under the name of weak equivalence of Lie groupoid, see for example [MMO03, §5.4].
Another interesting approach to the notion of Morita equivalence of Lie groupoids is in terms of
bi-bundles or anafunctors, for more details about this perspective see for instance |dell3, §4.6] and
[Wall8, §2.3] and references therein.

1.5 The de Rham cohomology of a Lie groupoid

Given a Lie groupoid X := (X; = X)) one has a simplicial manifold associated to it called the
nerve of the Lie groupoid X, := {X,}(.,, whose n-simplices X, is the manifold of strings of
composable arrows of length n

Xn = {(gla'- . ,gn)|3(gz) = t(gi+1)71 < { <n-— 1}5

the face maps are for n = 1 the source and the target maps, and for n > 1:

(92:-- -+ 9n), if i = 0;
d’i(gla"'ugn): (917"‘792'91;—‘,-17"'7971), lf ]. <Z<n, (15)
(9155 gn-1), if i =n.

and the degeneracy maps are for n = 0 the unit map and for n > 1:

si(gh s 7gn) - (gla <o 005 Us(gy)s Jit1s - - - 797Z)
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for 0 <i<n.

Associated to this simplicial manifold X, there is many information about the geometry of the
Lie groupoid. On the one hand, we have the classifying space of a Lie groupoid, denoted by
BX, that is the geometric realization of the nerve of the Lie groupoid. The name comes from the
fact the classifying space of the Lie group mentioned in Remark 1.2.2 coincides with the classifying
space of the Lie group seen as Lie groupoid as in Example 1.4.2. On the other hand, we have the
Bott-Shulman-Stasheff Complex which computes the de Rham cohomology of X. The Bott-
Shulman-Stasheff complex is the double complex

A~

d

A~

d

A~

d

A

d

Q‘ER(XO) —2 93R<X1) —2 QZR(XQ) 2 Q?ZR(X?)) 2

d

Q3r(X0)

A~

d

P P P
Qir(Xo) —— Qip(X1) —— Qir(X2) —— Qjp(X3)

A~

d

o

d

Qip(X1)

d

A~

d

o

d

Q3R(X2)

d

A~

d

o

d

Q3R(X3)

A

d

A

d

QgR(XO) — QSlR(Xl) 2 QgR(XQ) 2 QgR(X?)) 2

where the vertical differential is given by the usual de Rham differentials, d’; L QF(X,) = LX),
and the horizontal differential is given by the simplicial structure. It is defined as the alternating
sum of the pull-back by the face maps of X,

q
07 : OF(X,) = OF(Xgpa), 09 =) (-1)d}.
=0

The Bott-Shulman-Stasheff complex is denoted by Qpss(X). The cohomology of the total complex
of this double complex is called de Rham cohomology of X,

H:ikR(X) =H" (Qtot(X)7 dt0t|Q§R(Xq) =oP + (_1)pdg) .

An important property of the de Rham cohomology of a Lie groupoid is that it is Morita invariant.
The following result is a well-known fact [BSS76, Cra03, BX11|, we present a proof in order to
clarify the discussion in the following remark.

Theorem 1.5.1. Let X and Y be two morita equivalent Lie groupoids, then
Hyr(X) >~ Hap(Y)

Proof. Following the tom Dieck Theorem in [BSS76, pag.53] if X and Y are morita equivalents then
their classifying spaces BX and BY are homotopy equivalents, and by a multiple application of the
Simplicial de Rham Theorem [BSS76, pag.51| we have

HdR(X) ~ Hsing(BX;R) ~ Hsing(BY;R) ~ HdR(Y)
O

Remark 1.5.1. It is worth noticing that the previous theorem does not say anything about the
multiplicative structure on cochains so that it does not say anything about the ring structure of
the cohomology. It only provides information about the homotopy type of the isomorphic classes
of the differentiable stack represented by them. Some authors call this cohomology as the de Rham
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cohomology of the differentiable stack represented by X. The reader is recommended to visit the
references |[Beh04| and [Ginl13| as well as the references therein. They provided a panoramic point
of view about the relationship between Lie groupoids and differentiable stacks which we find useful.



Chapter 2

Crossed modules

In this chapter we will recall the notions of Lie 2-groups and Lie 2-algebras and their corre-
spondence with crossed modules of both Lie groups and Lie algebras, respectively. We study that
correspondence and show that elementary equivalences of crossed modules of Lie groups are in
one-to-one correspondence with Morita maps of Lie 2-groups. In the second section we apply the
Lie functor to a crossed module of Lie groups yielding a crossed module of Lie algebras. We also
define the Lie 2-algebra of a Lie 2-group.

2.1 Lie 2-groups and crossed modules of Lie groups

Definition 2.1.1. A Lie 2-group is a groupoid internal to the category of Lie groups.

For a Lie 2-group G1 = G we have that both the space of arrows and the space of objects are
Lie groups, and the structural maps are homomorphisms of Lie groups. In particular, the source
and target maps are surjective submersions which are at the same time homomorphisms of Lie
groups. Thus, the space of composable arrows G» is an embedded submanifold of G; x G as well
as a subgroup of the direct product. The Lie structure of the direct product restricts to it, therefore
(9 is a Lie subgroup of G1 x G1. In general, we shall denote a Lie 2-group by G1 = G or G when
the context does not demand to specify the base.

Remark 2.1.1. Given that on the space of arrows (G; there are two different products, for com-
posable pairs (g,g’) € G2 we denote by g * ¢ its composition and by g¢’ its product with respect
to the Lie group multiplication of G'1. These two product interact in the following way:

(9% g")(hxh') =m(g, g )m(h, ')
=m((g,9')(h, 1))
=m(gh,g'h’)
=(gh) * (¢'h"),

for two composable pairs (g,¢’), (h, h') € Ga. The equation (g * ¢')(hx h') = (gh) * (¢’h’) is known
as the exchange law.

Definition 2.1.2. A morphism of Lie 2-groups ® : G — H is a Lie groupoid morphism internal
to the category of Lie groups.

In other words, a morphisms of Lie 2-groups ® : G — H is a Lie groupoid morphism which is a
Lie group homomorphism on objects and arrows.

Definition 2.1.3. A crossed module of Lie groups is a couple of homomorphisms of Lie groups
p: H— G and a: G — Aut(H) satisfying the following conditions

i. (G-equivariance)

plag(h)) = gp(h)g~" = cy(p(h));

15
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ii. (Peiffer identity)
apy () = hA'h™ = cp ().

for all g,¢' € G and h, h' € H. We denote a crossed module of Lie groups by [H AN Aut(H)).

Remark 2.1.2. There is a one-to-one correspondence between crossed modules of Lie groups and
Lie 2-groups. For a crossed module [H -5 G -2 Aut(H)] we associate the Lie 2-group given by
the transformation groupoid corresponding to the action of H on G through p

HxG=G

where the Lie group structure in the space of arrows is the semi-direct product H x, G. Conversely,
for a Lie 2-group G1 = Gy we associate the crossed module of Lie groups given by H = ker(s :
G1 — Go), G =Gy, p=tly: H—= G and a4(h) = 1gh19_1 = c1,(h), for all g € G,h € H. For
more about this correspondence see for instance [BL04, §8.4].

Remark 2.1.3. Due to this correspondence, for practicality, we will abuse the notation and denote
G=[H a5 Aut(H)] when is more convenient to see a Lie 2-group as its associated crossed
module.

Example 2.1.1 (Linear representations). Let G — Aut(V) be a linear representation of G on
the vector space V. Consider V as abelian Lie group with the addition of vectors and p : V — G
with p(v) = e for all v € V. Then for all g € G and v € V we have

o plag(v)) = e =cy(e) = cg(p(v));
o 0, (V) = ae(v) =0 = ¢y (V).

Hence a linear representation of G on V can be seen as a crossed module of Lie groups whose
associated Lie 2-group is the transformation groupoid V x G = G. In fact, this Lie 2-group is the
vector bundle 7 : V x G — G seen as groupoid with s = m and ¢t = m where composable pairs are
vectors in a same fiber and the composition is their addition in the fiber. In particular, for a Lie
group G the tangent and cotangent bundles T'G and T*G can be seen as a Lie 2-groups associated
to the adjoint and coadjoint representations of GG, respectively.

Example 2.1.2. A central extension of Lie group that splits

l— s K ‘s HqH 20 —31

can be seen as a crossed module of Lie groups with
a:G— Aut(H), a4(h) =o(g)ho(g)".

To see this, note that H Ly Gisa principal K-bundle, then for A € H there is a unique k € K
such that o(p(h)) = hk. Therefore

(W) =a(p(h))h'a(p(h)) ™
=(hk)W (k~'h™1)
=h(kWE~Y)h™!, K is central in H
=hh'h~t,

Example 2.1.3. Let G be a Lie group and H be a normal Lie subgroup of G. Then we have a
natural crossed module of Lie groups

[H < G % Aut(H)]
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where the map ¢ is the inclusion and the representation c is the conjugation. In particular, there
are interesting sub examples that appear when we consider extreme cases, the first one is given by
taking H = {e}, it allows us to see every Lie group G as a Lie 2-group G = G. In this case the
transformation groupoid is in fact the unit groupoid of G. The second one is given for H = G, then
the associated Lie 2-group is the transformation groupoid G x G = G of the left action of G on
itself, and its Lie group structure in the space of arrows is G x. G.

Proposition 2.1.1. Let [H 25 G -2 Aut(H)] be a crossed module of Lie groups, then
i. ker(p) is a central Lie subgroup of H;
it. im(p) is a normal subgroup of G;
iii. ker(p) is G-invariant.
Proof. To see (i), let k € ker(p), then for every h € H,
khk™" = cp(h) = a0 (h) = ac(h) = h
thus hk = kh for all h € H, hence ker(p) is central. To see (ii) let h € H and g € G,
gp(h)g™" = c4(p(h)) = plag(h)) € im(p)
then im(p) is normal subgroup of G. To see (iii), let k € ker(p) and g € G, then
plag(k)) = cg(p(k)) = cq(e) = e,
hence ag4(ker(p)) C ker(p). O

Definition 2.1.4. A morphism (F, f) from the crossed module [H 2 G -2 Aut(H)] to the

Oél

crossed module [H' = G’ %5 Aut(H')] is a couple of homomorphism of Lie groups F : H — H’
and f : G — G’ such that the following diagram commutes

H -

bl

QRN

and the map F is (G NS )-equivariant. That is,
F(ag(h)) = a'f(g)F(h) forall g€ G and h € H.

Remark 2.1.4. We point out that the quotient G/im(p) is not necessarily a Lie group, since im(p)
is normal but not closed normal in general. Therefore, the map f : G/im(p) — G’/im(p’) is only a
group homomorphism.

Definition 2.1.5. A morphism of crossed modules
(F,f): [H -2 G % Aut(H)] = [H' 25 6" <5 Aut(HY)],
is said to be an elementary equivalence if it has the following properties
i F: ker(p) = ker(p') is an isomorphism of Lie groups;
ii. f:G/im(p) — G'/im(p') is an isomorphism of groups, and

iii. the maps f and p’ are transversal.
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Remark 2.1.5. Observe that the existence of an elementary equivalence as above implies that
dim(G) — dim(H) = dim(G’) — dim(H").

We say that two crossed modules are elementary equivalent if they are equivalent in the
equivalence relation generated by elementary equivalence of morphisms of crossed modules. One
sees that two crossed modules of Lie groups are equivalent if there exists a zig-zag of elementary
equivalences going from one to the other (which are not necessarily going all in the same direction).

Remark 2.1.6. It is worth pointing out that there is a classification of crossed modules of groups
up to elementary equivalence in terms of degree 3 cohomology classes of its cokernel group with
values in its kernel group [Wei94, §6.6 Thm 13].

In the same spirit of the correspondence between crossed modules of Lie groups and Lie 2-
groups as in Remark 2.1.2 we have the next proposition which upgrades the correspondence to level
of morphisms, yielding an isomorphism of categories.

Proposition 2.1.2. There is a one-to-one correspondence between morphisms of crossed modules
of Lie group and morphisms of Lie 2-groups.

Proof. 1t follows by Theorem 43 in [BL04]. O

Proposition 2.1.3. Let [H 25 G - Aut(H)] be a crossed module of Lie groups. If im(p) is
closed in G, then )
[ker(p) = G//im(p) — Aut(ker(p))]

is a crossed module of Lie groups. We denote by e : ker(p) — G/im(p) the constant map that sends
all elements to the identity [e].

Proof. Since im(p) is closed in G by |[Bou98, §3.8, Prop.3.8| and Proposition 2.1.1 item (i¢) we have
im(p) is a normal Lie subgroup of G, hence by [Bou98, §1.6, Prop.11| implies that G/im(p) has a
canonical Lie group structure such that the projection map 7 : G — G/im(p) is a homomorphism
of Lie groups. To see the crossed module axioms note that the map

a: G/im(p) — Aut(ker(p)), g := ay,
is well-defined. For that, let g,¢’ € G and h € H such that g = ¢’p(h) then

ag(k) =ag (aym) (k) = ag (cn(k))
=ay(k), by Prop. 2.1.1 item (4),

for all k € ker(p), and Proposition 2.1.1 item (iii) implies that &y € Aut(ker(p)). Now
i. (G/im(p)-equivariance) for k € ker(p) and [g] € G/im(p)
e(ag) (k) = [e] = cig([e]) = cig)(e(k))-
ii. (Peiffer Identity) by Proposition 2.1.1 item (i)
ae(y(K') = ae(K') = k' = cx(K).
OJ

The next result is motivated by a well-known fact about 2-vector spaces, namely, a 2-vector
space is quasi-isomorphism to its cohomology.
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Proposition 2.1.4. Let [H £+ G % Aut(H)] be a crossed module of Lie groups such that im(p)

18 closed in G. If there exists a homomorphism of Lie groups o which is a section of the map
m: G — G/im(p), then

(t,0) : [ker(p) = G/im(p) N Aut(ker(p))] = [H 2 G - Aut(H)]

s an elementary equivalence.

Proof. Let [g] € G/im(p) and k € ker(p) then

g (k) = ao(ig)) (k) = (g (e(F))-
It is clear that the other axioms in Definition 2.1.5 are satisfied. O]

Example 2.1.4. Let [H £+ G % Aut(H)] be a crossed module with p a surjective submersion,
then we have [ker(p) —— 1 — Aut(ker(p))] has a unique structure crossed module and it is
elementary equivalent to [H - G - Aut(H)).

Proposition 2.1.5. Let [H BN Aut(G)] be a crossed module of Lie groups and f : G' — G
be a homomorphism of Lie groups such that

i. mo f: G' = G/im(p) is a surjective homomorphism of groups, and
. fand p are transversal,

then )
(' xg H2S &' %5 Aut(G ¢ H))

has a unique structure of crossed module of Lie groups. Moreover, the natural induced morphism of
crossed modules is an elementary equivalence. We call this crossed module the pullback crossed
module of [H 25 G -2 Aut(G)] by f and denote it by f*([H 25 G = Aut(@))).

Proof. Consider the following diagram

™

1 —— ker(p) » H G/im(p) —— 1

S

1 — ker(p) — G' xg H 2 & LN G'/im(p;) —— 1.

The item (77) supports the Lie group structure in G’ xg H. It is easy to check that
P2 : ker(pr) = {e} xg H — ker(p)

is an isomorphism and .
f: G [im(p1) — G/im(p)
is injective. Thus the item (i) implies that f is an isomorphism. The crossed module structure in

(G’ xg H 25 G' - Aut(G' xg H)] is defined as follows: for some g € G/, the map ay is defined
by
ag:G xgH— G xgH, a4¢.h):= (gg/g_l,af(g)(h)).

It is well-defined, because for g € G and h € H hold that

flad'g™) = F(@)F (@) @) = Fl9)p(h) f(g) ™" = plagg (h).

Thus a4(¢’, h) € G' xg H. Now let us see the crossed module axioms

i. (G-equivariance)

pildg(g h) =pi(gg' g™ oy () = 99'g7" = cg(g') = co(pr(g', b))
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ii. (Peiffer identity)

Gy (o) (g 1) = dgg' 1) = (99"~ ap(g)(R))
= (99’9 " apmy(h) = (99’9~ AR
= (g, ) (g, 1) (g~  h™") = cgmy (g, ).

Corollary 2.1.1. If a morphism of crossed modules (F, f) : [H X+ G -% Aut(H)] — [H' >
fe RN Aut(H")] is an elementary equivalence, then

f*<uyfli>G'i£>Auufrﬂ> —[H 5 G % Aut(H)].

Proof. 1t is a straightforward computation. O

Theorem 2.1.1. There is a one-to-one correspondence between Morita morphisms of Lie 2-groups
and elementary equivalences of crossed modules.

Proof. Let (F,f) : [H 2 G % Aut(G)] — [H' AN Aut(H')] be an elementary equiva-
lence, then one has that f and p’ are transversal and the map 7’ o f : G — G’ /im(p’) is surjective.
Let us see that the associated groupoid morphism ® : (H x G = G) — (H' x G' = G’) satisfies
the axioms of a Morita morphism, these are:

i. the following diagram is a pullback, and

HxG -2 H x ¢

-
(50| |0
Gxc L @ xa
. ¢:Gxq (H xG)—=G', (g9,h,f(g))— p'(h)f(g), is a surjective submersion.
For the pullback diagram note that
(G % G)pxepx (st (H < G') = {(g.9. 0, f(9)| f(g) = ¢/ (W) (9)}

If (g,9' k. f(9)) € (G X G)pupX(suy(H' x G') then f(g'g™") = p(h) implies that (¢'g~",h) €
GyxpH', since Gyx,H' ~ H, there exists a unique h € H with p(h) = ¢’¢g~" and F(h) = h, hence
(h,g) € H x G is such that

(9, p(h)g. F(h), £(9)) = (9,9, 1, £ (9))-

Therefore H x G =~ (G X G)pxsX (s py(H x G'). Now to see that ¢ is surjective note that for
g € G, since 7’ o f : G — G'/im(p') is surjective, there is g € G with (7" o f)(g) = 7(¢’), so that,
g f(g)” 1 € im(p’). Thus there is A’ € H' with p/(h') = ¢'f(g)~!, then

(9,1, f(9) € Gxa (H' x G') and (g,1, f(g)) =p' (W) f(9) ="

Finally to see that ¥ : Gx g/ (H'xG’) — G’ is indeed a submersion, we shall note that it is a Lie group
homomorphism such that 1. . is surjective, therefore ¢) submersion. Let (g, h, f(g)), (¢', ¥, f(¢')) €
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G X/ (H’ X G/), then

(g, h, F(9)) (G 1, F(g") = ¥(ggs hepgy (W), F(9) F(9))
= 0 (hayg)(R) f(gg') = p'(R) ’(af(g (W) f(9)f(g")
=o' (W) f(9)p' (W) F(9) " F(9)F(d) = p'(h) f(9)p' () f(d)
= (g, h, f(g))0(d' 1, f(g"))-

Therefore, 1) is a homomorphism of Lie groups. For X € T,G,Y € T,H' we have
Tb*,e(X +Y + f*,eX) = P;,eY + f*,eX (21)

as p/ and f are transversal,

m(ty,e) = im(p;,e) +im(fie) = T.G".

Hence 1), . is surjective. For the converse implication is known that a Morita morphism induces
isomorphisms in the isotropy groups and a homeomorphism between the orbit space [del13|. In our
case, for a Lie 2-group H x G = G all isotropy groups are isomorphic to ker(p) and the orbit space
is G/im(p), then item (i) and (ii) are satisfied in Definition 2.1.5. Finally the essential surjectivity
and Equation (2.1) implies that f and p are transversal. O

Corollary 2.1.2. Let G be a Lie 2-group with associated crossed module of Lie groups [H N
G Aut(GQ)]. If f : G' — G is a homomorphism of Lie groups transversal to p, then the pullback
groupoid f'G is a Lie 2-group and its associated crossed module of Lie groups is the pullback crossed
module f*([H -2 G -2 Aut(G)]).

Proof. It is a straightforward computation. O

2.2 Lie 2-algebras and crossed modules of Lie algebras

In this section we introduce the infinitesimal counterparts of Lie 2-groups.
Definition 2.2.1. A Lie 2-algebra is a groupoid internal to the category of Lie algebras.

It is worth observing that for a Lie 2-algebra gy = go the space of composable arrows has a Lie
algebra structure given by the fiber product of Lie algebra homomorphisms. That is, the restricted
Lie algebra structure of the direct product of g; & g1. We shall denote a Lie 2-algebra by g; = go or
by ge when the context does not demand to specify the base space. As in the case of Lie 2-groups,
we have a one-to-one correspondence between Lie 2-algebras and crossed modules of Lie algebras.

Definition 2.2.2. A crossed module of Lie algebras is a couple of Lie algebra homomorphisms
0:h—gand L:g— Der(h) such that satisfy the next conditions

i. (g-equivariance)

ALxY) = [X,0(Y)] = adx (A(Y)); (2.2)

ii. (Peiffer identity)
Lox)Y =[X,Y] =adx(Y). (2.3)

We denote a crossed module of Lie algebras by [h 2, g £, Der(h)].

Remark 2.2.1. The one-to-one correspondence between Lie 2-algebras and crossed modules of
Lie algebras is given as follows. On the one hand, for a Lie 2-algebra g; = go we consider the
crossed module of Lie algebras given by b := ker(s : g1 — go), g := go and the homomorphisms
0 := t|h :h =g, L:g— Der(h), L, := ady(). On the other hand, for a crossed module of Lie
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algebras [h 9, g £, Der(h)] we consider the Lie 2-algebra whose underlying groupoid structure is
the transformation groupoid associated to the action of  on g through 0. Thus

S
(hxg)oxi(hxg) —= bxg—2g——hxg—— hxg,
with structural maps given by

s(z,y) =y, tx,y)=0)+y, uly) =0y uz,y) =(-zy+09)) (2.4)
m((z',y + 9(x)), (z,y)) = (z +2',y).

The Lie algebra structure on the space of arrows is given by the semi-direct product of g and b
through £ : g — Der(bh).

Remark 2.2.2. Due to this correspondence, for practicality we denote go = [ 9, g £ Der(h)]
when is more convenient to see a Lie 2-algebra as its associated crossed module of Lie algebras.

The application to the Lie functor to any Lie 2-group gives rise to a Lie 2-algebra: Let G =
[H 26 Aut(H)] be a Lie 2-group as in Remark 2.1.2. Then applying the Lie functor to its
crossed module of Lie groups we get a crossed modules of Lie algebras with g = Lie(G), h = Lie(H)
and 0 = pye, L = fise, in which g : G — Aut(h), g — (o). The Lie 2-algebra associated to this
crossed module of Lie algebras is said to be the Lie 2-algebra of G,

Lie(G) = Lie([H -5 G -2 Aut(H)]) = [h -2 g - Der(h)).

For the next example we need to introduce some terminology about LA-groupoids. Let V be
a VB-groupoid over the Lie groupoid X; = X as in Definition 1.4.3. The category of mul-
tiplicative sections of V is the subcategory Sec(X,V) of Hompeqpd(X,V) whose objects are
the multiplicative sections (§,v) : X — V of ¢y, and morphisms are the natural transformations
7:(&,v) = (n,w) such that 1,, e 7 = 114,, where o denotes the horizontal composition of natural
transformations.

Definition 2.2.3. An LA-groupoid is a VB-groupoid ¥V = FE over the Lie groupoid X; = X
where both vertical arrows ¢y : V — X1 and g : E — Xj are Lie algebroids and all the structural
maps are Lie algebroid morphisms.

Example 2.2.1. It was shown in [OW19] that the category of multiplicative sections of an L.A-
groupoid has a canonical structure of Lie 2-algebra. If V = F is an LA-groupoid over X; =% X
with core bundle C' — Xy, then the structure of Lie 2-algebra on category of multiplicative sections
is given by the crossed module of Lie algebras

[F(C) % X (V) Der(r(C)),]

where 6(c) = ¢ — ¢! and Dx(c) = [X, " x,, for all ¢ € I'(C) and X € Xy (V).

Example 2.2.2. For every Lie groupoid X := (X; = Xj) we have that the tangent groupoid
TX1 = TXpis an LA-groupoid over X1 = X with core bundle given by its Lie algebroid A — Xj.
The structure of Lie 2-algebra on the category of multiplicative sections is referred as the Lie 2-
algebra of multiplicative vector fields and is given by

[r(A) 0 Xpae(X) 55 Der(T(A))] |

where §(a) = a” — a! and Leva:=[§a for all a € I'(A) and (§,v) € X (X).

r”XO’



Chapter 3

Principal 2-bundles over Lie groupoids

In this chapter we discuss the notion of principal 2-bundle over a Lie groupoid, we follow
closely [HOV]. In a few words, it is a categorification of the notion of principal bundle in which both
the base and the fibers are categorified with the requirement that all the fibers are isomorphic.

3.1 Principal 2-bundles over a Lie groupoid

We start by introducing some terminology that shall be used throughout the whole chapter. Let
G = (G1 = Gp) be a Lie 2-group and X = (X; = Xj) be a Lie groupoid.

Definition 3.1.1. Let G be a Lie 2-group and X be a Lie groupoid. A right 2-action of G on X
is a Lie groupoid morphism

X1XG1L>X1

Il ll

X()XG() i> X(),

where X1 X G1 = X X Gy is the direct product Lie groupoid and both the arrows map a; and the
objects map ag are usual actions of Lie groups. The left actions are defined in a similar manner.

In the forthcoming, we shall simply denote the 2-action by concatenation.

Remark 3.1.1. Given a right 2-action of G on X, the structural maps of X are equivariant with
respect to the structural maps of G. That is, for all g € G1, g9 € Gg and = € X1, x9 € Xp it holds

sx(rg) = sx(v)sa(g), tx(zg) =tx(v)ta(g), ux(wogo) = ux(wo)uc(go)

and for all (z,y) € X5 and (g,¢’") € G2 the following interchange law is fulfilled

(z*y)(g *h) = (zg) * (yh) (3.1)

where we are denoting mx (z,y) = x *y and mg(g,h) = g * h.
Let us consider the following natural examples of actions of Lie 2-groups.

Example 3.1.1. A usual action of a Lie group G on a manifold X can be seen as a 2-action of the
Lie 2-group G = G on the unit groupoid X = X.

Example 3.1.2. Every Lie 2-group G has a right 2-action on itself by right translations. More
generally, for a Lie 2-subgruop H of G, we have a right action of H on G by right translations.

