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Prodlogo

Esta memoria de tesis doctoral es presentada por Dna. Maria Calvo Cervera para
optar al titulo de Doctora en Matemédticas por la Universidad de Granada, dentro
del programa oficial de Doctorado en Fisica y Mateméticas (FisyMat). Se realiza por
tanto de acuerdo con las normas que regulan las ensenanzas oficiales de Doctorado
y del Titulo de Doctor en la Universidad de Granada, aprobadas por Consejo de
Gobierno de la Universidad en su sesion de 2 de Mayo de 2012, donde se especifica
que “la tesis doctoral consistird en un trabajo original de investigacion elaborado por
el candidato en cualquier campo del conocimiento que se enmarcard en alguna de las
lineas del programa de doctorado en el que estd matriculado. Para garantizar, con
anterioridad a su presentacion formal, la calidad del trabajo desarrollado se aportard,
al menos, una publicacion aceptada o publicada en un medio de impacto en el dmbito
de conocimiento de la tesis doctoral firmada por el doctorando, que incluya parte de
los resultados de la tesis. La tesis podrd ser desarrollada y, en su caso, defendida, en
los idiomas habituales para la comunicacion cientifica en su campo de conocimiento.
Si la redaccion de la tesis se realiza en otro idioma, deberd incluir un resumen en
espafiol.”.

La presente memoria ha sido redactada en base a cinco articulos de investigacion,
tres de los cuales fueron publicados entre los anos 2013-2015 [10, 16, 15] y los otros
dos [12, 13] actualmente estdn pendientes de publicacién. Dichos articulos se han
seleccionado teniendo en cuenta sobre todo su coherencia temadtica, pero también su
extension en orden a que la tesis tenga un tamano razonable. Todas estos traba-
jos estan sometidos o han aparecido en revistas de relevancia internacional, incluidas
todas ellas en el Journal of Citations Reports e incluidas en las bases de datos Math-
SciNet (American Mathematical Society) y Zentralblatt fiir Mathematik (European
Mathematical Society).

Para optar a la mencién internacional en el titulo de doctor, la mayor parte de
la memoria estd escrita en inglés, idioma que actualmente es de mayoritario uso en
la comunicacién cientifica en el ambito de las matematicas, respetando asi el idioma
en que los articulos de investigacion recopilados han sido o serdn publicados. Al
redactarse en una lengua no oficial, sin embargo, incluimos un resumen también en
espaniol.

Los resultados novedosos presentados en la memoria han sido obtenidos a lo largo
de los ultimos anos bajo la supervisién del Dr. Antonio Martinez Cegarra en el Depar-
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tamento de Algebra de la Universidad de Granada. En este tiempo, la doctoranda ha
sido alumna del Programa Oficial de Doctorado en Fisica y Matematicas (FisyMat);
desde Marzo de 2013 ha disfrutado de una Beca de Formacién de Profesorado Univer-
sitario (FPU12/0112), financiada por el Ministerio de Educacién, Cultura y Deportes
espanol, y ha realizado sus investigaciones en el marco del Grupo de Investigacién
FQM-168, financiado por la Junta de Andalucia, y del Proyecto de Investigacion
MTM2011-22554, financiado por la Direccion General de Investigacion del Gobierno
de Espana. Durante los meses de Mayo, Junio y Julio de 2013, la doctoranda realiz6
una estancia de investigacion en el Ecole Polytechnique Fédérale de Lausanne, Suiza,
y durante los meses de Septiembre, Octubre, Noviembre y Diciembre de 2014, realizé
otra estancia en la Queen Mary University of London (Reino Unido).
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Abstract

Monoidal categories have been studied and used extensively in the literature. Monoidal
small groupoids, as found in particular in algebra and algebraic topology, are impor-
tant as mathematical objects in their own right. Most of the work in this thesis is
motivated by the structural analysis of several kinds of these monoidal groupoids,
whose final aim is to state and prove precise cohomological classification theorems
for them. Some of these results are established by means of known cohomology the-
ories for monoids, but others need suitable new ones. Therefore, the memory also
contributes to the study of monoids under an homological point of view.

This thesis is divided into five chapters, that contained the results obtained, and
a conclusion chapter in Spanish. All chapters can be read quite independently, al-
though most of the terminology and some technical arguments are shared between
them. Apart from a few minor notational changes that have been made to unify
our presentation, and that the full bibliography has been collected at the end of the
thesis, Chapter 1 has appeared as [10] in the journal Semigroup Forum (2013), Chap-
ter 3 as [16] in Semigroup Forum (2015), Chapter 4 as [15] in Mathematics (2015),
while Chapters 2 and 5 correspond to the papers [12] and [13], which are pending of
publication.

In Chapter 1 we analyze the structure of arbitrary monoidal groupoids, that is,
small categories M in which all arrows are invertible, enriched with a monoidal struc-
ture by a tensor product ® : M x M — M, an unit object I, and corresponding co-
herent associativity and unit constraints a, . : (z®y)®2z =2 2@ (y®=2), I, I@x =,
and r; : x ® I & x. Strongly inspired by Schreier’s analysis of group extensions [67]
and its extension to fibrations of categories by Grothendieck [45] (but also by works of
Sinh [69], Breen [8], et al.), we develop a 3-dimensional Schreier-Grothendieck factor
set theory for monoidal groupoids. More precisely, we classify monoidal groupoids by,
what we call, Schreier systems for monoidal groupoids, or non-abelian 3-cocycles on
monoids. That is, systems of data consisting of a monoid M, a family of (not necessar-
ily commutative) groups A(a), parameterized by the elements a € M of the monoid,
a family of group homomorphisms a. : A(b) — A(ab) and a* : A(b) — A(ba) between
these groups, and a list of elements A\, . € A(abc), satisfying various requirements.

When we focus in the special case of monoidal abelian groupoids then our clas-
sification results are stated in a more enjoyable and precise way by means of Leech
cohomology theory of monoids [53]. In fact, any monoidal abelian groupoid is clas-
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sified by a Schreier system in which now every group .A(a) is abelian, so that the
data for a Schreier system turn just to be a three cocycle for a Leech cohomology
group of the monoid M. Although these results are mainly of algebraic interest,
we would like to stress their potential interest in homotopy theory since there are
natural isomorphisms between Leech cohomology groups of a monoid M and certain
Gabriel-Zisman’s cohomology groups [37] of the classifying space W M of the monoid.

In Chapter 2 we deal with the computability of Leech (co)homology groups of
finite cyclic monoids, whose structure and classification was first stated by Frobenius
[34]. Although (co)homology groups of any finite cyclic group have been well-known
since they were computed in 1949 by Eilenberg [27], this is not the case for finite cyclic
monoids. Indeed, to our knowledge, the Leech cohomology groups of a cyclic monoid
have been computed only for the infinite case (i.e., for the monoid of the additive
monoid N of natural numbers) and up to dimension 2 for the finite case by Leech in
[53]. Then, because higher cohomology groups arise with interest for us (mainly due
to our interpretation of the 3rd cohomology groups in Chapter 1), we dedicate this
chapter to compute all the (co)homology groups of any finite cyclic monoid.

In Chapter 3 we change to work with commutative monoids. The category of
commutative monoids is tripleable (monadic) over the category of sets [58], and so
it is natural to specialize Barr-Beck cotriple cohomology [2] to define a cohomology
theory for commutative monoids. This was done in the 1990s by Grillet [40, 41, 42,
43]. In this chapter, our goal is to interpret these 3rd cohomology group in terms of
strictly symmetric (or strictly commutative) monoidal abelian groupoids [25, 56, 66],
that is, monoidal abelian groupoids, but now endowed with coherent and natural
isomorphisms ¢, : T ® y = y ® x, satisfying the symmetry and strictness conditions
CyxCry = idygy and ¢, = idygz. The monoid M of connected components of
such a monoidal groupoid becomes commutative and our main result here is that the
complete invariant for the classification of any strictly symmetric monoidal abelian
groupoid is provided by a Grillet 3-cohomology class of M. This classification result
generalizes the well-known one for strictly commutative Picard categories by Deligne
[25], Frohlich and Wall [36], and Sinh [69].

So far, we have dealt with Leech cohomology theory for arbitrary monoids and
Grillet cohomology theory for commutative monoids. For a commutative monoid,
these two cohomology theories differ beyond dimension 2. Indeed, one easily argues
that Leech cohomology groups do not take properly account of the commutativity of
the monoid, in contrast to what happens with Grillet ones. To some extent, however,
Grillet’s symmetric cohomology theory at degrees greater than 2 seem to be a little
too ‘strict’ (for example, symmetric 3-cohomology groups of a group are always zero).
Therefore, in Chapters 4 and 5, we present new approaches for cohomology theories of
commutative monoids, mainly motivated for the problem of classifying both braided
and symmetric monoidal abelian groupoids.

In Chapter 4 we define and study a new cohomology theory, consisting of what
we call commutative cohomology groups of a commutative monoid. We came to them
inspired in the (second level) cohomology groups of abelian groups by Eilenberg and



Mac Lane [31, 55], and their definition is based on the cohomology theory of simplicial
sets by Gabriel and Zisman [37]. To compute these cohomology groups up to dimension
3, we conclude here with a manageable truncated at dimension 4 cochain complex,
which we call the complex of commutative cochains. By means of these commutative
cocycles we establish interpretation results for the commutative cohomology groups
at dimensions up to 3. In particular, we prove that equivalence classes of braided
monoidal abelian groupoids, that is, monoidal abelian groupoids with coherent and
natural isomorphisms ¢, , : £ ® y = y ® x but without the symmetry (¢, , ¢z = id)
and strictness (¢, = id) requirements [50], are classified by means of commutative
3-cohomology classes of commutative monoids.

Finally, in Chapter 5, we introduce and study, for any integer r > 1, a rth level co-
homology theory for commutative monoids. The rth level cohomology groups provide
a generalization to commutative monoids of Eilenberg-Mac Lane’s rth level cohomol-
ogy groups for abelian groups [31, 55], which, recall, compute the cohomology of the
spaces K (G,r). Furthermore, this theory recover, at its first level, Leech cohomol-
ogy on commutative monoids, and, at its second level, the commutative cohomol-
ogy theory treated in the previous Chapter 4. Regarding the third level cohomol-
ogy groups, we find, among them, the invariants for classifying symmetric monoidal
abelian groupoids, that is, monoidal abelian groupoids with coherent and natural iso-
morphisms ¢, : * ® y = y ® x satisfying the symmetry condition (¢ ¢y = id)
but not the strictness one (¢, = id), and so we complete the lists of invariants for
equivalence classes of monoidal abelian groupoids. A relevant part of the chapter is
dedicated to give explicit computations of these higher level cohomology groups for
cyclic monoids.






Chapter 1

Structure and classification of
monoidal groupoids

This chapter deals with monoidal groupoids M = (M, ®,1,a,l,r), that is, categories
M in which all arrows are invertible, enriched with a monoidal structure by a tensor
product ® : M x M — M, an unit object I, and corresponding coherent associativity
and unit constraints axyyz : (X ®Y)®7Z - X @Y ®2Z), Ix : I®X — X,
and rx : X ® I - X. Our main objective is to state and prove precise classification
theorems for monoidal groupoids and their homomorphisms. In this classification, two
monoidal groupoids, say M and M’, are equivalent whenever they are connected by a
monoidal equivalence (F,¢): M => A’ , and two monoidal functors (F, ), (F',¢’) :
M — M’ which are related by a monoidal natural isomorphism, § : (F,¢) = (F’,¢'),
are considered the same.

The particular case of categorical groups is well known since it was dealt with by
Sinh in 1975. Recall that a categorical group [50] (also called a Gr-category [8, 69] and
a weak 2-group [1]) is a monoidal groupoid M in which every object X is invertible,
in the sense that there is another object X* and an isomorphism X ® X* — 1. In
[69], she proved that, for any group G, any G-module A, and any Eilenberg-Mac Lane
cohomology class ¢ € H3(G, A), there exists a categorical group M, unique up to
monoidal equivalence, such that G is the group of isomorphism classes of objects of
M, A = Aut (1) is the (abelian) group of automorphisms in M of the unit object, and
the G-action and the cohomology class ¢ are canonically deduced from the functoriality
of the tensor and the naturality and coherence of the constraints of M. This fact was
historically relevant since it pointed out the utility of categorical groups in homotopy
theory: as H3(G, A) = H3(BG, A) is the 3th cohomology group of the classifying space
BG of the group G with local coefficients in A, for any triplet of data (G, A, ¢) as above,
there exists a path-connected CW-complex X, unique up to homotopy equivalence,
such that m,X = 0if i # 1,2, m X = G, mX = A as G-module, and ¢ € H?(G, A) is
the unique non-trivial Postnikov invariant of X. Therefore, categorical groups arise
as algebraic homotopy 2-types of path-connected spaces. Indeed, strict categorical
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groups -i.e. categorical groups in which all the structure constraints are identities- are
the same as crossed modules, whose use in homotopy theory goes back to Whitehead
(1949) (see [9] for the history).

However, many illustrative examples such as the category Azg of central separable
algebras over a commutative ring R, or the fundamental groupoid 7X of a Stasheff
Ay-space X (of any topological monoid, for instance), show the ubiquity of monoidal
groupoids in several branches of mathematics, and therefore the interest to study these
categorical structures in their own right. But the situation with monoidal groupoids
is more difficult than with categorical groups. Let us stress the main two differences
between both situations. On the one hand, the induced structure by the tensor product
on the set of connected components of a monoidal groupoid is that of a monoid, rather
than a group, as it happens in the categorical group case. On the other hand, if M
is a categorical group, then the isotropy groups Auta(X), X € ObM, are all abelian
and all isomorphic to Autay(I), while a monoidal groupoid may have some isotropy
groups that are not isomorphic to Aut (1), as well as some noncommutative isotropy
groups. Think of the simple example Fin of finite sets and bijective functions between
them, whose monoidal structure is given by disjoint union construction: Its monoid
of isomorphism classes of objects is N, the additive monoid of natural numbers, and
its isotropy groups are the symmetric groups &,,.

Strongly inspired by Schreier’s analysis of group extensions [67] and its exten-
sion to fibrations of categories by Grothendieck [45] (but also by works of Sinh [69],
Breen [8], et al.), the structure of the monoidal groupoids is analyzed in this chapter,
where we develop a 3-dimensional Schreier-Grothendieck factor set theory for monoidal
groupoids, which indeed involves a 2-dimensional one for the monoidal functors be-
tween monoidal groupoids, and even a 1-dimensional one for the monoidal transforma-
tions between them. More precisely, our general conclusions on this issue concerning
to monoidal groupoids can be summed up by saying that we give explicit quasi-inverses
biequivalences

n-ab

A
MonGpd =~ Z3  Mnd,
b

between the 2-category of monoidal groupoids and the 2-category of what we call
Schreier systems for monoidal groupoids, or non-abelian 3-cocycles on monoids. That
is, systems of data

(M, A,0,})

consisting of a monoid M, a family of (non-necessarily commutative) groups A =
(A(a))aenm parameterized by the elements of the monoid, a family of group homomor-
phisms

O = (A(b) 2= A(ab) < A(a))apen

and a normalized map

At M x MxM— ] Ala) | Aape € Alabe),
aeM



satisfying various requirements. In the 2-category Zg_aand every equivalence is
actually an isomorphism, so that our classification results are effective.

When we focus in the special case of monoidal abelian groupoids, that is, monoidal
groupoids M = (M, ®,1,a,l,r) whose isotropy groups Aut(X), X € ObM, are
all abelian, then our classification results are stated in a more enjoyable and precise
way by means of Leech cohomology theory of monoids [53]. The biequivalences above
restrict to quasi-inverses biequivalences

A
MonAbGpd =~ Z3Mnd,
b

between MonAbGpd, the full 2-subcategory of monoidal abelian groupoids, and
Z3Mnd, the full 2-subcategory given by those Schreier systems (M, A, ©, \) in which
every group A(a) of A is abelian. But, the data 4 and © that occur in any such
a Schreier system constitute just a coefficient system, denoted now only by A, for
Leech cohomology groups H?(M,.A) of the monoid M, and A € Z(M, A) is a nor-
malized 3-cocycle. From this observation, we achieve the classification both of the
monoidal abelian groupoids and of the monoidal functors between them, by means of
the cohomology groups H? (M, A) and HE (M, A). Although these results are mainly
of algebraic interest, we would like to stress their potential interest in homotopy
theory since, as we will observe in the Chapter 4, there are natural isomorphisms
H'(M,A) = H"(WM,A), between Leech cohomology groups of a monoid M and
Gabriel-Zisman’s cohomology groups of the classifying space W M of the monoid with
twisted coefficients in A [37, Appendix II].

The plan of the chapter, briefly, is as follows. After this introduction, there are four
sections. Section 1.1 comprises some notations and basic results concerning monoidal
groupoids and the 2-category that they form, as well as a list of some striking exam-
ples of them. The main Section 1.2 includes our ‘Schreier-Grothendieck theory’ for
monoidal groupoids. This is a quite long and technical section, but crucial to our
conclusions, where we describe the 2-category Zg_abl\/lnd of non-abelian 3-cocycles on
monoids, and we show in detail how this 2-category is biequivalent to the 2-category
MonGpd of monoidal groupoids. Section 1.3 focuses in the special case of monoidal
abelian groupoids. In a first subsection we briefly review some aspects concerning
Leech cohomology of monoids H{*(M,.A). In the second subsection we include our
main classification results concerning monoidal abelian groupoids in terms of Leech
cohomology groups. And, finally, a third subsection is devoted to revisit the 2-category
of categorical groups, in order to show how the results here obtained imply the already
known for them.
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1.1 Preliminaires: The 2-category of monoidal
groupoids

In this section we fix notations and terminology, as well as we review some necessary

aspects and results from the background of monoidal categories that will be used in

what follows.
A monoidal category M = (M, ®,1,a,l,r) consists of a category M, a functor

QMXM—->M, (X))~ XRY,

(the tensor product) a distinguished object I € M (the wnit object), and natural
isomorphisms

aX’Y,Z:(X®Y)®Z%X®(Y®Z), Ix : I X=X, rx:XelzX,

(called the associativity, left unit, and right unit constraints, respectively), such that,
for all objects X,Y, Z, T of M, the diagrams below (called the associativity pentagon
and the triangle for the unit) commute.

(XRY)®2)T-%(XY)e(ZeT)- %X (Y®(ZaT)) (1.1)
a®1\L Tl@a
(XY ®Z)eT e X@(Y®o2z2)eT)
(XY 2= X®(I)Y) (1.2)
XY

Observe that usually we write the structure constraints without label of objects,
since their source and target make it clear what constraint isomorphism it is. A
monoidal category is called strictly unitary when the unit constraints lx, rx are
identity arrows, while it is called strit if ax y 7 is also the identity.