Example 3.1.3. Any Lie 2-group G acts on itself on the left by conjugation at both the level of
arrows and the level of objects. This 2-action induces an adjoint 2-action of G on its Lie 2-algebra

g1 = go-

23
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Example 3.1.4. Given a right 2-action of G on X, there is an induced right 2-action of G on the
tangent groupoid TX = (TX; = TXj) given by the tangent lift of the action of G; on Xj, for
i=0,1.

Definition 3.1.2. Let X = (X; = Xy) and E = (E] = Ej) be two Lie groupoids. A Lie groupoid
morphism 7 : E — X is said to be a fibration if it satisfies the following conditions

i. the base map my : Eg — Xg is a surjective submersion, and
ii. the map 7 : E1 — X15Xr,E0,e — (m1(e),sg(e)) is a surjective submersion.
If 7 : E — X is a groupoid fibration, then the fiber over a point zg € Xy is defined by
E, = (m (1) 2 75 (2)) CE.

Definition 3.1.3. Let 7 : P — X be a groupoid fibration together with a right 2-action of a Lie
2-group G on P. We say that the action is principal along 7 if the groupoid morphism

P xG —25 P xx, P1 ®(p1,91) = (p1,0191)
Py x Gy 2, Py xx, Py é(po, 90) = (po, Pogo)

is a Lie groupoid isomorphism.

Definition 3.1.4. Let P and X be Lie groupoids and G be a Lie 2-group. A principal 2-bundle
is a quadruple (P, 7, X, G) composed of a fibration 7 : P — X and a principal 2-action of G along .

As in the case of principal bundles, the fibers of a principal 2-bundle are isomorphic to the Lie
2-group G. For a principal 2-bundle (P, 7, X, G) we call P the total space, X the base space and
G the structural 2-group.

Example 3.1.5. A classical principal bundle (P, 7, M, G) can be seen as a principal 2-bundle
regarding manifolds as unit groupoids.

Example 3.1.6. A principal 2-bundle over a manifold is a principal 2-bundle (P, 7, X,G)
where the base space is the unit groupoid of a manifold X. This is a family of isomorphic groupoids
that are parametrized by X. If one thinks of the structural 2-group G in terms of its associated

crossed module of Lie groups [H 26 Aut(H )}, then one can check that the total space is
isomorphic to the groupoid Py x H = Fy whose structural maps are given by

s(p,h) =p, t(p,h) =pp(h), 1,=(p,e) u(p,h)= (pp(h),h~")
m((pp(h2), h1), (p, h2)) = (p, hah1),

for all (p,h) € P x H, and (h,g) € H x4 G. The right action of H x, G on P x H is given by

(p, W) (h,g) := (pg, Oég—l(h,h)).
Note that s : P, — Py is a principal H-bundle with a section 1 : Py — P;.

P PP ~ H
\ K X
™ P a3
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Example 3.1.7. Let (P,7,X,G) be a principal 2-bundle and f : Y — X be a Lie groupoid
morphism, then the pullback by f is a principal 2-bundle with structural 2-group G and base Y. In
particular, the trivial principal 2-bundle with structural 2-group G over X is the pullback
of G — {*} by the morphism X — {x}.

Example 3.1.8. Let 7 : P — X be a principal G-bundle with a left action of a Lie groupoid
X = (X1 = Xo) along 7 which commutes with the right action of G. The transformation groupoid
P = X; x P = P is a principal 2-bundle over X with structural 2-group G seen as the unit
groupoid of G. These kind of principal bundles are better known as principal G-bundle over a
Lie groupoid X; = Xj and have been extensively studied in [LTX07].

Remark 3.1.2 (PB-groupoid). We find useful looking at a principal 2-bundle (P, 7, X,G) as a
diagram

P1 :P; Pg ) (Gl :G; GO)

tp tg
l’” lﬂo (3-2)
X3 tﬁx X(].

X

The principal 2-action of G is principal on both objects and arrows, that is both (P;, 71, X1, G1) and
(Py, o, X0, Go) are principal bundles and the structural maps sp,tp are morphisms of principal
bundles along of sg,to covering the maps sx,tx. Therefore by Theorem A.1.3, the space P, =
Pyyx; Py is a principal Go = G, X4, G1-bundle over Xo = X4, x4, X1 for which m : P, — P is
a morphism of principal bundles along m¢g : Go — G covering mx : Xo — X1. Thus a principal
2-bundle is indeed a groupoid internal to PB the category of principal bundles.

Example 3.1.9. Let G be a Lie 2-group and H be a Lie 2-subgroup such that H; C G is a closed
subgruop for i = 0, 1. Then G is a principal 2-bundle over the Lie groupoid, G1/H; = Go/Hy with
structural 2-group H.

We introduce now the notion of morphism between principal 2-bundles.

Definition 3.1.5. Let (P,7p,X,G) and (Q,mg,Y,H) be two principal 2-bundles. A 2-bundle
morphism (F, f,®) from (P,7p,X,G) to (Q,mq,Y,H) is a triple consisting of a Lie groupoid
morphism F' : P — Q covering the morphism f : X — Y, and a Lie 2-group morphism ¢ : G — H
such that F; : P, — @Q; is a bundle map along ®; : G; — H; covering f; : X; — Y;, for each i =0, 1.

Py Fl Q1
N LY
Py — : Qo R ENya) 2 (G SN H;)
i |
R - Y X oy
N Ny
Xo fo Yo

Proposition 3.1.1. Let (P, 7np,X,G) and (Q, 7g, X, G) be two principal 2-bundles. If (F,1dx,Idg) :
(P, 7p,X,G) = (Q, g, X,G) is a 2-bundle morphism then the Lie groupoid morphism F : P — Q
18 an isomorphism.

Proof. The Lie groupoid morphism F' consists of bundle morphisms that cover the identity and are
equivariant with respect to the identity, then by Theorem A.1.2 F'is a Lie groupoid isomorphism. [
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3.2 Morita morphisms

In this section we will study the some conditions under which 2-bundle morphisms become
Morita maps internal to the category of principal bundles.

Theorem 3.2.1. Let (P,7p,X,G) and (Q,nq,Y,H) be two principal 2-bundles and (F, f, ®) :
(P, 7p,X,G) = (Q, 7, Y,H) be a 2-bundle morphism. If both f and ® are Morita morphisms then
F is a Morita morphism.

Proof. Following Definition 1.4.4 the groupoid morphism F is fully-faithful if the following diagram
is a pullback

P —r—Q
|erie) |Garte)
Py x Py T8 Q4 x Qo
meaning that the map
F: Py = (Py X Po)Ryx iy X (srt0)@1s  F(x) = (sp(x), tp(x), F(x)),
is a diffeomorphism. Observe that F, is indeed, a bundle morphism along
D G1 — (Go X Go)pxoX (s tm)H1,  @(9) = (sal9).ta(g), ®(g))

covering the map f. That is

Py L> (Po X PO)FQXFQX(SQ,tQ)le 2 (Gl i> (Go X G0)¢X¢X(

Wpll l(ﬂpOXﬂ'pO)XﬂQl
X1 L> (Xo x XO)fOXfOX(5X7tX)X1'

Hy)

SH 7tH)

Thus, as ® is a Lie group isomorphism and f is a diffeomorphism, then the commutativity of the
previus diagram and the Rank Theorem imply that F is a diffeomorphism. Therefore, F is fully
faithful. To see that F is essentially surjective note that (Pyg, XSQQl, TPy X TQ1> X0 fo X sy Y1, Go X 1
H) is a principal bundle and the map tg o pry : Py P Xsq®@1 — Qo is a bundle map along the
homomorphism of Lie groups

tgo pro G0¢XSHH1 — H(],

covering the map ¢x o pry. That is

toopr. topr
Po XQO Ql L% QQ, N (Go XHO H1 ﬂ Ho)

WPOX”Q{L iﬂ—Qo
thpr
Xo Xy, Y1 —> Y.

Thus, as the maps tx opry and ¢y opry are surjective then the map tg o pry is surjective. Moreover,
we get that

rank(tg o pry) >rank(tx o pry) + rank(tg o pry)
=dim(Yp) + dim(Hp) = dim(Qp)

therefore, the rank of ¢g o pry is maximal, then it is a submersion. O
The next example shows that the converse of the previous theorem is not true in general.

Example 3.2.1. Let us consider the trivial principal bundles (R? x (R, +), pry, R?, (R, +)) and (R x
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(R2,+),pry, R, (R?,+)), and the bundle morphism (¥, ,:) where ¥(x,y;2) = (2;y, 2),¥(z,y) =
z,u(z) = (0,2)

RQ X (R?+) L) R x (R27+)a (Rv +) *L> (R27+)

ipﬁ JPH

R2 ¥ R
When we regard these principal bundles as principal 2-bundles as in Example 3.1.5 we get that
(U,,1) is a morphism of principal 2-bundles in which ¥ is a Morita map but ¢ and ¢ are not
Morita maps.

Proposition 3.2.1. Let (P, wp, X, G) be a principal 2-bundle and Q — Xo be a principal H-bundle.
If f:Q — Py is a bundle morphism along the homomorphism ¢ : H — Gqg covering the identity in
XO;

Py
X3 G1
A
PO H— G()

o) f
NP
0

such that the pullback groupoid f'P is defined, then it is a principal 2-bundle over X with structural
2-group ¢'G.

Proof. To see that f'P is well-defined it suffices to assume that f x f and (sp,tp) are transversal.
And by Theorem A.1.4, this is equivalent to saying that ¢ x ¢ and (s, tg) are transversal. Note
that if the crossed module associated to G is [H <2 G =%+ Aut(H)] then ¢ and p are transversal,
and implying that ¢ x ¢ and (sg,tg) are transversal. Let us suppose that any of these conditions

are satisfied, then by Theorem A.1.3 the space of arrows of f'P
QpXtpPrspxfQ = (Q X Q) fx X (sp,tp) P2

is a principal Hyx;,G15,XgH-bundle over X;. One can check that f 'Pis a principal <Z>!G—bundle
over X and f': f'P — P is a 2-bundle morphism along ¢' : ¢'G — G covering the identity of X. [
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Chapter 4

The Atiyah sequence of a principal
2-bundle over a Lie groupoid

In this chapter we introduce the Atiyah sequence of a principal 2-bundle. Just as a usual principal
bundle has an associated exact sequence of Lie algebroids, its Atiyah sequence (1.2), principal 2-
bundles have an Atiyah sequence wich is exact in the category of LA-groupoids.

4.1 The adjoint 2-bundle

In the same way that a principal bundle has an adjoint bundle, that is, a vector bundle associated
to the principal bundle through the adjoin action of the structural group on its Lie algebra, for a
principal 2-bundle P we have an adjoint 2-bundle Ad(PP). This 2-bundle is an £.A-groupoid over
X defined as follows. Initially, given that the vertical arrows of P are principal bundles, we can take
their respective adjoint bundles,

P1 XGl g1 :; P() XGO do

| |

X, ————— X,.

Since the structural maps of the principal 2-bundle are equivariant maps between the vertical
principal bundles, then these induce well-defined maps between the associated bundles. Observe
that the outcome of this process is a VB-groupoid. Moreover, these two vertical vector bundles
inherit the structure of Lie algebroid with null anchor, then each one is a bundle of Lie algebras,
actually it is an L.A-groupoid. We denote

Ad(P) == (P1 X¢, 01 = Py Xa, 90) - (4.1)

Definition 4.1.1. The adjoint 2-bundle of a principal 2-bundle (P, 7,X,G) is the LA-groupoid
(Ad(P), 7, X) defined in (4.1).

It was shown in [OW19] that the category of multiplicative sections of an L.A-groupoid has a
canonical structure of Lie 2-algebra, see Example 2.2.1. Then with the aim of making explicit this
structure for the adjoint 2-bundle we shall compute its core bundle and its space of multiplicative
sections.

Proposition 4.1.1. The core bundle of the adjoint 2-bundle Ad(P) is the Lie algebra bundle
(P1|X0 X, b, 7o, Xo) with the core anchor map given by

d: Ply, Xa, b= Po Xg, 80, 9([q,v]) = [tr(q),0(v)].

29



30 THE ATIYAH SEQUENCE OF A PRINCIPAL 2-BUNDLE OVER A LIE GROUPOID 4.1

Moreover, the core of AA(P) is isomorphic to the Lie algebra bundle

PO XGob

|

X07
the associated bundle of (Py,mo, Xo,Go) through the action of Gy on b given by oy : Gy —
Aut(h), cug := (g)xse.
Proof. Initially we compute directly the core bundle of Ad(PP)
1*(ker(3)) = {[q,v] € P1 x¢, 8|86+(v) =0, 71([g,v]) = 13, for somez € Xp}
- PI‘XO XGO []

and the core anchor map

A([g,v]) = tlg,v] = [tp(q), ta.(v)] = [tp(q), D(v)] .

To see the isomorphism P | Xo XGo b = Py X, b, observe that for [q,v] € P X, XGp b there exists
r € Xg with 1X = 71(q), then if we consider the point 1pip(q) € P1 we have that 1p;,(,) and g are
in the same fiber,

M(LPtp(e) =liira) = 1f§m(q)
=15 0x) =13
=m1(q).

Thus, there exists a unique h € G such that ¢ = 1p;,(4)h. Note that if we take the target map it
holds that

tp(q) = tp(lpip(g))ta(h) = tr(q)ta(h)

so tq(h) = e, then h € ker(tg). Thus, on the one side if we consider G; = H X, G then h € ker(tq)
is equivalent to h = (2, p(27 1)) for some 2z € H. Then one has that for all a € H

C(Z7p(z—l))(a, e) = (a,e),
hence cp|;; = Idy then for all v € b holds that
Adp(v) =v

Therefore, for all [g,v] in Piy, xXg, h we have

[q,?}] = [1Ptp(q)7v] .
On the other side, for g1 € G1 one has that there exists k € ker(tg) such that g1 = klg(tc(91)),
indeed g1 = (h,g) = (h, p(h™"))(e, p(h)g), then

|:qgl,Adgl—l'U:| lpipglc(ta 91))7Adg;1(v)}

[lptp(q tG gl))7Adtg(g1)_lAdk_l(v):|
=1

In conclusion, the map
Pilx, X6, b = Po xay b, [q,v] = [tp(q),v]

induces an isomorphism of vector bundles. O
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A Lie groupoid morphism f : P — g, is Ad-equivariant if it is compose of both at arrows level,
and at objects level by Ad-equivariant maps in the classical sense, that is, the maps fi : P, — g1
and fp: Py — go the next identities hold

filag) = AT fila),  folpg) = AdS® fo(p).

Proposition 4.1.2. The set of multiplicative sections of Ad(P) is in one-to-one correspondence
with the set of Ad-equivariant Lie groupoid morphism from P to the Lie 2-algebra ge,
ot (Ad(P)) ~C22 1, (P, g4 )°.

mult

Proof. To see this statement it suffices to recall that for a principal bundle (P, 7, M, G) it holds
that T'(Ad(P)) ~ C>®(P;g)®. Thus, for s € T(Ad(P)) we have a Lie groupoid morphism composed
by sections of adjoint bundles

Xl L) Pl XaG, 91, ﬁ-losl:IdXU
Xo i> Po XGo 90, To S0 = Ing-

Then there are equivariant maps f; € C®(Py,g1)%" and fo € C™(Py, go)“° such that

s1(z) = (¢, fi(9)],  so(a’) = [p, fo(p)]

for ¢ € P,p € Py with 71(q) = z,7o(p) = 2’. Finally, it is straightforward to see that the section s
is a Lie groupoid morphism if and only if the map f : P — g, is a Lie groupoid morphism. O

Proposition 4.1.3. For f € C*(Py; h)°, the following hold:

1. the map
friPi—= g1, f7(q) = f(tr(g))
is an Ad-equivariant map which induces a right-invariant section on Ad(P), and
it. the map
fHoPr— a1, f1q) =1 f(sa(q)
is an Ad-equivariant map that induces a left-invariant section on Ad(P). These correspon-

dences are one-to-one.

Proof. For item (i) note that for g € G1 one has that g~'15(tc(g)) € ker(tg) and Ady 1, (g)) /" (q) €
b, then

Ady-1(f7(q)) =Adg-11406(0) (Adigg-1)f(2))
:Adlc(tc(g’l))fr(q) = Adlc(tc(g’l))f(tp(q))
=f(tr(a)tc(9)) = f(tr(ag))
=f"(a9).

Thus, f" is an Ad-equivariant map. Let us consider the associated section s € I'(P; X, g1), then
for z € X7 and ¢ € P, with 71(q) =z

spr(1% ()02 = [Lp(tp(9)), f"(1p(tp(9)))] [g, Oc]
Q) * ¢, ma(f(tp(q)),0e)]
=g, f(tr(9))] = g, f"(q)]

=spr(x).
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Now for item (i7) one has that

fHag) =taf(sp(@)salg))
=1GxAd1(sa (1)) f(5P(q))
=Ad(sg(g-1)tG+f(5P(q))
=Adig(sat-1) S (@)
=Ady 15000 (Adigra ) (@)
=Ady-1 f(q).

4.1

Therefore, f!is an Ad-equivariant map. Now let us see that the associated section s g1 1s left-invariant

ﬁfﬂsf’(ligf(m)) = (4, 0c] [1PSP((1)’ fl(lPSP(Q)):|
=1q,0¢] [1Psp(q)> tan f (sP(0))]

= [q * 1PSP(Q)’ mG*(Oey LG*f(SP(q)))]
=g, 1a+f(sp(q))]

= |a./'(@)]
=sp (7).

Proposition 4.1.4. For a map f € C®(Py; h)%° we have (f7 + f1,0f) € mult(]P’,g.)G.

Proof. Let us show that

T_,’_l
P1u>g1

L,

is a Lie groupoid morphism. Indeed,

sax(f7 + 1) =sauf” + sauf!
=0+ sg.ta«fsp
=ta«(fosp)
=(0f) o sp,

and

tau(f" + f1) =tauftp +tastafsp
=(0f)otp+sa.fsp
=(0f)otp+0
=(0f) otp.

Finally for (¢,p) € P» we have

(f" + (g *p) =f(tp(g*Dp)) + taf(sp(q D))
=f(tr(q)) + tc+f(sp(p))
=f"(q) + f'(p)
=ma.(f" (@) + f1 (@), f" (o) + f' (D).
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The last equality follows from the identity ma,((X,0),(=Y,0Y)) = (X —Y,9Y). O

Remark 4.1.1. Observe that by Equations (2.4) we obtain an explicit expression for f7 + f.
Namely it is given by t*f — s*f + 0o f os.

Proposition 4.1.5. The category of multiplicative sections of the adjoint 2-bundle (Ad(P), 7, X)
has structure of Lie 2-algebra given by

[C(Py %Gy ) — Xt (AA(P)) 25 Der(T(Py x g, b))]

where 0(f) := (t*f — s*f,00 fos) and Dp(f) := [F, ] for all F € X, (Ad(P)), and for all
f el (P xa,h).

Proof. Tt follows from the fact that Ad(P) is an LA-groupoid and then applying the Theorem 7.1
in [OW19]. O

4.2 The Atiyah 2-bundle

From the Lie groupoid viewpoint each principal bundle (P, 7, X, G) has an associated gauge
groupoid G(P) = (Pair(P)/G = X). Actually, this assignment is a functor that sends principal
bundles to Lie groupoids, and bundle morphisms to groupoid morphisms. It is well-known that the
Lie algebroid of the gauge groupoid is the Atiyah algebroid At(P) = (T'P/G, [, -]R ,7), and clearly,
this assignment is again a functor, the Lie functor. Then the composition of these functors maps
principal bundles into Lie algebroids, and bundle morphisms to algeborid morphisms. Thus, for a
principal 2-bundle (P, 7, X, G) we have that the next arrangement is an £.A4-groupoid,

At(P1) —= At(R)

| | (4.2)

X1 /< Xo.

It is worth to note that At(P;) = At(F) is the quotient groupoid of the tangent groupoid of

P by the tangent lifting of the 2-action of G, as in Example 3.1.4. We denote the Lie groupoid
At(Pl) = At(P()) by At(P).

Definition 4.2.1. The Atiyah 2-bundle of a principal 2-bundle (P, 7, X, G) is the £A-groupoid
(At(P), 7, X) as in (4.2).

As in the case of the adjoint 2-bundle we shall determine the core algebroid associated to the
Atiyah 2-bundle and its space of multiplicative sections.

Proposition 4.2.1. Let Ap be the Lie algebroid of the total space P. Then the core algebroid of the
Atiyah 2-bundle At(P) is isomorphic to the Lie algebroid with underlying vector bundle

Ap/Gy

|

X07

The Lie algebra of sections is isomorphic to XE(PYC1, and the anchor map is p = dmo o dt, where
dtp is the core anchor map given by the quotient map of the anchor of the Lie algebroid Ap by the
natural action of the Lie group Gy, and dm is the anchor map of the algebroid At(FPp).
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dtp

Ap/Go P TX, Ap - TR,
x AO \\\\\\>L k//////
XQ PO
At(Py) dr TX, Ap/Go — 7 l TPy/Gy
Xo Py /Gy

Proof. First, note that for At(P;) = At(Fp) one has that ker(§) = ker(dsp)/G;. Since
Ap = 1pker(dsp) = {(po,v) € Py x ker(dsp)|1p(po) = q1(v)}.
The group Gy acts naturally on Ap via
Ap x Go = Ap, (po,v) - g = (pog; Rig(g),v)-

To see that indeed this action is well-defined note that for py € Py, v € ker(dsp) C TP, and g € Gy
with 1p(pg) = ¢1(v) we have

Rig9), Ty Pr = Tgwyia(e) P15

then q1(Ri,(g),v) = @1(v)1c(9) = 1p(po)lc(g9) = 1p(pog). It is easy to check the action axioms.
Consider now the next diagram

Ap = 1pker(dsp) ker(dsp)
4 l
. v % 4
Py z 1 Py
! m
1% (ker(dsp)/G1) -------------- » ker(dsp)/Gh
qgo 1x @
XO Xl

The top face is the pullback diagram of the maps 1p and ¢; conforming the underlying vector
bundle of the Lie algebroid Ap. The face at the right hand side is given by the quotient of the
G1-equivariant vector bundle ker(dsp) LN Py, recall that the action of Gy on ker(dsp) is the
tangent lifting action on the right action of Gy on P;. As Gy acts free and proper over P; then
its tangent lifting also is free and proper, so it is a good quotient. We denote the quotient map by
¢ : ker(dsp) — ker(dsp)/Go. The bottom face is the pullback diagram of the maps 1x and ¢ that
conform the underlying vector bundle of the core of At(IP). Let us now prove that the map

¥ Ap — T (ker(dsp)/Go) , ¢(po,v) = (m0(po), (v))

descends to the quotient to an isomorphism of vector bundles. For (pg,v) € Ap and g € G one has
that

Y((po,v)g) =¥ (pog, Ris(g),v) = (m0(pog), p(Rigs(g),0))
=(mo(po), ¢(v)) = ¥(po,v)

then ¢ descends to Ap/Gp. To see that ¢ : Ap/Go — 1% (ker(dsp)/Gp) is a surjective map, let
(x0,9(v)) € 1% (ker(dsp)/Gop) then take some point py € Py such that mo(py) = zo and note that
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1p(po) and g (v) are in the same fiber, because
™1 (Lp(po)) =lxmo(po) = 1x (o)
=i (p(v) = m(q1(v)).

Thus, there exists a unique h € G; such that 1p(po) = q1(v)h. Then the point (pg, Rp,v) € Ap, to
check this 1p(po) = q1(v)h = q1(Rp4v) and

Y(po, Rp.v) =(m0(po), p(Ruyv))
=(z0, ¢(v)).

To see the injectivity, let [po,v], [qo, u] € Ap/Gy such that

¥([po; v]) = (mo(po), p(v)) = (mo(go), () = ¢ ([q0, u])

then mo(po) = mo(qo) and p(v) = ¢(u), thus there exists a unique ¢’ € G1 and g € Gy with qo = pog
and u = Ry v, moreover 1p(po) = q1(v) and 1p(qo) = q1(u), therefore

1p(g0) = 1p(pog) = 1p(po)lc(9) = a1(v)la(g) = a1 (u),

so q1(u) = q1(v)1e(g) and gq(u) = q1(Ry ,v) = q(v)g’, then 15(g) = ¢'. Hence, there exists a unique
g € Gg such that
(po,v)g = (pog, Ri,(g),v) = (q0,u).

In conclusion 9 is an isomorphism
Ap/Go = (1pker(dsp)) /Go ~ 1% (ker(dsp)/G1) = Core(At(P)).

Now to see the isomorphism of Lie algebras at level of section spaces, observe that it is well-
known that T'(At(P))) ~ X(P;)“ and I'(4p) ~ Xf(P), then it is straightforward to see that
[(At(P))? ~ XB(P)%1. Therefore

XP) = {X € X(P1) | Ry, Xp = Xpigs Ry, Xp = Xpg, V0, g €P,g € Gy}

Now we will exhibit that correspondence between I'(Ap/Go) and Xf(P)“1. For a section X € T'(Ap)
the pullback diagram implies that there is a map X' : Py — ker(dsp) such that ¢; o X '=1p and
Xpo = (po, X)) for all py € P,

AP i) ker(dsP)

v
X(lqll X// lth
-7

Po —P> Pl.

Thus, X € I'(Ap)%° if for all go € Gy
Xpgo = Ry, Xp = (P90, R1G(go)*X1!;)~
Recall X € I'(Ap) induces X® € XF(PP) where for all ¢ € P;
Xf = Rq*XgP(fI)'
Therefore, if X € I'(Ap)“° then X7 € X%(P)“1, because for all ¢ € P; and g € G4

R _ ! _ !
qu _ng*ti(q)tG(g) - ng*Rle(tG(Q))*XtP(Q)
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and since the 2-action is multiplicative one has that for an arbitrary p € Py

Ryg 0 Rig(i6(9))(P) =Reg(plc(tc(g))
=(plc(ta(9))) * a9
=(p*q)(1c(tc(9)) * g)
=(p*q)g
:RQ(P *q) = Ry o Rq(p)~

Then Ryg 0 Ry (1(g)) = By o Ry and

XR =(Rgg 0 Rlc(tc(g)))*Xip(q)

=(By 0 Ry). (X))
=Ry X[

Now we are ready to describe multiplicative sections of At(P).