In any monoidal category r1 = l; and for any objects X,Y the triangles below
commute [50, Proposition 1.1].

(XY)l —2-= XY (IeX)Y —2-I®(XQY)

SN e o 7 (1.3)

XY XY

If M, M’ are monoidal categories, then a monoidal functor
F=(F¢): M—->M (1.4)
consists of a functor F : M — M’ a family of natural isomorphisms

(,OX7yZFX®/FY%>F(X®Y),
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and an isomorphism g : I’ == F1I, such that the following diagrams commute:

(FX®' FY) o' FZ22 F(X @ Y) @ FZ -2~ F(X®Y)® Z)

“’i iF“ (1.5)
FX® (FY & FZ) 2% FX & F(Y ® Z) 2= F(X ® (Y ® Z))

1Q/ ®1
FX'T 29 px e F1 T® FX 2> Fle FX

r/i iw l’i iso (1.6)

FX <" F(X o), FX <~ Fie X),

When FI =1 and ¢y = 1y, the identity, then the monoidal functor F' is qualified as
strictly unitary. When each of the isomorphisms ¢x y, (o is an identity, the monoidal
functor is called strict. ,

The composition of monoidal functors M 5 M E M will be denoted by juxta-
position, that is, F'F : M — M”. Recall that its structure constraints are obtained
from those of F' and F’ respectively, by the compositions

FIFX @' F'FY —2—= F/(FX @ FY) 2~ FIF(X ®Y) ,

©o

% v et

The composition of monoidal functors is associative and unitary, so that the category
MonCat of monoidal categories is defined. Actually, this is the underlying category
of a 2-category, also denoted by MonCat, whose 2-arrows are the morphisms of
monoidal functors or monoidal natural transformations. If F,F' : M — M’ are
monoidal functors, then a morphism between them

§:F=F (1.7)

is a natural transformation on the underlying functors such that, for all objects X,Y
of M, the following coherence diagrams commute:

FX® FY —>F(X®Y) 14

5x®’6yi l5X®Y vy \p() (1.8)
o

1
FIX® FY ~=F(X®Y) Fl——F"

In this 2-category, the “vertical composition” of 2-cells, denoted by

" F
m o o
M—F—=M = M 55 M,
\W ~__ 7

F/l F/l
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is given by the ordinary vertical composition of natural transformations, that is, the
component of ¢’ o § at any object X of M is given by the composition in M’

5/
(8 08)x =0y 0dx : FX 25 pix X prx. (1.9)

Similarly, the “horizontal composition”

F F F'F

A A A
M U MW M= MO MY

e g N T

G G’ G'G

is given by the usual horizontal composition of natural transformations:
=G 608F=§GoF'§: F'F=GGaG. (1.10)

The following known lemma will be useful in the sequel (cf. [20, Lemma 1.1], for
example). Let
MonCat,, € MonCat

denote the 2-subcategory of the 2-category of monoidal categories which is full on
0-cells and 2-cells, but whose 1-cells are the strictly unitary monoidal functors.

Lemma 1.1 The inclusion MonCat,“=> MonCat s a biequivalence.

Proof: For any monoidal categories M and M’ a quasi-inverse to the inclusion functor
i : MonCat, (M, M) — MonCat(M, M),

()" : MonCat(M, M’) — MonCat, (M, M), (1.11)

which should be called the normalization functor, works as follows: For any given
monoidal functor F' = (F,¢) : M — M’ let ¥p = (¢¥x)xeobm be the family of
isomorphisms in M’

. lpx i FX 5 FX if X #1
YTl gl FIsT i X =1

Then, F can be deformed to a new monoidal functor, F"* = (F", ¢"): M — M’ in a
unique way such that ¥ : F' = F" becomes an isomorphism. Namely,

FX if X 1 oF foyp gt
FUX = { v x # L P Lyy = (o DT puyy,
1 =1,

Py =VYxey opxyo (x @¢y) ™, @f =v¢ropo=1p.
Furthermore, any morphism ¢ : F' = G gives rise to the morphism

6u:\Ifalo5O\I/F:Fu:>Gu,
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which is explicitly given by

o 0xFX - GX it X AT
X poodiopy =1y : T =T if X =1

These mappings ' — F", § — 6", describe the normalization functor (1.11).

Since, by construction, ( )"i = id, the identity functor, and we have the natural
isomorphism VU : id = i( )", F' — Up, both functors ¢ and ( )" are mutually quasi-
inverse. [l

A monoidal functor F' : M — M’ is called a monoidal equivalence when there
exists a monoidal functor F’ : M’ — M and isomorphisms of monoidal functors 1, =
F'F, FF' = 1,¢. Two monoidal categories are equivalent if they are connected by
a monoidal equivalence. By Saavedra [66, I, Proposition 4.4.2], we have the following
useful result:

Proposition 1.1 A monoidal functor (F,¢): M — M’ is a monoidal equivalence if
and only if the underlying functor F : M — M’ is an equivalence of categories; that
is, if and only if the functor F is full, faithful and each object of M’ is isomorphic to
an object of the form FX for some X € M.

In this chapter, we are going to work with the full 2-subcategory of MonCat given
by the monoidal groupoids, that is, of monoidal categories whose morphisms are all
invertible, hereafter denoted by

MonGpd.

This 2-category of monoidal groupoids contains as a full 2-subcategory the well known
2-category of categorical groups, denoted by

CatGp,

whose objects, recall, are those monoidal groupoids in every object is invertible. The
inclusion CatGp — MonGpd has a right biadjoint 2-functor

Pic: MonGpd — CatGp
that assigns to each monoidal groupoid M its Picard categorical group [66, 2.5.1],
Pic(M) C M,

which is defined as the monoidal full subgroupoid of M given by the invertible objects.

1.1.1 Examples

To help motivate the reader we shall show some classic and striking instances of
monoidal groupoids. The most basic example of a monoidal groupoid is perhaps the
defined by the category §in of finite sets and bijective functions between them, whose
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monoidal structure is given by means of the disjoint union construction, which arises
in the study of categories of representations of the symmetric groups &,, (see Joyal
[48]). Indeed, Fin is equivalent to the strict monoidal groupoid & defined as the
disjoint union of the symmetric groups &,, n € N. More precisely, & has objects the
natural numbers n € N and the hom-sets are given by

&, ifm=n

6(’"’”):{ 0 iftm#£n.

Composition is multiplication in the symmetric groups, and the tensor product is
given by the obvious map &,, X &, — &, n.

Ring theory is a good source of many interesting monoidal groupoids. For example,
following Frohlich and Wall [35], let R be any given commutative ring. Then, the
monoidal category of R-modules, Modgr, whose monoidal structure is given by the
usual tensor product of R-modules, (M,N) — M ®p N, contains as an interesting
monoidal subcategory the so-called monoidal groupoid of R-progenerators, usually
denoted by

Geng,

whose objects are the faithful, finitely generated projective R-modules, and whose
morphisms are the module isomorphisms between them. The invertible objects in
Genp are the invertible R-modules, i.e. rank 1 projectives. Hence,

Pic(Geng) = Picp,

is the monoidal groupoid known as the Picard categorical group of R. Similarly,
the monoidal category of associative R-algebras with identity, Algr, whose monoidal
structure is given by the ordinary tensor product of R-algebras, (A, B) — A ®pr B,
contains a striking instance of a monoidal groupoid: the so-called monoidal groupoid
of Azumaya R-algebras, denoted by

Azg,

whose objects are the central separable R-algebras and whose morphisms are the R-
algebra isomorphisms. Forgetting algebra structure and taking the endomorphism
ring define, respectively, two remarkable monoidal functors: Ling : Azgr — Geng and
Endpg : Geng — Azg. The Morita monoidal groupoid of R-algebras,

MAlgr,

is defined to have objects R-algebras, and a morphism A — B is an isomorphism class
of a Morita equivalence Mod4 = Modpg (or, equivalently, an isomorphism class of an
invertible (left) A® g B°P-module). An object A of this monoidal groupoid is invertible
if and only if there is another object B such that A ® g B is Morita equivalent to R.
It follows that A must be an Azumaya R-algebra. Conversely, if A is Azumaya, the
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isomorphism A ®p A°? = Endr(Ling(A)) shows that, since Endg(Ling(A)) is Morita
equivalent to R, A°P provides a quasi-inverse of A. Hence,

Pic(MAlgr) = Brg

is the Brauer categorical group of R, whose objects are the same as those of Azg,
i.e. the Azumaya R-algebras, but whose morphisms are here iso-classes of Morita
equivalences between them.

Every monoidal groupoid arises from an elemental categorical construction: If 5 is
any bicategory [71], then the monoidal groupoid of endomorphisms of an object b € B,
denoted by

End(b),

has objects the 1-cells f : b — b in B and morphisms the invertible 2-cells f = f be-
tween them. The monoidal structure on End(b) is given by the horizontal composition
of cells in the bicategory. The categorical group of autoequivalences of b is

Aut(b) = Pic(End(b)),

that is, the monoidal full subgroupoid of equivalences b = b in the bicategory. If, for
example, we take B = Cat, the 2-category of categories, and C is any category, then
the monoidal groupoid

£nd(C)

has objects the functors F' : C — C and the morphisms are the natural equiva-
lences F' = G. The composition in End(C) is given by the usual vertical composition
of natural transformations, while the composition of the functors and the horizon-
tal composition of the natural transformations define its (strict) monoidal structure.
These monoidal groupoids of endofunctors are relevant in several frameworks, since
a pseudo-action of a monoidal category M on a category C is the same thing as a
monoidal functor M — End(C). For instance, a Deligne action [24] of a monoid M
on a category C, is just a monoidal functor M — End(C), from the discrete monoidal
category that M defines to the monoidal groupoid of endofunctors of C.
The Picard categorical group of a category C is

Pic(C) = Aut(C),

that is, the monoidal full subgroupoid of End(C) given by the autoequivalences C = C.
If, for example, A is any ring and we take C = 4 Mod 4, the category of A-bimodules,
then, by Morita’s theory, there is a monoidal equivalence

Aut(4Modp) ~ Pica,

where Picy4 is the Picard categorical group of the ring, that is, the categorical group of
invertible A-bimodules with isomorphisms, whose monoidal structure is given by the
usual monoidal product of A-bimodules (M, N) — M ®4 N. The case where C = G,



14 Chapter 1. Structure and classification of monoidal groupoids

a group regarded as a category with only one object, is also well-known: the monoidal
groupoid
End(G)

can be described as having objects the group of endomorphisms f : G — G and
morphisms u : f = g those elements u € G such that f = C,f’, where C,, : G — G
is the inner automorphism C,(v) = uvu~! given by conjugation with u. Composition
of morphisms is multiplication in G, and the (strict) monoidal structure is defined by

FSe@Sgd)= (fg—LL pg).

The corresponding Picard categorical group of invertible objects
Aut(G),

is the categorical group of automorphisms of G. It is the internal groupoid in the
category of groups whose group of objects is Aut(G), the group of automorphisms
of G, and whose group of arrows is the holomorph group Hol(G) = G x Aut(G).
Thus, Aut(G) is precisely the categorical group corresponding to the universal crossed

module G % Aut(G) by the well-known Verdier equivalence between the category of
Whitehead crossed modules and the category of strict categorical groups, see [9] for
the history.

Algebraic Topology is also a natural setting where monoidal groupoids appear with
recognized interest: Recall that the fundamental groupoid 7.X, of a space X, is the
category having X as set of objects, and whose morphisms [w] : * — y (z,y € X)
are relative end points homotopy classes of paths w : [0,1] — X with w(0) = z and
w(1) = y. Composition in 7X is induced by the usual concatenation of paths and
constant paths provide the identities. Any continuous map f : X — Y induces a
functor f, : 71X — 7Y given by

fo@ S y) = (F@) 2 p)),

so that the fundamental groupoid construction, X — #.X, is a functor from the
category of topological spaces to the category of groupoids. If f,g: X — Y are two
maps, then a homotopy a : f = g, a : [0,1] — Y X induces a natural isomorphism
oy fr = g« defined, for any point x € X, by

a(z) = [a(=)(2)] : f(z) = g(x).

Moreover, it is easy to see that if two homotopies «, 8 : f = ¢ are related by a relative
end maps homotopy, a = 3, then both induce the same natural isomorphism, that is,
if [a] =[] in the track groupoid 7YX, then a. = By : fu = gu.

Suppose now that X = (X, m, e, a, A, p) is any given homotopy coherent associa-
tive H-space, i.e. a Stasheff Aj-space [70] (any topological monoid, for instance).
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This means that we have a topological space X, which is endowed with a continuous
multiplication map m : X x X — X, a point e € X, and homotopies

Xx X x X2 x v x x—L xxx

mxll % im mléli im

X xX X, XXXm—>X,

m
which are homotopy coherent, in the sense that there are homotopies as below.

mx1x1 mx1x1

X4—>X3 X4—>X3

1><1><Z/ 1>m><1 Jax1 \n{xl 1><1><7 _ 1><r{ Yxl
N s/

X3 1<><:oz X3 mx1 X2 = X3 mx1 X2 Jad X2
1><A Am - % 1Xk\ b N #A
X? - X X2 — X
X2 : X2 X2 : X2
XA fox1
1xex1 Xlxm// m = 1><l><1 pmx/ m
/ fra l/ / =
3 2 3 2
X mXx1 X m X X mx1 X m X

Since the functor X +— w.X preserves products, the multiplication map m : X x X — X
induces a tensor product

my X X7 X Z7n(X x X) — 71X,

and the homotopies «, A, and p, induce corresponding associativity, left unit, and right
unit constraints (which satisfy the pentagon and triangle axioms (1.1), (1.2) thanks
to the existence of the homotopies = above), we have thus defined the fundamental
monoidal groupoid of the H-space

X = (7 X, M, €, ey Ay Pi)-
Let us stress that 7X is a categorical group whenever X is group-like (for instance

X ~ Q(Y,y0), any loop space).

1.2 Schreier-Grothendieck theory for monoidal
groupoids

The Schreier extension theorem [67] gives a cohomological classification of extensions
of (non-abelian) groups, 1 -+ A — E — G — 1, in terms of equivalence classes of the



16 Chapter 1. Structure and classification of monoidal groupoids

so-called Schreier systems for group extensions or non-abelian 2-cocycles on groups.
That is, by means of systems of data

(G, A,0,)), (1.12)

consisting of groups G and A, a family of automorphisms © = (A 2% A).cq, and a
family of elements A\ = (Ayp € A)qpeq, satisfying:

Xap o (ab)u(f) oAy = au(bu(f)),  L(f) =,
a*()\b,c) o )\a,bc = )‘a,b © )‘ab,ca )\a,l =1= )\l,aa

where f is any element of the group A. Any such Schreier system gives rise to a group
extension

1—-A—-3%G,A0,)\)—>G—1, (1.13)

where 3(G, A, ©, \) is the group defined by considering on the set A x G the product
(f,a) o (g,b) = (f o as(g) o Agp,ab), and any group extension can be obtained in this
way up to isomorphism. Actually, the construction of the group extension (1.13),
from each Schreier system (1.12), defines the function on objects of an equivalence
of categories between the category of Schreier systems for group extensions, whose
morphisms

(p,q,¢): (G, A,0,\) = (G', A", 0" X)

are triplets consisting of homomorphisms p : G — G’, ¢ : A — A’, and a family of
elements ¢ = (¢, € A)qcq, satisfying:

wa o p(a)c(a(f)) o vzt = qlax(f)),
q(Aap) © Pab = a0 p(a)s(©b) © N0 1)
and the category of extensions of groups, whose morphisms are commutative diagrams

1—G E H 1

5ol P

1—G'—F — H —1.

Several generalizations to monoid extensions of Schreier theory are known in the
literature: Rédey [64], Leech [53, 54], Inassaridze [47], etc. To classify fibrations be-
tween categories, Grothendieck [45] raised to a categorical level Schreier’s theorem by
means of the theory of pseudo-functors, and higher analogues problems were studied,
among others, by Sinh in [69], where she performed the categorical group classification;
Breen [8], who treated with non-abelian 3-cocycles of groups for the classification of
extensions of groups by categorical groups; Carrasco and Cegarra in [17], where they
carried out the classification of central extensions of categorical groups; Ulbrich [72],
who classified extensions of Picard categories; Cegarra and Garzén in [21], where a
classification of torsors over a category under a categorical group is done; or Ce-
garra and Khmaladze [22, 23|, where it is performed the classification both of braided
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and symmetric graded categorical groups, later on extended to the fibred cases by
Calvo, Cegarra and Quang in [11]. We are inspired in all these works to make below
a corresponding analysis of monoidal groupoids, whence we achieve a 3-dimensional
Schreier-Grothendieck factor set theory for the classification of monoidal groupoids,
which indeed involves a 2-dimensional one for monoidal functors between monoidal
groupoids, and even a 1-dimensional one for the monoidal transformations between
them.

1.2.1 Schreier systems for monoidal groupoids

Keeping the Schreier-Grothendieck theory in mind, we introduce below 3-dimensional
Schreier systems for monoidal groupoids, or non-abelian 3-cocycles on monoids, which
will be showed as appropriate minimal systems of “descent datum” to build a survey
of all monoidal groupoids up to monoidal equivalences.

Definition 1.1 A Schreier system (for a monoidal groupoid) S = (M, A,0,\) con-
sists of the following data:

e o monoid M,

e a family of groups A = (A(a))acn,

o a family of homomorphisms © = (A(b) == A(ab) & A(a))apems
e a family of elements X = (Agp.c € A(abc))apcem-

These data must satisfy the following seven conditions:

e For any a,b,c € M, h € A(a), g € A(D), and f € A(c),

Aape© (ab)u(f) 0 Mgy . = ax(bu(f)), (1.14)
Aape© ¢ (as(g)) o Ay . = ax(c*(9)), (1.15)
Mo 0 € (0 (R)) 0 A; L, = (be)* (h). (1.16)
e For any a,b,c,d € M,
s (Ab,e,d) © Aaype,d © A" (Aape) = Aab,ed © Aabye,d- (1.17)
e For any a,be M, g € A(a), and f € A(b),
a.(f) o b™(g) = b"(g) o ax(f). (1.18)
e For anya € M and f € A(a),
ex(f) =f=¢€(f), (1.19)

where e € M is the unit.
e For any a,b e M,
)\e,a,b = )\a,e,b = )\a,b,e =1 (120)
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Example 1.1 A Schreier system as above with A = 1 (i.e., such that Agp. = 1
for all a,b,c € M) is the same thing as a pair of data (M, (A, ©)) consisting of a
monoid M together with an internal group object (A,©) € Gp(Mnd Jy/), in the
comma category of monoids over M. We refer to Wells [74, Theorem 6] for details,
but briefly let us say that, for that identification, one regards A as the monoid ob-
tained as the disjoint union of the groups A(a), a € M, with multiplication given by
(f,a)(g,b) = (ax(f) o b*(g),ab). This multiplication is associative thanks to (1.14),
(1.15), and (1.16), and it is unitary, with (1, e) its unit, owing to (1.19). The monoid
homomorphism |J,¢,, A(a) — M is the obvious projection (f,a) — a, and the inter-
nal group operation is defined by the map (J 5 A(a) X1 Ugenr Ala) = Ugens Ala),
((f,a),(g,a)) — (f og,a), which is plainly recognized to be a monoid homomorphism
thanks to the centralizing condition (1.18).