Proposition 4.2.2. The set of multiplicative sections of At(PP) is in one-to-one correspondence with
the set of multiplicative vector fields on P that are right invariant by the action of the structural
2-group G

Xt (At(P)) ~X mult (P)G
={(X,e) € X(P)9 x X(P)®° | (X,e) : P — TP  Lie groupoid morphism} .
Proof. To see this correspondence let us recall that for a principal G-bundle (P, 7, M,G) one has that
T(At(P)) ~ X(P), then if we take (X, €) € Xput(P)® there exists (X, ) € T(At(P1)) x T'(At(Fy))
such that X om = 7 o X, where 7 is the quotient map of the tangent lift action of the structural

2-group G on TP. Therefore, to check that (X,é) is a multiplicative section, let (xz,y) € X2 and
(p,q) € P such that 71 (p) = z and 71 (¢) = y, then

Xowy = T1(Xpag) = 7(Xp ¥ X)) = 711(Xp) # 71(Xy) = X, + X,

Note that this definition is independent of the fiber since the action is multiplicative, that means,
if (p,q), (', q') € P2 such that m(p) = m(p’) = x and m1(q) = m1(¢’) = y we have that there exists
g,h € Gy such that p = p'g and ¢ = ¢'h, hence, px g = (p'g) * (¢'h) = (p’ * ¢')(g * h), thus

1 (Xp*q) = 7~rI(X(p’*q/)(g*h)) =T <Rg*h*,p/*q/Xp’*q’> = 7~T1(Xp’*q’)-

Therefore, (X, &) € Xpmu(At(P)). Now for (V,e) € Xnui(At(P)) we have that there exists (V,€) €
X(P1)% x X(Py)% such that 7oV =V o, then one has that

(Vi) = Va(prg) = Vapysnta) = Vap) * Vatg) = (Vo * Vo),
so that there is a unique g € G such that

R Vpsg = Vp * V.

9x,pxq
Hence, p* ¢ = (p * q)g, thus g = e. In conclusion, (V, &) € X (P)C. O]

Proposition 4.2.3. The category of multiplicative section of the Atiyah 2-bundle (At(P), 7, X) has
structure of Lie 2-algebra given by

[D(Ap/Go) —25 Xpmur (AL(P)) -2 Der(T(Ap/Go))]
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where §(a) = a” — a! and Dx(a) = [X,a"] for all « € T(Ap/Go) and (X, e) € Xpu(At(P)).

Proof. Combining the previous results with Theorem 7.1 in [OW19] we obtain the following de-
scription of the crossed module of multiplicative section of At(P). O

4.3 Atiyah sequence of a principal 2-bundle over a Lie groupoid

Associated to a principal 2-bundle over a Lie groupoid there is a short exact sequence of LA-
groupoids that generalizes the Atiyah sequence for classical principal bundles. For the construction
of this short exact sequence let us consider a principal 2-bundle as in the next diagram

PP —= P NG —/—= Gy
]
X1 —/—= Xo.

Recall that each vertical arrow has the structure of a classical principal bundle, these are (P, 7, X1, G1)
and (P, mo, X0, Go). Then we have two Atiyah sequences corresponding to the vertical arrows, and
as seen in the previous sections the structural maps of P induce L£A-groupoids that fit in the next
arrangement

0—— P1 XG, 91— TPl/Gl TX1 0

0—>P0 Xgogoﬂ—HTPQ/GO 0

\l/

This is a short exact sequence of L.A-groupoids.

Definition 4.3.1. For a principal 2-bundle over a Lie groupoid (P, 7, X, G) the short exact sequence
of LA-groupoid above, denoted by

0 —— Ad(P) —— At(P) TX 0

ol

is called the Atiyah sequence of the principal 2-bundle (P, 7,X,G).

Now by Ortiz and Waldron in [OW19], the category of multiplicative sections of an £.A-groupoid
has structure of 2-term Ly-algebra (algebraic object to be defined in section 6.3). Thus, the Atiyah
sequence of a principal 2-bundle induces a sequence 2-term L.-algebras given by its complex of
multiplicative sections as follows
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F(PQ XGo []) % %mult(Ad(P»

T(Ap/Go) —>— Xpmu(

At(P))

I(Ax) —2— X (TX)

4.3

(4.3)



Chapter 5

2-connection form

In this chapter we introduce the notion of 2-connection form on a principal 2-bundle over a Lie
groupoid, for this we follow closely [HOV]. It is a notion that extends the concept of connection 1-
form on principal bundles and formalizes the idea of a horizontal distribution invariant by the action
of the structural group that is compatible with the groupoid structure. In Section 1 we introduce
2-connection forms and present some natural examples, and we introduce a criterion which ensures
the existence of 2-connections. In section 2 we study the curvature of a 2-connection and in Section
3 we introduce the notion of flat up to homotopy 2-connection, which is a kind of 2-connection that
is not flat in general, but when viewed it in cohomology it is flat.

5.1 2-connection form

Definition 5.1.1. Let (P, 7, X, G) be a principal 2-bundle. A 2-connection form on P is a VB-
map 0, from the tangent groupoid TP to the product groupoid P X ge covering the identity on P,
where g, is the Lie 2-algebra of the structural 2-group G,

TP1 L P1 X g1

I i

TP() L P() X g0-

and 61 € Q)L (P1;g) and 6y € Q) (Po; go) are usual connection 1-forms.

Looking at 2-connection 6, in terms of the associated crossed module of Lie algebras, we have
that as 0, is a VB-map the following diagram is commutative

d
TP, —¥ 7P — = TP —™ TP — % TP

dt
\L91 X P091 l@l J/OO \L91 lel

mxm $Xs uXu LX1
Py x gy —— Py x g1 $P0X90*>P1><91 — P X g1.
X

Spelling out the commutativity of the diagram for ge = (h X g =2 g) we get the following equations
0l =w®w € WUn(PL,bdg), b€ Qp(Po,a0).
i. The first square give us that for w € QL (P1;h)
priw — m*w + prow = 0, (5.1)

hence w is a multiplicative 1-form on P with values in b;

39
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ii. the second square tells us that
wi =580y, and t"0y— 0y =0 w. (5.2)
Recall that 0 - w(X) := 0(w(X)) for all X € TPy,

iii. the third square provides us that
u'w = 0; (5.3)

iv. the fourth square gives us
fw=—w. (5.4)

Remark 5.1.1. The equivariance of §; implies that for (h,e), (e,g9) € H x4 G one has that

]ﬂ?j(kh,e)e1 = Ad(hfl,e) 01, and Rzke’g)el = Ad( -0

e,971)

then
R eow =Adp-1 - w+ (@p-1)se - s, and  R(, yw = (0g-1)se - w. (5.5)

Moreover, for X = X1 + Xs € h @, g with X7 € h and X5 € g one has that
iz = w(X) + s"00(X) = X1 + Xo,
implies that i gw = X; and i5s*(¢) = Xa, then
igw=X1, Xi€h, izw=0, Xpeg. (5.6)

Remark 5.1.2 (PBC-groupoid). Note that having a principal 2-bundle (P, 7, X, G) together with a
2-connection 6, is the same thing that connection 1-forms on the principal bundles (Py, w9, Xo, Go),
(P, 71, X1,G1) and (Py, w2, Xo, G2), see also Remark 3.1.2. Indeed, for 6y, 61 and 61 X p 61, we have
that the structural maps preserve these,

i. m*0; = mg, - 61 xp, 61 by Equation (5.1);

ii. s%0p = sgy - 01, and t*0y = tg, - 61 by Equation (5.2);
iii. 1*0g = 1g, - 6o by Equation (5.3);
iv. 1*01 = 1, - 61 by Equation (5.4).

Therefore, the couple given by a principal 2-bundle together with a 2-connection is a groupoid
internal to the category PBC of principal bundles with connection.

Now let us see some examples of principal 2-bundles that admit 2-connections and an example that
does not admit a 2-connection.

Example 5.1.1. If we consider a classical principal bundle as a principal 2-bundle as in Example
3.1.5, then any classical connection 1-form can be seen as a 2-connection form on it.

Example 5.1.2. Consider a Lie 2-group G as a principal 2-bundle over a point and with itself
acting on the right. Then one has that its Maurer-Cartan 1-form defines a 2-connection on G.
Explicitly, for

G=HxoG —=<CC

! !

{x} /< {x}



5.1 2-CONNECTION FORM 41

one has
0 = 911\1/[21“0 =w+ 50y € Q}iR(H Xo G DL g).

where

w = (1)« (pri837c) € Qip(H xa Gsh), 6= 05rc € Qur(G; ).
Example 5.1.3. Consider a principal 2-bundle over a manifold as in Example 3.1.6

PoxH ~ Hx,G

S, Ny,
s

For a connection 1-form 6y in Py, we can determine the differential form w, in this case the Equations

(5.5), (5.3), and (5.6)) imply that

X

w = (&prgl)*ve - 8700 + pr;e}\f{[07

for 91\}510 the Maurer-Cartan form of H and pry : Py x H — H. We point out that this example also
appears in [Wall8, Ex.5.1.11].

Example 5.1.4. Let G be a Lie group. Consider G — {x} as a principal G-bundle over the Lie
groupoid G = {x} as in Example 3.1.8, where the groupoid G = {*} acts on G by left translation.
That is,

G —=G
Q Q

GxG—=G

| !

G /= {x}

with crossed module associated to the structural 2-group given by [« — G], and the structural maps
of G x G = G given by

5(91,92) = g2, t(g1,92) = 9192, 1(g) = (e, 9)
m((92,919), (91,9)) = (9291,9)-

Then we have w € QL5(G x G;0) implies w = 0 and for all connection 1-form 6y € Q- (G;g)
Equation (5.2) holds only when G is a discrete Lie group. Therefore this example shows that in
general there not exists a 2-connection on a principal 2-bundle. This example appeared
[LTX07, ex. 2.3].

Definition 5.1.2. Let us consider a principal 2-bundle (P, 7, X, G) and its Atiyah sequence as in
Section 4.3,

Then a multiplicative horizontal lift of At(P) is a VB-map h : TX — At(PP) such that splits the
Atiyah sequence, i.e. dm o h = Idrx.

Remark 5.1.3. Observe that to have a 2-connection form 6, on P is equivalent to having a VB-map
¢ : At(P) — Ad(IP) that covers the identity on X such that o v = Idsqp)-
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Proposition 5.1.1. Let (P, m, X, G) be a principal 2-bundle. There is a one-to-one correspondence
between 2-connections on P and multiplicative horizontal lifts of At(P).

Proof. Given h a multiplicative horizontal lift, we define the 2-connection as 6 := Id gyp) — h o dr.
Let us see that 6 : At(P) — Ad(PP) is a VB-map. By the definition it suffices to verify that 6(uxv) =
O(u) % O(v) for all (u,v) € At(P)q. For that let us recall the interchange law for VB-groupoids, see
e.g. [GMI7, §3]. If (v1,73) € At(P)2 and (y2,7) € At(P)2 with 7(y1) = 7(72) and 7(y3) = 7(74)
then (y1 +72) * (v3 +74) = 71 * 73 + 72 * 7. Thus
0(u) * 0(v) =(u — hdr(u)) * (v — hdr(v))
=ux v+ (—hdn(u)) * (=hdr(v)).
Given that the zero section of At(PP) is multiplicative, 0, * 0y = 0Ogyy for all (z,y) € Xs, then
(=71) * (—7v3) = —(71 *73) for all (v1,v3) € At(P). Hence
0(u) * 0(v) =u * v + (—hdr(u)) * (—hdr(v))
=u s v — (hdm(u) * hdr(v))
=0(u * v).

Now given 8 on P a 2-connection we define the horizontal lift as follows
h:TX — At(P), h(v) =v—(0(v))

for some v € At(P) such that dr(v) = x. Consider u,v € At(P) with dr(u) = dr(v) = x, then one
has that v — v € ker(dr), thus ¢«(6(u —v)) = u — v, and

v —1(0v) =u+ (v —u) = (0(u— (v—u)))

=u = 1(0(u)) + (v —u) = (L(0(v = u)))
=u — 1(6(u)).

Showing that h is well-defined, it is smooth because the horizontal distribution is smooth as well.
Now let us check that h preserves products. Let (z,y) € TXs and (u,v) € At(P)2 such that
dmo(u,v) = (z,y). Then h(x) = u — ¢(0(u)) and h(y) = v — ¢(A(v)). Hence

u

u

proving that A is multiplicative. O

5.2 The curvature of a 2-connection

Let (P, 7, X, G) be a principal 2-bundle with 2-connection form (6y, 61). Then for ; = w®s*6y €
QOY(P1,h @, g) the curvature 2-form is given by

1 R
O =db, + 5[91, 01] = Q1 + 5™ Qo, (5.7)

where

O = dw + %[w,w] + [500, . (5.8)
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Proposition 5.2.1. The 2-form Q1 € Q2(Py,b) as in (5.8) satisfies

Ql = Dglw, Dglﬁl = 0.

Proof. Given that s : P, — Py is a map of principal bundles with connection, for X a horizontal
vector on Py, one has that s,(X) is a horizontal vector on Fy. It implies that for any differential
form a on Py,

Dy, (s*a) =(ds*a)(h1) = (s*da)(h1)
=da(s«h1) = da(hpss)
=s"((da)hg) = s*(Dg,v).

Therefore Dy, o s* = s* o Dg,. On the one hand

Q2 =Dy, 01 = Dy, (w+ s"6p)
:Dglw + D91 5%0p
=Dy, w + S*Dgoeo
=Dg,w + s

thus Q; = Dp,w. On the other hand, we get

Dp, Q1 = 0 =Dy, (4 + s*Q)
=Dy, Q1 + 5" Dy, Qo
=Dy, + 5%0
=Dy,

hence Dy, = 0. O
Proposition 5.2.2. The following equation holds:
t*QO - S*QO =0- Ql. (59)

Proof. Before checking the identity above we are going to prove two auxiliar statements that shall
simplify our computations, 0 - [s*0y, w] = [s*0p, 0 - w] and 0 - ([w,w] + 2[s*0p, w]) = (t* — s*)[0o, Oo].
For the first one let &1, &> be arbitrary tangent vectors at some point of P; then

(9 - [8%00, w]) (&1, §2) =0([s™00, ] (€1, €2)) = O([s700(81), w(&2)] — [s"00(&2), w(&1)])
=0 (Lsgo(e1)(@(2))) = I Ly (e0) (w(£1)))
=[s" 90(51)7 A(w(&2))] — [s700(&2),0(w(&1))]  (by Equation (2.2))
=[5"00,0 - wW|({1,62).

For the second one note that

0 (Jw,w] + 2[s"0p,w]) =[0 - w,0 - w] +2[s"0y,0 - w| (previous statement),
[(t" — s")0p, (t* — s™)bp] + 2[s™ 00, (t* — s™)b0]
[t*eo, t*eo] — [5*00, 8*90] =t* ([90, 90]) — 5" ([60, 90])

(t* — s™)[0o, Oo].
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Now we have

o0

=0 - <dw + %[w,w] + [s*Hg,w])
=d(0 - w) + %8 ([w, w] + 2[s%0p, w])
=d((t" — 5")bo)

(t* —s")(dbo + 5
(# — 5)0.

1 *
+§(t*—s )[80, 60)

[907 Bo))

Proposition 5.2.3. () € O2(P1;b) is a multiplicative 1-form.

Proof. For this statement first we are going to prove two auxiliary equations,

(pri

and
(pry
For Equation (5.11)

(pr] —m* + pr3)([w,w])

4 pry)lw, ] =

—m™ + pr3)[s*0p, w]| =

=[priw, priw] —

=[priw, priw] —

prTQl —m* + prgfll =0.

—2[priw, pryw]

[priw, pryw].

[(pr] + pr3)w
— 2[priw, pryw].

[m*w, m*w] + [praw, praw],

> (pr7 + pra)w] + [prow, praw]

by (5.1)

For Equation (5.12), recall that s o m = s o pry, s 0 pry = t o pry and Equation (5.1), then

(pr] — m* + pr3)([s" 6o,

w])

[pris*6o, priw| —
[pris*6o, priw| —
[prs® 6o, prow]
[
[
[pr

+

pr13 “0o — Pr290a Pr1°~’]
prt*y — prys*fo, priw] =
pr3(0 - w), priw] =

Take &1, & tangent vectors at some point of P;, by Equation (2.3)

[0 - prow, priw] (&1, €2) =

d(pryw(&1)), priw(§2)] —
:[’B(pr;w(&)) (prfw(fg))
=[priw(&1), priw(§2)] —

=[prw, priw] (&1, &2)-

Therefore
(pr3

—m” +pry)([s70o, w]) =

[prow, priw],

[0(praw(&2)), priw(&n)]
- Ea(prgw(&)) (prfw(ﬁl)),
[prow(&2), priw(é)]

[m*s*0y, m*w] + [pr3s* 6o, prow]

[pr3s™6o, priw] — [pr3s*to, prow]

[pry(t" — s7)f0, priw]
[0 - praow, priw].

by (2.2)

5.2

(5.10)

(5.11)

(5.12)
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and thus

* * 1 *
(pr} — m* + pr3)Q =(prj — m* + pry)(dw + 5([%&1] + 2[5%60,w]))
=d(pr] —m* + prj)w)

1 * * * * * * *
+5 ((pry —m” + pry)w, w] + 2(pry —m” + pry)[s™bo, w])

1 * * * *
=0+ 3 (—2[prijw, praw] + 2[priw, praw))
=0.

5.3 Flat up to homotopy 2-connections

Let us consider briefly the notion of Lie 2-algebra valued differential forms on a Lie groupoid
introduced in [Wall8, §4]. Let P = (P, = Fy) be a Lie groupoid and a Lie 2-algebra ge =

[h 9, g £, Der(h)] as in Section 2.2. Here we denote the simplicial differential, see Section 1.5,
induced on differential forms of P by §

n

6 Qqp(Pn) = Qr(Pat1), 0= Z(fl)"d;‘.
=0

Definition 5.3.1. A p-form ¥ € QP(P,g,) is a triple ¥ = (U* Wb W) composed of differential
forms
Ut e Qo (Py,g), WP eQhp(Prb), and U e QYF(Poh)

such that 6¥U? = 9 - ¥’ and §¥® = 0. The differential of a p-form ¥ is a (p + 1)-form D¥ whose
components are given by

P4 = 0% — (=1)P9- T, DU’ = q¥’ — (—1)P6T°¢, DU = dU°.
By [Wall8, Lemma 4.1.2| it follows that (Q2(P;ge), D, [- A -]) is a dgla.

Remark 5.3.1. In these terms, for a principal 2-bundle (P, 7, X, G) in which ge denotes the Lie
2-algebra of G, any 2-connection (0, 6y) can be seen as a differential form on P taking values in the
Lie 2-algebra g,,

B = (6p,w,0) € QY(P; g,).

Note that by Equations (5.2) and (5.1)
0(6p) = (t" =50y =0 -w, and §(w)= (pr] —m* + pry)w = 0.

Let us consider a principal 2-bundle (P, 7, X, G) and its Atiyah sequence
0 —— Ad(P) —— At(P 0

\l/

Then a multiplicative horizontal lift A induces a lift of multiplicative vector fields

hm t X (X) = X (AL(P)),  hm(& u) := (ho& hgou).

It induces a linear splitting of the sequence of Lie 2-algebras of multiplicative sections of the Atiyah
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sequence as follows

he

L~ ~<
0 —— I'(Py g, b) —=— T(Ap/Gy) —=— T'(Ax) —— 0

l l e l (5.13)

0 —— Xn(Ad(P)) —=— X (At(P) 2 %,(X) —— 0

where the map h. is the core map induced by the VB-map h.

Definition 5.3.2. Let (P, 7, X,G) be a principal 2-bundle and h : TX — At(P) be a multiplica-
tive horizontal lift. Then we say that h flat up to homotopy if its linear splitting induced on
multiplicative sections is a weak morphism of Lie 2-algebras. In other words, there exists a 2-form
Qm : A2Xn(X) = T(Py xg, b) satisfying the following conditions

i. 0o he = hyod;
ii. hm[€, 0] = [hm(€), R ()] = 62 (&,m);
1il. hC(Dga) — Dhm(g)(hc(a)) = Qm(g,é(a));

Vo D ey D (6n],7) = 2o cemy Phom(e) (Qm(n,7)) = 0.

T'(Ax) —— T(Ap/Go) T'(Py xc, b).
Js Js o
X(X) Ly 2, (AL(P)), AZX,, (X)

Remark 5.3.2. A multiplicative horizontal lift is said to be flat up to homotopy because it induces
a map that is flat in cohomology. To see this, note that on bi-invariant sections of the Lie algebroid
of X the map h. preserves brackets. Let «, 8 € T'(Ax) such that d(a) = 0,6(8) = 0 then by the
properties above and the Peiffer identity for differential crossed modules it follows that

he([8,a]) = [he(B), he(@)] =he(Dspar) = De(n.(p)) (he(e))
=hc(Dsga) — Dy, (58)(he())
=0,,(0,0) = 0.

Observe that h,, preserves the brackets up to an exact element determined by €2,,.

Theorem 5.3.1. Let 04 be a 2-connection form on P and . € QgR(PO; ) an equivariant 2-form,
RyQc = (ag-1)s - Q¢ for all g € G, such that the 1-form ¥ = (6p,w,(2) € QL (P, ge) is a Maurer-
Cartan element in the dgla (Q(P, ge), D, [- A -]), that is

DU+ (AW =0
Then the multiplicative horizontal lift induced by the 2-connection 0, is flat up to homotopy.
Proof. Let us consider the linear 2-form Q,, : A% %,,(X) = I'(Py X¢ b) defined by
D (€,m) = () (u", 0"),

where u” and v" are the horizontal lifts of the vector fields that cover the multiplicative vector
fields £ and 7. Then we will see that Equations (ii) and (iv) of Definition 5.3.2 hold. Thus, on the
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one hand, by Theorem 4.1.5, we have that the Lie 2-algebra of multiplicative sections of the adjoint
2-bundle is given by
19 D
[T(Po x@b) — X (Ad(P)) — Der(I'(F, X b)),

where §(f) = (t*f —s*f,00 fos) € X, (Ad(P )) for all f € T'(Py X@ b). On the other hand, in our
notation, the Maurer-Cartan equation DV + 3 [\Il A VU] = 0 is equivalent to the equations

dfy + = [(90, 90] + 0 Q° =0; (5.14)

1
(t* — M) + dw + §[w,w] + [s"6p, w] =0; (5.15)
dQ° + [0y, Q] =0. (5.16)

Hence, considering the curvature 2-form of the connection 61 € Q)5 (Pi;h @ g) one has that

Q1(¢" 0"y =(doy + < [91,‘91])(€h n") = "1 (") — n01(¢") — 01([€" ")
:—91([5}‘, ")
=—([&" " - &)™)
:hm [57 77] - [hmfv hmn]'

Besides for the decomposition 61 = w + s*6 it holds that
1
O = (dw+ i[w,w] + [s"00, w]) + ™ Qo

where Qo = dfgy + 5 [90, o] is the curvature 2-form of 0y € QdR(PO, g); see Section 5.2. Therefore,
by Equations (5. 14) and (5.15) it follows

hm[ﬁﬂ?] - [hmf, hmn] :Ql<£h777h)

(doo + o] + 15700, 1) (€', 77) + 57 (€ )

(¢ = V) + 570 (e

= oL () 03 Ao
st

So Equation (4i) in Definition 5.3.2 holds. For seeing Equation (i7i), let us consider o € I'(Ax) and
¢ € X,,(X) and note that

he(Dea)) — Dy, ¢y (he(e)) =h o [€,a"] o u — [€", he(a)"] o u
=([&,a"]" = [¢", he(@)]) o u
= —01(6" he()) o u
:Ql(ﬁh, he(a)")ou

=(dw + Z[w,w] + [8*907w])(§h, he(a)™) o u + 5*Qo(E", he(a)™) 0w
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Observe that by Equation (i) in Definition 5.3.2 we have h,,(d(«)) = d(hc(a)) and it covers the
vector field p(h.(a)), hence

he(Dea) = Diehe(@) = (€, 3(a)).

Finally, to see Equation (iv), recall that for a horizontal right invariant vector field £ € X(Py)“
and a vertical vector field t.(f) € XY(P1) we have [¢",1.(f)] = tc(€"(f)). Thus, from Equation
(5.16) and (&, u), (n,v), (7, w) € X (X) one has that

0 =dQ° + [0, Q) (u”, v, w")
= Z u(QC (", wh)) — Z Q°([u”, v"], w") + L(6g A Q) (u, 0", w")

Ouhﬂ)h’wh Ouhﬂ)h’wh
= Y e - Y Q) ou+0
Ouh wh wh Oul v wh
= Q&) = D € Qmn, )] ou
O&myy O&myy
= > (&l = D Den(Qn(n,7)).
O&myy O&myy

Hence, Equation (7v) in Definition 5.3.2 holds, and therefore the morphism (hc, hp,, Q) is a weak
morphism of Lie 2-algebras. O



Chapter 6

Loo-algebras

In this chapter we will establish some algebraic features relevant for the last chapters of the the-
sis. In section 1, we review some concepts about graded vector spaces, in particular, we discuss the
construction of the graded-symmetric algebra and the exterior algebra of a graded vector space. In
section 2 we study coderivations of the coalgebra structure of the graded-symmetric algebra. In sec-
tion 3, we introduce the notion of L..,-algebra. The L,.-algebras are extensions of the notions of Lie
algebras and differential graded Lie algebras that have became relevant by their strong connection
with mathematical physics and string theory [L.S93, BC04|. Recently, they have appeared in several
novel approaches to problems in higher differential geometry as in [BC04, Rog09, Zam12, OW19|
among others. One of the main features that makes L.-algebras remarkable is that they are a kind
of algebraic structure that can be preserved by homotopic transformations.