Surjective monoid homomorphisms £ — M endowed with a principal homogenous
internal (A, ©)-action in Mon | 5/ (i.e., internal (A, ©)-torsors) are classified by means
of Leech non-abelian 2-cocycles of M with coefficients in A. That is, by families
A = (Agp) of elements X\, € A(ab), one for each a,b € M, such that

a*(Ab,c) o )\a,bc = C*()\a,b) o )\ab,m Aeag=1= Aa,m

)

for all a,b,c € M; see Leech [53, Section 3] and Wells [74, Theorems 1 and 7].

Remark 1.1 Regarding any group as a groupoid with exactly one object, it was
observed by Grothendieck [45] that a non-abelian 2-cocycle (G, A, ©,\) for a group
extension of a group G by a group A, as in (1.12), can be identified as a normal
pseudo-functor on G that associates the group A to the unique object of A. Similarly,
as one identifies any monoid with the monoidal discrete category it defines, then a
Schreier system (M, .A,©,\) for a monoidal groupoid, as in Definition 1.1, can be
viewed as a group valuated normal monoidal pseudo-functor on M, in the sense of
Carrasco-Cegarra [17, Definition 1.6], that associates the group A(a) to each object
a€ M.

Next we explain how Schreier systems, as in Definition 1.1, come characteristically
associated to monoidal groupoids.

1.2.2 Schreier systems associated to monoidal groupoids

From now on, in this chapter we denote the tensor product by juxtaposition, that is,
XY =X®Y.
For any monoidal groupoid M = (M, ®,1,a,l,r) let

M(M)= ObM)~ (1.21)

be the monoid of isomorphism classes a = [X] of objects X € M where multiplication
is induced by the tensor product, that is, [X][Y] = [XY] and whose unit is e = [].
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The construction M +— M (M) turns the category of monoidal groupoids into a
fibred category over the category of monoids. To determine its fiber over a monoid,
we shall proceed as Schreier did for extensions of a group:

We start by choosing a cleavage for M over M (M), that is, for each a € M (M),
let us choose an object X, € a, and for any other X € a, we fix a morphism I' =T'x :
X — X,. In particular, we take

Xe = I, FIXa = lXa : IXa — Xa, FXaI =Tx,: XaI — Xa. (1.22)

Then, we have the following family of isotropy groups of the groupoid M param-
eterized by the elements of M (M):

AM) = (AUtM (Xa))aeM(M)' (1.23)
We also have the family of group homomorphisms
Qs b*
O(M) = (AutM(Xb) — Autp(Xgp) — AUtM(X“))a,bGM(M) , (1.24)

which, for any a,b € M(M), carry automorphisms of M, say f : X; — X; and
g : X, — X, to the automorphisms a.(f) : Xop — Xap and *(9) : Xop — Xap,
respectively determined by the commutativity of the squares below.

XX, —1-x.x XX -2 XX,
Fi ir Fl lr (1.25)
) b

A 9)
Xgp oo > Xab Xap "= Xap

Furthermore, for any three elements a,b,c € M (M), there is a unique
)\a,b,c S AUtM(Xabc)

making commutative the diagram

(XaXb)Xc I Xach quc
al D (1.26)
1T v
Xa(Xch) XaXbc Xabc'
Then, letting
)\(M) = ()\g,,b,c € Allt_/\/[ <Xabc))a,b7CEM(M) 5 (127)

we have:

Proposition 1.2 For any monoidal groupoid M = (M,®,1,a,l,7), the associated

quadruplet
AM) = (M (M), AM), (M), A\(M)), (1.28)

given by (1.21), (1.23), (1.24), and (1.27), is a Schreier system.
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Proof: In all the diagrams below, those inner regions labelled with (A) commute by
the naturality of the associativity constraint, those labelled with (B) are commutative
because ® : M x M — M is a functor, and the other commute by the references
therein.

For any a,b,c € M(M), h € Autp(Xa), g € Autp(Xyp), and f € Autp(X,), the
conditions in (1.14), (1.15), and (1.16), follow, respectively, from the commutativity
of the outside regions in the following three diagrams in M:

)‘a,b,c
(1.26)

Xabe <= XapXe < (XaXp) Xe % Xo(XpXe) ~> XoXpe — Xape

(ab)*(f)l am 1r @) abr @ 10n 02) 1kp) (125) la*b*m

Xabe < XapXe < (XoXp) Xe % Xo(XpXe) ~> XoXpe ~> Xape
(1.26)

)‘a,b,c

)‘a,b,c
(1.26)

Xabc <711)(@17)(0 <F71 (XaXb)Xc 2 Xa(Xch) £> XaXch‘) Xabc
| \ \ \

c*a*(g)l (1.25) a«(g)1 (1.25) (1g)1 (A) 1(g1l) (1.25) 1le*(g) (1.25) la*c*(g)
Xabe L XapXe RS (XaXb)Xc - Xa(Xch) L XaXpe s Xabe
(1.26)

)\a,b,c

Aa,,b,c
(1.26)

T T T N
Xape <= XapXe < (XaXp) Xe —% Xo(XpXe) ~> Xo Xpe — Xape

c*b*(h)i (1.25) b*(‘h)l (1.25) (h‘l)l (A) h(‘ll) (B) h‘l (1.25) l(bc)*(h)

T T T T
Xape < XapXe < (XoXp) Xe —% Xo(XpXe) —> Xo Xpe ~> Xape
(1.26)
/\a,b,c

Since, for any a,b € M (M), g € Autp(X,), and f € Autr(Xp), we have the



1.2. Schreier-Grothendieck theory for monoidal groupoids 21

commutative diagram
ax(f)

(1.25)
r 1f r
Xop<— X Xp XoXp Xab

b*(g)l (1.25) gll (B) lgl (1.25) \Lb*(g)

r r
Xap =— XoXp 7 XoXp Xab,

(1.25)

ax(f)

it follows that the homomorphisms a, and b* in (1.24) are centralizing, that is, con-
dition in (1.18) holds. Moreover, when a = e or b = e, the naturality of the unit

constraints gives the commutativity of the squares

X, > 1x, X125 x,1
F:li/ \LF:l F:T‘\L i/F:T
X, —1> X, X, —4> X,

whence e.(f) = f and e*(g) = ¢g. That is, the normalization conditions in (1.19) hold.
Furthermore, the 3-cocycle condition (1.17), for any a,b,c,d € M(M), follows

from the commutativity of the following diagram

Aab,c,d >\a,b,cd
Xabcd Xabcd Xabcd
Ir r] r]
X abe Xd (1.26) XabXed (1.26) XaXpe

e /\aw/\

/ (Xap Xe) Xg —5= Xop(XeXa) (B) (XaXp)Xeg — Xo(XpXea)

o o |
1(1T) a*()\zi,c,d)

d*(Aabe) (rn1 (A) (XaXp)(XcXa) (4)
(1.25) (1.26) / K (1.26) (1 25‘)
| ((XoXp)Xo) X4 Xao(Xp(X X)) |
i Aa,pel lal (-0 la Wy ed ,ll
\ (Kal X X)X * Xal(XoXe) X)) |
\ v (4)
Vo \(XaXee) Xa = Xa(XpeXa)
abc)él e 1FXaXbc
J/F ot Xricd-

X abed
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Finally, recalling the selections (1.22), it is plain to see that the normalization
conditions in (1.20) are direct consequence of the coherence triangles in (1.1) and
(1.3). This completes the proof. O

The Schreier system in (1.28), associated to a monoidal groupoid, depends on
the selection of the cleavage made for its construction. However, as we shall prove,
different choices produce equivalent Schreier systems.

We next explain how each Schreier system gives rise, by the so-called Grothendieck
construction (cf. [17, 1.3]), to a monoidal groupoid.

1.2.3 The monoidal groupoid defined by a Schreier system
Let S = (M, A, O, \) any given Schreier system. Then, a monoidal groupoid

3(8) = (2(S),®,1,a,l,7) (1.29)

is defined as follows: an object of (S) is an element a € M. If a # b are different
elements of the monoid M, then there is no morphisms in ¥(S) between them, whereas
if a = b, then a morphism f : a — a is an element f of the group A(a), that is

0 if a#b,

H(5)(a) = { A(a) if a=0.

The composition of morphisms is given by the group operation of A(a), that is,

(aga)o(aga):(af;f/a).

The tensor product ® : X(S) x X(S) — X(S) is defined by

f

(aa)o®bb) = (abw

ab) ,
which is a functor thanks to the centralizing condition (1.18). In effect, we have

(ai>a)®(b1>b): (abMab) =ab - ab.

and, for any ¢g,¢' : a — a and f, f' : b — b, we have

(gog)@(feof) = | ax(fo f)ob (gog) = a.(f)oa.(f')ob*(g)ob™(g)
.18

=" ax(f)ob*(g)oau(f)ob*(d) = (g f)o(d ®f).

—~

The associativity isomorphisms are

Aabe : (ab)e = a(be).
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These are natural thanks to conditions (1.14), (1.15), and (1.16). In effect, for any
h:a—a,g:b—b,and f:c—c,

Aapco(h®g)®f) = Aapeo((ax(g) ob*(h) ® f

(119

«(f)oc*(g))) o Aa,b,e

ax (b (f)) © Aape © ¢*(ax(g)) 0 ¢* (b*(h))
(1.15) ax(by(f)) 0 ax(c*(g)) 0 Aap,ec 0 c*(b*(h))
U2 4 (b)) 0 a-(e*(9)) © (be)*(h) © Aape
= ax(be(f) o c™(g)) o (be)*(h) 0 Aap.c
= (
(

The pentagon coherence condition in (1.1) just says that, for any a,b,c,d € M, the
diagram

)‘ab,c,d /\a,b,cd

((ab)c)d —— (ab)(cd) — a(b(cd))
d*()‘a,b,c)l Ta*()‘b,c,d)
(a(be))d Aabed a((be)d)

must be commutative, what holds because of the 3-cocycle condition (1.17).
The unit object is I = e, the unit element of the monoid M, and the unit constraints
are both identities, that is, for any a € M,

lo=1=r,:a—a.
These are natural due to the equalities in (1.19). In effect, for any f : @ — a, we have

(1.19)

lao(1®f)=10 f=e(f)oa* (1) =" fol=f=fol,,
reo(f@1) =fol=aM)oe*(f) "2 10f=f=for,

The coherence triangle for the unit in (1.2) commutes owing to the normalization
condition A, =1 in (1.20). O

As we will show, both constructions S — X(S), as above, and M +— A(M), as in
(1.28), are convenient to express the strong relationship between Schreier systems and
monoidal groupoids. Previously, we need the notions of morphisms between Schreier
systems and their deformations, that we establish below.



24 Chapter 1. Structure and classification of monoidal groupoids

1.2.4 The 2-category of Schreier systems

The Schreier systems introduced in 1.1, or non-abelian 3-cocycles of monoids, are the
objects of a 2-category in which all 2-cells are invertible, denoted by

Z3 ., Mnd,

whose cells and their compositions are defined as follows:

Morphisms of Schreier systems

IfS=(MA0ON,S =M, A, 0, N) are two Schreier systems, then a morphism
p=1(p,q,p):S— 8 consists of the following data:

e a monoid homomorphism p : M — M/,

e a family of group homomorphisms ¢ = (A(a) LY (p(a)))a M

e a family of elements ¢ = (¢, € A/(p(ab)))a bEM?

satisfying the following three conditions:
e For any a,b € M, g € A(a), and f € A(b),

a0 p()(a5(f)) © up = dab(ax(f)),

) o ) (1.30)
Pab 0 P(0)*(¢a(9)) © puy = dab(b™(9))-
e For any a,b,c € M,
Gabe(Aab,c) © Pab,e © P(C) (Pab) = Pabe © P(a)(Pb,c) © A;(a)ap(b)vp(c)' (1.31)
[ ]
Pee = 1. (1.32)

Observe that, taking b = ¢ = e in the above equality (1.31), we deduce that, for

any a € M, ¢ge© @ae = Pae ©P(a)s(Pee) = Pae in the group A'(p(a)), whence
Pa,e = 1. Similarly, ¢¢ q = 1.

Deformations

Let p = (p,q,¢) : S =S and g = (p,q, @) : S — S’ be morphisms between Schreier
systems S = (M, A,0,\) and &' = (M', A", 0", \).

If p # p are different homomorphisms, then there is no deformation in Zg_aand
between p and .

If p = p, then a deformation
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is a family of elements § = (J, € A'(p(a))), < satistying the following two conditions:
e For any a € M and f € A(a),

35" 0 qa(f) © 60 = qa(f). (1.33)

e For any a,b € M,

Gab © Pab = Pab © P(a)«(0) © p(b)"(da). (1.34)

Observe that, taking a = b = e in the above equality (1.34), we deduce that
de = 0c 0 0, in the group A’(e’) (where €’ is the unit in M’), whence d, = 1.

Vertical composition of deformations

For any Schreier systems & = (M, A,0,)\) and &' = (M', 4,0, \), the vertical
composition in the 2-category Zi_aand of deformations

p=(p,q,%)

TN
S 7(]%677@)9 Sl (135)

NI

9=(p,q:9)
is the deformation § o § : p = { obtained by pointwise multiplication, that is,

508 = (85006, € A(p(a))) (1.36)

aeM"’

The identity deformation on each morphism g : S — &’ is
o= (1eAPa))),cpr: 9= o

Thus, every deformation § : p = ' becomes invertible (with 6= = (§;! €
A'(p(a)))aenm) and therefore, in this 2-category of Schreier systems, the hom-categories
Z3 ., Mnd(S,S’) are groupoids.

n-ab

Horizontal composition of morphisms

For any § = (M, A,0,)), 8 = (M, A',0' /X)), and §" = (M", A”,©",\") Schreier
systems, the horizontal composition of two morphisms

/) /

S p=(p,q,¥) S o'=".q¥") S

is the morphism
o'o=0pde,e): 8= 8", (1.37)
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where p'p : M — M" is the composite of p and p’, and

qq= (qZ/J(a)Qa  A(a) — A”(pp (a)))aEM’

/

pp = (qzl,(ab)(@a,b) o @;(a),p(b) € .A”(p’p(ab)))a’beM.

The identity morphism on a Schreier system S = (M, A, ©, \) is

ls = (Iar,14,1) 1 S = S, (1.38)
where 1)/ is the identity map on M, 14 = (lA(a))aeM’ and 1= (1€ A(ab))abeM.
Horizontal composition of deformations
The horizontal composition of deformations

p=(p.q.%) o'=".q %"
T T
4 / & / .
s 28w Zs (139
o=(p.q2:¢) o'=0".7%")
is the deformation 8’6 : p'p = @'¢ defined by
86 = (5;)((1) o q;(a)(éa) € A”(p'p(a)))aeM. (1.40)

For later use, we prove here the lemma below.

Lemma 1.2 Let (p,q,p) : (M, A,0,\) — (M',A',0",X) be any Schreier system
morphisms. Then, the following statements are equivalent:

(i) (p,q,¢) is an isomorphism.

(i) (p,q,p) is an equivalence.

(i4i) The homomorphisms p: M — M’ and q, : A(a) — A'(p(a)), a € M, are all
isomorphisms.

Proof: (i) = (ii) is obvious.

(1) = (i7i). First observe that, for any Schreier system S = (M, A,0,)), a
morphism p : § — S with a deformation § : p = 1s is necessarily of the form
p = (1a,q(0),9(0)), for some family 6 = (6, € A(a))aer, with 6o = 1, where
q(8) = (q(8)q = A(a) — A(a))aem consists of the inner automorphisms given by
q(8)a(f) = 0,1 o f 084, and @(8) = (¢(8)ap € A(ab))apenr consists of the elements
obtained by the formula ¢(6)qp = 6, © a.(6p) 0 b*(8a).

Then, the existence of a morphism (p/,¢,¢') : & — S, where S is as above
and &' = (M, A',0',\), with deformations ¢ : (p/,¢,¢")(p,q, ) = 1ls and ¢ :
(p,q, )V, q,¢") = lg/, implies that p'p = 157, pp’ = 1, so p is an isomorphism,
and also that

qllj(a)Qa = Q(5)a> q(qu/)(a) = Q((s,)p(a)v
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for all @ € M. Hence g, and q; (a) 8re both isomorphisms since q(0)a and q(d"),(q) are
automorphisms.
(ii7) = (). The inverse (p,q,¢)" ' = (p', ¢, ¢') is given by taking
/. —1 ! —1 ! / —1
p=p , q= (qp/(a/))a/eM/a ® = (qdlb’(spp’(a’),p’(b’)))a',b’GM/'
[l

1.2.5 The classifying biequivalence

The following theorem, where it is stated that the 2-categories of monoidal groupoids
and Schreier systems are biequivalent is the main result of this section.

Theorem 1.1 (Classification of monoidal groupoids) The assignment given by
the monoidal groupoid construction (1.29), S — 3(S), is the function on objects of a
2-functor

¥ :Z3 _, Mnd == MonGpd, (1.41)

which establishes a biequivalence between the 2-category of Schreier systems and the
2-category of monoidal groupoids. More precisely (cf. [71, p. 570]), for any two
Schreier systems S and S', the functor

> .73

n-ab

Mnd(S, S') == MonGpd(X(S), £(S')) (1.42)

is an equivalence of groupoids, and for any monoidal groupoid M, there is a monoidal
equivalence

Im : B(AM)) == M, (1.43)
where A(M) is the Schreier system (1.28) associated to M.