6.1 Basic concepts

A graded vector space V is a real vector space equipped with a Z-grading, V = @, ., V.. An
element = € V,, is said to be homogeneous of degree n and we denote its degree by |z|. For two
graded vector spaces V and W the set of linear maps from V to W is denoted by Hom(V, W). We
say that a linear map f : V — W has degree p, denoted by |f| = p, if for all & € Z we have
J(Vi) € Wi4p. The space of homogeneous linear maps of degree p is denoted by Hom?(V,W). A
map of degree zero is called a linear degree-preserving map. The tensor product V® W is a graded
vector space with grading given by

(Vaw),:= P view,
1+j=n

for all n € Z. Given linear maps f € Hom?(V,W) and g € Hom? (V' W’) their tensor product
belongs to Hom? 4 (V @ V', W ® W’) and for homogeneous elements z € V and y € V' it is defined
by

(feg(zey) = (-1l (@) qg(y).
The tensor product of composable linear maps is composable, that is, for fi,g1 and fs, g2 two
couples of composable homogeneous linear maps, one has the following composition rule

(f1® f2) o (91 ® g2) = (—=1)2191(f1 0. g1) @ (f2 0 g2).

It is well-known that the group S, of permutations of n-elements induces two linear right
actions on the vector space V®". The first action, defined on the set of generators, is given by the
translations o; = (7,74 1) for 1 <i <n —1as

é(oy) =191 T @181 yon _, yen,

49
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where T is the twisting map. The twisting map 7 : V€2 — V®?2 is a degree-preserving linear
map defined on homogeneous elements z,y € V by T(z @ y) = (—1)*IWly @ z. Thus, explicitly for
homogeneous elements z; € V with 1 <1¢ < n,

é(Ui)(xl R ® 1»”) — (_1)|xi|\xi+l|$1 R QX1 QT R R Ty
For an arbitrary permutation ¢ € S,,, one has that
Eo)(21® @ an) = €021, .-, Tn)To(1) @+ @ Ty(n),

where €(o;x1,...,x,) = £1. This last symbol is known as the Koszul sign. We denote the set of
invariant elements by this action by (V®")5». The other linear action of S,, on V®" is defined on
the same set of generators as

X(0i) := —€(0y).

Thus for an arbitrary permutation o € .S,
X(O) (21 @ @ xp) = X(0521, ..+, Tn)Te(1) @ -+ @ T

where x(o;21,...,2,) = sgn(o)e(o;x1,...,2z,). Here sgn(g) denotes the sign of the permutation
0. We denote the set of invariant elements by this action by (V®")§".The graded-symmetric
algebra Sym(V) is the free unital graded-commutative algebra on V given by

Sym(V) = P Sym™ (V) := PVE)2,

0<n 0<n

We denote the multiplication map on Sym(V) by ps. A homogeneous element in Sym™ (V) is denoted
by € =x1 V.-V x,, and its weight is defined to be the integer n. The degree of x is defined as

|z| = |z1| + -+ + |zn]. In the same way, as we have defined the symmetric algebra, we define the
exterior algebra of V by
Sn
AV = P A" V) == @HvEm)§n.
0<n 0<n

It is well-known that for an n-linear map f : V" — W one has a linear one from the tensor product
of V denoted by the same letter f: V" — W. We say that the linear map f is symmetric if for
all o € S, the following equation holds

foélo) =
Explicitly, taking x; € V homogeneous for 1 < i < n,
(0521, 20) f(To(1) @ @ o)) = f(21 @ -+ @ xp).

The set of n-linear maps from V to W that are symmetric is denoted by Sym™(V; W). Analogously,
we say that a linear map f is skew-symmetric if for all o € S,, hold the equation f o x(o) = f.
The set of n-linear skew-symmetric maps from V to W is denoted by Skew”(V; W). We point out
that Sym"(V; W) ~ Hom(Sym"(V); W) and Skew”(V; W) ~ Hom(Skew" (V); W).

From now on we will extensively use the coalgebra structure of the graded-symmetric algebra. So,
we briefly introduce the main tools that will be necessary. We say that a permutation o € S, is a
(k,n — k)-unshuffle, 1 < k < n, if it satisfies 0(1) < --- < o(k) and o(k 4+ 1) < --- < o(n). The
set of (k,n — k)-unshuffles is denoted by Sh,;}l_k.

The symmetric algebra of a graded vector space V is a coaugmentated coalgebra,

Sym(V) = R1 & Sym(V) := R1 @ (P Sym*(V),
1<k
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where its coproduct is given by Ay = 1®Id + A, 4+ Id ® 1, and its reduced coproduct is

1
Ag(x1 V- Va,) = €(0)(@o1) V-V Tor)) @ (Tors1) V-V Ton))- (6.1)
1 UESh;;L_k

3
I

i

In particular, this coproduct is coassociative and cocommutative
(As@)lds)oAs = (Ids®As)OAs> ToAs=A,

where T is the twisting map.

6.2 Coderivation on Sym(V)

Definition 6.2.1. (Coderivation) Let F' and G be two coalgebra morphisms F,G : (C,A) —
(C",A). An (F,G)-coderivation is a linear map D : C — D’ which satisfies the coleibniz identity
with respect to F' and G, that is

AsoD=(FD+D®G)oA.
From a simple computation we obtain the following lemma.

Lemma 6.2.1. The following equation holds
AfoD= Y (F¥®DaG¥)oAL
i+j=n
Furthermore

Proposition 6.2.1. There is a one-to-one correspondence between coderivations D : Sym(V) —
Sym(V) with D(1) = 0 and linear maps D : Sym(V) -V, D +— Dy = préym(v) oD.

Proof. Consider the next identity
= §ro AT 6.2
prSym" (V) Tn © Py  © Ag ) ( : )

where 7, : T"(V) — Sym"™(V) is given by 7, (v1 @ - -+ @ vy,) = %vl V -+ V v,. This identity can be
found in [Reil9, pag.8|. Let D be a coderivation, and decompose it as D =) Dy, with Dy =0
and Dy, := prgyy,n(yy © D. By both the identity (6.2), and the Lemma 6.2.1 one has that

Dy, =prgyynevy o D
=Ty O pr%?” oA" oD

=, o pry" o Z (F¥ ® D®G%)oAl!
it+j=n—1

=Ty Z (pry o F)®* ® (pry o D) @ (pry o G)®7 o A?1
i+j=n—1

—7, Z F® D) @ GY o AP?
i+j=n—1

=— > F'VD VG oA
i+j=n—1
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Thus

X

Y FYvDiVGY oA
0 " itj=n—-1

V

n

6.3 L.-algebras

In this section we will introduce Lso-algebras and their morphisms. We will exhibit three dif-
ferent, but equivalent formulations of the notion of L..-algebra. We warn that, for practicality, we
will choose to work with a particular formulation depending on which of them is more suitable in
each situation. For more details see [LS93, LM95, Man04].

Definition 6.3.1. Let g be a Z<p-graded vector space. An L..-structure on g is a collection of

maps [-] = {[]k}lgk called higher brackets which satisfy the next conditions
i. forall 1 <k < oo
[1": g = g,
is a linear map of degree |[]"| = 2 — k. In other words, the k-th higher bracket []* comes
from a linear map of degree 2 — k
[ g% =g,
such that for all o € S,
k .~ k
[1"ox(o) = [1".

For homogeneous elements z; € g with 1 <¢ <k

k
[T, ® - ®ka]k =x(o521,.. ., 28) [%(1) ® "'®l‘a(k)] ;
ii. for all 1 < n the equation below holds
_1)i6-1) i T
> > (-1 x(o) [[%(1) A ANoopy ] ANgry N Ay | = 0.
i+j=n+1, o€Sh;,_,
1<

(6.3)
This is called the generalized Jacobi identity.

Now we define the notion of Ly.-algebra.

Definition 6.3.2. An L.-algebra is a pair (g, [-]) consisting of a Z<o-graded vector space g =
@ngo gn and an Leo-structure [ = {Hk}lgk

Let us consider the following examples of L..-algebras.

Example 6.3.1. Let us consider an Ly-algebra in which the unique non-zero bracket is the first

one. That is, the collection of brackets [-] = {[]k}Kk is given by
1
Bk oo =0 k=1

Note that |[]'| = |8] = 2 —1 = 1. In this case, we have that the generalized Jacobi identity (6.3)
is equivalent to 9> = 0. Thus we can conclude that the L..-algebras in which the only non-zero
bracket is [-]' are nothing but chain complexes.



6.3 Lo-ALGEBRAS 53

Example 6.3.2. Let us consider an L.-algebra concentrated in degree zero. That is, g = @OS & Ok

where g = 0 for all k£ # 0. Notice that for degree reasons the only non-zero bracket is []2 The
generalized Jacobi identity 6.3 in this case is the classical Jacobi identity

[, [y, 2l + [y, [z, 2]] + [2, [, y]] = 0.
We conclude that a Lie algebra is the same thing that an L.,-algebra concentrated in degree zero.

Example 6.3.3. Let us consider an Ly-algebra (g, [-]) in which the unique non-zero brackets are
the first two brackets. That is,

The generalized Jacobi identity 6.3 is equivalent the next identities
i. 02 =0;
i, 9([z,y]) = [0z, y] + (=D)1I[z, dy);
i, [[u, v], w] + (=)D (o, w], u] + (=)D [, u), 0] = 0.
In other words, the Lo-algebra (g, []) is the same thing that a differential graded Lie algebra.

Example 6.3.4. Let us consider an Lo.-algebra (g, [-]) whose non-zero elements are in the first two
grades. That is, g = g_1 @ go and g = 0 for all £ < —2. Observe that the unique non-necessary
zero brackets are

) []': g-1 — go, . | H;\ =1
b ®k [ :0-1©g0 =291, and []7:g5" =90, [|[][=0;
47 (g-1 B —g-1Dgo =
H (g 1 90) 9-1 D 8o []3 . 9?3 —g_1, ‘ H3 | =1
[* =0, 3<k.

The set of identities that compose the generalized Jacobi identity can be found in [BC04, §4.3,
Lemma 33|. A well-known fact is that a differential crossed module of Lie algebras, as in section
2.2, can be seen as a particular example of a 2-term L,-algebra in which []3 = 0. Moreover, in
[BCO4] it was shown that the 2-category of semistrict Lie 2-algebras is equivalent to the 2-category
of 2-term L-algebras.

Now let us comment two equivalent formulations of the notion of L.-algebra. The first formu-
lation says that we can see an Loo-algebra g as a pair (g[1],\) where the brackets are the same
that a map

A= 3"\ € Hom! (Sym(g [1]), g [1)
1<k

such that

i. for each 1 < k the map
A Sym* (g [1]) = a[1],
is a linear map of degree 1, i.e. the map Ax comes from a linear map of degree 1

Ao g1 = g1],

such that for every o € S},
A0 €(0) = A
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For homogeneous elements x; € g with 1 < <k
/\k(ml Q- ® :L'k) = 6(0’; L1y ,$k>)\k(xa(1) K- Q JZU(k)).

ii. for all n > 1 the generalized Jacobi identity holds

S )it ilmoy VeV ) V Toggn) VoV Tom) = 0.
=l geSh;, _,

The second formulation says that the collection of degree 1 maps

{An s Sym™(g[1]) — g [1}1<,, 5

defines a degree 1 coderivation dy = ps o (A ® Ids) o Ag of (Sym(g[l]),As) and the generalized
Jacobi identity is encoded in the property dg\ = 0. So an Ly.-algebra is the same thing that the
pair (Sym(g[1]),d) where d is a degree 1 coderivation of square zero. For more details about these
equivalences see for example [Dehl11].

Example 6.3.5. Let g be an L,.-algebra concentrated in degree zero, as in Example 6.3.2. Observe
that in this particular case the symmetric algebra on g [1] is the free commutative algebra generated
by elements of degree -1,

Sym(g[1)) = \\ o-

The coderivation induced by the L.,-structure is given on homogeneous elements z; € g,1 <i <n
by
Ay A Aay) = Z (“0) "™z, ] Axp A NGy Ao - AEj A ATy,
1<i<j<n
In fact, the chain complex (Ag, d) determines the Lie algebra homology of g with trivial coefficients.
The bracket satisfies the Jacobi identity if and only if the derivation d squares to zero.

Remark 6.3.1. In the forthcoming, for the cases where is not strictly necessary to specify the
Loo-structure we shall denote an L..-algebra simply by g. For the cases in which is necessary to
specify the Loo-structure we denote it by (g, [-]), (g [1], A) or (Sym(g[1]),d).

Definition 6.3.3. Let g and h be two L,-algebras. An L.,-morphism F : g — h is a coal-
gebra morphism F' : Sym(g[l]) — Sym(h[1]) that intertwines the differentials induced by the
Loo-structures. That is, F' is a linear degree-preserving map that satisfy the next identities

FRFolAs=A;0F, FOd)\g:d)\hOF.

Remark 6.3.2. A coalgebra morphism F' : Sym(g[1]) — Sym(h [1]) is determined by its projection
onto h[1] and it is the same that a collection of linear maps of degree 0

{F, :Sym"(g[1]) = b [1]}1§n'

In the particular case of 2-term L.-algebras, the set of constraint equations that should satisfy a
coalgebras morphism for being an L.,-morphism are presented in [BC04, §4.3, Def.34].

A strict Lo-morphism is an L.-morphism F in which F! = 0 for 2 < n, that is, F = S(F})
where for x; € g[1], with 1 <4 < n the map S(F}) is given by

S(F)(x1 V-V ay) = Ff(21) V-V F (z,),

and the map F : g[1] — h[1] has degree zero and preserves the higher brackets. For all k > 1 we

have i
FloAl =2\ o ;%"
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An Ly quasi-isomorphism is an Ls-morphism F for which the map H(F}) : H(g,[]') —
H(b, []1) is an isomorphism of vector spaces. Now with the aim of presenting a non-strict Lee-
morphism let us see the next example.

Example 6.3.6. Let us consider an extension of Lie algebras

0 n ! g > 0,

and o a linear section of 7 : g — g, m 0 0 = Idg. Denote by K, : A%g — n its curvature K, (x,y) =
[o(x),0(y)]—o([x,y]). Now consider the Lie 2-algebra of derivations of n. This is a 2-term L.-algebra

as in Example 6.3.4. It is defined by the crossed module of Lie algebras [n 2d, Der(n) LN Der(n)|.

Then the following collection of maps {F}, 3 } determines an L,,-morphism between the Lie algebra
g and the Lie 2-algebra of derivations.

Fl:0—-nF =0, F:g— Der(n),F(z):=ad,y), F:Ag—nFy:=K,.

We summarize all this information in the following diagram

Pt
0 —n n
Fy
0 J/ad /’
F} 9
g —— Der(n) N“g

We do not check here the constraint equations that defines an Ls,-morphism, but we point out that
these are obtained from Bianchi’s identity of K,. This construction appears in [MZ12, §6, Ex.6.4]
and [BZ21, §5,Prop.5.3] as examples of Ly-action in the context of Lie algebras and Lie algebroids.

Another interesting example of non-strict L.,-morphism arises when we study the minimal
model of a Lie 2-algebra.

Example 6.3.7. Let [b 9, g £, Der(h)] be a Lie 2-algebra. For the construction of the example

let us consider the associated Lie algebra cohomology class to it. For that consider the next diagram
and the next steps

i
<

i. By Proposition 2.1.1 we have ker(9) is an abelian subalgebra of h and im(0) is an ideal of g.

ii. Let h : coker(d) — g be a linear section of m, and K}, : A2coker(d) — im(9) its curvature
Kn(X,Y) = h([X,Y]) — [A(X), h(Y)], then for S := adp|;,g) : coker(0) — Der(im(0)) one
has dg K} = 0 by Bianchi’s identity.

iii. Let o : im(d) — b be a linear section of d. Then wy, = o o K, : A’coker(d) — b and
L := Loh:coker(0) — Der(h) and the equivariance of 0 implies (.S, L)-equivariance.
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iv. For the covariant derivative dj one has that dywy, : A3coker(9) — b is such that d(dpwy) =
ds(Owp) = dsKp = 0. Thus
drwy, : N3coker(d) — ker(),

and the map L' := Ll ) : coker(d) — Der(ker(0)) is a representation of Lie algebras such
that
dL’(deh) =0.

Therefore, we have a cohomology class [diwy] € H3(coker(9);im(9)). This cohomology class is
better known as the characteristic class of the crossed module of Lie algebras. See [Nee(6,
Wag06| for further discussion. We claim that

(ker(a) @ coker(d), [] = {[' == 0,[]2 := L', []* == deh}) ,

is a 2-term Loo-algebra (semi-strict Lie 2-algebra) and that the collection of maps F! := {F}, F}}
defined by

Fl :ker(d) — b, Fl :=1 F} :coker(d) — g, F} :=h F}: N*coker(d) — b, Fy := wy,

determines an L,-morphism quasi-isomorphism.

ker(9) ——— b h.
bl >
coker(d) — g A2coker(0)

Remark 6.3.3. According to the homotopy classification of L..-algebras due to Kontsevich in
[Kon03, Chap.4.5.1], every Loo-algebra is isomorphic to the direct sum of a minimal and of a linear
contractible L.-algebra. The minimal L,-algebra involved in the decomposition of an L.-algebra
is quasi-isomorphic to this and unique up to Loo-isomorphism. This minimal algebra is called the
minimal model of the L,-algebra.



Chapter 7

Lso-algebra cohomology with values in a
graded vector space

In this chapter we treat the cohomology of an L..-algebra with values in a graded vector space.
Such a cohomology has been studied in [Pen95, Kje0Ol, Reil9] extending the Chevalley-Eilenberg
cohomology of a Lie algebra. Accordingly, representations up to homotopy are considered instead
of strict representations. In Section 1 we deal with representations up to homotopy and define the
Loo-algebra cohomology with values in a graded vector space, as well as equivariant morphisms. In
Sections 2 and 3 we focus on the tensor product of two representations up to homotopy and on
the wedge product of cochains of L.-algebra cohomology. In Sections 4 we start with the study of
representations up to homotopy in terms of Maurer-Cartan elements of a particular dgla. Finally, in
Sections 5 and 6 we study the associated canonical spectral sequence to the Lo.-algebra cohomology.
As a main result, we show that the L.,-algebra cohomology is invariant with respect to equivariant
Loo-quasi-isomorphisms.

7.1 Representations up to homotopy

Definition 7.1.1. Let g be an L,.-algebra and V be a graded vector space. A representation up
to homotopy of g on V is a linear map

p:Sym(g[l]) @ V=V,
of degree 1 which satisfies the equation
po(d®Idy)+ po(lds®p)o (As®@1dy) =0 (7.1)
where d is the coderivation induced by the Lso-structure on g.

Let us see some examples.

Example 7.1.1. Let (g[1],\) be an Lo-algebra. There exists a natural representation given by
the higher brackets

ad: Sym(g[l]) @ g[l] = g[1], ad(z®y):=A(zVy).
This representation is referred to the adjoint representation of g.

Example 7.1.2. Let g be an L-algebra and V be a graded vector space both concentrated at
degree zero. Let p be a representation up to homotopy of g on V. Note that since |p| = 1, by degree
reasons the unique non-zero component of p is

prgll] @ Vo — V.

o7
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By Example 6.3.5, the Equation 7.1 says that for all z,y € g and v € Vj one has that

p([z,y] @ v) = p(z @ p(y ®v)) + p(y ® p(z ®v)) = 0.

Therefore, a representation up to homotopy of a Lie algebra on a vector space is the same thing
that a usual linear representation.

The particular case of representations up to homotopy of 2-term L.-algebras over 2-term graded
vector spaces has been studied before by several authors, for instance [SZ12, BSZ13, LSZ14]. In
order to introduce this case, let us consider a 2-term Lo-algebra g = (g—1 @ go, [-]) and a 2-term
graded vector space V =V @ V1, and consider a linear map p: Sym(g[l]) ® V — V of degree 1 as
in Definition 7.1.1. Observe that the unique non-zero components of p are

Pt Sym®(g[1]) ® Vo — VA, Pt Vo = Wi
prig1®Vi =W
p=1 p*:Sym'(g[l)@V =V, Po1 B0 @ ViV

Po0 80 @ Vo — Vo
pPSym*(g[1]) @ V=V, pP:A%go@ Vo — V.

The map p is a representation up to homotopy if it satisfies the constraint Equation in 7.1.1. We
present an interpretation of this equation in terms of Ls.-morphisms. This is a particular case of
[LM95, Thm 5.4] and can be found in [SZ12, BSZ13]. For that, let us introduce the Lie 2-algebra

of endomorphisms of a 2-term dg vector space. Let V =V} 9, V1 be a 2-term dg-vector space and
End(V) be its dgla of endomorphisms

End(V) : Hom(Vi, Vo) ——%+ End(Vo) ® End(Vi) —2 Hom(Vp, V3).
——— —_———

-1 0 1

Consider the truncated 2-term subcomplex defined by

Hom(V1, Vp) O, ker(dp) .
_,1_/ ——
- 0

This is a 2-term dgla, given that Endy(V) is a Lie algebra and § a derivation. The following crossed
module of Lie algebras determines the Lie 2-algebra of truncated endomorphisms

1 oend 0 rend 1
End; " (V) — Endy(V) = Der(End; " (V))|,

where End; " (V) = Hom(V1,Vp), End}(V) = {(S,T) € End(Vp) x End(V1) |T0d =00 S}, and
L&Y (D)=DoT—SoD, 9"D=(Dod,doD).

We denote the above crossed module of Lie algebras by Ends (V). For more details see [SZ12]. Now
we state the next definition that sum up the previous discussion.

Definition 7.1.2. (2-term representation up to homotopy) A representation up to homotopy of a
2-term Lo-algebra g = (g—1 @ go, [] = {dg, [, -]g ,I3}) on a 2-term dg-vector space V : 1} 9, V1 is
an Loo-morphisms p : g — Endy(V). That means, p = (p—1, po, p2)

g1 " Endy'(V) BEndy (V)

ld” o y

go —2— End)(V), Ago
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where are satisfied the next identities

i. ppodg = 0o p_y;

— aend

ii. po([z,y]) — [po(x), po(y)] p2(z,y);

iii. p_1(L3a) — L;ng)p_l(a) = pa(x,dga);
iv.
Z ‘C/e)g(dx)pQ(yv Z) - Z PZ(% [ya Z]) = p*l(li’)(l’aya Z))
Ozy,z Ox,y,z
Example 7.1.3. Let § and g be two Lie algebras and 0 : h — g be a homomorphism of Lie algebras.
For a linear map V : g — End(h) we have a representation up to homotopy of the Lie algebra b on

the 2-term dg vector space V=10 9, g given by

0 — Endy" (V) Endy' (V)
[ o

where
po i b — End(bh), pga(B) = Voga+ [, f];
pg b — End(g), pga(X)=0(Vxa)+[0a,X];
p2: A%h — Hom(g,h), pa(a, B)(X) = Vx [o, B] = [Vxa, B] = [0, Vx| = V2 xa+ V2 xB.

More details can be found in [AC12, Prop.2.11].

Now we will define the notion of L.,-algebra cohomology with values in a graded vector space
V.

Definition 7.1.3. Let g be an L..-algebra, and p be a representation up to homotopy of g on the
graded vector spce V. The L,-algebra cohomology of g with values in V is defined as the
cohomology of the cochain complex

Cy(g,V) := (Hom(Sym(g [1]), V), D,),

where the boundary operator D, is given for a homogeneous element « : Sym(g [1]) — V of degree

p; by
Dya:=po(lds® o) o Ay — (=1)Pa o d. (7.2)

We denote the Lo-cohomology of g with values in V by Heog ,(g; V). For more details about
this cohomology see [Dehll] and |Reil9]. For illustrate the nature of the formula in Equation (7.2)
consider the next example.

Example 7.1.4. Let g be a Lie algebra and p : g — gl(V') be a linear representation. For o €
Hom"(Ag,V) and x; € g fori =1,...,n+ 1, we will computate

Dya(xy A ANxpg1) = (po(lds®@a) o Ay — (=1)"aod)(x1 A+ Axpg1) = A
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using the Example 6.3.5 and the explicit expression for the coproduct in 6.1 we get

A=po (Ild; ® a) Z Z (@) (o) A A o) @ (To(rr) A A To(ni))

k=1 oeShy 1, 1y,

— (=) a S DM mim Az A A A AT A A T

1<i<j<n+1
n
=p (Z(—l)’””xk Qa@ A NigA-- A :):n+1)>
k=1
= ) (D gy A AN AEGA A T)
1<i<j<n+1
n
=\~ - pxkal‘l i‘k ....’L‘n+1
(D"(Z( DFpuy (@l A= Ady A )
k=1

— Y Dz Azt A B A AEGA - ATng)
1<i<j<n+1

Observe that D, is (up to a sign) the Chevalley-Eilenberg coboundary operator. In particular, we
have that Hop,,(g; V') is the Lie algebra cohomology with values in V.

Definition 7.1.4. Let p and p’ be two representations up to homotopy of g on V and b on W,
respectively. A (p, p’)-equivariant map from g to b is a couple of maps (F, f) where F : g — b is
an Leo-morphism and f: W — V is a degree-preserving map satisfying

for o (F®Id,) = po(ld,® f). (7.3)

In the particular case that g = h and F' = Id we simply say that the map f: W — V is (p, p)-
equivariant. A (p, p’)-equivariant map (F, f) : g — b is said to be a (p, p’)-equivariant L..-quasi-
isomorphism along to f : W — V| if F'is an L..-quasi-isomorphism and f is a quasi-isomorphism
of graded vector spaces.

One can compose equivariant maps yielding a new equivariant map. This is the content of the
next proposition.

Proposition 7.1.1. Let p,p’ and p” be three representations up to homotopy of g on 'V, g’ on U
and b on W, respectively. Then for (F, f): g — ¢ a (p, p')-equivariant map and (F', f) : ¢’ = bh a
(¢, p")-equivariant map we have

(F'oF,fof):g—b,

is a (p, p'")-equivariant map.
Proof. To see that in fact it is a (p, p”)-equivariant map we shall check the equation (7.3). Indeed,

(fofYop o(FloF)®Idy) =fo(f op’o(F ®@1dy))o (F ®Idy)
=fo(po(lds® f)) o (F®Idy)
=(fop o(F®Idy,))o (Ids ® f/)
=po (lds ® f) o (Ids ® f')
=po (Id; @ (f o f)).
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Therefore, for (F, f) a (p, p’)-equivariant map and (F’, ') a (o', p”)-equivariant map as in Propo-
sition 7.1.1 we define their composition as the (p, p”)-equivariant map

(B f)o(F', f1) = (F'oF, fof).

Remark 7.1.1. Given F : g — b an Lo-morphism and p’ a representation up to homotopy of b
on V, we can induce a representation of g on V called the pullback representation and is defined
by

F*p' : Sym(g[1]) @V Feldo Sym(h[1)) @ VL5V, F*p' = p o (F®1d,).

The map (F,Id,) : g — b is (F*p/, p')-equivariant and it is clear that Id, o p' o (F ® Id,) =
F*p' o (Ids ® Id,) holds. Actually, a general (p, p')-equivariant map (F, f) : g — b, can always be
factored it in a canonical way as the composition of (p, F*p'), (F*p/, p’)-equivariant maps. Indeed,
the map (Idg, f) is (p, F*p')-equivariant, since

foF*p o(lds®1d,) = po (Ids ® f),
holds by equation (7.3), and (F, f) = (Ids, f) o (F,1d,).

Proposition 7.1.2. Let p and p' be two representations up to homotopy of g on'V and h on W,
respectively. A (p, p')-equivariant morphism from g to b induces a morphism of cochain complezes
given by

F*:Cy(h,W) = Cy(g,V), Fra:=foaolkF.

Proof. 1t is clear that the morphism F* is well-defined. Let us see that F*D, = D,F*. For this let
a be a homogeneous element of degree p in C(h, W), then
F*(Dya) =fp'(Ids ® @) AsF — (1) fadF
=fp(lds ® a)(F ® F)As — (=1)P faFd
=fp (F®1d,)(Ids ® a)(Ids ® F)Ag — (—1)P(F*a)d
=p(Ids; ® f)(Ids ® a)(Ids ® F)As — (=1)P(F*a)d, by equation (7.3)
—p(ld, & (F*a))A, — (~1P(F*a)d
=D, (F*a).

7.2 Tensor product of representations up to homotopy

In this section we define the notion of tensor product of representations up to homotopy.

Proposition 7.2.1. Let g be an Loo-algebra and p' : Sym(g[1])®V — V and p? : Sym(g[1])@W —
W two representations up to homotopy. The following defines a representation up to homotopy of g
on the graded vector space V@ W

p:Sym(g[l]) @ (VOW) - VoW, p:=p'@Id, + (Id, ® p?) o (T @ 1d,,)

where T : Sym(g [1]) @V — V®Sym(g [1]) is the twisting map. Explicitly, for homogeneous elements
z € Sym(g[l]),v € V and w € W one has that

plz@vew)=p(rev)@w+ (=1)FEFFDPL @ o2 (2 @ w).

This representation is said to be the tensor product representation of p* and p?, and it is denoted
by p:=p' @ p*.
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Proof. To see that p is a representation up to homotopy we shall verify that the next equation holds
o (d®Idygw) + po (Ids ® p) o (Ag @ Idygw) = 0.
We will analyse this equation by parts. First consider the expression

o (Id, 0 p) =(p' @ 1dy, + (Id, @ p?) o (T @1dy,))(Ids ® p* ® Idy, + Ids @ ((Idy @ p?) o (T @ 1dy,)))
=pl o (Id; ® p') @ 1dy, + (p' ® Idy) 0 Ids @ ((Id, ® p?) o (T @ Idy,)) +

A
+ (Id, ® p?) o (T ®1dy,) 0 Id, @ p' @ Idy,
B
+(Id, ® p?) o (T @ 1dy,) 0 Id, @ ((Idy @ p?) o (T @ 1dy,)).

c

Let us check that: Bo (T ® Id, ® Id,,) = —A. To see this we take homogeneous elements z,y €
Sym(g[1]),v € V,w € W, and check this equality.
Az@yRvew) =(p' @1dy,) olds ® ((Id, @ p*) o (T @ 1dy))(z @ y @ v @ w)
=p' @ 1dy, ((-1)"lz @ (Id, ® p?) o (T @ Idy)(y ® v ® w))
=p' @ 1dy, ((-1)"lz @ (Id, ® p*) (-1 @ y @ w)
—(~1)FHI ! @ T, (@ © (1) © p2(y ® w))
= (=Dl @ 1d, (2 @ v @ PPy ® w))
= (=Dl G @ 0) @ pP(y @ w).
Bz@y®v@w) =(Id, ® p?) o (T ®1dy) o (Ids @ pr @ Idy)(z @ y @ v @ w)
(Idy ® p?) o (T ©1dy) (=12 @ (p' @ 1dy)(y © v ®@ w))
(—)F(Id, ® p?) o (T @ Tdw)(z ® p' (y © v) @ w)
(-1)"(1d, @ p*)((=1) R Y © 0) © 2 © w)
(=¥
=(=1)

1yl +olletHel+Hal ()1 () @ ) @ p2 (2 @ w)
Dlla el L ) 6 o) @ o2 (2 @ w),

then

Bo(T®Idy®Idy)(z®y@vew)=B(-1)"¥y 2z v ew)
=(=1)lellylHllzl+llyl e+ 51 @ 4) @ p?(y @ w)
=—Alzyvw).

Let us check that: C = (Id, ® Ids ® p?) o (T ® Idygw) © (Ids @ T @ Idy,).

Clzayevew) =T ®Idy) o (Id; ® ((Id, ® p?) o (T @ Idygw)))(z @y @ v @ w)
=(T @ Idy)((—1)"lz @ ((Id, ® p?) o (T ©1dy))(y @ v @ w))
—(—1)(T @ Tdy) (2 ® (Idy @ p2) (1)l @ y @ w))
=(~DFHWIP(T @ 1d,) (@ © (-1)"o © p*(y © w))
(=Dl iy @ 2 @ p? (y @ w)

(=1

Dzl @ 2 @ p? (y @ w),
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(Idy ® Ids ® p2)o(T @ Idygw) 0 Ids ® T @ Idy) (2 @ y ® v @ w) =

)

Id, ® Ids ® p?) o (T @ Idygw)(z @ (T ® Idy) (y @ v @ w))
)(@
|z

Id, ® Id, ® p?) o (T ® Idygw)(z @ (=) (v @ y @ w))
DI, @ 1d, @ p?) (1) Py @ 2 ® y © w)
Dzl —1) Py @ (1d, @ p?)(z © y @ w)

1)lleRHel ol @ (1)l @ p2(y @ w)
lllelHellvleitely @ o @ p2(y @ w)
=Crz®yvaw).

(
(
(
(=
(=
(=
=(-

and let us check that:
(T ® Idygw) © (Ids @ T'® Idy) o (As @ Idygw) = (Idy ® Ay @ Idy) o (T’ ® Idy,).
Let v e V;w € W, z; € Sym(g[l]),i =1,...,n. On the one side

(T @ Idygw) o (Ids @ T @ Idy) 0 (As @ Idygw) (21 V -+ V 2, @ v @ w)
=(T®Idugw) o (Id; ®T @1dy) Y D €(0)To(1) V- V Ty @ Tggr) V- -
k=1 UEShI;,}L—k
VZon) @V W
:(T ® Idv®w) Z Z 6(g)x0(1) VeV $o(k) ® (_1)(Zk§z |$a(i)|)‘v‘v ® xa’(k+l) AV
k=1 UGSh;;L_k

--\/xa(n)@)w

3

- 6(0’)(—1)(Zi§k 1Zo (i) DIVI+ (k< |$o(i)‘)|v|v ® To(1) VeV Lo (k) ® Lo (ki) (VA

1)|v\(2 |il) Z Z (W R Tey V ++ V T) @ To(hg1) Vo0V To(n) @ w.
k=1 UGShk_-,}sz

On the other side

(Ids ® Ay @ Idy) o (T @ Idy)(x1 V-V, @ v w)
=(Ids ® Ay ® Idw)(_l)(Zlml)lv\U Qr1V -V, dw

=D&l " N (o) To) VeV By ® To(rrn) VoV gy @ w
k=1 UEShI;}z—k

1)\U|(Z |il) Z Z e(o)v® To(1)V Vo) @ Tok1) VooV Ton) @ W.
k=1 UESh;}:Lik

Then, (T ® Idygw) o (Ids ® T ®@Idy) 0 (As @ Idygew) = (Idy ® Ay ®Idy,) o (T ®1d,,). Finally, consider
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the main equation

po(d®ldvgw) + po (Ids ® p) o (As @ Idvgw) =

(p' @ 1dy)(d ® Idygw) + (Idy, @ p?) o (T @ Idy)(d ® Idygw) +((p' o (Ids @ p1))®

=(Id, ®d®Idy, )o(T®Idy)

® Idy) 0 (A ® Idygw) + A0 (A @ Idygw) + B o (As ® Idygw) + (Idy ® p*) 0 C o (Ay @ Idyguw)
=pl o (d®1d,) @ Idy, + (Id, @ p?) 0 (Id, ® d ® Idy,) o (T @ Idy,) + (p' o (Ids @ p'))o

o (A ®1dy) @ Idy + Ao (As @ Idygw) + B o (T @ Tdygw) o(As @ Idygw)+

=—A
+(Id, ® p*) o (Id, ® Ids ® p*) o (T ® Idyge) © (Ids @ T ® Idy) 0 (Ag @ Idpguw)
—(1d,® A @1dy )o(TEIdu)

=(pto(d®1d,) + p' o (Ids ® p*) 0 (As ®1d,)) ®1d,, + Id, ® (p? 0 (d ®1dy,)) o (T ® Id,,)

TV
=0, p! representation

Ao (A ®Idygw) — Ao (Ay ® Idygew) + Id, @ (p% 0 (Id; ® p?)) o (Id, ® Ay @ 1dy,) o (T ® Idy,)
=0®1Id, +1dy, ® (p* 0 (d @ Idy) + 1d, ® (p* 0 (Ids ® p?) 0 (As @ 1dy))) o (T @ Id,,)
=Idy, 0 (p? o (d @ Idy) + p? o (Ids ® p?) 0 (As @ 1dy,)) o(T ® Id,,) = 0.

TV
=0, p2 representation

Therefore p is a representation up to homotopy of g on Vo W. O

Let us consider the right shift of the first element on V. That is, the degree-preserving map
Tk . V& 5 VO for k> 2,

k )
Tk(vl R Quy) = (_1)|”1|(Z]‘:2 \UJ\)UQ R QUL RV QU1 @+ @ Up,

forv; € V,i =1,...,n. It is interesting to note that it can be introduced in the following way. The
k-shift at right is defined by

TF = (Id*" 2@ T @ 1d*" ") o TF 1,

where T: V®V — V® YV is the twisting map.
Now consider a representation of an L..-algebra g on the vector space V

p:Sym(g[l]) @V — V.

The nt* tensor product representation up to homotopy p®" of g on V®" is defined by

n
PP = p@Id® T 4 (1A @ p @ Id¥"F) o T,
k=2

Explicitly, for x € Sym(g[1]) and vy € V,k =1,...,n we have
PPN R @) = p(TRV]) @V ® -+ @ Uyt

n
k—1,, .
k=2
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7.3 Cochain products
Let g be an Loo-algebra, m : V1 ® Vo — V3 be a linear degree-preserving map and
p': Sym(g[1]) ® Vi — V;,
be a representation up to homotopy for i = 1,2,3. Suppose that m is (p' ® p?, p?)-equivariant, that

is, the following diagram is commutative

pr@p?
Sym(g [1}) RV ®Vy —— V1 ®Vy

llds ®m im
3

Sym(g[1]) ® Vg ., V3.

Definition 7.3.1. Let o € Hom?(Sym(g[1]),V;) and S € Hom?(Sym(g[1]),Vs). The cochain
product between o and § along m is defined as

aApfBi=moa®BolA, € HomP (Sym(g[l]),V3).

The product between cochains descends to a well-defined product in cohomology. In order to
see this, we first exhibit some expected properties that the product of cochains should have. We
say that m is symmetric if m = m o T, and that m is skew-symmetric if m = —moT.

Proposition 7.3.1. Let g be an Lo-algebra and m : Vi @ Vo — V3 as above. Then for a, a1, as €
Hom®(Sym(g[1]), V1) and B, p1, B2 € Hom®(Sym(g[1]), Va),

1. The product Ny, is R-bilinear.
(1 + a2) Am (B1 + B2) = a1 Am B1+ a1 Am B2 + a2 A B1 + a2 A Ba.
. If m is symmetric, then

and if m is skew-symmetric, then

aAm B=—(=1)lBlg A o

iii. (Leibniz rule)
D (A B) = (Dyia) A B+ (1) A (D2 9).

Proof. Ttem (i) follows directly from the linearity of the tensor product. To see item (i), note that
Toa®BoT = (-1)PI3® a holds. Thus if z,y € Sym(g[1]) are homogeneous elements, then
DT 0 a0 8)(y © @)

1@MHWMT(()®5@»

1)+ (1) (vl+leD (=1 +18) 5(2) @ a(y)

(Toa®foT)(r®y) )
)
)
1)\04 l=1+18) B(z) @ aly)
)
)

DBl 8(2) @ a(y)
DIl (5@ a) @@ y).

=(-
=(-
(=
(=
(=
=(-

Hence,
Toa®BoT =(-1)Plgg a.
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Suppose now that the map m is symmetric, then we have

aAmB=moa® ol
=moToa®pPoT ol
=(=DPlmo @ ao A,
=(=DBIg A, a.
It is worth noticing that in the third equality it is used that the coproduct A is cocommutative,
ie. T o Ay = A, The skew symmetric case is analogous. Finally to see item (iii) we are going to
check the Leibniz rule by a direct computation
D s(a A B) =p® 0 (Ids @ & Ay B) 0 Ay — (=) Pla A Bod
=0 (Ids® (moa®BoAy))oAs— (=1)*HPFlmoa®BoA,od
—=p? o (Idg @m) o (Ids ® a @ f) o (Ids @ A) 0 Ag—
(=D Plmoa @ Bo(Ids @ d+ d ®1ds) o Ay
=mop' ®@p?o(lds @ a® B)o A2 — (=Dl o (0@ (Bod)) oA+
— (=)l o (=1)Pl((av0 d) @ B) 0 Ay)
=mo((p'o(Id; ®a))® B+ (Ids ® p?) o (T @1d;) 0 (Ids ® ¢ ® B)) 0 A2+
A
—(—1)l Bl o (a @ (Bod) o Ay — (—1)lm o (a0 d) @ B) o Ay).
B

On the one side, since the coproduct is coassociative and cocommutative A? = (A;®1dg) o Ay =
(Ids ® Ag) 0o Ag and (T ® Id,) o A2 = A2 one gets

®BoA2+ (Ids ® p?) o (T ®@1ds) o (Ids ® @ ® B) o (T @ Ids) 0 A2)
®Bo(As®Ids) 0 Ay + (Ids ® p?) 0 (a @ Ids ® B) o (Ids @ Ag) 0 Ay)
°0A) @) oAy + (-1 a® (6" 0 (14, @ B) 0 Ay)) 0 A)

0 A) @ )+ (1) (@@ (p o (Ids ® B) 0 Ay))) 0 Ay,

pto (Ids ® )
pl o (Ids R o
pl o (Ids R o

~— ~— ~— —

On the other side, one has that
B=mo (—(-D)lHBlag Bod) — (-1)(aod) & B)oA,.
Therefore, combining the expressions A and B yields
Dp?’(a Am B) =m o (((Pl o(lds ® @) 0 As) ® B) + (_l)lal(a ® (P2 o(Ids ® B) 0 Ag))) 0 A
+mo(—(=DHPla @ (Bod) - (—1)Naod) @ B)o A,

—mo((p o (Id,®a)o A, — (~1)aod) & B0 A,
+H=D)lmo (@@ (p o (1ds ® B) 0 Ay = (=)l (Bod)) 0 A
=mo(Dypa®p)oA;+ (-1)mo(a® D,pp)o A,
=D A B+ (1)1l Ay, D2 8.

In conclusion, the Leibniz rule holds

D s(a A B) = Dyiax A B+ (—=1)*a Ay, D 2 8.



7.3 COCHAIN PRODUCTS 67

O]

Remark 7.3.1. We point out the equivariance hypothesis on m only is required in the proof of
item (éi¢). Moreover, the Leibniz rule is totally independent if the map m is symmetric or skew-
symmetric.

Corollary 7.3.1. Let g be a Loo-algebra, and p' : Sym(g[l]) ® V; — V; be representations up to
homotopy, fori=1,2,3, and m : V1 ® Vo — V3 be a (p1 ® p2, p3)-equivariant map as in Definition
7.1.4. Then the cochain product Ny, is well-defined on cohomology. That is,

Hep p(8;V1) @ Hop 2 (95 V2) = Hop p3(9;Vs), o] ® [B] = [ Ay B].

Proof. Tt suffices to verify that if a and g are cocycles, then a A, B is so, and if « is a cocycle and
S is a coboundary then a A, S is a coboundary. These implications follow from item (i) and (ii7)
stated in Proposition 7.3.1. O

Example 7.3.1. Let p : Sym(g[l]) ® V — V be a representation up to homotopy of g on V, as
Idygy : VRV = VoV is clearly (p® p, p® p)-equivariant, it defines a canonical product of cochains.
For a, 8 € Hom(Sym(g[1]), V) we denote their product as

a Aldygy B = aAg f € Hom(Sym(g [1]),V® V).
Here is relevant to observe that this product is not symmetric neither skew-symmetric.

Let us recall the definition of a graded Lie algebra, gla for short. A graded Lie algebra is
a pair (L, [-,-]) consisting of a graded vector space L = P, .7 L and a skew-symmetric linear map
[,:] : L® L — L of degree zero which satisfies the Jacobi identity:

[oleddel ) =TI lo(l - J@ld) + [, Jo(Ida [, ]) o (T ®Id). (7.4)
Spelling out the previous definition yields:
e linearity: x € L,,y € L implies [z,y] € Ly4s;
e skew-symmetric: [z,y] = —(—1)"* [y, ];
e Jacobi identity: [z, [y, 2]] = [y, [z, 2]] + (—=1)"* [y, [z, 2]] -

A differential graded Lie algebra is a gla (L, [, -]) together with a degree +1 map d which
is a derivation of the bracket and d> = 0. That is,

do[,]=[,]o(dold+Id®d), d*>=0, (7.5)
For z,y € L homogeneous, one has

d([z,y]) = [dw, y] + (1)1 [z, dy] .

Corollary 7.3.2. Let g be an Loo-algebra and (L,[-,]) be a graded Lie algebra, then

(Hom(sym(g [1])7 L)a /\[-,~])7
is a graded Lie algebra with the cochain product A... Moreover, if (L, [,],d) is a differential graded
Lie algebra, then Hom(Sym(g [1], L), A, @) is differential graded Lie algebra with differential given

by
d(a) :=doa— (=Daody,

for every o € Hom(Sym(g[1]), L) homogeneous.
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Proof. Let us consider homogeneous elements «, 3,7 € Hom(Sym(g[l]),L), then by Theorem
(7.3.1) we have that the product AL is a skew-symmetric product. Let us see that it satisfies
the Jacobi identity.

A BALgY) = de(a®@BAL 7)o A= Jo (@@ ([, ]oB®70A))0 A,
=, ]o(Id®[,])ca®@B®vo(Id® As) o As, by Equation (7.4)
=l Jo(]eldea@pyo A+ [, Jo(ld®[,])o (T®Id)oca®f@yoA]
=(a AL B) ALy + (=1 )'aHﬂ'B Al (AL )
Now we assume that (L, [-,-],d) is dgla and let us see that the map d is derivation of A ; with

d? = 0. Verifying that d? = 0 is straightforward and equivalent to d? = 0 and d?\ = 0. To see that
d is a derivation let us compute it directly
d(a ALy B) =doa . B— (=1)le+18ly AL Body
=do[,-]oa®BolA;— (—1)HPI[ Joa®BoAso0d,
[]o(d@Id+Id®d)oa®BolA, — (~1)HPI Joa® Bo(dy @Id+1d®dy) o Ay

[Jo(doa)®BoAs+ [ ]o(-Dlad(dop)od, — (-1l Jo(aody)®FoA,

— (=D)AL Joa® (Body) o A,
=[,]o(doa—(—1)¥aocd\) ®BoA+ (-], Joa® (doB—(-1)fIBody) oA,
=da A B+ (=Dl AL, dB-

O

Let us consider the action of the symmetric group S, on the vector space Sym(g[1])®(*+1),

One observes that since the coproduct A; is cocommutative and coassociative, for a translation
0; € Sp+1 the following holds

éo) o AT =191 @ T @ 19" ) o (1% L A, ® 18" ) 0 AP !
(1®i—1 (TO A )® 1®n—i) ° An—l

(1®11®A ®1®n z)oAnl An

Therefore, as this action is generated by translations, for every permutation o € S,,+1 we have
€(o) o ALY = AL (7.6)

Proposition 7.3.2. Let p be a representation up to homotopy of g on'V and o € Hom!®! (Sym(g [1]), V),
for 1 <i < k. Given a k-linear map f € Hom(V®*, W), consider

fal,...,ak = f 01 Q-+ QO Ag_l : Sym(g []‘}) — W.
Then for every o € Sy the following hold:
i. if f € SymF(V, W), then

fal,..‘,ak - 6(07 Ckl, e 7al€)faa(1),...,ag(k);
ii. if f € Skew®(V, W), then

fal,...,ak, = X(U; ag, ... 7ak)faa(1>7...,ag<k)-
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Proof. Note that for any o € S, one has
éo)oa @ Ranoé(o) =¢lo;a,. .. , 0) (1) @+ @ A () - (7.7)

In order to check (7.7) it suffices to show it for generators o; = (i,i + 1) € Sp,,1 <i <n — 1. Thus
for homogeneous elements x; € V,1 < i < n,
)o@ - @ ayoé(oy)(T1 ® - @a,) = (—D)lFFHlE(g) 00 ® - -
"®an)(x1®"‘®l'i+1®$i®"‘®$n)
:(_1)‘331'”331'-&-1‘é(g)((_l)zzz1,k¢i,i+1 |zk|(2?:k+1 ‘O‘jl)+|zi+1‘(2?:i+1 o [) 424 ( ;'l:i.t,_z lovs 1)
é(oi)an (1) ®@ - @ i (wi41) @ ai1(T0) ® -+ @ ()
:(_1)\xillzz‘+1\+ZZ=1,k¢i,i+1 2| g o DHzap 1 [C2F ;o o Do [+ |ziga ) (levi 1 | +]2:])
ap(r1) ®@------ ® aip1(7i) @ i (Tig1) ® - - @ ap ()
:( )‘xi||zi+1‘+22:1,k;ﬁi,i+1 2kl o —pg1 o Dt [0 1 log D+ (327, 40 [ 1)
(- 1)\azllaz+1|+|fcz+1Haz+1\+|$z+1||$z|( )Zz=l,k¢i,i+1 2kl o o)+l (272 lag | —levigal)
( 1)\$z+1| i—it2 \%’D(al R R R ® an)(xl R ® $n)
=(-Dllleinlia; @ - @1 @ ® - ap) (T © - @ x).
Hence
éo))oa; ® - @ ayo0é(o;) = (_1)\04i||ai+1|a1 R QU1 R ® - ® .
To see item (i), let f € Sym*(V, W), then

faryan =f001 ® - ®@ay 0 A?_l
=foé(d)oa @ - Rano éo 1) oA
=AZ"! by equation (7.6)
=foe(o;00,...,00)0(1) ® @ Qyyy 0 AL

:6(07 0417 o 7an)fad(1),...,aa(n) .
Regarding item (ii) let f € Skew*(V, W), then

fat,wan =f0oa1 @ ®ay 0 A”_l
=fox(0)oa1 ® - ®ayoé(c )0 AlT?
=fosgn(o)é(c)oa; ® -+ @ aypoé(o” ) o A1~ 1
=sgn(o)foe(o;aq,... ’an>aa(1) ® -+ @ Qg(m) O APl
=sgn(o)e(o;aq, ... 7a")f%<1),-~,ag(n)

:X(U7 A, ... 7an)faa(1),...,aa(n> .

O

7.4 Representations up to homotopy in terms of Maurer-Cartan
elements

Let us recall the relation between L..-modules and Maurer-Cartan elements in a suitable dgla.
For that we follow [LMO95]. Let us consider a differential (non-negative) graded vector space (dg-
vector space for short) V = By, Vi, with a differential 0 € Hom!(V,V), 82 =0,

V: y 0 —2 Vo d>V1 6>V2 o ,..2 Vi 9, ...
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The space of endomorphisms End(V) = @, Hom*(V,V) is a graded associative algebra with
product given by the composition of morphisms. In particular, it inherits a graded Lie algebra with
the commutator bracket. That is,

[S,T]=SoT —(—1)¥IT 6 s.

for S,T € End(V) homogeneous elements. Moreover, the differential operator 0 of V induces a
degree 1 derivation ¢ of (End(V),[-,-]) defined as follows, for T" € End(V)

§(T):=[0,T| =80T — (-1)/TIT 0 0.

Thus (End(V),[-,-],d) is dgla which we denote by gl(V). The notion of representations up to
homotopy was originally introduced in [LM95] with the name of L.,-modules, and in this same
work, was shown that an L.,-module of an L.-algebra (g,[-]) over the dg-vector space (V,0) is
equivalent to an Lo,-morphism p from g to gl(V), where gl(V) is considered as an Loo-algebra, see
[LM95, Thm 5.4]. In [Reil9, Lem. 46] was proved that the map p is a Loo-morphism if and only if
the degree 1 map p : Sym(g[1]) — gl(V) satisfies the equation

1 _
0.~Jop+pods+ 5[ ]op@pold, =0. (7.8)

Therefore, Corollary (7.3.2) implies that (Hom(Sym(g[1]), gl(V)), A}, d) is a dgla and the Equa-
tion (7.8) allows us to interpret a representation up to homotopy as a Maurer-Cartan element in this
dgla. By this we mean, the map p is a degree 1 element in Hom(Sym(g[1]), gl(V)) which satisfies
the equation

1 _
dp + ip AP =0.

We denote the set of Maurer-Cartan elements (or representations up to homotopy) of the dgla
(Hom(sym(g [1])7 g[(V))a /\[~,-]a d) by Repgo (Va a)

Theorem 7.4.1. Let g and b be two Loo-algebras. An Loo-morphism F : g — b induces a dgla-
morphism

F* : Hom(Sym(h [1]), g(V)) — Hom(Sym(g [1]), gl(V)), F*a:=aoF.
Moreover, if F' is an Lo -quasi-isomorphism then F* is a quasi-isomorphism of dgla’s.
Proof. Let a, f € Hom(Sym(h [1]), gl(V)) be two homogeneous elements, then

=[,]Joca®BoAsoF
=[,]oa®BoF ®F ol
=[,]o(aoF)®(BoF)o A
=F"a AL F7B,

)

F (@, B)

and

F*(da) =(19, Joa — (~1)*laody) o F
—[0, ] (@0 F) = (~1)P (@0 F) o dys
=10, 0 Fra— (—1)®F*a o dye
=d(F*a).
Hence, F™* is a dgla-morphism. Now, let us suppose that F'is an Ly,-quasi-isomorphism then it is

well-known that there exists an inverse L,-quasi-isomorphism G : h — g, see for example [Kon03,
Mar04, ADMO02, Mar06]. Furthermore, there exists linear maps H € Hom ™! (Sym(g [1]), Sym(g[1]))
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and H' € Hom~!(Sym(h [1]), Sym(h [1])) such that
GoF —ldg=dysoH+Hodys, and FoG—1Idy=dy o H + H' od,y.