Proof: We have already described ¥ on objects of the 2-category Zi_aand, its effect
on morphisms and deformations is as follows:

>, on morphisms

Let S = (M, A,0,)),S = (M A 60 \) be Schreier systems. Then, the 2-functor 2
carries any morphism p = (p,q,¢) : S — S’ to the strictly unitary monoidal functor
Y(p) : B(S) = X(8’) given by

a(f
(ata) = (p(a) ™ p(a)), (1.44)
and whose structure isomorphisms are
Pap - (a)p(b) — p(ab), (1.45)

which are well defined since p(a)p(b) = p(ab) and ¢, € A'(p(ab)), for any a,b € M.
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Since the maps ¢, : A(a) — A'(p(a)) are homomorphisms, it follows that X(p) is a
functor. Furthermore, the isomorphisms (1.45) are natural since, for any morphisms
f:b—=band g:a— ain X(S), the squares in 3(S’)

pa)p(b) ~ p(ab) p(a)p(b) > p(ab)
p(amqb(f))l lqab(a*(f)) p(b)*(qa@))i lqab(b*m) (1.46)
p(a)p(b) ~ p(ab) pa)p(b) ~ p(ab)

commute owing to condition (1.30). The coherence condition (1.5) for X(p) just says
that the diagrams

p(c)*(@a,b) Pab,c
A

(p(a)p(b))p(c) p(ab)p(c) p((ab)c)

A;(a),p(b),p(C)l Qabe(Aa,b,c)

p(@)pB)p(e)) ZL L payp(be) —E o pa(be))

(1.47)

must commute, what follows from (1.31). Finally, conditions (1.6) are both conse-
quence of the normality condition (1.32) of ¢, that is, of the equalities @g e = 1 = @e 4.

For o' = (p/,q¢',¢") : 8 — S” another Schreier system morphism, the composite
monoidal functor X(p')X(p) : S — §” is given by

Loy (@a(f))
()0 (a b a) = () (o) “D p(a)) = (#'p(@) "2 fp(a) ),

together with the structure isomorphisms obtained by composing in %(S”)

Pp(a).p(®) 0 (ap) (Pab)
p'p(a)p'p(b) % (p(a)p(b)) 22 pp(ab) -

Hence, taking into account the definition of the composition ¢'p in (1.37) and the
definition of ¥, simple comparison gives that (o)X (p) = X(p'p). Moreover, it is
straightforward to see that X carries identity morphisms on Schreier systems 1g =
(1ar,14,1), see (1.38), to identity monoidal functors, that is, 3(1s) = 1xs) for any
Schreier system S. Therefore, X : Zﬁ_aand — MonGnpd is indeed a functor.

Y. on deformations

Given Schreier systems S and & as above, any deformation
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is mapped by the 2-functor 3 to the isomorphism of monoidal functors

E(p)
T A
B(s) _buin _B(S)
2(p)

just defined by the family of isomorphisms in 3(S’)
¥(0)qg = 04 : pla) = pla), a€ M, (1.48)

which are natural thanks to condition (1.33). Moreover, so defined, X(9) : X(p) =
Y(p) is monoidal, that is, conditions (1.8) hold, owing to (1.34) and the equality
de =1 € A(€).

For any two vertically composable deformations § : p = @ and § : @ = {, as in
(1.35), the equality X(6 0 §) = X(8) o X(9) is easily verified from (1.36) and (1.9), as
well as the equality % (1) = 1y, for any morphism o : & — S’. Hence (1.42) is a
functor.

Furthermore, for

/=t —/)

@:(pqu@) @/:(p q P

any two horizontally composable deformations as in (1.39), we have the equality
(8'0) = X(8") X(0), since, for any a € M,

(3(6") 2(6))a Y65 ()(a) © 2(9)(E(0)a)
(1.44),(1.48) (1.40)
= ) 0 G (%a) =" (60)a

The above confirms that (1.41), ¥ : Z3
functor.

(1.10)

025 5(56),.

Mnd — MonGpd, is actually a 2-

(1.42) is full and faithful

For any two Schreier systems S = (M, A,0,\) and &' = (M', A',©’, X), the functor
¥ : Z3,,Mnd(S,8') -+ MonGpd(X(S), X(8)) is plainly recognized to be faithful,
by (1.48). To prove that it is full, let § : ¥X(p) = X(p) be any isomorphism of
monoidal functors, where p = (p,q,¢),9 = (p,4,$) : S — S’ are morphisms of
Schreier systems. Then, for any a € M, it must be p(a) = p(a), since d, : p(a) — p(a)
is an isomorphism in the skeletal category ¥(S’), and moreover §, € A'(p(a)). Any
element f € A(a) defines a morphism f : a — a in 3(S), and the naturality of §
implies the commutativity of the square in X(S’)

p(a) 22 pa)

) ba

pla) 2 plo),
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whence 0, ' 0 @, (f) 0 6a = go(f). That is, condition (1.33) for the family § = (J, €
A’ (p(a)))a ¢y Peing a deformation of Schreier system morphisms from @ to ¢, holds.
Furthermore, for any a,b € M, the coherence condition (1.8) for § : X(p) = X(p)
gives the commutativity of

p(a) p(b) —— p(ab)
Pla)s (33)op(b)" (60) |
(@) p(b) —— p(ab),

S

whence condition (1.34) follows. Therefore, § = (Ja)acm : o = § is actually a
deformation in Z3 , Mnd, and clearly ¥(8) = é.

(1.42) is essentially surjective

Suppose F' = (F,¢) : X(S) — X(8') is any given monoidal functor, where & =
(M, A,0,)) and &' = (M', A',©", X) are Schreier systems. By Lemma 1.1, there is
no loss of generality in assuming that F' is strictly unitary, that is, ¢g : ¢/ — F(e) is
the identity isomorphism.

If we denote by p: M — M’ the map given by the action of the monoidal functor
F on objects, that is, p(a) = F(a) for any a € M, then the action of the functor F' on
morphisms can be written, for any a € M and f € A(a), in the form

F(a L a) = (p(a) qa—(>f) p(a))
for a map ¢, : A(a) — A'(p(a)), which is indeed a group homomorphism since F
is a functor. Let ¢ = (gq : A(a) — A’(p(a)))aeM denote the family of these group
homomorphisms. Since we have the structure isomorphism ¢, : p(a)p(b) — p(ab)
and g : ¢ — p(e), it must be p(a)p(b) = p(ab) and p(e) = €’. Therefore, p is an
homomorphism of monoids.

The so obtained triplet p = (p,q, ), where ¢ = (pap € A’(p(ab)))a,beM, is ac-
tually a morphism of Schreier systems p : S — S’ and, by construction, X(p) = F.
In effect, the naturality of the isomorphisms ¢, : p(a)p(b) — p(ab) gives the com-
mutativity of the squares (1.46), whence condition (1.30) holds. Moreover, condition
(1.31) follows from the coherence condition (1.5) which, in this case, just says that
the diagrams (1.47) are commutative. The normalization condition (1.32), ¢ =1, is
consequence of the coherence squares (1.6), since F' is assumed to be strictly unitary,
that is, since g = 1.

The monoidal equivalence (1.43)

We keep the notations used in Subsection 1.2.2 to define the Schreier system A(M).
The mapping

@da) = (X. LX)
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is easily recognized as an equivalence of categories Ju( : X(A(M)) == M , which, by
Proposition 1.1, defines a strictly unitary monoidal equivalence when it is endowed
with the family of isomorphisms ¢qp = I'x,x, : XoXp = Xap, a,b € M(M). Note
that their required naturality holds, since for any a,b € M (M), g € Autp(X,), and
f € Autp(Xp), we have the the commutative diagram

gf

B

XoXp ——= X Xp —= X X
F\L (1.25) \LF (1.25) l/l“
Xab Xab Xab

ax(f)ob*(9)

where the commutativity of the region labelled (B) is consequence of the fact that
®: Mx M — Mis a functor. The needed coherence conditions (1.5) and (1.6)
follow from the commutativity of diagrams (1.26) and the choices of the morphisms
I”s made in (1.22), respectively. O

1.2.6 The Schreier system construction biequivalence

The above stated biequivalence between the 2-category of monoidal groupoids and
the 2-category of Schreier systems (1.41), ¥ :Z3 , Mnd = MonGpd , is injective
on objects, morphisms, and deformations. Moreover, for any Schreier system S, the
equality AX(S) = S holds. Hence, the assignment M +— A(M), given by the Schreier

system construction (1.28), is the function on objects of a biequivalence, quasi-inverse
of X,

A : MonGpd == Z3 | Mnd, (1.49)
uniquely determined up to pseudo-natural equivalence by A¥Y = 1,3 Mnd and the
existence of a pseudo-natural equivalence J: YA = IMonGpd; whose component at

any monoidal groupoid M is the monoidal equivalence (1.43), Jaq: ZA(M) == M.
For completeness, we shall next show how the pseudo-functor A and the pseudo-
equivalence J work.

A on monoidal functors

Suppose F' : M — M’ is any given monoidal functor between monoidal groupoids M
and M'. Let F'" : M — M’ be the strictly unitary monoidal funtor associated to F'
by the normalization functor (1.11), and let (I'x : X — Xa)senmr(my and (T, : X' —
X! )arem(mry be the cleavages used for constructing the Schreier systems A(M) and

a

A(M'), respectively. Then,

A(F) = (p(F),q(F), ¢(F)) : AM) = A(M')
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is the morphism of Schreier systems where:
o p=p(F): M(M) — M(M') is the homomorphism of monoids defined by

pla) = [FX,] = [F'X,], a€ M(M).
e g = q(F) = (Autp(Xa) ey AutM’(X;o(a)))aeM(M)’ is the family of group
homomorphisms which carry an automorphism f : X, — X,, for any a €
M (M), to the unique automorphism q,(f) : XZ’)(G) — Xl’)(a) in M’ making the
square below commutative.

rux, S puy
F/i \LF/
Qa(f)

A /
Xp@) = Xp(a)

e p=¢(F) = (pap € AutM/(X;(ab))abeM(M), is the family of automorphisms in
M’ determined by the commutativity of the diagrams

X, X, -2 (X, Xp) sy,

I"I‘/\L \LF’

/ / I / Pa,b /
X @) Xpr) = Xp@p) = Xp(ab).

J on monoidal functors

The component of the pseudo-natural equivalence J : ¥A = 1 at any monoidal functor
F : M — M, is the isomorphism

SA(F)

SA(M) SAM)
JMJ/ x iJM/
M M

defined by the isomorphisms of the cleavage in M’, IV : FX, & X 1/0 (@)

,a € M(M).

A on morphisms of monoidal functors

Let F,F : M — M’ be monoidal functors as above, and suppose § : F = F is any
morphism between them. Then,

A(F)
AM) 1a6) AWM

A(F)
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is the deformation A(8) = (A(d), € AutM/(X;(a))aeM(M),
phisms in M’ determined by the commutativity of the diagrams below.

consisting of the automor-

u r’ /
F 'XG > Xp(a)
5‘1\L éA(é)a

— I
FXy = Xp)

Since A : MonGpd &= Zi_abl\/[nd is a biequivalence and, by Lemma 1.2 every

equivalence in Zg_aand is actually an isomorphism, we have the following theorem
as a corollary:

Theorem 1.2 (i) For any Schreier system (M, A, O, \), there is a monoidal groupoid
M with an isomorphism A(M) = (M, A, 0,)).

(#1) Two monoidal groupoids M and M’ are equivalent if and only if their associ-
ated Schreier systems A(M) and A(M') are isomorphic.

1.3 Classification of monoidal abelian groupoids

This section focuses in the special case of monoidal abelian groupoids, that is, monoidal
groupoids M = (M, ®,1,a,l,r) whose isotropy groups Auta(X), X € ObM, are all
abelian (cf. [6, Definition 2.11.3 and Example 2.11.4], where the notion of abelian
groupoid is discussed under a categorical point of view). To start, we shall observe
that some of the isotropy groups of any monoidal groupoid are always abelian:

Proposition 1.3 (i) If S = (M, A,0,)) is any Schreier system, then, for any in-
vertible element a € M, the group A(a) is abelian.

(i) If M = (M,®,1,a,l,r) is any monoidal groupoid, then, for any invertible
object X € M, the group Autp(X) is abelian.

Proof: (i) The group A(e) is abelian due to conditions (1.18) and (1.19): for any
fr9 € Ale),

fog=edf)oe’(g)=e(g)oe(f) =gof.
For any invertible element a € M, the homomorphism as : A(e) — A(a) is actually an
isomorphism, with inverse (a=1). : A(a) — A(e), since, by (1.14), (1.20), and (1.19),
we have

a*(a_l)* = (aa_l)* =€ = 1), (a_l)*a* = (a_la)* = e = 1y(q)-
Hence, A(a) is abelian as A(e) is.
(7i) Let A(M) be the associated Schreier system to the monoidal groupoid M, as
in (1.28). If X € M is any invertible object, then a = [X] € M (M) is an invertible
element of the associated monoid (1.21), whence, by part (i), the group Auta(X,) is
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abelian. Since the isomorphism I' : X — X, induces a group isomorphism Aut p(X) =
Auta(X,), the result follows. O

Thus, for example, every categorical group is a monoidal abelian groupoid. The
classification of categorical groups was given by Sinh in [69], by means of Eilenberg-
Mac Lane group cohomology groups H?(G, A), and our aim here is to give a similar
solution to the more general problem of classifying monoidal abelian groupoids, now
by means of monoid cohomology groups H>(M, A). To this end, we shall briefly review
below some basic aspects concerning the cohomology theory of monoids that we are
going to use, which is a generalization of Eilenberg-Mac Lane’s cohomology of groups
due to Leech [53].

In what follows, we will use additive notation for abelian groupoids. Thus, the
identity morphism of an object X of an abelian groupoid M will be denoted by Ox; if
f: X =Y, g:Y — Z are morphisms, their composite is written by g + f : X — Z,
while the inverse of fis —f : Y — X.

1.3.1 Leech cohomology of monoids

Let Ab denote the category of abelian groups, which will be written additively.

If C is a small category, then the category of (left) C-modules has objects the
functors A : C — Ab from C into abelian groups, with morphisms the natural trans-
formations. This is an abelian category with enough injectives and projectives, and
the abelian groups

H"(C, A) = Ext¢(Z, A), (1.50)

where Z : C — Ab is the constant functor with value Z, are the cohomology groups of
the category C with coefficients in the C-module A, studied by Roos [65] and Watts
[73], among other authors. Cohomology theory of small categories is itself a basis
for other cohomology theories, in particular for Leech cohomology theory of monoids,
which is defined as follows:

A monoid M gives rise to a category DM with object set M and arrow set M x
M x M, with (a,b,c) : b — abe. Composition is given by

(CL/, CLbC, C/)(CL, ba C) = (CL,CL, ba Ccl)a

and the identity morphism of any object a is 1, = (e, a, €), where e is the unit element
of M. This construction M +— DM defines a functor D : Mnd — Cat, which maps
a monoid homomorphism p : M — M’ to the functor Dp : DM — DM’ given by
(Dp)(a,b,¢) = (p(a), p(b), p(c))-

If we say that a A : DM-module, DM — Ab, carries the element a € M to the
abelian group A(a) and carries the morphism (a,b,c) to the group homomorphism
a.c® 1 A(b) — A(abc), then we see that such a DM-module, is a system of data
consisting of two families of abelian groups and homomorphisms, respectively,

(A(@))aerr,  (Ab) 25 A(ab) <7 A(a))apenr
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such that, for any a,b,c € M,

(ab)s = axby : A(c) = A(abe),
c*ay = a.c” : A(b) — A(abe),
c'b* = (be)* : A(a) — A(abc),

and, for any a € M, ex = 14, = €* : A(a) — A(a). Since A(a), a € M, are abelian
groups, we will now use additive notation.

Leech cohomology groups H{*(M,A) [53], of a monoid M with coefficients in a
DM-module A, are defined to be those of its associated category DM, that is,

HP (M, A) = H*(DM, A).

For computing these cohomology groups there is a cochain complex, called the
standard normalized cochain complex of M with coefficients in A,

CrL(M,A), (1.51)
which is defined in degree n > 0 by
Ci(M,A)=(fe€ H A(ay---ay) | f(ai,...,a,) = 0 whenever some a; = e
(atye.,an)EM™
and CP (M, A) = A(e). The coboundary operator
o CP(M, A) — CIH(M, A)

is given, for n = 0, by (8°f)(a) = a«(f) — a*(f), while, for n > 0,

@"f) (a1, ang1) =(a1)«f(az, - an) + > (1) f(a1, ., @iit1, ., ans1)+
i=1

(—1)”+1(an+1)*f(a1, ceyp).
By [53, Chapter II, 2.12], we have
H{' (M, A) = H"(CL(M, A)).

It will be useful for our purposes to describe the natural properties of the Leech
cohomology on the category obtained by the Grothendieck construction on the functor
that associates to any monoid M the category of DM-modules and, to any homomor-
phism p : M — M’, the functor p* that carries any DM’-module, say A’, to the
DM-module p* A’ determined by

p(b)*

(A P@)acrs (A1) 225 A (p(ab)) <22 A (p(@)))apens -
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The resulting category by the Grothendieck construction, which may be heuristically
viewed as the category obtained by tying the categories of DM-modules together in
some natural fashion, is denoted by

MOdD.

It has objects pairs (M, .A), where M is a monoid and A is a DM-module. Morphisms

are pairs
(p,q) : (M, A) — (M', A"

consisting of a monoid homomorphism p : M — M’ together with a morphism of
DM-modules ¢ : A — p*A’, that is, a family of group homomorphisms

4= (A(a) = AWP(@))),epr -
satisfying, for any a,b € M,
Gab @ = p(a)« gy : A(b) — A'(p(ab)), (1.52)
Gap 0" = p(b)" ga : A(a) — A'(p(ab)). (1.53)
Composition is defined by (p',¢')(p, q) = (P'p, ¢'q), where ¢'q = (q,,)a)acr-
Any morphism (p,q) : (M, A) — (M’', A’") as above yields homomorphisms
HP (M, A) 2 HP (M, p* A') <= Hp (M, A)
induced by the morphisms of cochain complexes
Cp(M, A) 25 O (M, p* A') &= Cp(M', A'),
which are given on cochains by

(g f) (a1, an) = Gayoa, (f(a1,-. . an)), @ f)(a1,...,an) = f'(plar),...,p(an)).

1.3.2 The classification theorems

The biequivalence in Theorem 1.1 restricts to a biequivalence between the full 2-
subcategory of the 2-category of monoidal groupoids given by the monoidal abelian
groupoids, denoted by

MonAbGpd,

and the full 2-subcategory of the 2-category of Schreier systems given by those Schreier
systems (M, A, O, ) in which every group A(a), a € M, is abelian. Hereafter, this
latter 2-category will be called the 2-category of Leech 3-cocycles of monoids, and
denoted by

Z3Mnd,
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since its cells have the following cohomological interpretation:

0-cells. According to Definition 1.1, a Schreier system S in Z3Mnd is just a
triplet S = (M, A, h) consisting of a monoid M, a DM-module A, and a 3-cocycle
he Z (M, A).