One proof for this fact can be found in [Kaj07, Thm 7.5|. Thus, for some w € Hom(Sym(h [1]), gl(V))
homogeneous element we have

(G*oF* —1d)(w) =G*(wo F) —w
=woFoG—-—w=wo(FoG-1dy)
=wo (H odyy +dy, o H)
= — (_1)“*)‘ [8,']OWOH/+WOd)\h OH/—|-(_1)|W| [a’.]oonl—|—on/Od>\b
= ()M () + (<190, ] o B — (1) w0 dy)
=(-)M(d(H"w) - H" (dw)),
then
(G* o F* —1d)(w) = (—1)*I(d(H"w) — H™(dw)).

Therefore in cohomology one has that G* is left inverse of F*, and analogously we can see that
in cohomology G is right inverse. Therefore F* is an isomorphism in cohomology, and so, a quasi-
isomorphism of dgla’s. O

The next theorem allows us to give an interpretation of the word up to homotopy in the sense
that a representation up to homotopy of g on a dg-vector space V, actually, represents g in the
homological homotopy class of (V,0).

Theorem 7.4.2. Let p be a representation up to homotopy of the Loo-algebra g on the dg-vector
space V. Then there is an induced representation up to homotopy on the dg-vector space H(V,0).

Proof. First observe that H(V,d), or simple H(V), is a dg-vector space with null-differential and
it is well-known that the dg-vector space V is a deformation retract of H(V), that means, there are
linear maps

w7 (V,0) T (H(V,d),0)

L

such that m ot =1Idg(y) and Idy —tom =000 H + H o 9. This deformation allows us to construct
a strict Loo-quasi-isomorphism between the dgla’s,

() gl(HWV)) = gl(V), f*:=1ofom.

This assignment is a linear dg-associative algebras homomorphism, for f and g in gl(H(V)) one has
that

(fog)*=ro(fog)om=(ofomo(togom)=frog"
Moreover, if F' € gl(V) is a class representative for a homogeneous element in H(gl(V),d), then we
have 9 o F = (—1)IF1F 0 9, so that for H(F) € gl(H(V)) the contraction above implies that
F—-—Foiron=FodoH+FoHo0
=(-)Flgo (FH) + (FH) 00
=0 (-)FIFH) — (=)FI=L(=)FIFH) 0 0.
Hence F — Fovom = [9,(-1)/FIFH] and Foronm = H(F)*. Therefore [F] = [H(F)*] and so (-)* is

an Lqo-quasi-isomorphism. Now according to [Kon03| there exists an inverse Lso-quasi-isomorphism
P :gl(V) — gl(H(V)). Therefore the representation induced on H(V) is given by

P
P gL gl(V) 5 gl(H(V)), o :=Pop.
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7.5 The reduced cohomology

Throughout this section let g be an Loo-algebra and p be a representation up to homotopy of
the Loo-algebra g on the dg-vector space V.

Proposition 7.5.1. Let o : Sym(g [1]) — V be a homogeneous linear map with a(1) = 0, then D,
satisfies Dyo(1) =0 and
Dya=pANeyx+00a— (1)l o dy.

Proof. Note that
D,ya(1) =po (Ids ® @) 0 Ag(1) — (=) 0 d(1)
:po(1d5®a)(1®1) 0
=p(1 @ (1)) = 9((1)),

thus (1) = 0 implies D,a(1) = 0. Now for € Sym(g [1]) we have

«

Dya(z) =p(lds ® 0)(A(z) + 1@z + 2 ® 1) — (—1)*a(d())
=p(Ids ® @) +p(Id ®a)(1®z)+ p(lds ® a)(z ® 1) — (=D a(d(z))
=p(lds ® a) +0(a(@)) + (—1)lll5, (a(1) — (1) a(d(2)),

T

A(
A(

~— —

T

and since p(1 @ a)A = p Aey @, then

Dya=pANeyax+0o0a— (-1l od.

The above proposition allows us to reduce the coboundary operator D, to the subcomplex
Hom(Sym(g [1]), V) € Hom(Sym(g [1]), V),
that is
Dy : Hom* (Sym(g [1]), V) — Hom* " (Sym(g [1]), V), Dpa=pAca+doa—(-1)%aocd.

The next formula tells us that the operator Dj is a coboundary operator if and only if p is a
representation up to homotopy as in Equation (7.8).

Proposition 7.5.2. The next formula holds
2 1_ - _
Dﬁ() - §p /\['7‘} '0 + po d+ [87 ] o p /\ev .

Pioof. Let us explicitly check the above formula in an arbitrary homogeneous linear map « :
Sym(g[l]) =V
Dyp(Dpa) =p Aew (Dpa) + 9(Dpar) — (=1) ¥ Dparod
=7 New (P New @) + P Aew (00 Q) + 5 Aew (—(=1)1¥aod) + 80 Ay v+ 0 0o at
— (=DM oaocd— (=) 5 A, a0d— (D)Mo a0 d — (=1)H (=)l 0 d o a)
=P New (P Aev @) + P Aew (9 00) + 00 (p Aew @) —(=1)1% p Ay (a0d) + (1) (B Ay @) 0 .
A B C
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Then let us analyse expressions A, B and C, separately

A= pPAcwa)od=evop@aoAgod
=evop®ao (Ids®d+d®Ids) o Ag
=p Nev (@0 d) + (-1 )'al(l)od)/\eva
B=70Nev (PNev @) =0 0P R (evop®aolg)oAg
=evo (Ids®ev)o (pRp®a)o (Id® Ag) o Ag
—(C@ev)o(pRp@a)oA?
=(PAc D) New @

1
(,0/\[ 1P )/\ev

Regarding expression C, let « be in Sym(g[1]) then

(19,1 07) Aew ale) =(ev 0 (19, ] 0p) @) (X ) ® 7))
=) (-1) e llel[g, ez (2))
=3 (=1l (3590(1)(04(95(2))) — ()P0, dalee))

= S (-1)F0lp, , (ae) + (~1)FO R, aa(e)
=00 (p Nev @)(@) + P New (00) ().

Putting all these observations together gives rise to

1
2.
DpO[ —(5

ﬁA[-,-] ﬁ) Nev 0 + ([87 ] Oﬁ) Nev O + (ﬁo d) Nev O
1
= <2p/\[~,-] p+10,] op+pod) New O
O]

Definition 7.5.1. Let g be an L,-algebra, and p be a representation up to homotopy of g on the
dg-vector space (V,0). The cohomology of the subcomplex

(Hom(Sym(g [1]), V), Dp)
is said to be the L., reduced cohomology of g with values in V. We denote this complex by
Cred(gvV)~
7.6 The canonical spectral sequence

In this section we study the canonical spectral sequence associated to the Ly,-algebra cohomol-
ogy with values in a dg-vector space. In particular, as the main result we show that this cohomology
is invariant by equivariant quasi-isomorphisms.

Let g be an Lo, algebra and p be a representation up to homotopy of g on (V, d). Let us consider
the primitive filtration of the coalgebra (Sym(g[1]), As,€,7n). That is,

Symy(a[1]) =0, Symp(a[l]) =R, Symy,(g[1]) = @D Sym" (g

n<p

Abstractly Sym,(g[1]) = R® ker(Agp )), for all p > 1. It is well-known that the primitive filtration
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is an ascending filtration that is exhaustive, Hausdorff, and bounded below.

|J Symyp,(g[1]) = Sym(g[1]), () Symyy(g[l])) =0, and Symq (g[1]) =0.
n=0 n=0

Moreover, the coderivation d induced by the L, structure preserves the filtration because of Lemma
(6.2.1). The primitive filtration on Sym(g [1]) induces a descending filtration on the cochain complex
C,(g,V). For all p integer it is given by

FrCy(g, V) i= {a: Sym(a[1]) - V| a(Symy(g 1)) = 0}
Observe that FOC,(g,V) = C,(g,V) and F'Cy(g,V) = Cyealg, V) then
— - FPHCy(9,V) C FPC,(g,V) C -+ C Crea(8, V) C Cy(g, V).

This filtration is clearly exhaustive, |2, F"C\,(g,V) = C,(g,V), and complete, since it is straight-
forward to see that
Cp(9,V)/F"Cp(g,V) ~ Hom(Symy, (g [1]), V).

Then one has that

lim Hom (Symy,) (g 1)), V) ~ Hom(Sym(g [1]), V) = C, (s, V).

Moreover, we have
D, (F?C3(g. V) € PO (g,V).

Since a € Cy(g, V) satisfies a(Symy, (g [1])) = 0, the following hold

e Ja(Symy,(g[1])) € 90 = 0;

o ad(Symy,(g[1])) € a(Symy,(g[1])) = 0;

o 7 Aew o(Symy(a[1]) € (evo (7@ a) (Symy (a [1)52)  ev(gl(V) 0) = 0.
Then D,a(Symy,(g[1])) = 0. As a result we have the following proposition.

Proposition 7.6.1. The associated spectral sequence to the filtration above weakly converges
EY(g:V) = HZ i, (8: V).

Proof. The descending filtration above is exhaustive and complete then the spectral sequence weakly
converges by Theorem 10 Section 5.5 in [Wei94]. O

The associated spectral sequence to the filtration of the complex C(g; V) starts with
Ep? = FPCPT(g, V) /FPTCPT(g, V) ~ Hom?™(Sym® (g [1]), V)
and do : Ef'? — Eg’qH is given by D,,. For a € Hom?t?(SymP(g[1]), V) we have
doa = dar — (—1)PH9ad!®, (7.9)
where d%® is the coderivation induced by A;. Explicitly for z; € g[1],1 <i < p it holds that

doo(z1 V-V ap) =0(a(x1 V- Vxp)) — Z (fl)p"'qe(a)a()\l(xa(l)) V To2) V Top))-
oEShy,

We are ready to state the main result of this chapter which establishes that the L..-cohomology is
invariant by Lso-quasi-isomorphisms
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Theorem 7.6.1. Let p and p’ be two representations up to homotopy of g and b on the dg-vector
spaces V and W, respectively. If (F, f) : g = b is a (p, p')-equivariant Lo -quasi-isomorphism along
to f: W — V, then the induced map

F*: Hopy(b;W) = Hegpp(g; V),
s an isomorphism.

Proof. Initially we observe that as F' is a coalgebra morphism it preserves the primitive filtration
on Sym(g[1]) and Sym(h [1]) then F* preserves the filtration on the cochain complexes C, (h, W)
and C,(g,V). Thus, F* induces a morphism between spectral sequences. Now we shall see that

Fy - EY (s W) — EPY(g V),

is an isomorphism. For this we take an L.,-homotopy inverse T for F', it exists by [Kaj07, Thm.7.5]|.
Note that by Equation (6.2.1) a coderivation preserves the primitive filtration, then in particular
for a homotopy coderivation H of Sym(h [1]) the equation

FoT —1d = Hd+ dH,

holds on Sym?(h[1]) for all 1 < p. On the other hand, one has that for some p,q > 0 the map
F} : EBY(h; W) — EP?(g; V) depends only on F} and f, indeed, for z; € g[1],1 < i < p and
a € EPI(h;W)

Fya(z1V---Vx,) = fa(Ff(z1) V Fi(ze) V-V Fl(zp)).

Then if ¢ is a homotopy inverse for f, then the maps (7,t) : h — g, although they are not a
(¢, p)-equivariant map, they determine a well-defined map on

Ty : B (g; V) — Eg9(h; W),
for all p,q > 0. Now it is straightforward to verify that 7 is a homotopy left inverse for F{,

Ty Fro =(Id + hd + 0h)a(d + HAX® + di° H)
=a +dy (ha + hosz%® + (=1D)lel(aH + h@aH)) .

In a similar way we can see that T} is a homotopy right inverse of F{j. Hence, F}" is an isomorphism,
and therefore by the Eilenberg-Moore Comparison Theorem [Wei94, Thm 5.5.11] we have

H(F*): Hop,p (W) = Hogp(g; V),
is an isomorphism. O

In some sense, the next result tells us that the L,,-cohomology depends strongly on the homo-
topy type of both the L..-algebra and the coefficient space.

Theorem 7.6.2.
E7(g; V) =~ Hom? " (SymP (H (g) [1]), H(V)).

Proof. Let us consider the minimal model of g, that is, an Ls-structure on H(g) := H(g,[]")
together with an Loo-quasi-isomorphism ¢ : H(g) — g. Then p* := ¢*p determines a representation
up to homotopy of H(g) on V such that

(¢,1d) : H(g) — g,
is a (p*, p)-equivariant map, thus by Theorem 7.6.1 one has

EY(g; V) ~ EY(H(9); V),
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and as
EPY(H(g); V) = H(Eg!(H(g); V), do)

where dy is induced by 9, by Equation (7.9). Hence,

H(EPY(H(g); V), do) ~H (Hom?*(Sym? (H (g) [1]), V), do)
~Hom?"?(Sym”(H (g) [1]), H(V)).



Chapter 8

The Chern-Weil-Lecomte morphism

This is the main chapter of this thesis. We present the extension of the Chern-Weil-Lecomte
homomorphism to the of extensions of L,-algebras together with representations up to homotopy.
This construction extends the algebraic approach to the Chern-Weil homomorphism made by P. B.
Lecomte in [Lec82, Lec94]. For that, in Section 1 we study extensions of L..-algebras and present
some useful results about splittings, in particular we get a Bianchi identity in this context. In Section
2 we state and prove the main result of this work, namely, Theorem 8.2.1, which is a L..-version
of the Chern-Weil-Lecomte morphism. In Section 3 we will see some results about the naturality of
this construction, and finally in Section 4 we study the particular case of extensions of (strict) Lie
2-algebras together with a 2-term representation up to homotopy.

8.1 Extensions of L.-algebras

We start by reviewing extensions of L-algebras. For a broader discussion see [MZ12, Chap.6|,

[CL13, Chap.3.1], and [Reil9, Chap. 5.3].

Definition 8.1.1. An extension of L.,-algebras is a short exact sequence of L..-algebras

0 n——§——g 0,

in which the Lo,-morphism 7 and ¢ are strict Lo,-morphisms. In that case we say that g it is an
extension of g by n.

Remark 8.1.1. As 7 is a strict Loo-morphism it is determined by 7}, 7 = S(7}). Then a linear
section hi : g[1] — §[1] of 7{ induces a coalgebra morphism h = S(hi) which is a linear section of
7-‘-7

moh=8(r)o8(h}) = S(r} o hl) = S(1d) = 1d.

Therefore, in the sequel we shall denote a linear section of 7} simply by h and say that it is a linear
section of 7.

Proposition 8.1.1. Let

be an extension of Los-algebras and h a linear section of w. Then for each k > 1 the linear map
K =Moo h® —hoxg: g[1]%% — g[1],
has the following properties:

i K,’i 18 a linear symmetric map of degree 1, and

7
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i, im(KF) Cn[l].

In particular, there is a well-defined linear map KF : Sym*(g[1]) — n[1], for all k € N and it defines
a linear map

Ky =Y Kf:Sym(g[1]) = n[1],
k>1

of degree one referred to as the curvature of h.
Proof. For item (i) if z; € g for 1 <4 <k, then

Ao h®* (21 @ - @ ap) =\p(h(z1) @ -+ - @ h(x))
:6(0-; h(x1)7 s h(xn))j‘k(h(xa(l))v @ ® h(xo(k)))
=¢(o; 21, ... ,xn)(j\k o h®k)(a:0(1) ® @ To(k)),

since, h is degree-preserving map €(o; h(x1),...,h(zy)) = €(o;21,...,2y). So,

Ki(@1® - @ an) =€(0;71, ..., ) (A 0 B¥¥) (2501) @+ ® 21
—h(e(o; 21, Tp) (T (1) @ -+ @ To(r)))
=e(o; 2y, ... ,xn)(j\k oh®F — po M) (To(1) @ -+ @ To(ry)-

Therefore, Kf(z1 ® -+ ® ) = €031, ..., xk)K,]’f(xo.(l) ® -+ @ Ty(r)) is symmetric, moreover as
the degree of )\k,j\k is 1 and the degree of h is 0, then K,’f has degree 1. For item (i7) note that
71§ — gis a strict morphism between L..-algebras, then one has that 7} o MNe = A0 (W%)@)k. Thus

THEF) =rt o Mo h®F — i o ho Ay,

=M o (1) o h®F —wloho N,
=\ o (m o h)® — (xloh)o N,
=Xk — Ak

=0.

Then, by exactness of the sequence, one has that
Im(KF) C ker(n}) = Im(:) = n[1].
OJ

Remark 8.1.2. We can interpret the curvature K} as the failure of A being an L.,-morphism.
Indeed, R R
Kp=MAoS(h) —ho)=Prgyo(doS(h)—S(h)od).

Definition 8.1.2. Let (g[1],\) be an L-algebra. A graded subspace n[1] is an ideal if for every
z € n[l] and y € Sym(g[1]) we have A\(z Vy) € n[l1].
Example 8.1.1. For an extension of Ly.-algebras as in (8.1.1) the space ker(w{) = n[1] is an ideal

of g[1], since for x € n[1] and y € Sym(g[1]) we have

(A V) =A(ri(2) V 7 (y))
=A(0V 7(y))
=0,

hence, A(z V y) € n[1].
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Remark 8.1.3. For an extension of L..-algebras, we can restrict the adjoint representation, see
Example 7.1.1, to the ideal n[1]. That is,

ady s Sym(@[1) @ n[l] > n[l], ady(e@y) = A(w V).
This is a representation up to homotopy of g on n[1]. Consider the linear map
$:Symg[) @nll] > nfl], S@oy) = ASH)) V).
Equivalently, R
S=MXojo(Sh)®Id,),

with i being the multiplication map on the algebra Sym(g[1]). A priori, if the map h is not an
L, morphism, there is no reason for S being a representation of g. Now for a homogeneous map
f € Hom(Sym(g [1]),n[1]) of degree p we define the map

dsf:=So(ld;® f) o Ay — (=1)Pf od € Hom”*(Sym(g [1]),n[1]).

Theorem 8.1.1 (Bianchi’s Identity). Let Kj, € Hom!(Sym(g[1]),n[1]) be the curvature of a split-
ting h of w. Then
dsKp = 0.

Proof. This follows from a direct computation. Indeed,

dsK, =So(Ids ® K)o Ay — (—1)'Kj, od
=So(Ids® (AoS(h)) oAy —So(Idg®ho)) oA,
+(AoS8(h))od—(ho))od
——
Aod=0
=So(Ids® (AoS(h)) oAy —So(ldy®(ho))oAs+AoS(h)od
A B c

Computing the term A:

A=Xojio(S(h)®1d,) o (Ids ® (Ao S(h))) o A,
=Xojio(S(h)® (AoS(h))o A,
=Xo i o(Ids®\) o (S(h)®S(h))o A,
~—
=poT =As0S(h), ToAs=As
=XofioTo(Ids®A) o T oA, ® S(h)

=J®ld,
=Xojio(A®1d,) 0 A, 08(h)
=d
=XodoS(h)
=0
=0.

Computing the term B:

B=—Xojio(S(h)®1Idy)o (Ids® (ho)))o A,
= — Ao jio(S(h) @ (hoX))oA,.
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Computing the term C:

C=Xo Sh)opu oA®Ids)o A
N—_——
=jio(S(h)@S(h))
=Xojio(S(h)®S8(h))o(A®1Id,) o A,
=\o [ h)o A h A
O\H/O((S( JoX)@S(h))o As
=0T =ToA,
=XofoTo((ho))®S8(h))oT oA,
=5(h)®(ho})
=\ojio (S(h) @ (hoX))oA,.

Hence,

dsK, =A+B+C

8.2 The Chern-Weil-Lecomte morphism

In [Lec82, Lec94| P.B. Lecomte gave a construction of the Chern-Weil map for an extension of
Lie algebras together with a representation of Lie algebras. See section 1.3 and also [Neel0] for more
details. In this section we extend the Lecomte’s construction to the setting of extensions of L.-
algebras and representations up to homotopy. For that, let us consider an extension of L.,-algebras

™

0 n——g g 0,

and p a representation up to homotopy of g on the dg-vector space V. A space of great interest for
us is the set of k-linear skew-symmetric maps between n[1] and V which are g-equivariant, that is,

Hom®(AFn[1], V)8 = {f € Hom®*(Afn[1], V)| f (7%p, ad?k)—equivariant} .

Note that given a linear section h : g[1] — @§[1] of 7, one has that K} € Hom®(Sym(g[1]),n[1]),
then
Ko%= Ky, Ag -+ Ag I, € Hom® (Sym(g [1]), n [1]),
—_———

k—times

so that, for each f € Hom®(AFn[1],V) we define
fu:= £ o Kj®* € Hom*** (Sym(g [1]), V).
Theorem 8.2.1. There is a natural map
cw : Hom®* (A" [1], V)9 — HEES (g:V); [ = [/l (8.1)

that is independent of the chosen linear section h of .

The map cw in (8.1) is called the L,- Chern-Weil-Lecomte morphism. Before providing a
proof of this theorem we shall present some auxiliary propositions.

Proposition 8.2.1. If for all k > 1 the map [ : n[1]®k — V is (7*p,ad®*)-equivariant and
h:g[l] — a[1] is a section of 7, then f is (p,ad®* o (S(h) ® Id,))-equivariant.

Proof. We shall see the equivariance statement. Let us denote by S®* = ad®* o (S(h) ® 1d,,)
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a ®k
Sym(g[1]) @ n [1]®" 2 n [1]% Sym(g[1]) @ n [1]F S5 n[1)®*
lld§®f lf lldse@f lf
Sym@[1) @V — " v, Sym(g[l) @V —2 5 V.
Then

foS® =foad® o (S(h)®Id,)
=po(Id; ® f) o (S(h) @ 1d,)
=po (S(r) ®1d,) o (S(h) ® Id,) o (Ids ® f)
=po ((S(m) o S(h)) ®1d,) o (Ids @ f)
N—————
=S8(moh)
=po (Ids ® Idv) o (Ids ® f)
=po (Ids X f)

Proposition 8.2.2. Let ho, h; : g[1] — g[1] be two sections of m and consider
ht::ho—i-t(hl—ho):ho—l-t@, 0<t<1
with & = hy — ho : g[1] = n[1]. For a = ao Pryp : Sym(g[1]) — n[1] one has that

d
o Khe = ds, v,
where Sy := Ao fio (S(hy) ®1d,) : Sym(g[1]) @ §[1] — & [1].
Proof. On the one hand we have

Knyyyy =M 0 S(hitty) — higtg © A
:5\ o S(ht + t()O_é) — (ht + t(]O_é) oA
:5\ © (S(ht) + S(too_é) + Kht,toaé) - h‘t o A - tOO_Z o >\

For K, wa = S(he + toc) — (S(he) + S(tod)),

Kp,ypy =(AoS(hs) — hy o A) + (Ao S(toa) — toa o A) + A o Kp, 44

So that,
d d d d
— K, = — = — — Kia+ — Ao K,
dt he dt to— Bttt dt to=0 he dt to=0 toa + dt to=0 © Bhetoa
Then, % t0=0 K}, = 0, since it is independent of ¢y,
d d “
— &= — Ao S(tga) — tg@x o A
gt |, _o " = @ to:o( o S(toa) — toaro A)
d “ d
S N My othSF(a) — — to@ o A
2 @il i,
=\ oSi(a)o Prggp —aol,
d .
— Ko =X — QoA
dt|y,—o o TALEATAE

81
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and

R A d
Ao K, toa = Z)\k (dt
k

k
Kht,to(i .
to=0

to=0
On the other hand,
4 P4 (SF(hs + toa) — S*(hy) —S*(toa))
dt hy,toc dt t 0 t 0
to=0 to=0 :VO
d _ Sla), k=1
=—|  SF(h+toa) - ’ ’
i |,y 10 { 0. k#L

and for z; € g[1],1 <i <k

d d
—| S+ t@) (e V- V) = — (hy + to@)x1 V - - V (hy + to@)xp
dt to=0 dt to=0
k
=Y hy(@r) VeV hg(@ion) Va(@) Vo hg(zi) VoV he(),
i=1
hence
d i L )
— SF(he+to@) =) hyVevave-Vh
dt |, _, P
Then,
d A - & A
— AoKht,toazz)‘k th\/"'\/@\/"'\/ht —)\100_40]37’9[1].
dt to=0 k i=1
Therefore,
d ) R k
- KhtHoa:)\loa—ao)\JrZ)\k(thv---\/av---vht>
to=0 k =1

— 5\1 oQo P?“gm

and observe that

k
Z(Zﬁk(htv---vav---vm)> =Xojo(S(h) ®1dg) o (Ids ® @) o A,
k =1
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To check this last expression let us do the direct computation. For this recall that o = & o Pryy

Ao fo(S(hy) @1dy) o (Ids @ @) 0 Ag(zy V -+ Vi) = Ao fio (S(hy) @ 1dy)

o€Sh, —, 4
Note that
Shpty | = {0 € Sklo(l) <a(2) <---<oa(k—1)}| =k,
then
Ao fio(S(hy) @1dy) o (Idg @ @) 0 Ag(xy V- -+ V ay) =
k
=k (Z e(aVhi(z1) V-V a(z) V- ht(:pk))
=1
. k
=i (thv---vav--~vht> (Z1 V-V ap).
=1
Hence,
d _
dil, hmo:Z Z)\kht SV hy) | —@oA
-

:st o (Ids ®a)oAy— (—1)¥aod
=dg, .

Now we shall prove Theorem 8.2.1.

Proof. Let h: g[1] — g[1] be a linear section of 7, then K, € Hom'!(Sym(g [1]),n [1]) by Proposition
8.1.1. Thus, for f € Hom®*(A*n[1],V)% we have

fu = foK*" € Hom"**(Sym(g[1]), V).