I-cells. If S = (M, A,h) and &' = (M', A',h’) are in Z3Mnd, then a morphism
of Schreier systems (see Subsection 1.2.4), o = (p,q,9) : S — &', is the same thing
as a morphism (p,q) : (M, A) — (M', A") in Modp, together with a 2-cochain g €
C%(M,p* A’) such that g.h = p*h' + &?%g.

2-cells. If p = (p,q,9) : S - 8" and ¢ = (p,¢,9) : S — S’ are morphisms in
Z3Mnd, then (see Subsection 1.2.4) there is no deformation between them unless
p = p and ¢ = ¢. In such a case, a deformation f : p = @ consists of a 1-cochain
f € CL(M,p*A'), such that g = g+ ' f.

Hence, our first result here comes as a direct consequence of Theorem 1.1:

Theorem 1.3 The quasi-inverse biequivalences (1.41) and (1.49) restrict to corre-
sponding quasi-inverse biequivalences

A
MonAbGpd =~ 73Mnd. (1.54)
bl

Closely related to the category Z3Mnd is the category of Leech 3-cohomology
classes of monoids, denoted by

H3Mnd, (1.55)

which plays a fundamental role to state our classification theorem below. Its objects
are triplets (M, A, c), where M is a monoid, A is a DM-module, and ¢ € H (M, .A)
is 3-cohomology class of M with coefficients in A. An arrow

(p,q) : (M, A,c) — (M A, )
is a morphism (p,q) : (M, A) — (M’', A") in Modp, such that
p*(¢) = q.(c) € HY (M, p* A'),

Observe that a morphism (p,q) is an isomorphism in H3Mnd if and only if p :
M — M’ is an isomorphism of monoids and ¢ : A — p*A’ is an isomorphism of
DM-modules.

We have the cohomology class functor

cl: Z2Mnd — H3Mnd, (1.56)
(M, A, h) = (M, A, [h])
(p,q,9) = (p,q)

where [h] € H3 (M, A) denotes the cohomology class of h € Z3(M, A). This func-
tor clearly carries two isomorphic morphisms of Z3Mnd to the same morphism in



38 Chapter 1. Structure and classification of monoidal groupoids

H3Mnd, whence composition with the pseudo-functor A above gives a functor
Cl=clA : MonAbGpd — H3Mnd, (1.57)
that we call the classifying functor, because of the theorem below.

Theorem 1.4 (Classification of monoidal abelian groupoids) (i) For M any
monoid , A any DM-module, and ¢ € HP(M,A) any cohomology class, there is a
monoidal abelian groupoid M with an isomorphism Cl(M) = (M, A, c).

(i) A monoidal functor between monoidal abelian groupoids F : M — M’ is an
equivalence if and only if C1(F) : CL(M) — Cl(M’) is an isomorphism.

(tit) For any isomorphism (p,q): Cl(M) == Cl(M'), there exists a monoidal

equivalence F : M => M’ such that C1(F) = (p,q).
(iv) If C(M) = (M, A,c) and CI(M') = (M', A’,¢), then, for any morphism
(p,q) : CI{M) — CI(M’) in H3Mnd, there is a (non-natural) bijection

{[F]: M = M| CUF) = (p,q)} = H{ (M, p*A')

between the set of isomorphism classes of those monoidal functors ' : M — M’ which
are carried by the classifying funtor to (p,q) and the elements of the second cohomology
group of M with coefficients in the DM -module p* A’.

Proof: (i) Given any object (M, A,c) € H3Mnd, let us choose any 3-cocycle h €
Z3(M, A) such that [h] = c. Then, letting M = X(M, A, h), we have

CUM) = cl(AS(M, A, b)) = cl(M, A, h) = (M, A, c).

(ii) Since the pseudo-functor A : MonAbGpd — Z3Mnd is a biequivalence, it
suffices to prove that a morphism in Z3Mnd, say (p,q,9) : (M, A,h) — (M', A", ),
is an equivalence if and only if the induced (p,q) : (M, A, [h]) — (M', A’',[h']) is an
isomorphism in H3Mnd, that is, if and only if p : M — M’ is an isomorphism of
monoids and ¢ : A — p* A’ is an isomorphism of DM-modules. Hence, the result
follows from Lemma 1.2.

(iv) Let M, M’ be monoidal abelian groupoids. Suppose A(M) = (M, A, h) and
AM') = (M', AR, so that CI(M) = (M, A, [h]) and CI(M") = (M', A',[h']), and
let (p,q) : CI(M) — CI(M’) be any given morphism in H3Mnd. The equivalence
between the hom-groupoids

MonAbGpd(M, M') & Z3Mnd(A(M), A(M')),
induces a bijection, [F] — [A(F)],
{[F]: M — M| CI(F 9} =A{lp.q,9]: (M, A h) — (M', A", 1)}

between the set of iso-classes [F] of those monoidal functors F' : M — M’ with
CI(F') = (p, q), and the set of iso-classes [(p, ¢), g] of morphisms of the form

(p7 q? g) : (M7 ‘/47 h) _> (M,7 ‘A/? h/)



1.3. Classification of monoidal abelian groupoids 39

in the 2-category of Leech 3-cocycles. Since p*cl(h’) = g.cl(h), both 3-cocycles p*h’
and q.h represent the same class in the cohomology group H? (M, p*A’). Therefore,
it must exist a 2-cochain gy € C?(M,p*A’) such that g.h = p*h’ + 9%go. Hence,
(p,q,90) : (M, A, h) — (M’', A", ') is a morphism in Z3Mnd. Furthermore, observe
that any other morphism in Z3Mnd realizing the same morphism (p, q) of H®Mnd is
necessarily written in the form (p,q, go o g) for some g € ZZ(M,p*A’) and, moreover,
both morphisms (p, ¢, go) and (p, q, go © g) are isomorphic if and only if g = 9'f for
some f € Cf (M, p*A’). That is, there is a bijection

HE(M,p* A') = {[p,q,9] : (M, A,h) — (M', A', 1)}

given by [g] = [p, ¢, go © g]-

(iii) Let (p,q): CI(M) == Cl(M’) any given isomorphism in H3Mnd. By the
already proven part (iv), there exists a monoidal functor F : M — M’ such that
CI(F') = (p, q), which, by part (i7) is an equivalence. O

The functor MonAbGpd — Modp, M — (M (M), A(M)), obtained by com-
posing the classifying functor (1.57) with the forgetful functor H3Mnd — Modp,
(M, A, c) — (M,A), turns the 2-category of monoidal abelian groupoids into a fi-
bred 2-category over the category Modp. It follows from the above results that,
for any fixed monoid M and DM-module A, the mappings [h] — [X(M, A, h)] and
M [h(M)] describe mutually inverse bijections between the set Hf (M, .A) and the
set of equivalence classes of monoidal groupoids in the fibre 2-category over (M, A).
However, this latter set is conceptually a little too rigid, since the strict requirements
M(M) = M and AM) = A, for a monoidal abelian groupoid M, are not very
natural. We shall show below how to relax them.

Definition 1.2 For any given monoid M and any DM -module A, we say that a
monoidal abelian groupoid M is of type (M, A) if there are given

e a monoid isomorphism i : M = M(M),
e a family of group isomorphisms j = (jX s Aa) = Aut (X))aeM Xei(a)?

such that,
o If X, Y €i(a) then, for any morphism h: X =Y in M and any g € A(a),

Jy(9) = h+jx(g) —h.
o If X €i(a) and Y €i(b), then, for any f € A(b) and g € A(a),
Jxv(ax(f) = 1x v (f), Jxv(b"(9)) = jx(g) 1y

If (p,q) : (M, A) — (M', A') is any morphism in the category Modp, and M and
M’ are monoidal abelian groupoids of respective types (M, A) and (M', A’), then a
monoidal functor F : M — M’ is said to be of type (p,q) whenever
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o If X € i(a), then FX €4 (p(a)), and, for any g € A(a), jrxqa(9) = F(jx(9))-

Two monoidal abelian groupoids of the same type (M, A), (M,1,j) and (M',i,§’),
are defined to be equivalent if there exists a monoidal equivalence F : M — M’ of
type (1,1), that is, whenever

o If X €i(a), then FX € 4'(a), and, for any g € A(a), jryx(9) = F(jix(9)).

If we denote by
MonAbGpd (M, A)

the set of equivalence classes [M, i, j| of those monoidal abelian groupoids (M, 1,j)
of type (M, A), then we are ready to summarize our results on the classification of
monoidal abelian groupoids and their homomorphisms in a bit more classical terms:

Theorem 1.5 (i) For any monoidal abelian groupoid M, there exists a monoid M
and a DM -module A such that M is of type (M, A).

(ii) For any monoid M and any DM -module A, there is a natural bijection
MonAbGpd(M, A) = HE (M, A) (1.58)
given by
M, i3] = e(M) =j i ([M))),
where h(M) is the 3-cocycle obtained as in (1.27), and

H} (M(M), AM)) - HE (M, i* AM))) 2 HE (M, A)
the induced isomorphisms on cohomology groups by the isomorphism
(,3) : (M, A) = (M (M), AM))

in the category Modyp. In the other direction, the bijection is induced by the mapping
that carries a 3-cocycle h € Z3 (M, A) to the monoidal abelian groupoid $(M, A, h),
given by the construction (1.29).

(i4i) If M is of type (M, A) and M’ is of type (M', A", then for every monoidal
functor F : M — M’ there exists a morphism (p,q) : (M, A) — (M', A") in the
category Modp, such that F' is of type (p,q).

(i) If M is of type (M, A), M is of type (M', A'), and (p,q) : (M, A) — (M', A")
is any morphism in the category Modp, then there exists F : M — M’ a monoidal
functor of type (p,q) if and only if

P (e(M)) = gu(e(M)) € HE(M,p" A').

In such a case, isomorphism classes of monoidal functors F : M — M’ of type
(p,q) are in bijection with the elements of the group

HE (M, p* A).
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Proof: All the statements here are direct consequence of those in Theorem 1.4, after
two quite obvious observations, namely: (1) A monoidal abelian groupoid M is of type
(M, A) if and only if there is given an isomorphism (4,j) : (M, .A) = (M (M), A(M))
in the category Modp. (2) if (p,q) : (M, A) — (M', A’) is a morphism in the cate-
gory Modp, and M and M’ any monoidal groupoids of respective types (M,.A) and
(M'; A"), then a monoidal functor F' : M — M’ is of type (p,q) if and only if the
square below in the category Modp commutes.

(M, A) Vo (a1 (M), AM))

(m)l
(o, ) B2 (e, (AM)).

O

Remark 1.2 The category of monoids is tripleable over the category of sets. In [74,
Theorem 8|, Wells identified the category Ab(Mnd Jy/) of abelian group objects in
the comma category of monoids over a monoid M with the category of DM-modules
(see Example 1.1), and he proved that with a dimension shift both Barr-Beck cotriple
cohomology theory [2, 5] and Leech cohomology theory of monoids are the same.
Hence, for any monoid M and any DM -module A, Duskin [26] and Gleen [38] general
interpretation theorem for cotriple cohomology classes shows that equivalence classes
of 2-torsors over M under A are in bijection with elements of the cohomology group
H3(M,A).

A very similar result follows from the general result by Pirashvili [60, 61] and
Baues-Dreckmann [3] about the classification of track categories. From this result,
the elements of H7(M,A) are in bijection with equivalence classes of linear track
extensions of (the category) M by the DM-module (natural system on M in their
terminology) \A.

Indeed, the three terms ‘2-torsor over M under A’, ‘linear track extension of M
by A’, and ‘strict monoidal abelian groupoid of type (M, A)’, are plainly recognized
to be synonymous: simply take into account that an internal groupoid in the category
of monoids is the same thing as a strict monoidal groupoid, together with Lemmas
2.2 and 2.3 in [18] (or [19, Theorem 3.3]).

However, we must stress that while it is relatively harmless to consider monoidal
abelian groupoids as ‘strict’, since by Mac Lane Coherence Theorem for Monoidal
Categories [56, 50] every monoidal abelian groupoid is equivalent to a strict one,
we understand it is not so when dealing with their homomorphisms, since not every
monoidal functor is isomorphic to a strict one. Indeed, it is possible to find two
strict monoidal abelian groupoids, say M and M’ which are related by a monoidal
equivalence between them but, however, there is no strict equivalence either from M
to M’ nor from M’ to M. For this reason, if for establishing the bijection (1.58) we
want to use only strict monoidal abelian groupoids and strict equivalences between
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them, as we need to do for applying Duskin or Pirashvili classification results, then
we must define two strict monoidal abelian groupoids M and M’ to be equivalent
if there is a zig-zag chain of strict equivalences as M «+ M; — -+ < M,, — M’.
Although two strict monoidal abelian groupoids in the same equivalence class can
always be linked by one intervening pair of strict equivalences, this phenomenon, we
think, obscures unnecessarily the conclusions. Moreover, the facts stated in Theorem
1.5(iv) clearly fail for strict monoidal functors.

1.3.3 Classification of categorical groups revisited

As we recalled before, a categorical group is a monoidal groupoid M in which every
object is invertible or, equivalently, such that its associated monoid of connected
components M (M) is a group. By Proposition 1.3, every categorical group is abelian,
so that

CatGp € MonAbGpd

is the full 2-subcategory of the 2-category of monoidal abelian groupoids given by the
categorical groups. We shall denote by

Z3*Mnd|gp C Z*Mnd

the full 2-subcategory of the 2-category of Leech 3-cocycles of monoids whose objects
are those S = (G, A, h) in Z3Mnd where G is a group. Then, the biequivalences
(1.54) in Theorem 1.3 restrict to corresponding quasi-inverse biequivalences

A
CatGp =~ Z3Mnd|gp. (1.59)
D)

But now we shall note that this latter 2-category Z3M1r1d|c;rp is essentially the
same as its full 2-subcategory, called the 2-category of Eilenberg-Mac Lane 3-cocycles
of groups [20] and denoted by

Z3Gp C Z*Mnd|g,,

which is defined by those S = (G, A, h) as above, but in which the family of groups
A is constant, that is, where A(a) = A(e) for all a € G, and all automorphisms
a* : A(e) — Ale), a € G, are identities. Observe that such a S is then described
simply as a triple S = (G, A, h), where G is a group, A (= A(e)) is a G-module with
left action (a, f) + *f = a.(f), and h € Z3(G, A) is an ordinary normalized 3-cocycle
of the group G with coefficients in the G-module A.

A morphism (p,q,9) : (G,A,h) = (G, A’,1) in Z3Gp then consists of a group
homomorphism p : G — G’, a homomorphism of G-modules

qg: A—p*A,
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and a normalized 2-cochain g € C?(G,p*A’) such that ¢.(h) = p*(h') + 9%g. If

(p? q7g)7 (]57 67.6) : (G’ A? h) _> (G,7A,7 h,)

are two morphisms in Z3Gp, then there is no deformation between them unless p = p
and ¢ = ¢, and, in such a case, a deformation ¢ : (p,q,9) = (p,q,g) consists of a
I-cochain f € CY(G,p*A’), such that g = g+ 9' f.

We have a 2-functor

(e : Z>Mnd|gp — Z3Gp

that is given on objects by
(G, A h) > (G, Ale) ), (1.60)

where the action in A(e) is defined on each f € A(e), by means of the isomorphisms
Ale) ™ Aa) & A(e), a € G, of A, by the equations

a*(“f) = ax,

while the component at any (a,b,c) € G x G x G of the 3-cocycle h € Z3(G, A(e)) is

abc)*
defined, by means of the isomorphism .A(e) abe] A(abe) , by

(abe)* (h(a,b,c)) = h(a,b,c).

A morphism (p,q,9) : (G, A,h) = (G',A',) in Z3Mnd|g, is mapped by the
2-functor ( ). to the morphism

(P 4e:9) : (G, Ale),h) — (G, A'(e), ), (1.61)

where § € C?(G, p* A'(e)) is the 2-cochain whose component at any pair (a,b) € G x G
is determined by the isomorphism p(ab)* : A’(e) — A’(p(ab)) such that

p(ab)*(g(a, b)) = g(a,b),

whereas a deformation f : (p,q,9) = (p,q,¢') in Z3Mnd|g, is carried to the the
deformation in Z3Gp

[ (0.4e,9) = (P, ¢es 9,
where f € CH(G, p* A'(e)) is the 1-cochain defined by the isomorphisms p(a)* : A’(e) —
A'(p(a)), a € G, such that

p(a)*(f(a)) = f(a).
All the needed verifications to prove that so defined ( ), is actually a 2-functor are

quite straightforward. For example, we see that hin (1.60) is a 3-cocycle and that the
homomorphism ¢, : A(e) — p*A’(e) in (1.61) is of G-modules, as follows:
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(abed)* (b, ¢, d) + h(a, be,d) + h(a,b, )
= (bed)*a*(%h(b, ¢, d) + (abed)* (h(a, be, d) + d*(abe)* (h(a, b, c))

= (bed)"ax(h(b, ¢, d)) + h(a,be, ) + d*(h(a, b,))
= a.(h(b,c,d)) + h(a,be,d)d*(h(a,b,c))=h(a,b,cd) + h(ab,c,d)
= (abed)* (h(a, b, cd) + h(ab, ¢, d)),

whence “h(b, ¢, d) + h(a, be, d) + h(a, b, ¢) = h(a, b, cd) + h(ab, ¢, d).

(1.52)

p(a)* (" Dge(f) = p(a)s(@e(f) = aas(f) = gala*(*f))

whence qo(*f) =P @g.(f).

(153)

p(a)*(ge(“f)),

Proposition 1.4 The 2-functors inclusion in and ( ). are mutually quasi-inverse
biequivalences

e
Z3Gp ~=_ Z3Mnd|gp.

in

Proof: We have ( ).in = 1, while the pseudo-equivalence in ( ). ~ 1 is given, at
any object (G, A, h), by the isomorphism

(1g,q,1) : (G, Ae),h) = (G, A, h),

where g = (A(e) AN A(a))acc- O

Hence, by composing the biequivalences above with those in (1.59), we get the
following (already known, see [20, Theorem 3.3]) cohomological description of the
2-category of categorical groups:

Theorem 1.6 The 2-functors A, = ( )eA and ¥, = Yin,

A
CatGp =~ Z3Gp (1.62)

e
are quasi-inverse biequivalences.

Let us now denote by H3Gp C H3Mnd the full subcategory of the category of
Leech 3-cohomology classes of monoids (1.55), given by the Eilenberg-Mac Lane 3-
cohomology classes of groups. An object in H3Gp is then a triple (G, A, ¢), where G is
a group, A is a G-module, and ¢ € H3(G, A). An arrow (p,q) : (G, A,c) — (G', A", )
in H3Gp consists of a group homomorphism p : G — G’ and an homomorphism of
G-modules g : A — p* A’ such that p*(¢') = q.(c) € H3(G, p*A").
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We have the cohomology class functor

cl: Z3Gp — H3Gp.
(G,A,h) — (G, A, [h])
(p,4,9) = (p,q)

This functor carries isomorphic morphisms of Z3Gp to the same morphism in H3Gp;
it is surjective on objects; it reflects isomorphisms: if (p,q,9) : (G, A,h) — (G, A’ ')
is any morphism in Z3Gp such that the maps p and q are invertible, then the morphism
of Z3Gp

(0 q e (—g) (G AL ) — (G, A h)

is an inverse of (p, ¢, g); and it is full: if (p,q) : cI(G, A, h) — cl(G', A’, h') is any mor-
phism in H3Gp, then p*[h’] and ¢.[h] both represent the same class in H3(G, p* A’), so
there is g € C?(G, p*A’) such that q.(h) = p*(h') + 9%g. Then, (p,q,9) : (G, A,h) —
(G', A’ h") is a morphism in Z3Gp with cl(p,q,g) = (p,q). Observe that any other
realization of (p,q) is of the form (p,q,g o ¢') with ¢’ € Z?(G,p*A’) and, moreover,
that there is a deformation (p,q,9) = (p,q,g o ¢') if and only if ¢ = d'f for some
fecya,pA).
Hence, the classifying functor

Cl=clA,: CatGp — H3Gp
has the following properties:

Theorem 1.7 ([69] Classification of categorical groups) (i) For any group G,
any G-module A, and any cohomology class c € H?(G, A), there is a categorical group
M with an isomorphism CI(M) = (G, A, ¢).

(i1) A monoidal functor between categorical groups F': M — M’ is an equivalence
if and only if the induced C1(F) : Cl(M) — Cl(M’) is an isomorphism.

(i4i) If M and M’ are categorical groups, then, for (p,q) : CL(M) == Cl(M’) any
isomorphism, there is a monoidal equivalence F : M => M’ such that CI(F) = (p, q).

(i) If CUM) = (G, A,c) and CI(M') = (G', A, ), then, for any morphism
(p,q) : CM) — CI(M") in H3Gp, there is a (non-natural) bijection

{IF]: M = M| CI(F) = (p,q)} = H*(G,p*A’),

between the set of isomorphism classes of those monoidal functors F : M — M’ which
are carried by the classifying funtor to (p,q) and the second cohomology group of G
with coefficients in the G-module p* A’.






Chapter 2

Computability of the
(co)homology of cyclic monoids

Recall from 1.3.1 that Leech cohomology groups of a monoid M are defined to be
those of its category DM, that is, if A : DM — Ab is any DM-module (called in what
follows left DM -module), then

HM(M, A) = Ext?,,(Z, A) = R"Hompy (Z, —)(A) = R"Hompas (—, A)(Z), (2.1)

where, for any two left DM-modules A and A’, Hompys (A, A") denotes the abelian
group of morphisms of DM -modules between them, and Z : DM — Ab is the constant
functor defined by the abelian group of integers Z. Similarly, for B : DM — Ab any
right DM-module, the homology groups of M with coefficients in B [51, Definition
2.1] are defined by

Hy(M,B) = Torp™(B,Z) = Ly,(— ®@pm Z)(B) = Ly(B @py —)(Z), (2.2)

where, for any left DM-module A, the tensor product B ®@pas A is the abelian group
defined as the coend of the bifunctor DM x DM — Ab which carries each pair
(x,y) € M x M to the tensor product abelian group B(z) ® A(y).

It is remarkable that, when coefficients are taken in ordinary M-modules (regarded
as constant on objects DM -modules), Leech (co)homology groups agree with those by
Eilenberg and Mac Lane [57, Chapter X, 5], see 2.1.6 below for some details. In
particular, Eilenberg-Mac Lane (co)homology groups of groups are instances of Leech
(co)homology groups of monoids.

This chapter deals with the (co)homology of finite cyclic monoids C,, 4, whose
structure and classification by means of the index m and the period ¢ was first stated
by Frobenius [34]. As we noted in the abstract, the (co)homology groups of any finite
cyclic group C; = Cp, were computed by Eilenberg [27, Section 11}, while for finite
cyclic monoids of index m > 1, the cohomology groups H{*(Cp, 4, A) of a cyclic monoid
of index m > 1 have been computed only for n < 2 by Leech in [53, Chapter II, 7.20,
7.21]. However, because higher cohomology groups are interesting (as we have shown

47
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in the previous chapter, for instance), the aim of this chapter is to compute all the
(co)homology groups of any finite cyclic monoid Cy, 4.

Briefly, the contents of the chapter are as follows. In Section 2.1, while fixing nota-
tion and terminology, we review some basic constructions concerning the (co)homology
of monoids. Section 2.2 is mainly dedicated to studying the trace maps associated to
any DC,, s-module, which are a key tool in our deliberations. Section 2.3 is de-
voted to the construction of a specific free resolution of the trivial DC), ,-module Z,
which allows us to determine, in the final Section 2.4, the groups H{'(Cy, 4, A) and
HY(Cyn g, B). The (co)homology of Cy,, is proven to be periodic with a period of
24/ ged(m, q).

2.1 Notations and preliminaries

2.1.1 Left DM-modules

A left DM-module (called simply DM-module in 1.3.1) is an abelian group valued
functor on the category DM.

For instance, let Z : DM — Ab be the DM-module that associates to each element
x € M the free abelian group on the generator (x), Z(x), and to each =,y € M the
isomorphisms of abelian groups

Z(y) =5 Lwy) & Z(w)

given on generators by z.(y) = (zy) = y*(x). This is isomorphic to the DM-module
defined by the constant functor on DM which associates the abelian group Z to any
ze M.

For two left DM-modules A and A’, a morphism between them (i.e., a natural
transformation) f : A — A’ consists of homomorphisms f, : A(z) — A’'(z), such
that, for any x,y € M, the squares below commute.

Aly) —2> Alzy) <L— Alz)

A e e

Al(z) = Al (zy) <— A'(x)

The category of left DM-modules, denoted by DM-Mod, is an abelian category
with enough projective and injective objects. We refer to [53, Chapter I, 1] for details,
but recall that the set of morphisms between two DM-modules A and A’, denoted by
Hompps (A, A’), is an abelian group by pointwise addition, that is, if f,g : A — A’
are morphisms, then f +¢g: A — A’ is defined by setting (f + g)z = fu + gz, for each
x € M. The zero DM-module is the constant functor 0 : DM — Ab defined by the
trivial abelian group 0, and a sequence of DM-modules A — A" — A” is exact if and
only if the induced sequences of abelian groups A(x) — A'(z) — A”(z) are exact, for
all x € M.
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2.1.2 Free left DM-modules

Let Set]ys be the comma category of sets over the underlying set of M, that is, the
category whose objects S = (S, m) are sets S endowed with a map 7 : S — M and
whose morphisms are maps ¢ : S — T such that mp = 7. There is a forgetful functor
U : DM-Mod — Set|ys, which carries any DM-module A to the disjoint union set

UA= [] Alz) = {(z,0) | z € M, a € Ax)},

zeM

endowed with the projection map 7 : YA — M, w(x,a) = x. A morphism f: A — A’
is sent to the map Uf : UA — UA’ given by Uf(z,a) = (z, fz(a)). There is also a
free left DM -module functor F : Setl); — DM-Mod, which is defined as follows: If
S = (S,m) is any set over M, then FS is the DM-module such that, for each = € M,

FS(xz) =2Z{(u,s,v) € M x S x M |ur(s)v =z}

is the free abelian group with generators all triplets (u,s,v), where u,v € M and
s € S, such that un(s)v = . We usually write (e, s, e) simply by s (where e € M is
the unit), so that each element of s € S is regarded as an element s € FS(ws). For
any x,y € M, the homomorphisms

FS(y) = FS(zy) & FS(x)

are defined on generators by x,(u, s,v) = (zu, s,v) and y*(u, s,v) = (z, s, vy).
If ¢ : S — T is any map of sets over M, the induced morphism F¢ : FS — FS' is
given, at each z € M, by the homomorphism such that (Fp),(u,s,v) = (u, p(s),v).

Proposition 2.1 The functor F is left adjoint to the functor U. Thus, for S = (S, )
any set over M and any left DM -module A, there is a natural isomorphism of abelian
groups

Homps (FS, A) = [] A(ns).
seS
Proof: At any set S over M, the unit of the adjunction is the map
e:S—>UFS={(x,a) |z €M, ac FS(x)}, s+ (ms,s).

If Ais a DM-module and ¢ : S — UA is any map over M, then the unique morphism
of DM-modules f : FS — A such that (Uf)e = ¢ is determined by the equations

fa(u, s,v) = usv*@(s),

for any x € M and (u,s,v) € M x S x M with ur(s)v = z. Since giving a map
over M, ¢ : S — UA, is the same thing as giving a list (¢(s))ses € [[,cg A(7s), the
isomorphism Hompys(FS, A) = [[,cq A(ms) follows. O
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2.1.3 Right DM-modules

The category of right DM -modules is defined to be the category of functors B :
DM — Ab. A right DM-module B provides us with abelian groups B(z), x € M,
and homomorphisms

Bly) <= Blay) > B(a),
for each z,y € M, such that the equations below hold.

yrr* = (vy)* : Blayz) — B(2), .y« = (zy)s : Blzzy) — B(2),
ex = € = idp(y) : B(x) = B(w), 2"y« =y«2" : B(xzy) — B(2).

2.1.4 Tensor product of DM-modules

If B is a right DM-module and A is any left DM-module, their tensor product
B&py A= Df B A is the abelian group coend [58, Chapter IX, 6] of the func-

tor B& A : DM x DM — Ab defined by (B® A)(z,y) = B(z) ® A(y). That is,
B ®pas A is the abelian group generated by elements of the form b® a, where b € B(z)
and a € A(x), x € M, subject to the relations

b+b)®@a=bRa+V ®a, for bb €Bx),ac Alx),x € M,
b@(a+d)=bRa+b®d, for beB(x), ad € Alx),x € M,
Yb®a=b®y*a, for be B(zy), a € A(z), z,y € M,
Y*h®a =b® ya, for be B(yx), a € A(z), z,y € M.

Proposition 2.2 For S = (S,7) any set over M and B any right DM -module, there
is a natural isomorphism of abelian groups

B&py FS = @ B(ns).
seS

Proof: As an abelian group, B ®ppr FS is generated by the elements
b® (u,s,v) =bRuv*(e,s,e) =b@u,v*s = u'vb® s,

with u,v € M, s € S, and b € B(urn(s)v). The claimed isomorphism carries such
a generator b ® (u, s,v) to the element u*v.b € B(ws). Its inverse map carries any
element b € B(ws) to the generator b ® s of B ®pys FS. O

2.1.5 Computing the (co)homology of a monoid.

From Proposition 2.1, it easily follows that every free left DM -module is projective.
Then, if
FoSzZ: - oRI3A53RS52-50
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is any free resolution of Z in the category of left DM -modules, then the cohomology
groups of M with coefficients in a left DM -module A, defined in (2.1), can be computed
by means of the induced cochain complex of abelian groups

HOIIIDM(]:.,.A) :0— HomDM(]:o,A) g HOIn]D)M(]:l,.A) ﬁ) HOIHDM(]:Q,.A) — ..

by H{*(M, A) = HJ*(Hompas (Fe, A)), and the homology groups of M with coefficients
in a right DM-module B, defined in (2.2), by means of the induced chain complex

B @y Fe -~—>B®DM]:2M;®?B®DM]:1@?B®DM]:0—>O

as H}j(M, B) = H};(B QDM .F.)

2.1.6 Eilenberg-Mac Lane (co)homology

There is a full exact embedding from the category of ordinary left M-modules into
the category of left DM-modules. This carries any left M-module A, with M-action
(x,a) — za, to the left DM-module, also denoted by A, defined by A(z) = A, for all
x € M, together with the homomorphisms x,,z* : A — A given by z.a = xa and
x*a = a [53, Chapter III, Lemma 1.9]. Similarly, there is a full exact embedding from
the category of ordinary right M-modules into the category of right DM-modules,
which carries any right M-module B to the right DM-module, also denoted by B,
defined by B(z) = B, for all z € M, together the homomorphisms z.,z* : B — B
given by x*b = br and x.b = b.

When, for A any left M-module and B any right M-module, one applies the
functors Hompy,(—, A) and B ®pys — to the standard free resolution of the left DM-
module Z in [53, Chaper II, 2.2], then one obtains a cochain complex isomorphic
to Homzys (B(M), A) and a chain complex isomorphic to B ®zy; B(M), respectively.
Here, ZM is the monoid ring and B(M) the bar resolution of Z as a left M-module.
It follows that

HP (M, A) = Ext%,,(Z,A), HY(M,B) = TorZ™ (B, 7).

That is, the Leech (co)homology groups H?(M, A) and HY (M, B) agree with those
by Eilenberg and Mac Lane [57, Chapter X, 5] (see the proof of [53, Chapter III,
Corollary 1.15] for more details). In particular, Eilenberg-Mac Lane (co)homology
groups of groups are instances of Leech (co)homology groups of monoids !.

'If G is a group, regarded as a category with only one object, then G' and DG become equivalent
categories due to the functor F : G — DG given by F(z) = (x,e,27") : ¢ — e. Consequently, the
categories of G-modules and of DG-modules are equivalent. This gives an alternative and easier proof
that, for groups, both the Leech and the Eilenberg-Mac Lane (co)homology theories are equivalent.
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2.2 Cyclic monoids and trace maps

The structure of finite cyclic monoids was first stated by Frobenius [34]. Briefly, let
us recall that, if ~ is any non-equality congruence on the additive monoid of natural
numbers, N = {0, 1,...}, then the least m > 0 such that m ~ x for some = # m is
called the index of the congruence, and the least ¢ > 1 such that m ~ m + ¢ is called
its period. Hence,

x ~y if and only if either z =y <m, or x,y > m and x =y mod q.

The quotient N/~ is called the cyclic monoid of index m and period q, and is denoted
here by Cy, 4. As N is a free monoid on the generator 1, every finite cyclic monoid is
isomorphic to a proper quotient of N and, therefore, to a monoid C,, 4 for some m > 0
and ¢ > 1.

Since every element of Cy, , can be written uniquely in the form [z] with 0 <z <
m + g, the underlying set of this monoid can be described as the set

Cm,q = {0,1,...,m,m—|—1,...,m—|—q_1}'
Hereafter, we use this description. In these terms, the projection map p : N — Cy, 4
is given by
x if x<m+yq
p(r) = ,
x—kqg if m4+kg<z<m+(k+1)g,

and the addition in Cy, 4, which is denoted by the symbol @ to avoid confusion with
the addition + of N, is given by

Ty =pr+y).

Furthermore, we use the notation r - z, for any r € N and =z € C,, 4, to denote the
element of Cy, , defined recursively by

0-2=0, (r+1)-z=( -2) = (2.3)

(r-times) (r-times)

In other words, r -z =2®---@x = p(z+---+x) = p(rz). For instance, 2-8 =7
in Cayg.

From now on, C' = (), 4 denotes the finite cyclic monoid of index m and period gq.
We assume that m + ¢ > 2, so that C,, 4 is not the zero monoid.

The following two families of homomorphisms are crucial for our deliberations.
Definition 2.1 Let A be a left DC-module. For each x € C, x > 1, the ‘trace map’

T: A(x) — Am @ (z — 1)) (2.4)
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is the homomorphism defined by

m+q—1 m—1
T(a) = Z fm+qg—t—1)a Zs* —s—1).
t=0 s=0
Also, for each x € C, let
S: A(z) - A(z @ 1) (2.5)

be the homomorphism defined by S(a) = l.a — 1*a.

The following subgroups will be used later.

Al(z) = {a € A(z) | T(a) =0}, Ar(z) =
A3(z) = {a € A(z) | S(a) =0}, As(2)

(@) | a € Az)},

[
S@lae Ay Y

Lemma 2.1 For any left DC-module A, the squares below commute.

A(z) Alza1) Al@)——=Am® (z—1)) Alz) —— A(m & (z — 1))

| Y [ |

Azd1l) > Amaz) Azel) ——=Amaz) Aol ——= A(m )

Proof: To prove that T1, =T 1%, let a € A(x). On the one hand,

m+q—1 m—1
T(lea) = Z t*tm+q—t—1).1lwa— s*(m —s—1),l.a
t=0 s=0
m+q—1 m—1
= Z t“(m+q—t—1)®1),a— s*(m—s—1)®&1)sa
t=0 s=0
m+q—1 m—1
=mya + Z m+q—t*a—m*a—23*(m—s)*a
s=1
m+q—1 m—1

= Z t*(m+q—t).a — s*(m — s)xa,

t=1 s=1
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and, on the other hand,

m+q—1 m—1
T(1%a) = Z "t*(m+q—t—1)sa — Z 1*s*(m —s—1),a
t=0 s=0
m+q—1 m—1
= ) (et (mtg—t-1.a-> (1@s) (m—s—1).a
t=0 s=0
m+q—2 m—2
= Z 1+t)*(m+q—t—1)a+m*a— Z(1+s)*(m757 1)sa —m*a
t=0 s=0
m+q—2 m—2
= ) (A4t (mtg—t—1.a—> (1+8) (m—s—1).aq,
t=0 5=0

whence, by comparison, the result follows.
The other two equalities, 1* T = T1* and 1, T = T 14, follow easily from the
commutativity of the monoid C. O

Lemma 2.2 For any left DC-module A, the sequences
Alz) S Az el) 5 Ama ), Alr) - Am @ (z— 1)) - A(m & ),
are semiexact, that is, TS =0 and ST = 0.

Proof: 1t is a direct consequence of Lemma 2.1 since

TS=T1,-T1*=0, ST=1,T-1"T=T1,—-T1*=0.

2.3 A resolution of Z by free DC-modules

It is possible to calculate the (co)homology of cyclic monoids efficiently by a clever
choice of resolution. We construct here a specific free resolution of the trivial DC-

module 7Z,

FoS2: - oRI3ARLFR ST (2.7)
as follows.
For each integer r > 0, choose symbols v, and w,. Then, recalling the notation
(2.3),

- Fo, is the free DC-module on the unitary set over C, {v,} = C, where nv, =
r-m.
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- Fory1 18 the free DC-module on the unitary set over C, {w,} 5 C, where
™wW, =7r-m®1.