Now we shall see that fj is a cocycle and that its cohomology class is independent of the chosen

linear section h of 7. Let us see that f; is a cocycle.
Indeed:
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Dyfrn =Dy(f o Kjy Ag -+ N Kp)

=fodger(Kp Ng -+ Ao Kp), (by Proposition 7.1.2)
k
=fo (Z(—UHKh Ao - Ne dsKp Ag -+ Ag Kh> , (by Leibniz Rule)
=1
k .
=fo (Z(—1)11Kh Ao Ao 0Ag - Ag Kh> , (by Bianchi’s Identity)
=1
:f O O
=0.

Let us check now that [f;,] does not depend on h. Let hg, b1 be two linear degree-preserving sections
of m. Now consider o = (h1 — hg) o Prypy) : Sym(g[l]) — n[l], and hy := ho + t(h1 — ho) a
one-parameter family of sections of 7, for 0 < ¢ < 1, then

fortcn, = f o a Ag Kp®*t € Hom*~+*(Sym(g[1]), V),

and note that

k—1
Dy fai, =Dp(f o hg K257
=f o dgor(a N KpZ* ) (by Propositions 8.2.1 and 7.1.2)
=fo (ds,aNg K,/l\t®k_1 +aAg (dSPk:—lK}/L\t®k_l)) (Leibniz rule)

k—
=f o (ds,a hg Kp®" )

so that
’ /\®k71 .
Dpmeht = f o) (dsta N Kht ) = fdsta:Kht .

On the other hand, for f;, we have

d d
afht - % to0

d
o

f hitt

K }/L\t@’k) (Linearity)
to=0

k
d
=fo (ZK;LHO A+ N 7 Khyroy No - Ne KhHO) , (Theorem 7.3.1)
i=1 to=0
k
=fo (Z Kp, Ng - Ng ds,at N\g -+ - Ng Km) . (Proposition 8.2.2)
i=1

As f is skew-symmetric, by Proposition (7.3.2) we have

JoKp Ag - Ngds,aNg -+ Ng Kp, =
= X(U;Khta---7KhtadStO‘yKhta~--7Kht)fod5‘t04 N Kht Ng " Ng Kht

for o the permutation given by o(i) = 1,0(1) =i,0(j) = j,j # 1,1, i.e., 0 = (1,1). Since |Kp,| =1,
and |dg,a| = 1, then

X(U7 Khm ey Khta dStOé, Khta e 7Kht) = sgn(a)sgn(a) =1
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Therefore,
fOKht /\®--'/\®dst0£/\®"'/\®Kht :deStCk/\@Kht /\®"'/\®Kht7
so that,
d k
o= Y folds,ahg Ki, Ao -+ Ae Kn,)
i=1
=kf o ds,a Ag K"
:kdetOCtht
=kDpfa,K),-
Thus,
Ld
fh1 - fho = 0 %fhtdt
1
:/ kDpfa K, dt
0
1
=0, (1 [k ) € Hout***(sym(g 1),
0
That is, fp, and f5, are cohomologous. O

8.3 Naturality

In this section we shall see the naturality of the Lo.-Chern-Weil-Lecomte morphism and conse-
quently, the induced characteristic classes. Let us consider an extension of L..-algebras

0 n——sg——g > 0,

and T : h — g be an Ly,-morphism. Since 7 is an Lo.-epimorphism and the category of L..-algebras
has pullbacks, see [Rog20, Thm 5.9] and [Val20, Thm 2.1], the pullback of 7" and 7 give rise to an
extension of L..-algebras of h by n such that the next diagram of L..-algebras is commutative

0 0

i
<
i
<

Now if we consider a linear section h : g [1] — g[1] of 7 and the induced coalgebra morphism S(h) :
Sym(g [1]) — Sym(g [1]), the pullback property in the category of coalgebras implies the existence
of a coalgebra morphism % : Sym(h[1]) — Sym(h [1]) such that 74 0 & = Id and Ty 0 h = S(h) o T
We point out that due to fact that m, is a strict Lo,-morphism it preserves the weight degree, thus
h has to preserve the weight degree as well. Hence, h is a strict coalgebra morphism and therefore
it is determined by Ei h[1] = h[1llash=S (Ei) We have the following result.
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Proposition 8.3.1. Let
0 yn——§ —— g > 0,

be an extension of Leo-algebras and p and p' be representations up to homotopy of h on W and g
on V, respectively. Suppose that (T,t) : b — g is a (p, p')-equivariant map and consider the pullback
extension of h by n through T'. Then the next diagram is commutative

Hom®(A™n[1],V)8 — Hg‘;p,(g;V)

Jtu lTﬁ (8.2)

Hom®(A™n[1], W)D —s HZE® (h; W),

where the map t* : Hom®(A™n[1], V)8 — Hom®(A™n [1] ,W)6 is define by t*(f) :=to f.
Proof. First we shall see that the map t* is well-defined. Since T, is an Loo-morphism and T.\nm =1Id
then (75, Id,p) is a (ad;, ., ady »)-equivariant map and it is straightforward to see that (7., Idn[1}®’“)
is a (ad?;]fI , ad?fl )-equivariant, hence we have T ad?fb = ad?i for all 1 < k. On the other hand, as
(T,t)is a (p, p')-equivariant then (T, t) is (7} p, W*p’)—equivarfant map, thus for f € Hom®*(A"n[1],V)

ok . .
a (m*p/, adgm)—equlvarlant map we have

(Te,t) o (Idg, f) = (Idg o Ts,t 0 f)

. " Qk . i .
is (mip, adgjn)—equlvarlant. By the decomposition seen in the Remark 7.1.1

(Ta,to f) = (Idj, to f) o (Te,1dpyyer)

where the map (Id;,to f) is (75p, T,*ad?ﬁ)—equivariant, therefore t#(f) = to f € Hom®*(A™n[1], W)
is (73 p, ad%”;)—equivariant. So t* is well-defined. Now to see that Diagram (8.2) is commutative let
us consider h : g[1] — g[1] a linear section of 7, and its curvature Kj = Prg (doS(h) —S(h)od) :
Sym(g[1]) — n[1]. As we discussed above there is a linear section % : § [1] — b [1] of 7, induced by

the pullback diagram such that Ty 0 S(h) = S(h) o T', then one has that

T"Ky =KpoT = Prgp o (doS(h) —S(h)od)oT
=Prypy o (doS(h) o T — S(h) o T od)

=Prgpy 0 (doTyoS8(h) —TyoS(h)od), (by TeoS(h)=S8(h)oT)
=PrgpjoTe o (doS(h) — S(h) o d), (by  Telypy = Idapy)
=Prypy) o (d o S(h) — S(h) o d)

—K,

and for f € Hom®*(A"n[1],V)89,

T f,=fo K}**oT
—foKp,® --@K,oAFloT
—foKp® @ KjoT% o Ak, (by T being coalgebra morphism)
:fo(KhoT>®---(KhoT)oAk71
=f o (T*K)\o"
=fo K%\@k’ (by T*Kj = K;)
~fr.
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Therefore,

(@t ocw) () = (T ()] = [to fuoT]
=[toT fr] = [to fz] = [tofoKEAQﬂ
= [#() 0 Kpo*| = cw(t®(/))
=(cw o #)(f).
]

Proposition 8.3.2. Let us consider two extensions of Loo-algebras and two Loo-isomorphisms as
in the following commutative arrangement of Loo-morphisms

0 0
n +> 11/

v
N

Z

and a representation up to homotopy of g on the dg-vector space V. Then the following diagram is
commutative
Hom®(A"n[1], V)8 —— H2AT(g; V)

lw* % (8.4)

Hom®(A™ [1], V)
o 5. —1 QFk
where the map ¢* : Hom®(A"n[1], V)8 — Hom®(A"n[1], V)9 is define by p*f := fo < ! ) .

Proof. We have to observe that the commutativity of Diagram (8.3) implies that the maps ¢ and ¢
preserve the weight degree, then these are strict Loo-isomorphisms. Now to see that Diagram (8.4)
is commutative let us take a linear section h : g[1] — g[1] of 7, then w h = pioh:g[l] — g [1] is
a linear section of 7/,

7' 0 S(psh) = 7' oo S(h) = wo S(h) = Idyp).
Note that as 7(d' o S(h) — S(h) o d) = 0 and ¢l () = ¢ one has that

Ky.n =Prgpyo(d 0S(ploh)—S(ptoh)od) = Prgpjo(d opoS(h) —¢@oS(h)od)
=Prgpyo (po(d oS(h) = S(h)od)) = Prgnjo (1o (d oS(h) = S(h)od))
=1 o Prypj o (d' 0 S(h) — S(h) o d) = 91 o K,

%)
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Thus K, = Y1 o K, and therefore

Ko Ne A Koo =(1] 0 Kp) Ag -+ Ag (Y] 0 Kp)
—_——
k—times
=1 0 Kp) ® -+ @ (¢} 0 Kp) o AF?
—i oKy @ @ Kp) 0 Al
=i o Ky hg - Mg Kn,

soforalll <k i
Nk _ 1® Aok
Kgo*h =17 o K,"".

On the other hand, by the commutativity of Diagram (8.3) we have (¢, (¢1)7!) is (ad,,ad,)-
equivariant then (g, ((¢1)~1)®*) is (adf?k,ad%,k)—equivariant. Now if we take a linear map f €
Hom®(A™n[1],V)9 then

(Ids, £) o (¢, (01) %) = (I, 0 0, £ o (0])1%F)

is a (1*p, adf?,k)—equivariant map and the decomposition of the Remark (7.1.1) implies that (Id,, fo
(Qp%)*@k) is (7*p, p*ad®F)-equivariant map. The equation 7 = pon’ imply that (Id,, fo (w%)*lg)k)
is (¢*7"*p, go*adf?,k)—equivariant map, and given that the map ¢ is Loo-isomorphisms we have (Id,, fo
(WPH 1) is (), ad®")-equivariant map. Therefore 1" f := f o (1 Bk € Hom® (A" [1], V)8 is

well-defined. Finally, observe that

W g = 0" F o KL5F = (F o (0) 1) o (01" 0 K%)= fi.

Thus by the independence of the connection in Chern-Weil-Lecomte morphism Theorem (8.2.1)
one has that

cw(f) = [ful = (V" f)e.n] = cw@™f) = (cw o y)(f).
That is, the diagram (8.4) is commutative. O

Remark 8.3.1. Observe that the particular case in which n[1] = n’[1] and the map ¢ = Id,p;,
then ) A
Hom(A™n[1],V)? = Hom(A™n[1], V)7,

and equivalent extensions of g[1] by n[1] have the same Chern-Weil-Lecomte morphism.

8.4 The Chern-Weil-Lecomte morphism for Lie 2-algebras

Let us consider an extension of Lie 2-algebras,

0 rn——§ —— g > 0,

together with a representation up to homotopy p of g on the 2-term vector space V = Vy — V.
Now, to construct the Chern-Weil morphism, let us choose a linear section h : g — g of 7. Since its
curvature is a degree 1 linear map, Kj, : Sym(g[1]) — n[1], and

sym)= B P Oo10Asw

—n,0<n 2p+q=n

the components of K} that are possible non-zero are given by

K% (g-10g0) @ A%g0 = i1, K;%:go1 @ Ago — o,
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in our case these are
i Kp:go1@g0—n_1, Kp(r,a):=h_1(Lsa) — Lygzh_1a;
ii. Kp:NA3go—n_1, Kp(x,y,2):=0;
iii. Ky:go1—no, Kn(a):=ho(d(a)) — d(h_1a);
iv. Kp,:A%go —ng, Kp(z,y):=holz,y] — [hoz, hoy] -

Remark 8.4.1. Note that in fact the curvature measure when the section h preserves the L.o-
structure

The item (i) measure the lack of equivariance of h, item (i7) is zero given that the Lie 2-algebras
are strict. The item (#i7) measure when h makes the diagram commutes, and item (iv) when hg is
a Lie algebras morphism. That means, K} contain the lack of A to being a Lie 2-algebra morphism.

Now let us compute the set of invariants Hom(A™n [1], V)9, Initially, note that

n k n—k
AN'm[l] = @/\n_l A @no,

k=0

so the degrees of homogeneous elements in A"n [1] are between —2n and —n, indeed

Then the degrees in Hom(A™n[1],V) with non-zero elements are between n and 2n + 1. Thus for
O<p<n+1

p n—p p—1 n—p+1
Hom™ (A" 1], V) = Hom (/\nl Yol vo) & Hom ( Avin O o m) ,
and for p =10
Hom"(A"n[1],V) = Hom <® no, V0> )
and forp=n+1
Hom?*" (A" [1],V) = Hom (/\ n_q, Vl) .

We will denote a map in Hom(APn_1 A ©Q" P ng, V;) by f"7P. Then

Fusp = 0"+ 7P € Hom™ P (A" 1], V)3,
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is such that for all @ € g_1 and = € gg, the next equations hold

fn+p o ad?" = Pr_1(a) ° fn—l—py fn-i—p o adff" = Prmo(z) © fn+p-

These are equivalent to

D,N—p ®n _ p—1,n—p+1,
i fo © ada = Pr_1(a) ® J1 )
p,n—p N __ =P,
b fo Oadx _pﬂo(m)ofo 3
p—1,n—p+1 ®n _ p—1,n—p+1
b f1 oadx _pwo(x)ofl .

Finally, to make explicit the above equations we will compute

adS™ : A™n[1] = A"™n (1], ad®":A"™n[1] = A™a[l].

Solet x; € go and a; € g—1 for 1 <i <pand 1< j <gq, then

8.4

p
k—1 A
ad?n(al /\ e /\ ap /\ xl .. .xq) :Zal /\ P /\ (_1)(‘x|+1)(22:1 Ia’b‘)ﬁxak_ /\ e /\ ap /\ xl .. 'xq+
k=1

q
+> ar A Aap Ay (1) DS D) [ 2] - g,
k=1

then

ad@™(ay A ANap Axy 1) =

A~

_l’_

M= I14-

e
Il
—

and

ar N Nap Nz, xp]xy - Ty -

(_l)kflﬁxak/\al/\/\dk/\/\ap/\xlxq

.xq’

(8.5)

p
a,d;@n(al A--- A ap A x-- .wq) :Zal A A (_1)(|a‘+1)(21€;11 |al|) [ajak] A--- A ap A x1-- .xq
k=1

q
+3 @A Aap Ay A (—1)leHDEIS D12 g Aoz,
k=1

hence as [a,ax] =0

q
ad?"(al/\"-/\ap/\xl'--xq):—Zal/\~-/\ap/\ﬁxk,a/\x1~-§:k~-xq.
k=1

Therefore for 0 < n we have
p q
Hom" (Sym(g[1]), V) = Hom @ @g_l ©) /\gO,VO ®Hom <
2p+g=n
and the Chern-Weil-Lecomte morphism is given by

Hom™P (A"n[1], V)8 — HZHP(g; V),

— —n—pt1 n— —n—pt1
forp = P AT s T A T ,h}'

® Osrofmn)

2r+s=n—1



Chapter 9

An application

In this chapter we introduce the Lo.-cohomology of multiplicative vector fields of a Lie groupoid
and extend the Chern-Weil homomorphism to the context of principal 2-bundle over a Lie groupoid
that admit a 2-connection form. In section 1 we define the L,,-cohomology of multiplicative vector
fields, this is the L.,-cohomology of the 2-term Lo.-algebra of multiplicative vector fields of a
Lie groupoid with values in its 2-vector space of multiplicative functions. The main result in this
section establishes that the L,,-cohomology of multiplicative vector fields is invariant up to Morita
equivalences of Lie groupoids. In Section 2 we present a Lecomte’s approach that gives us a morphism
that takes values in the Ly,-cohomology of multiplicative vector fields of a Lie groupoid. In Section
3 we present a simplicial approach that gives us a morphism with values in the de Rham cohomology
of a Lie groupoid.

9.1 The L,-cohomology of multiplicative vector fields over a Lie
groupoid.

Let X := (X7 = Xo) be a Lie groupoid and A — X its Lie algebroid. Given that the tangent
groupoid of X is an LA-groupoid the category of multiplicative vector fields has a natural structure
of 2-term L.-algebra, see Example 2.2.1. This L.-structure is actually a Lie 2-algebra structure
and it is given by the next crossed module of Lie algebras

TRX) -5 X (X) - Der(XE (X)) .

We denote by X%(X) the space of right invariant vector fields on X and by X,,.::(X) the space of
multiplicative vector fields on X. For any X, Z € X(X) and (£,v) € Xnu(X)

0(X) = (X +uXt.X), LenZ=I[7].

We write this Leo-algebra by X* . (X). It is worth noting that its symmetric algebra is given by

mult

Sym(%:nult(x) [1]) = @ @ Sk(%R(X)) © /\l%mult(X)>

—n,0<n 2k+Il=n

91
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its degree 1 coderivation induced by the Lyo-structure is

k
d(Xl"'Xk®§1/\"'/\fl)226(Xi)®X1"'Xi"'Xk®fl/\"'/\§l
i=1
+ Z (—1)j(£§in)'Xl"‘Xi"‘Xk@fl/\“’/\éj/\"'/\gl
1<i<k
1<ji<li

- Z (D)™ 6, OX1  Xp@E N AGAAGA- - NE,
1<i<j<k

where X; € X8(X), & € Xpun(X) for 1 <i <k, 1<j <L
Theorem 9.1.1. Let X and Y be two Morita equivalent Lie groupoids, then

H(Sym(X7,,4(X) [1]), d) ~ H(Sym(X7,,,(Y) [1]), d).-

mult mult

Proof. By Theorem 7.6 in [OW19] the Lo-algebras X? . (X) and X? . (Y) are Lo quasi-isomorphic.
Therefore using a spectral sequence argument similar to the one used in Theorem 7.6.1 the result

follows. O

Remark 9.1.1. Since the cohomology H (Sym(X? ..(X)[1]),d) is invariant by Morita equivalences

mult

of the Lie groupoid X, it is an object associated to the differentiable stack represented by X.

Now let us consider the line VB-groupoid over X,
XxR /= M x {*}

| |
X ———3 M.

Again, by [OW19] one has that the category of multiplicative sections of this VB-groupoid has
structure of 2-vector space. Actually, it is the 2-vector space of multiplicative functions

Co(X):  CRX) -5 0Xu(X), W) =14 -,
degree 0 degree 1

where C%(X) denotes the space of right invariant functions
CRX) ={f e C*(X1)|foRy = f,Vg € X1},
and Cr* 1, (X) denotes the space of multiplicative functions

Coutt(X) = {f € C%(X1) [ f(gh) = f(g9) + f(h),Vg,h € X1}.

The next theorem generalizes the classical result about smooth manifolds, that says that the Lie
algebra of vector fields acts by derivations in the space of smooth functions. A detailed study of
multiplicative vector fields and derivations will appear in [HOW].

Theorem 9.1.2. Let X be a Lie groupoid. There exists a natural representation up to homotopy
= of the 2-term Loo-algebra of multiplicative vector fields X2 (X)) on its 2-vector space of multi-
plicative functions C*°(X). It is given by

xR(x) 2, End; (€ (X))

l(; lae"d (9.1)

X

Futr(X) —225 Endd(C(X)),
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where for all X € XF(X)

VL (X)  Oonn(X) = CR(X),  v5(X)(f) = X(f),

and for all (§,v) € Xpu(X)
Y5 (€, v) = (&t ovol”).
Proof. We will see that ¢* is well-defined and satisfies the identities in Definition 7.1.2 in which

we have p = (Y%, 9, 0). Note that if X € X#(X) and f € C*° ,,(X) then X(f) is a right invariant
function. In order to see that ngg is well-defined it is enough verifying that the next equation holds

Eo(Id*— ") =(Id" —¢") o (t* ovol¥).

Observe that if f € CF(X) then f = fo(lot) and if X = (§,v) : X — TX is multiplicative
then dto§ =wvot and dso{ = v os. Now these two properties imply that £(f ot) = v(f) ot and
&(f os) =wv(f)os. Thus, on the one hand, we get

§o(Id™ =) (f) =€(f) = &(for)
§(fo(lot)) =&
&(
(

(%

follot)ou)
(fol)ot)—€((fol)es), bys=tou
folyot—uv(fol)os,

and on the other hand, one has that

(Id* =)o (t"ovol1*)(f) =v(fol)ot—uv(fol)os

Hence,

£o(Id* — ") = (Id* — ) o (F 0w o 1%).
Now to check that the diagram (9.1) is commutative, let X € X*(X), then
(o X ) (X) = (00X, X 0d), (1VFod)(X)=(X~+uX,t"ot,Xol*).
On the one side, if f € C° (X)) and x € X; then we have
0= flai(e) = f(2) + 0" ().
Hence, .*f = —f, and

(L*X)(f)(flf) =ly () (XL(ZL‘))(f) = XL(x) (f © [’) = _XL(x) (f)
=— X(f)(u(z))-

That is, t. X (f) = —¢*(X(f)). Now

(00 X)(f) =0(X(f)) = X(f) = (X(F))
=X(f) + e X(f)
=(X + uX)(f)-

On the other side, for f € C%(X) one has f = fo(1ot), then

(X 00)(f) = X(f = f) = X(f) = X(7)),
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and for all z € X1, given that s, X, = 0 it follows

X f)x)=Xz(for) =Xy (fo(lot)or) =X ((fol)o(tor))
=Xz((fol)os)=s.2Xs(fo1)=0.

Thus, X (:*f) = 0, then (X 0 9)(f) = X(f), and
(t 0t X 0 1%)(f) =7 0 (t.X (f o 1)),
Now for all o € X one has

X (f o 1)(x0) =(t:X)ag (f 0 1) = (ta,10, X1, )(f 0 1)
=X1,,((fol)ot) = leo( ), by fe(let)=f,
=X(f)(1ay) = X(f

) xoa

hence, as X (f) € X%(X)
£ 0 (LX(f) 0 1) = X(f) o (10) = X(f).
Thus, X 09 =t* 0t,X o 1%, and the diagram is commutative. Now for checking that

U, v), (i, w)]) = [6E(E,0), v o, )|

for all (&,v), (n,w) € Xpnu(X), consider the following expression

95 ([(€,v), (n,w)]) = v (1€, m], [v, w)])
=([&n],t" o [v,w] o 17)
:([5777] 7t* o (vow —wov) © 1*)
(I ), (F 0 vo 1) o (* w0 1%) — (¢ o w0 1*) o (¢ ov o 1))
N—— N——

Id* Id*
= (&), [t* ov o 1*,t* 0w o 17])

= wgg(fav)ﬂ/%g(ﬂa w) .

Finally, to see that
V(L Z) = L3 (2),

let us consider f € C°° . (X) and Z € X*(X). Note that Z(f) € C¥(X) so Z(f) = Z(f) o (1ot)
and therefore

=& Z](f)
=£(Z(f)) — Z(&(f))
=£(Z(f) o (Lot)) = Z(£(f))
=v(1%(Z(f))) ot — Z(£())
=" ovo1")(Z(f)) — Z(£(f))
=((t*ovol*)oZ —Zo&)(f)

=(L ().
O

In order to investigate the behavior of this natural representation up to homotopy with respect
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to Morita morphisms of Lie groupoids, let us consider two Lie groupoids X and Y together with a
Morita morphism @ : X — Y that is surjective on objects. On the one hand, by Theorem 7.3 [OW19],
the elements involved in the next diagram are 2-term Ly.-algebras and L.,-quasi-isomorphisms

. (X)(D

mult

X (X) Xt (Y),

mult

where %;nult(X)Cb is the subcomplex of projectable vector fields of X? ..(X). The subcomplex

%mult(X) is defined as follows
L(Ax)® 2 X ()%,

where
I'(Ax)® = {a € T(Ax) | Jwer(ay Lie(®) o a = d’ 0 ¢}

and
%mult(X)q) = {(57 ’U) € xmult(x) | 3(n,w)exmu“(Y)dq) O€ =Tno Q)} .

If we consider the pullback representation of X2, ,,(X)® by ¢

e . (X) *> End(C*(X))

mult
]\ /wx
mult (X)

then we have that (¢,1d) is a (1*¢*,¢*)-equivariant L., quasi-isomorphism. Hence by Theorem
7.6.1

Hep sz( ot (X )5COO(X)) Hep me( it (X )CDQCOO(X))-
On the other hand, one has that the canonical pullback of smooth functions
O* : C(Y) — C(X),
is a morphism of dg-vector spaces. We need the following lemma.

Lemma 9.1.1. For the representations up to homotopy t*¢* of X2 . (X)® on C®(X) and ¢¥ of
* ar(Y) on C=®(Y), the map

mult
(P, @)+ Xt (X)® = 25,00 (Y)
is a (1%, YY) -equivariant Lo -quasi-isomorphism along ®*.
Proof. To see the (t*1%, )¥)-equivariance we have to check that the next equation holds
d*oyp¥ o (@, @1d) = % o (Id ® ). (9.2)

For this it suffices to verify Equation (9.2) for X € X(X)? and f € C*°(Y). This equation follows
from the X is W-projectable:
X(f o ®) = 0.(X)(f) 0 ®.

Finally, by Theorem 7.3 in [OW19] we have that ®, is an L. quasi-isomorphism and ®* is
a dg-vector space quasi-isomorphism, therefore (®.,®*) is a (1 ¢*,¢Y)-equivariant L., quasi-
isomorphism map along ®*. O

As a consequence, we have the next result which establishes the Morita invariance of L..-
cohomology of X? .. (X) with values in C*°(X).
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Theorem 9.1.3. Let X and Y be two Lie groupoids. If X and Y are Morita equivalent then

HCE RT2S (%mult (X) ;C (X)) HCE Y (xmult(Y) ;C™ (Y))

Proof. By Proposition 7.3 in [OW19] there exists a Lie groupoid W and Morita maps ¥ : W — X
and ® : W — Y that are surjective in objects, hence there are Lo, quasi-isomorphisms as follows

mult mult (W

/\/\

%;nult mult( mult(Y)

and by Lemma 9.1.1 it holds that

Hep e (X5 (X); (X)) = Hep g (X5, (W); (W) = Hep i (5,04 (Y); C(Y)).

The above Theorem motivates the next definition.

Definition 9.1.1. Let X be a Lie groupoid. The Ls.-cohomology of the 2-term L.-algebra xmult( )
with values in the 2-vector space C*°(X) with respect to the representation up to homotopy X,

HCE RIS (%mult (X) ;C (X))7

is called the L,,-cohomology of multiplicative vector fields over X.