- The augmentation € : Fo — Z s the morphism of DC-modules determined by

60(V0) = (0) S Z(O)

- For each r > 0, the differential 0 : Forso — Fory1 is the morphism of DC-
modules determined by

Onv,is (V1) = T(w;),

where T : Foryp1(r-m @& 1) = Forp1((r+ 1) - m) is the trace map (2.4).

- For each r > 0, the differential 0 : For11 — For s the morphism of DC-modules
determined by

Orw, (Wr) = S(vy),
where S : For(r-m) — For(r-m & 1) is the homomorphism (2.5).

Proposition 2.3 F, 5 Z, defined as above, is an augmented complex of DC-modules.
Proof: The sequence Fp LA Fo = 7Z is semiexact, that is, ed = 0, since
€101(wo) = €1(1svo — 1vg) = lieg(vo) — 1¥ep(vo) = 14(0) — 17(0) = (1) — (1) = 0.
For any r > 1, the sequence Fo, 11 g For g For_1 is semiexact, since

aﬂ'WTaTI'WT(WT) = 67rwr(1>|<Vr - 1*Vr) = 1*87TVT (Vr) - 1>kaﬁvr (VT')
= 1,.T(v;) = 1"T(v,) = ST(v;) = 0.

. a a . . .
Finally, for any r > 0, the sequence For2 = For41 — For is also semiexact, since

87rvr+187rvr+1(vr+1) = Opv, ., T(Wr) =
m+4q—1 m—

—_

= 87rvr+1< Z t"“im+q—t— 1)*wr> _awer( Z s*(m—s— 1)*wr)
o t=0 . s=0
= Y t(mtg—t— Dulrw, (W) = Y 5" (m— 5 — 1).0rw, (W;)
m:-:qo—l m—lszo
= > t'(m4qg—t—1.S(w,) = Y s*(m—s—1),8(w,) =TS(w,) =0.
t=0 s=0

O
We are now ready to establish the main result of this section.
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Theorem 2.1 F, 5 7Z, defined as above, is a free resolution of the DC-module Z.

Proof: We only have to prove its exactness or, equivalently, that, for any fixed x € C,
the augmented complex of abelian groups

Fol2) S Z(z): - — Fo(x) B F2) 5B Folz) S Z(a) — 0, (2.8)

is exact. To do so, we are going to show that it has a contracting homotopy. That
is, there are homomorphisms ¢ : Z(z) — Fo(z) and @ : Fp,(z) — Fpyi1(x) for n > 0,
such that €,¢ = idy ), ¢ €z + 0:P = idF (), and for n > 1, PO, + 0, P = idF, (4.

These homomorphisms ¢ and ® are defined on the generators and extended lin-
early. Recall that Z(x) is the free abelian group on the generator (x) and, for each
r >0, For(x) is the free abelian group on the set

{(u, vy, v) |u,v € C withu®r-mdv=uza},
and Fory1(z) is the free abelian group on the set
{(u,wy,v) |u,v € Cwithu®r-movdl=uz}

Then, we define

- ¢ : Z(x) = Fo(z) to be the homomorphism determined by

od(z) = (0,vo, x).

and, for » > 0,

- & Forp1(x) — Forga(z) to be the homomorphism determined by

0 if u<m+4qg-—1
0,vpy1,v) if u=m+qg—1

e

- @ : For(x) = Fort1(x) to be the homomorphism determined by

u—1

D(u,v,,v) = Z(t,wmv @ (u—t—1)).
=0

So defined, we prove that these homomorphisms establish a contracting homotopy on
the augmented chain complex (2.8) as follows.

€x¢ = idg(y), since

€20(7) = €(0,vo,7) = €x(x"Vvo) = 7€ (vo) = z*(0) = ().
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0z ® + ¢ € = idF(z), since, for any u,v € C' with u® v =z,

|
—

u u—1

0P (u, vo,v) = 0;,3( (t,wo,v® (u—t— 1))) = 0;,;(2&(1} S(u—t— 1))*w0)

t t=0

7

—
i
)

(v (u —t —1))* 0y (wo) Zt* v®(u—t —1))*(1,vg — 1*vg)

t=0
u—1 u—1

= Z(t +1)plu+v—t—1)"vg— Zt*p(u +v—1)"vy
t= t=0

Il
Q
@ o

*vo — p(u + v)* vy = uv* vy — z¥vg = (u, vo,v) — (0, vg, x),

¢ €x(u, v0,v) = ¢ €x(usv*vo) = d(uxv”e0(vo)) = G(usv™(0)) = d(u S v) = P(x)
= (07 Vo, .%'),

and therefore (0, ® + ¢ €;)(u, vo,v) = (u, vo,v), for any generator (u, vg,v) of Fy(x).

0, ® + ®0, = idF,, ., (x), since for any generator (u,w,,v) of Fori1(x) with u <
m+q—1,

(0: P + PO (u, Wy, v) = PO (u, Wy, v) = POy (usv* W, ) = @(u*v*&rwr (W,«))

%)
P (0™ (Lavy — 1)) = O((u + 1)x0* vy — us(v ® 1)*vy))
D(u

+ 1, v, U) - @(U,VT, W(U + 1))

u—1

(t Wy, o(u+v—1t)) — Z(t,wr, p(u+v—t))
t= =0
= (u,wr, p(v)) = (u, Wr,v),

while for generators (m + g — 1, w;,v) of Fo,y1(x), we have

0:P(m +q— 1, Wy, v) = 0,(0,Vrp1,v) = 0p(vV'Viy1) = 0 Oy, (Vi)

m+q—1 m—1
= Z vt (m4+qg—t—1)'w Z vt (m—t—1)'w
t=0 t=0
m+q—1 m—1
= Z (t,wT,gJ(v—i—mqu—t—l))— (t,WT,K)(U—Fm—t—l))
t=0 t=0
m+q—1

= Z (t,wr,plv+m+qg—t—1)) — ®(m,v,,v),
=0
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PIy(m+q—1,w,,v) = ®((m+ g — 1) Orw, (Wr))
=@ ((m+q—1)0" (Lov, — 1%v,))
= ®(myv*vy) — @((m+q— 1) (1B v)"v,))
= Q(m, vy, v) = @(m +q—1, v, p(1 +0))
m+q—2
= ®(m, v,,v) - Z (t,wr,p(v+m+q—t—1)),
t=0

whence (0;® + ®0;)(m+q—1,w,,v) =(m+q—1,w,,p(v)) =(m+q—1,w,,v).

And, finally, we prove that 0,® + ®0, = idr, (x). To do so, let (u,v,,v) be any
fixed generator of Fa,(x). Then, on the one hand,

I
—

u

0y ® (u, vy, v) = agg( (t,wr, (0 (u—t — 1)))) - agg(uzlt*(v @ (u—t— 1))*w,,)

t=0
u—1
= t(v®(u—1t—1)) 0w, ( Zt* v@® (u—t—1))" (Levy — 1%v,)
t=0
u—1 u—1
= (t—i—l)*p(u—i—v—t—1)*vr—Zt*p(u+v—t)*vT

~+~
I

0 t=0
Uk v, — p(u + v) v, = w0 v, — (U @ v) v, = (u, v, v) — (0, v, u ®v),

while, on the other hand, we have

<I>8x (u, Vi, U) = (I)(U*U*aﬂ*vT (VT))

m+4q—1 m—1
= @(u*v* Z ts(m+q—t—1)"w,_1 — uv” Z to(m —t— 1)*wr_1)
t=0 t=0
m-+q—1 m—1
= ) Pudt,w, @ (mtg—t—1) =Y Pudt,w,1,0® (m—t—1)).
t=0 t=0

Now, if [ > 0 is integer such that l¢g < u < (I + 1)g, then it is easy to see that the
various t, with 0 < ¢ <m+g¢g—1 (resp. 0 <t <m—1), such that u®t =m+q—1,
that is, p(u +t) = u+ ¢ — 1, are just those of the form t =m + (k+1)g— 1 — u for
0<k<I(resp. 0<k<I[l-—1). Hence,

N
|
—

l
D0y (1, v, v) = D (0, v, v ® (u—kq)) = _(0,vr, v ® (u— (k+ 1)q))
k=0 0

b
Il

= (07VT7 v u)7

and thus we get (0, ® + ®9,)(u, vy, v) = (u, v,,v). This makes complete the proof. (]
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2.4 The (co)homology groups of C

By Theorem 2.1, the (co)homology groups of the cyclic monoid C' of index m and
period ¢ can be computed by means of the complex F, in (2.7) as

H{'(C, A) = H'Hompc (Fe, A),
Hy(C,B) = Hyy(B@pe Fo),

for A any left DC-module and B any right DC-module.

Now, for each r > 0, the DC-module Fj, is free on the unitary set {v,} with
v, = r-m, while Fo,11 is free on the unitary set {w,} with 7w, =r-m @ 1. Then,
by Proposition 2.1, there are natural isomorphisms

HOmID)C(fZ'r; A) = A(T . m), Hom]])c(fgr+17 A) & A(T -m P 1)7

respectively given by f +— frv.(v;) and g — grw, (W, ), which make the diagram

Hompe (Far, A) —% Hompe(Forp1, A) L= Hompe(Forga, A)

gl S gl ) gl

A(r-m) A(r-me1) A((r+1) -m),

commutative, where S and T are the homomorphisms (2.5) and (2.4) in Definition
2.1. Therefore, recalling the notations in (2.6), we obtain:

Theorem 2.2 Let A be any left DC-module. Then,
H{(C, A) = A%(0),
and, for any r >0,

S AN r-mol)
- Ag(r-m)

For instance, let us consider the DC-module Z for coefficients. In this case, for
any x € C, x > 1, the trace map T : Z(z) — Z(m & (x — 1)) is the homomorphism of
multiplication by ¢, since

HET+2(C’ A) ~ AS((T + 1) ) m) (2_9)

2r+1
H(C,A) Ar(r-me1)

m—+q—1 m—1
T(z)= Y t"(m+qg—1t— 1) t(m—t —1).(z)
1=0 1=0
m+4q—1 m—1
= Z (m® (x—1)) Z (x—1))=qg(ma (x—1)),
i=0 1=0

while, for all z, S : Z(zx) — Z(z & 1) is the zero homomorphism, since

S(z)=1li(z) —1"(x)=(1@x)— (z®1) =0.
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Therefore, HY(C,Z) = Z and, for any r > 0,
e, z)y =0, HP(C,Z)=1Z/qZ.

We should note that the isomorphisms (2.9) in the particular case when r = 0,
that is,
~ A1)
- As(0)°

were proven by Leech in [53, Chapter II, 7.20, 7.21].

~ AS(m)
— Ar(1)”

HL(C,A) HE(C, A)

As for homology, if B is any right DC-module, by Proposition 2.2, there are natural
isomorphisms

B Qpc For = B(T‘ . m), B Qpc Fory1 =2 B(T’ -m @ 1),

respectively given on generators by a'®(u, v,,v) — u*v.a’ and ' @ (u, w,., v) — u*v.d,
which make the diagram

id®0 d®0
B ®pc Fariz ——> B @pc Fors1 —> B @pc For

| | |

B((r+1) -m) —=B(r-m&1) ——s B(r-m),

commutative, where, for each x € C, x > 1, the homomorphism T : B(m®(x—1)) —
B(x) is the ‘trace map’, defined by

m+q—1 m—1
T)= > t'(m+qg—t—1).b— > t"(m—t—1).b,
t=0 t=0

and, for any x € C, S : B(z ® 1) — B(x) is the homomorphism defined by S(b) =
1.0 — 17%0.
Then, introducing the subgroups (parallel to those in (2.6))
BY(x) = (b€ B(m @ (z— 1)) | T(b) = 0}, Br(x) = {T() | b€ B(ma (z — 1)},
B3(z) = {b€ Bz ® 1) | S(b) = 0}, Bs(z) = {S(b) | b € B(x @ 1)},
we have the following.

Theorem 2.3 Let B be any right DC'-module. Then,

B(0)
H}(C,B) = ,
0(C.B) Bs(0)
and, for any r >0,
S, . T, .
HL, (8= Brm gL gy Blrmel) (2.10)

Br(r-ma 1)’ Bs((r+ 1) -m)’



2.4. The (co)homology groups of C 61

Thus, for example,

B%(0)
Br(1)’

BT(1)

H(C,B) = Bs(m)*

H3(C,B) =

It is well-known that the (co)homology of a finite cyclic group Cy = Cj 4 is periodic
with a period of 2. Indeed, when m = 0, isomorphisms (2.9) and (2.10) state that,
for any left DC;-module A and right DC,-module B, and any integer r > 0, there are
isomorphisms

HZ 1 (Cqo A) = AT(1)/As(0),  HE2(Cy, A) = A3(0) [ Ar(1),

Hy.1(Cq, B) 2 B%(0)/Br(1),  Hy 5(Cy, B) = BT (1)/Bs(0),

whence the periodicity of the (co)homology of C; follows trivially. The following
proposition states that, from dimension 3 onwards, the (co)homology of any finite
cyclic monoid C' is periodic with a period of 2¢/(m,q), where (m,q) denotes the
greatest common divisor of the index and the period. More precisely,

Proposition 2.4 Let p,n > 3 be integers such that p = n mod 2q/(m,q). Then, for
any left DC-module A and right DC-module B, there are isomorphisms

H(C,A)= H{(C,A), Hy(C,B)= H}(C,B). (2.11)
If m =1, then there are also isomorphisms
HY (Crg, A) = HY(Cr g, A),  HE(Cr g B) = HY(Ch g, B),
for any n > 2 such that n = 2 mod 2q.

Proof: Let p,n > 3 be integers such that p = n mod 2¢/(m,q). Then, p = n mod 2
and we can write p = 2r+1landn =2s+1orp = 2r+2 and n = 2s + 2 for
some integers 7, s > 1 satisfying r = s mod ¢/(m, q) or, equivalently, satisfying that
rm = sm mod ¢q. Hence, r-m = s-m, r-m®1 =s-m@1, and (r-m)dm = (s-m)dm,
whence the isomorphisms in (2.11) follow from those in (2.9) and (2.10).

Suppose now that the cyclic monoid is of index one?, and let » > 0 be such that
r =0 mod ¢q. Then r & 1 =1, and therefore

3
.
Q
S
12
|
12
=
Q
S

O
Our results in Theorems 2.2 and 2.3 specify in a simpler form for (co)homology
with coefficients in C-modules (see 2.1.6).

2A cyclic monoid of index m = 1 and period ¢ is the same thing that a cyclic group of order ¢
with a identity adjoined.
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Corollary 2.1 (i) Let A be any left C-module. Then,
HY(C, A) = 45,
and, for any r > 0,
HYTHC, A) = AT/As,  HP™P?(C,A) = AS/Ar,
where S, T : A — A are the homomorphisms given by

q—1
S(a) = l.a—a, T(a)=ms. Zt*a,

t=0
AT = KerT, Ap = ImT, A5 = KerS, and Ag = ImS.
(13) Let B be any right C-module. Then,
HY(C, B) = B/Bs,
and, for anyr >0,
H2Lr+1(c7 B) = BS/BT7 H%T-I—Q(C? B) = BT/BSa
where S, T : B — B are the homomorphisms given by

qg—1
S(b) =b—1", T(b)=m"» t*b,
t=0

BT = KerT, Br = ImT, BS = KerS, and Bg = ImS.

The isomorphism HZ(C, A) = AS/Ar is already known, see [44, Proposition 4.1]
for a recent proof. As an immediate consequence of the above corollary, we see that
the Eilenberg-Mac Lane (co)homology of any C' is periodic with a period of 2, that is,

Corollary 2.2 Let A be a left C-module and let B be a right C-module. For any
r > 0, there are natural isomorphisms

HY YO, A) = HL(C, A), HFT(C,A) = HE(C,A),
HY . (C,B)= H{(C,B), H_ ,(C,B)=HYC,B).

If A is any abelian group, regarded as a left or right C-module on which the monoid
acts trivially, then, for any a € A, S(a) =a—a =0, that is, S=0: A — A is the zero

homomorphism, while T(a) = 23;01 a = qa, that is, the trace map T=¢: A — A is
multiplication by q. Therefore,

HP(C,A) = A= Hy(C, A),
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and, for all r > 0,
HEH(C,A) = Ker(g: A= A) = Hp 5(CA),
H2(C,A) = Coker(q: A— A) = HEL . (C,A).

Observe that the (co)homology groups of the finite cyclic monoid C with coefficients
in the abelian group do not depend on the index m. Indeed, they agree with those of
the cyclic group Cy. Actually, this fact is not surprising because it is well-known that
the (co)homology groups of any commutative monoid with trivial coefficients coincide
with those of its group reflection (i.e., its image under the left adjoint of the forgetful
functor from groups to monoids) [33, Proposition 4.4], and the group reflection of C
is just C.

To conclude, we particularize to the case when the coefficients are symmetric DC-
modules. Recall that, if M is any commutative monoid, a left DM-module A is called
symmetric if, for any z,y € M, y. = y* : A(x) — A(xy). Symmetric DM-modules are
equivalent to abelian group objects in the comma category of commutative monoids
over M [43, Chap. XXII, 2], and therefore they are the coefficients for the cotriple
cohomology theory [2] of commutative monoids (see Chapter 3). See also the recent
approach to the (co)homology of commutative monoids by Kurdiani and Pirashvili in
[52]. Symmetric right DM-modules are defined similarly, and Theorems 2.2 and 2.3
give the following.

Corollary 2.3 (i) Let A be any symmetric left DC-module. Then,
H{(C, A) = A(0),

and, for anyr >0,

~ Alr+1)-m)
Ap(r-me 1)’

where, for any x € C, x > 1, T: A(x) - A(m & (x — 1)) is the trace map given by
T(a) = (m+q)((m+q—1)sa) —m((m —1).a),
AT(z) = KerT, and Ar(x) = ImT.

BN C,A) = AT(r-me 1), H™(C, A)

(i) Let B be any symmetric right DC-module. Then,
Hy(C, B) = B(0),
and, for anyr >0,

HY ,(C,B) = B 20, B) = BT (e ma 1),

= Br(r-mae1l)’

where, for any x € C, x > 1, T: B(m ® (x — 1)) — B(x) is the trace map given by
T(b) = (m+ q)((m + g —1).b) — m((m — 1).b),

BY(z) = KerT, and Br(xz) = ImT.