9.2 Chern-Weil-Lecomte morphism for principal 2-bundles with a
2-connection form

Let us consider a principal 2-bundle over a Lie groupoid (P, 7, X, G) equipped with a 2-connection
form. Note that by Proposition 5.1.1 a 2-connection form 6 = (61, 09) is the same thing that having
a multiplicative horizontal lift, that is, a VB-map h : TX — At(PP) such that dr o h = Idx,

h

==
v N
\

A multiplicative horizontal lift allows us to lift multiplicative vector fields on X to multiplicative
vector fields on P. In particular, when we look at the sequence of 2-term L..-algebras induced by
the Atiyah sequence, see Definition 4.3.1, we get that the existence of a multiplicative horizontal
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lift implies that it is an extension of 2-term L..-algebras,

0 0 0
X5 (Ad(P)) - T(Py XGo h) —2— Zpur(Ad(P))
X5 (At(P)) - T(Ap/Go) —— Xmui(AL(P)) (9.3)
r) h r) he F:I B
;nult(x : F(AX) % %mult(x)
0: 0 0.

It is worth noting that this multiplicative horizontal lift induces a vector bundle morphism h, :
Ax — Ap/G at level of core bundles such that dm o h. = Ida,. Moreover, Theorem 9.1.2 says that
for the base groupoid there exists a representation up to homotopy of X? ..(X) on the 2-vector
space C*°(X). Thus, for a principal 2-bundle over a Lie groupoid that admits a 2-connection form
we have naturally an extension of L.,-algebras together with a representation up to homotopy.
Then Theorem 8.2.1 allows us to construct a Chern-Weil-Lecomte morphism that takes values in
the Lo-cohomology of multiplicative vector fields over the base groupoid. This is the content of the
main result of this section

Theorem 9.2.1. Let (P,m,X,G) be a principal 2-bundle over a Lie groupoid equipped with a 2-
connection form. Then, for each k > 0 there exists a natural morphism

cw : Hom® (A", (Ad(P))[1], C(X)) — HEES (35,4 (X); € (X)),

that is independent of the 2-connection form.

9.2.1 Simplicial approach

The main objective of this section is to present Theorem 9.2.4. It gives us a simplicial approach to
the construction of the Chern-Weil homomorphism for principal 2-bundles with 2-connection form.
The main feature of this approach is that it takes values in the de Rham cohomology of the base
Lie groupoid, see Section 1.5. In particular, this construction motives two open questions. The first
one, if it is possible to compare the de Rham cohomology of a Lie groupoid and the Ly.-cohomology
of multiplicative vector field presented in Section 9.1, and the second one, if there exists a similar
diagram, as in the classical case (1.4), that allows us to compare the Lecomte’s approach and the
simplicial approach to the extensions of the Chern-Weil homomorphism for principal 2-bundles with
2-connection form.

Let (P, m, X, G) be a principal 2-bundle with a 2-connection (61, 6p). The Lie groupoid morphism
7 : P — X induces a morphism between simplicial manifolds {m,, : P, — Xn}nz()' By Theorem A.1.3
for each n > 0 one has that (P,, 7, X, G,) is a principal bundle,

G : §G2*§G1ﬁGo
Q Q Q Q
P.Z gpgigpligpo

! bk

Xo: §X2*§X1ﬁXO.
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Moreover, by the Theorem A.2.1 the principal bundle (P, m,, X, G;,) has a connection 1-form given
by 6, := 61 Xp, -+ xXp, 01 € QéR(Pn;gn). Indeed, the Lie groupoid morphism 6 : TP, — Py X g1
induces a morphism on simplicial manifolds

{0 : TPy — Py X gn}psg -

Observe that T(Pn) = T(Pl XPy " Xpy Pl) = TP1 XTPy " XTP, TP1 = (Tp)n and gn = 01 @90
-+ @y, 91 is the Lie algebra of the Lie group G,,. Since 0, : TPy — Po X go is simplicial map, the
maps 6, : TP, — P, X g, commute with the face maps d; and the degeneracy maps s; for all
i=0,...,n,and n>0:

TP, — " P, xg, TP, — " 5 P, xg,
dl*l ldzxdci Si*T TSiXSGi
0 On—
TPn—l *1> Pn—l X Gn-1 Tpn—l *1> Pn—l X On—1-

Therefore, the face maps d; : P, — P,_1 are bundle morphisms along dGni : Gy — G covering
the maps dx; : X,, — X,,_1 that preserve the connection forms. Analogously, the degeneracy maps
are bundle morphisms preserving the connection forms. Thus by Theorem A.2.2 both face and
degeneracy maps induce morphisms of dga

W (gn) ——— Qur(Py) W (gn) ——=— Qar(Py)
den* d;* st 85
[ o
W(gn-1) — Qar(Pn-1) W(gn-1) — Qar(Pn-1).

Then, dualizing and extending the simplicial structure on ge, we have a cosimplicial dga W (ge) =
{W(gn)},>o such that for each n > 0 the algebra W(g,) is a G,-dga. Moreover, the simplicial
morphism 6, induces a morphism of cosimplicial differential graded commutative algebras

{wp, : W(gn) — QdR(Pn)}nEO'

The cosimplicial structure in W (ge) together with the dga structure determine the following double
complex

d d d d

W3(go) —2— W3(g1) —2= W3(ga) —2— Wi(gs) —2L -

d d d d

WQ(QO) L W2(91) L Wg(gg) i> W2(93) _Y 5.

A A~ A A~

d d d d

W(go) —2= W'(g1) —2= Wh(ga) —2= Wi(gs) —2= ---

d d d d

WO(go) —7— W(g1) —= W(g2) —— W(gs) —" -
where the horizontal differential at level ¢ is the alternating sum of the face maps

q

0= Y (~1)'dg,” : Wiag) = W(gg+1).
=0

and the vertical differential at level p is the differential of

dp : W(gp) = Wigp), dZ : Wi (gp) — Wq+1(9p)'
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for p > 0 and ¢ > 0. We write the total complex of this complex by

Wiot(ge) := D W"(gs), W™(ga) := B W(gy),

n>0 p+q=n
where the total differential is given by

dtot|Wp(gp) =0 + (=1)Pd}.
In a diagram:

watl (91))

(~vrag]|

dior - W(gp) —"— W(gp11).
Theorem 9.2.2. The cosimplicial morphism
{wo, : W(gn) = Qar(Pn)},>0
induces a morphism on the Bott-Shulman-Stasheff complex Qqr(P)
wo, : Wiot(8e) — Quot(Pe).

Proof. It follows from the previous comments about the cosimplicial structure induced by the
simplicial morphism 6,. O

The following proposition suggests that the total complex Wiy (ge) could be thought of as a candi-
date for a model of the de Rham complex of the universal principal 2-bundle E(G) with structural
2-group G.

Theorem 9.2.3. The total compler Wioi(ge) is acyclic, i.e., it has the same cohomology of the
point

f k
H*(Wiot(ge)) :{ [%7 Zz kzg’

Proof. Tt is well-known that the Weil algebra is acyclic, therefore the columns of the double complex
of W(ge) are exact, then as this double complex is a first quadrant double complex, it is a bounded
double complex with exact columns, then its total complex is acyclic [Wei94, pag.9]. O

Now Theorem A.2.2 also implies that restricting level by level the cosimplicial structure in W (ge)
to its basic elements we get a cosimplicial dga S(gi)% := {S(g’fl)G"}n>0 that, just as W(gs), it
induces a double complex -
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SQ(QS)GO L) SQ(Q*{)Gl L SQ(QS)GQ L Sz(g§)03 L)

SO(GB)GO _9. SO(gT)Gl _9. SO(g§)G2 _9 So(g§)03 o,

The morphism
{wo, : W(gn) — QdR(Pn)}nzm
restricts level by level to basic elements as a dga cosimplicial morphism
{wﬁn : S(G:L)Gn — QdR(Xn)}n207
that induces a morphism on their respective double complexes

we, : Stot(Gf)G° — Qiot(Xo).

Therefore, a simplicial candidate for Chern-Weil homomorphism for a principal 2-bundle with a
2-connection is the previous morphism seen in cohomology. In order to strengthen our statement
we are going to prove that w, is independent of the 2-connection.

Theorem 9.2.4. The morphism induced in cohomology by
wa, * Stot(95)°* = Quot(Xa)
is independent of the 2-connection.

Proof. Initially let us note that as the double complex S(ge)“* has all odd rows being zero, then
for x € S2,(g%)“* one has that

T = Z f2q,p> f2q,p€Sq(92)Gp’

2q+p=n

dior =dyor Z f2q,p = Z dtot(f2q,p)

2q+p=n 2q+p=n
= Z 0 faqp + (_1)pd129q(f2q7p)
2q+p=n
= Z 9" - fagps
2q+p=n

thus, diotx = 0 if and only if O - fo,, = 0 for all p > 0,¢q > 0 with 2¢ + p = n.

Now let us consider a pair of 2-connections (61, 6y) and (61, 6;) on the principal 2-bundle (P, 7, X, G),
and consider for fo,, € Sq(g;)GP with OF - faq, = 0. Since 6, = 61 xp, X --- xXp, 1 and 91’0 =
07 X py X - - - X p, 0} determine connection 1-forms on P,, and it is well-known that for faq, € S9(g})“
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there is a transgression form [KN69, pag. 297|

1
T(fogp) = q/o Fogp(o, Q.o Q)dt € Q25 (By),

for « = 6, — 0/

5, and @ the curvature form of the connection 6; = 6, +t(6, — 6,,),0 < ¢t < 1 such
that

_ Q Xy
d129q 1(T(f2q,p)) = fagp = fogp:

Moreover, we have that the transgression form satisfies that

p 1
(T (f2gp)) = (Z(—DW) (q/o fogp(a, Qu, ..., Q)dt)
=0
p ] 1
=> (Vg | fop(dio, diy, ... d7Qy)dt
i=0 0
=D (Vg | foplds, o dy Q... dg - Q)dt
i=0 0
P . v,
= Z(_l)ZQ/ (dZGp f2q,p> (Oé, Qta s 7Qt)dt
i=0 0
— /0 q (Z(_1>Zd6p f2q,p> (Oé, Qt, e ,Qt)dt
=0

1
_ / GO - Fany) (0, s, Q1)
0

1
:/ 0dt = 0.
0

Thus, let © =3 o\, f2gp € S, (ge)¥* with dyorz = 0, then one has that

wp, () =wp, Z Jogp | = Z wa, (f2q,p)

2q+p=n 24+p=n

Q Q 2
= Z quI,)p € Q?ot(P°)’ qu?p € Qdi‘l%(Pp)’
2q+p=n

Therefore for

y= 3 (“DPT(foqp) € U (P)s Tlfogy) € Q2 (By),
2q+p=n
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one has

dioty =dtot Z (=1)PT(f2q,p)

2g+p=n
= Z dtot ((—=1)"T (f2q,p))
2g+p=n
= Z (=1)POPT (f2q,p) + (_1)2pd;%q_1(T(f2q,p)))
2q+p=n
Q/
= > (1P + (fary — Forn)
2q+p=n
o o
= Z fogp = fagyp
2q+p=n
Q %
- Z fogp = Z fogp
2q+p=n 2q+p=n

=wy, (z) — we, ().

In conclusion, for every cocycle z € Syi(ge)“® the two images wy, () and wg, (x) are cohomologous,
hence these two maps are equal in cohomology. O



Appendix A

Constructions in PB

A.1 Constructions in PB

In this chapter we shall introduce some supporting constructions and some propositions that we
find useful for a better understanding of the material included in the previous chapters involving
the category PB.

Theorem A.1.1. Let (P,7mp, X,G) and (Q,7q,Y,H) be two principal bundles and F : P — @ be
a bundle morphism along ¢ : G — H covering the map f: X =Y,

p—LE,0 A (G —— H)

TP lﬂ'Q

x .y

then
rank(y) + rank(f) < rank(F).

Proof. Consider a local representation of F', let U C X and V C Y be trivializing open sets such
that
F:UxG—=VxH, (x,9)~ (f(z),7x)e(g))

for v : U — H, the local representation has this form because F' is G “sH -equivariant. Then it is
clear that the horizontal rank is equal to rank(f) and the vertical rank is a mix between rank(¢p)
and rank(v), therefore

rank(f) + rank(p) < rank(F).

The next example shows that it is possible to have the strict inequality.

Example A.1.1. Let us consider the trivial principal bundles (R?x (R, +), pry, R?, (R, +)) and (R x
(R%,+),pr;, R, (R%,+)), and the bundle morphism (¥, ,:) where ¥(x,y;2) = (2;y, 2),%(z,y) =
z,u(z) = (0,2)

R? x (R,+) —— R x (R%,+), (R,+) —— (R%,+)

lplﬁ lprl

R2 — % LR

Then we have that (¥,1),¢) is a morphism of principal bundles in which rank(¥) = 3, rank(y)) =1
and rank(:) = 1, therefore
rank(t)) + rank(:) < rank(¥).

103
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Theorem A.1.2. Let (P,7mp,X,G) and (Q,nq,Y, H) be two principal bundles and F : P — @ be
a bundle morphism along ¢ : G — H covering the map f: X —Y

P—Lt,Q m (G —— H).

ﬂpl |

x .y

then (F, f,¢) : (P,mp,X,G) = (Q,7Q,Y,H) is a bundle isomorphism if and only if ¢ is an
isomorphism of Lie groups and f is a diffeomorphism.

Proof. Initially let us suppose that F' is a bundle isomorphism then there is a bundle morphism
F71:Q — P along ¢ : H — G covering the map g : ¥ — X such that F o F~! = Idg and
F~loF =1dp. Thus for z € P and g € G we have that

29 = (F~' o F)(zg) = FTH(F(2)¢(9)) = 2¢(2(9)),

and given that the action is free g = ¥(¢(g)) for all g € G, it implies that 1) o ¢ = Id¢, analogously
p o1 =Idy. Now since 7p is surjective for z € X there is a z € P with mp(z) = z, then

9(f(x)) = gfrp(2) = gnoF (z) = mpF ' F(z) = mp(2) = x.

Thus g(f(x)) = x for all x € X, then g o f = Idx, analogously f o g = Idy. Conversely, let us
suppose that ¢ is an isomorphism of Lie groups and f is a diffeomorphism, then we will show that
F' is a smooth bijection with maximal rank, then it is a diffeomorphism and finally we see that its
inverse F'~! determines a bundle morphism (F~!, =1 ¢~1). To see that F is bijective, let =,y € P
and suppose that F'(z) = F(y), then one has that mgF(x) = frp(x) and 7QF (y) = frp(y), thus
f(rp(x)) = f(rp(y)) and since f is injective wp(x) = wp(y). Hence there exists a unique g € G
with zg = y, but F(z) = F(y) = F(xg) = F(z)¢(g) then it implies that ¢(g) = e, and since ¢ is
injective e = g, therefore x = y, and F' is injective. To see that F'is surjective, let ¢ € @ and take
some z € 75 (f ' (mg(q))), then note that

1QF(2) = frp(2) = [ mola) = mo(q).

Hence F(z) and ¢ are in the same fiber then there exists a unique h € H with F(2)h = g,
since ¢ is surjective there is some g € G with ¢(g) = h, therefore taking zg € P one has that
F(zg) = F(z)¢(g) = F(2)h = ¢q. Thus F is a smooth bijective map, therefore by the Theorem
A.1.1 we have that

rank(F) > rank(p) + rank(f) = dim(H) + dim(Y") = dim(Q).

Then F has maximal rank, hence a diffeomorphism. Finally to see that F~! is equivariant note
that for some ¢ € Q and h € H it holds that F(F~'(qh)) = qh and F(F~'(q)p~1(h)) =
F(F~Yq)p(p~t(h)) = qh, then F(F~'(gh)) = F(F~Y(q)¢!(h)) and by the injectivity of F
one has that F~1(qh) = F~(q)o~1(h).

O

Theorem A.1.3. Let (P,7p,X,G), (Q,7mq,Y,H) and (R,7r, Z,N) be principal bundles, F : P —
R be a bundle morphism along ¢ : G — N covering the map f: X — Z, and T : Q@ — R a bundle
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morphism along ¢ : H — N covering the map t:Y — Z,

Pxp@ ------------ > Q GxyH ------------ » H
T y Pt '7
ik’ I - o P
P R Q G >y N
o mr
Tp XxXzY - -3 Y
L/// %
X 7 Z

Then if F and T are transversal, then
Tp Xﬂ-RTrQ:PXRQ—)XXZ}/,

18 a principal G X ny H-bundle.

Proof. We shall see that
(7TP XWRTFQ):PXRQ%XXZYV,

is a surjective submersion and that G x y H acts freely and transitively on the fibers, thus P xg Q
is a principal G x y H-bundle. By Theorem A.1.4 it follows that P xr @ and X Xz Y are smooth
manifolds, and mp X, T is a smooth map, in the same way G x y H is a Lie group. Now one easily
sees that for all (p,r) € P xp Q with (7p Xz, 79)(p,r) = (x,y) we have

im ((7p Xag TQ)w(pir)) = (TP )wp) £ Xt I((TQ ) )
= Tfo*th*nyyZ
= T(x,y)Y Xx 4.

Hence mp X, g is a submersion. On the other hand, if (z,y), (2,w) € P xg Q with (7p X,
1Q)(x,y) = (Tp Xz, mQ)(2,w) one has that mp(x) = 7p(z) then there is a unique g € G with
x = zg, and mr(y) = mr(w), then there is a unique h € H with y = zh, moreover

F(z) = F(zg) = F(2)¢(9), T(y) =T(zh) =T(x)e(h),

so F(z) =T(y), F(z) = T'(w) implies F(2)y(g9) = T(w)e(h), and then ¥ (g) = ¢(h). Therefore
there is a unique (g,h) € G xy H such that (z,y) = (z,w)(g,h), thus G xy H acts freely and
transitive in the fibers. O

Theorem A.1.4. With the same hypothesis of the last theorem, the maps f, t are transversal and
W, @ are transversal if and only if F', T are transversal.

Proof. Given that it is a local question, it suffices to take a local representation for F and 7T in
trivializing open sets. Let U C X,V C Y, W C Z be such that

F:UxG—=WxN, (z9)— (f(z),7z)e(g))

and
T:VxH—=WxN, (y,h)— (ty),6(y)(h)),

for some smooth maps v : U — N and § : V' — N, this is because F' is (G “ N )-equivariant and
Tis (H N N)-equivariant. For all (z,g9) € U x G, (y,h) € V x H with F(z,g) = T(y, h) one has
that f(z) = t(y) and v(z)p(g) = 0(y)1(h). Moreover

P

im(F (1)) = Im(fe0) © im(‘p)v(x)w(g)’
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where

—_—~— —_—

() 0)p0) = {2+ (A (o)) | 4 € Lie(@) ]

We denote the fundamental vector field in R associated to the vector X € Lie(N) by X. Then one
easily checks that

—_—~ e/~

m(F (z,9)) +1m(T (y0)) = (m(fre) +im(tsy)) & (im(@)'y(m)ga(g) + im(lﬂ)a(y)w(h)) :

Thus
Im(Fy (2,)) +Im(T ) = Tp)yM ® Ty(2)p(g) H.

if and only if

—_—~— e/~

TryM =im(fia) +imtey),  Ty@)pe)H = M(P) 2)0(9) T (V) 50 0(0)-

Therefore F' and T are transversal if and only if f and ¢ are transversal, and ¢ and v are transversal.
O

Remark A.1.1. Note thatifv): G — N and ¢ : H — N are transversal Lie group homomorphisms
then G X H is an embedded submanifold of G x H, so that the product Lie group structure in
G x H restricts to G xy H. Thus G X H is a Lie subgroup of G x H.

A.2 Constructions in PBC

Recall that the category of principal bundles with connection, denoted by PBC, is the cate-
gory whose objects are (P, 7, M, G,0) where (P, 7, M,G) is a principal bundle and 6 is a connection
1-form on P. A morphism between two principal bundles with connection (P,7p, M,G,0p) and
(Q,mq, N, H,0p) is a morphism (F, f,¢) : (P,7p, M,G) = (Q,7g, N, H) such that F*0g = ¢, -0p.

Theorem A.2.1. Let (P,mp,X,G,0p),(Q,7q,Y,H,0g) and (R,mr,Z,N,0r) be a principal bun-
dles with connection and F : P — R be a bundle morphism along ¢ : G — N covering f : X — Z
preserving the connections and T : @) — R a bundle morphism along ¢ : H — N covering to
t:Y — Z preserving the connections.

PxpQ@Q -—-- LI GxyH -T2 s H
pry o T N ¢
K . F '/ e ¢ '/
P R ™Q G N
3 Tr
mp XxgY | s Y T*05 = o, - 00,
X - y 7 F*0p = ¢, - Op.

Then if F, T are transversal, then the pullback principal bundle (P X rQ,mp Xz,7Q, X X7Y,GXxNnH)
admits a connection 1-form Op X g 0g such that

p?"fep:ﬁ*-ep XRQQ, prgeQZTg*-Hp XR(QQ.

Proof. By Theorem A.1.3 the pullback principal bundle is well-defined. We write by g @&, b the
Lie algebra of the Lie group G Xy H. Now let us see that in fact, O0p xg 0g := prifp + pr3fg €
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chlR(P XRr Q;9Dn b) is a connection 1-form. For this let A+ B € g @y, b, then
13480 ¥R 0q =iz gprifp +iz, pprofo
Zigtgp + iéQQ
=A+ B.

For (g,h) € G xn H note that one has Ad, ) = Adg ® Ady : g ®n b — g ©n b. Then

Ry (0p xR 0q) =R, ;) (pr10p + prafq)
=R(, pypr1ifp + R, ,)prafg
=pr1(Ry0p) + pry(Rp,0q)
=pr1(Adg-1 - 0p) + pry(Ady-1 - 0q)
=Ad,1 - prifp + Adj-1 - pryfdg
=(Adg-1 @® Ady,-1) - (prifp + prafq)
—Ad(gp-1 - 0p x5 fg-

Therefore 0p x rfq is a connection 1-form on P x r(Q). Moreover, it is clear that prifp = 71,.-0p X gl
and pry0g = T2, - 0p X 0g from the definition. O

The following theorem relates the theory of principal bundles with connection and the theory
of differential graded algebras with symmetries.

Theorem A.2.2. Let (P,mp,M,G,0p) and (Q,mq, N, H,0q) be two principal bundles with con-
nection and F : P — @ be a bundle morphism along ¢ : G — H covering f : M — N preserving
the connections, then the following diagram of dga is commutative

W(g) —2 Qup(P)

qﬂ TF

W(h) g Qar(Q),
and it induces a commutative diagram in the respective basic dga’s

S(%)¢ —2 Qqp(M)

o T

S(h*)H TGQ> Qar(N)

Proof. To see that the first diagram is commutative it is sufficient to show this in generators. Indeed,
consider a basis X1, ..., X, for g with dual basis o', ..., a” and with a copy dual basis u1, ..., u,
and a basis Y7,...,Y}; for h with dual basis !, .., 8¥ and with a copy dual basis v1,...,v; then

Wig) = AL, ..., a®) @R u,...,un], WH) =ABL....85 @R, ..., v].

Now extend the transpose application ¢* : h* — g* to a differential graded map ¢* : W (h) — W(g).
Note that for ¢, : g = b, ¢ (X;) = Zle (ﬁé-Yi, we have that the transpose application ¢* : h* — g*
is given by ¢*37 = S ngozi. Note that F*0g = ¢, - 0, implies that

k k
F*fg = F* (Z 9};21@-) =Y F*0,Y;,
=1 i=1

and
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Gu-Op =¢ - | D _0LX; Zﬁw*- :

n k n
:Zez;qu;iYi:Z > 4i0p | i,
j=1 =1 j=1

hence

Fh=> ¢}, i=1,... .k
Thus

F* 0w, (B") =F*(6)) Zgble; — quzwgp (o)

=wp, | D dhad | = wo, (6°(8) = we, 0 6 (57).

j=1
Now recall that Equation (1.1.3) gives us that F*Qg = ¢, - Qp, and since ¢* : W(h) — W(g) is a

dga morphism, then

¢*(vj) =¢™(A(87)) = ¢"(dF’ — dcpf’) = do*’ — dep¢*

d( 3 ¢io/> —dcg (ZW )
=1

n

=" ¢i(da’ — dopa’) = Zdﬂda = qu]uz

=1 =1

Hence
n .
=1

From this, it is straightforward to conclude that F* 0wy, (vj) = we, © ¢*(v;). Thus the diagram is
commutative. The diagram in basic elements is commutative, because the following conditions are
satisfied for X; e gwith j=1,...,n

Z)'(v] oF* =F* oim, ix; 09" =" 0y, (x,);
and for all g € G,

RyoF" =F o Ry, Adjod™=¢"oAdy).



Appendix B

The adjoint representation of a
semi-direct product of Lie groups

B.1 The adjoint representation of semi-direct product of Lie groups

Let G and H be two Lie groups, and « : G — Aut(H) be a homomorphism of Lie groups. Let
us consider its semi-direct product H x, G. For two elements (h, g), (x,y) € H X G their product
is given by

(h, 9)(x,y) = (hagy(z), gy).
The conjugation by (h, g) is given by
cthg) (@, y) = (b, 9)(@,y)(h, g) "
= (hay(@),9y)(ag-1(h7),97), by (hg)"" = (ag-1(h™),g7"),
= (hag(x)agyg 1( ) ayg 1)
= ((cn 0 ag) (@) (@ © cg)(¥), cq(y)) (B.1)

where for all h € H the morphism &, : G — H, g — hay(h™'). Infinitesimally, for X € T.G and
Y € T H the adjoint at (h,g) is

Ad(p,g) (X +Y) = (Adn((ag)«e(X)) + (an)«.c(AdgY), AdgY).
In particular, for (h,e) € H x4 G
Ad(pe) (X +7Y) = (Adp(X) + (an)«e(Y),Y),

and for (e,g) € H x, G
Ad(e,g) (X +Y) = ((ag)«e(X), Ady(Y)).

The left invariant Maurer-Cartan 1-form of the semi-direct Lie group H x, G is
oy =G (ap 1)« (prifiic) + prafisc,

where 9]?40, and Qﬁc are the left invariant Maurer-Cartan 1-forms of G and H, respectively.
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