Chapter 3

On the third cohomology group
of commutative monoids

The category of commutative monoids is tripleable (monadic) over the category of
sets [58], and so it is natural to specialize Barr-Beck cotriple cohomology [2] to de-
fine a cohomology theory for commutative monoids. This was done in the 1990s by
Grillet, to whose papers [40, 41, 42] and book [43] we refer the readers interested in
cohomology theory for commutative monoids. Although in 3.1.1 we review the basic
facts about the resulting Grillet’s cohomology, let us briefly recall here that, for each
commutative monoid M, its cohomology groups in this theory, H&(M, A), take co-
efficients in HM-modules, that is, abelian group valued functors A on the category
HM. This category HM has as objects the elements of M and as morphisms pairs
(a,b) : a — ab, a,b € M. Since these cohomology groups H¢ (M, A) can be computed,
at less in low dimensions, by means of symmetric cochains, they are usually referred
as the symmetric cohomology groups of the commutative monoid M.

Recall that for an arbitrary monoid M, that is, non necessarily commutative,
and A any DM-module there are defined Leech cohomology groups H{'(M,A) (see
1.3.1). When the monoid M is commutative, and A : HM — Ab is any HM-
module, then both cohomology groups H{ (M, A) and H{*(M, A) are defined, where
the coefficients for the Leech cohomology are here obtained by composing A with
canonical functor DM — HM, (a,b,c) — (b,ac). The DM-modules so obtained are
precisely the symmetric DM-modules introduced at the end of the previous chapter.
Although in dimension one we have that H, (M, A) = H{ (M, A), in higher dimensions
the cohomology groups H{ (M, A) and H[*'(M,A) are, however, different. Indeed,
one easily argues that Leech cohomology groups do not take properly account of the
commutativity of the monoid, in contrast to what happens with Grillet ones. Thus,
for example, while HZ(M, A) classifies all group coextensions of M by A [53, 2.4.9],
[74, Theorem 2], the symmetric 2-cohomology group Hé(M , A) classifies commutative
group coextensions of M by A [43, Chapter V.4].

In Section 1.3, we gave a natural interpretation for Leech 3-cohomology classes in

65



66 Chapter 3. On the third cohomology group of commutative monoids

terms of monoidal abelian groupoids. More concretely, in Theorem 1.4, it was stated
that monoidal equivalence classes of monoidal abelian groupoids are in one-to-one
correspondence with isomorphism classes of triples (M, A, k), consisting of a (non
necessarily commutative) monoid M, a DM-module A, and a Leech 3-cohomology
class k € HP (M, A).

In this chapter, our goal is to state and prove a similar interpretation for Grillet
symmetric 3-cohomology classes, now in terms of strictly symmetric (or strictly com-
mutative) monoidal abelian groupoids [25, 56, 66], that is, monoidal abelian groupoids,
but now endowed with coherent and natural isomorphisms ¢, , : T ® y = y ® z, satis-
fying the symmetry and strictness conditions ¢y, €y = idrgy and ¢z, = idyg,. Our
result here can be summarized as follows (see Theorem 3.1):

e Fach symmetric 3-cocycle h € Zé(M, A), of a commutative monoid M with
coefficients in an HM -module A, gives rise to a strictly symmetric monoidal
abelian groupoid

(M, A h).

e For any strictly symmetric monoidal abelian groupoid M, there exist a commu-
tative monoid M, an HM -module, a symmetric 3-cocycle h € Zé(M, A), and a
symmetric monotidal equivalence

(M, A h) ~ M.

e For any two symmetric 3-cocycles h € Z& (M, A) and b’ € Z3(M', A"), there is
a symmetric monoidal equivalence

S(M, A h) ~ (M, A K)

if and and only if there exist an isomorphism of monoids i : M = M’ and a
natural isomorphism ¢ : A= i* A', such that the equality of cohomology classes
below holds.

[h] =yt [W] € HE(M, A)

Thus, triples (M, A, k), with M a commutative monoid, A an HM-module, and
k e Hg’}(M ,A) a symmetric 3-cohomology class, provide complete invariants for the
classification of strictly symmetric monoidal abelian groupoids, where two of them
connected by a symmetric monoidal equivalence are considered the same.

Our result particularizes to strictly commutative Picard categories by giving, as a
corollary, Deligne’s well-known classification for them [25], also proved independently
by Frohlich and Wall in [36] and by Sinh in [68, 69]. Indeed, in the very special
case where M = G is an abelian group, any abelian group valued functor on HG is
naturally equivalent to the constant functor given by an abelian group A, and the
symmetric 3-cohomology group Hé(G,A) vanishes, whence Deligne’s result follows:
Strictly commutative Picard categories are classified by pairs (G, A) of abelian groups.
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The organization of the chapter is simple. After this introduction, it contains
two sections. The first is dedicated to stating a minimum of necessary concepts
and terminology, by reviewing some facts concerning Grillet cohomology of com-
mutative monoids (Subsection 3.1.1) and symmetric monoidal groupoids (Subsection
3.1.2). The second section comprises our classification theorem for strictly symmetric
monoidal abelian groupoids by means of symmetric 3-cohomology classes.

3.1 Preliminaries

The aim of this section is to review some necessary aspects and results about co-
homology of commutative monoids and symmetric monoidal categories that will be
used throughout the chapter. For the cohomology theory of commutative monoids
we mainly refer the reader to Grillet [43, Chapters V, XII, XIII, and XIV], and for
symmetric monoidal (= tensor) categories to Mac Lane [56, 58] and Saavedra [66].

3.1.1 Grillet cohomology of commutative monoids: Symmetric
cocycles

Like most of cohomology theories in Algebra, the cohomology of commutative monoids
is a particular instance of the cotriple cohomology by Barr and Beck [2]. Briefly, let
us recall that the category of commutative monoids is tripleable over the category of
sets and, for any given commutative monoid M, the resulting cotriple (G, e, d) in the
comma category CMnd |, of commutative monoids over M, is as follows. For each
commutative monoid X % M over M ,

G(X & M)=N[X] 5 M,

where N[X] is the free commutative monoid on the underlying set X, and p is the
homomorphism such that plz] = p(z) for any z € X. The counit § : G — id
sends X — M to the homomorphism in the comma category ¢ : N[X] — X such
that d[x] = =, and the comultiplication ¢ : G — G? carries each X — M to the
homomorphism N[X] — N[N[X]] such that e[z] = [[z]], for z € X. This cotriple
produces a simplicial object G, in the category of endofunctors on CMnd | s, which
is defined by G,, = G"*!, with face and degeneracy operators d; = G" %G’ : G,, —
Gp_1 and s; = G"%G':G,, — G,41, 0 < i < n. Then, for any abelian group
object A in CMnd |/, one obtains a cosimplicial abelian group Hom(Ge(15/), A),

whose associated cochain complex obtained by taking alternating sums of the coface
n+1 )

operators (0" = Y (—1)d})
i=0

99 ot 02
0 — Hom(G(1y7),A) = Hom(G?(1y7),A) = Hom(G3(1p7),A) % - --
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provides the cotriple cohomology groups of the commutative monoid M with coeffi-

cients in A by
HE(M, A) = H" (Hom(Ga(111), A)).

In [40], Grillet observes that, for any given commutative monoid M, the category
of abelian group objects in CMnd |, is equivalent to the category of HM-modules,
that is, abelian group valued functors

A:HM — Ab,

where HM is the category with object set M and arrow set M x M, where (a,b) :
a — ab. Composition is given by (ab, c)(a,b) = (a,bc), and the identity of an object
a is (a,e), with e the unit in M. An HM-module, thus consists of abelian groups
A(a), a € M, and homomorphisms b, : A(a) — A(ab), a,b € M, such that, for any
a,b,c € M, bici = (be)s : A(a) — A(abc) and, for any a € M, e, = id 4(,). We refers
to [43, Chap. XXII, 2] for details but, briefly, let us say that the abelian group object
defined by an HM-module A can be written as

EM,A) — M,

where the crossed product commutative monoid E(M, A) is the set |J, ¢, Ala) x {a}
of all ordered pairs (uq,a) with a € M and u, € A(a), with multiplication given by

(g, a)(up, b) = (axup + biug, ab).

The monoid homomorphism E(M, A) — M is the obvious projection (uq,a) — a, and
the internal group operation

E(M, A) x 31 E(M, A) = E(M, A)

is defined by (ug,a) + (vq, a) = (g + Vg, @).
Furthermore, in [40, 41, 42], Grillet shows an algebraically more lucid description
of the low dimensional cohomology groups

HE(M, A) = HE (M, E(M, A) = M)
by means of a specific manageable complex (see also the recent work [52])
Ca(M,A): 0— CL(M,A) -2 C2(M, A) -L (M, A) L5 CA(M, A),  (3.1)

called the complex of (normalized on e € M) symmetric cochains on M with values
in A, which is defined as follows (below, |J,c;sA(a) is the disjoint union set of the
groups A(a)):

e A symmetric 1-cochain is a function f : M — |J, s A(a), satisfying f(a) € A(a)
and f(e) =0.
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e A symmetric 2-cochain is a function g : M? — |J,cp A(a), verifying that
9(a,b) € A(ab),
g(a7 b) = g(ba a)7

and g(a,e) = 0.

e A symmetric 3-cochain is a function h : M® — |J,cp A(a), verifying that
h(a,b,c) € A(abc),

h(c,b,a) + h(a,b,c) =0, h(a,b,c)+ h(b,c,a) + h(c,a,b) =0 (3.2)

and h(a,b,e) = 0.

e A symmetric 4-cochain is a function ¢t : M* — |J,cp A(a), verifying that
t(a,b,c,d) € A(abcd),
t(a,b,b,a) =0, t(d,c,b,a)+t(a,b,c,d) =0,
t(a,b,c,d) —t(b,c,d,a) + t(c,d,a,b) — t(d,a,b,c) =0,
t(a,b,c,d) —t(b,a,c,d) + t(b,c,a,d) —t(b,c,d,a) =0,
and t(a,b,c,e) = 0.
These symmetric n-cochains constitute, under pointwise addition, the abelian

groups C&(M, A) in (3.1), 1 < n < 4. The coboundary homomorphisms are defined
by

o (9 f)(a,b) = —a.f(b) + f(ab) — buf(a),
e (0%g)(a,b,c) = —a.g(b, c) + g(ab,c) — g(a,bc) + c.g(a,b),

e (3h)(a,b,c,d) =
— axh(b,c,d)+h(ab, c,d)—h(a,be,d)+h(a,b, cd)—d.ih(a,b,c). (3.3)
The following lemma will be useful here and in the following chapters.
Lemma 3.1 Let A be an HM -module, where M is any commutative monoid, and let
hoo M3 = Uyen Ala) be a function with h(a,b,c) € A(abc). Then h satisfies the

symmetry conditions

h(a,b,c) + h(c,b,a) =0, h(a,b,c)+ h(b,c,a)+ h(c,a,b) =0, (3.4)
if and only if it satisfies either (3.5) or (3.6) below.

h(a,b,c) — h(b,a,c) + h(b,c,a) =0 (3.5)

h(a,b,c) — h(a,c,b) + h(c,a,b) =0 (3.6)
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Proof: The implications (3.4) = (3.5) and (3.4) = (3.6) are easily seen. To see that
(3.5) = (3.4), observe that, making the permutation (a, b, c) — (c, b, a), equation (3.5)
is written as h(b, c,a) = h(e,b,a) + h(b,a,c). If we carry this to (3.5), we obtain

h(a,b,c) — h(b,a,c) + h(c,b,a) + h(b,a,c) = h(a,b,c) + h(c,b,a) = 0,

that is, the first condition in (3.4) holds. But then, we get also the second one simply

by replacing the term h(b, a,c) with —h(c,a,b) in (3.5). The proof that (3.6) = (3.4)

is parallel. [l
The groups

Z3(M, A) = Ker (0" : CE(M, A) — CETH(M, A)),
B& (M, A) =Im (0"t : C& 1 (M, A) — C&(M, A)),

are respectively called the groups of symmetric n-cocycles and symmetric n-coboun-
daries on M with values in A. By [42, Theorems 1.3 and 2.12], there are natural
isomorphisms

HE(M, A) = Z6(M, A)/B&(M, A) (3.7)
forn=1,2,3.

The elements of Hé(M, A) = Zé(M, A) are derivations of M in A, that is, func-
tions f: M — U,ear Ala) with f(a) € A(a), such that f(ab) = a.f(b) + b« f(a).

The elements of H% (M, A) have a natural interpretation in terms of commutative
group coextension of the commutative monoid M by the HM-module A. This is the
classification result by Grillet in [43, Chapter V.4], whose proof is a good illustration of
the one we give of our result in this chapter. We shall not present Grillet’s proof here
but, briefly, let us recall that in the correspondence between symmetric 2-cohomology
classes and isomorphism classes of commutative group coextensions, each symmetric
2-cocycle g € Z& (M, A) is carried to the coextension

E(M7 A? g) % M7

where the twisted crossed product commutative monoid is the set | J,c,A(a) x {a} of
all pairs (uq,a) with a € M and u, € A(a), with multiplication defined by

(g, a)(up, b) = (asup + biug + g(a,b), ab).

This multiplication is unitary ((0, e) is the unit) since g is normalized, that is, g(a, e) =
0 = g(e,a); and it is associative and commutative due to g being a symmetric 2-
cocycle, that is, because of the equalities a.g(b, c) + g(a, bc) = g(ab, ¢) + cxg(a,b) and
g(a,b) = g(b,a). The homomorphism E(M, A, g) — M is the projection (ugq,a) — a,
and, for each a € M, the simply transitive group action of the group .A(a) on the fiber
set over a is given by

Ug * (Vg,a) = (Uqg + Vg, @).
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3.1.2 Strictly symmetric monoidal abelian groupoids

Recall from Section 1.3 that a groupoid M is termed abelian if its isotropy (or vertex)
groups Autpq(z), x € ObM, are all abelian. As there, we use additive notation for
the composition in these abelian groupoids.

Example 3.1 Any abelian group A can be regarded as an abelian groupoid M with
only one object, say a, and Auty((a) = A. For many purposes it is convenient to
distinguish A from the one-object groupoid M; the notation (K(A4,1),a) for M is
not bad (its nerve or classifying space [39, I, Example 1.4] is precisely the pointed
Eilenberg-Mac Lane minimal complex K (A, 1) with base-vertex a), and we shall use
it below.

A groupoid in which there is no morphisms between different objects is called
totally disconnected. 1t is easily seen that any totally disconnected abelian groupoid
is a disjoint union of abelian groups, or, more precisely, of the form

| (K(A(). 1), 0),
acM

for some family of abelian groups (\A(a))aens-
A strictly symmetric (or strictly commutative) monoidal abelian groupoid
M= (M,®,1,a,l,r c)

is a monoidal abelian groupoid (M, ®,1,a,l,r) (see 1.1 for details) endowed with
natural isomorphisms ¢, : ¢ ® y = y ® x (called the symmetry constraint) such that
the following three conditions are satisfied.

i (Oy®cx7z) + ayvxvz + (cx7y®oz) = ay,Z,I + cI,y@Z + aﬁ?,y,Z7 (3'8)
a
@y@x)@z»y@(m@z%
(rRy)®=z YR (z®x)
\a a/«
TR@YRz)—>(YRz2)
® Cyaxt Cry = Ozgy, (3.9)
TRQY—S sy
DA
rT®Y

® Cpp =0z TQT = TR (3.10)

These axioms guarantee the coherence of the constraints in the following sense (see
Mac Lane [56, Theorem 5.1] and Fréhlich and Wall [36, Theorem 5.2]).
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Fact 3.1 (Coherence Theorem) Let M be a strictly symmetric monoidal abelian
groupoid. Then, commutativity holds in every diagram in M with vertices iterated
instances of the functors x — x, the identity, x — 1, which selects the unit object,
(z,y) » 2Ry, (z,y) » y®x, and z — = @ z, the diagonal functor, and whose edges
are expanded instances of a, —a, ¢, l, =1, r, and —r.

Below there is a convenient way to express this coherence in practice (see Deligne
[25, 1.4.1] and Frohlich and Wall [36, Theorem (5.3)]). Recall that, for any set M,
the free commutative monoid N[M] consists of commutative words in M, which are

unordered sequences [a,...,a,] of elements of M; unordered means that for any
permutation o, [ag1,...,aen] = [a1,...,a,]. Multiplication in N[M] is given by con-
catenation:

[al,...,an][bl,...,bm] = [al,...,an,bl,...,bm},
and the unit is e = [ ], the empty word.

Lemma 3.2 Let (24)qenm be any family of objects of a strictly symmetric monoidal
abelian groupoid M. If N[M] is the free commutative monoid generated by the index
set M, then, there exists a map F : N[M] — ObM with Fla] = x4, a € M, and
isomorphisms g Ff @ Fg = F(fg), f,g € NIJM], and ¢o : 1 — Fe, satisfying the
equations below.

o Yrgnt (9rg®0Fn) = rgn + (0pr@pgn) + aFf,Fgm,

(Ff® Fg)® Fh—*2% F(fg) @ Fh —*~ F(fgh)

°| H

Ffo (Fgo Fh) 2% Ff o F(gh) —F > F(fgh)

® Yy ftCRLFg= Pfg-

FfRFg—S>~FgeFf
wl ls@
F(fg) =——=F(9f)

o 9ie+ (0pr®@po) =7rf, Qe+ (0 ®O0p) =gy

FrolX2% prore 10Ff 2L peo Fy

| oy \e

Ff——on—Ff Ff——onFf

Proof: Let us choose a total order for the index set M, so that any f € N[M] can be
uniquely expressed as a sequence in increasing order

f=lat,...,an], a1 <-- < ay.
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Then, we define F': N[M] — ObM by putting Fe =1, F[a] = x4, and, recursively,
Flai,...,ay] = Flai,...,an—1] ® x4,

for n > 1. We have the identity isomorphism ¢y = O : I — Fe and, for any f,g €
N[M], it is clear that there is an isomorphism

vrg: Ff®@Fg=F(fg)

coming from instances of a, —a, ¢, Il and r. It follows from the Coherence Theorem
above that these isomorphisms ¢y, so obtained satisfy all the requirements in the
lemma. O
If M, M’ are strictly symmetric monoidal abelian groupoids, then a symmetric
monoidal functor F = (F,¢,¢0) : M — M’ is a monoidal functor (1.4) verifying

® Yyt Cpopy = Feoy+ ¢y (3.11)

Fx®FyL>Fy®Fx

el e

Flz@y) %> F(y®z)

Suppose F' : M — M’ is another symmetric monoidal functor. Then, a symmetric
isomorphism 6 : F = F' is a monoidal isomorphism (1.7).

With compositions given in a natural way, strictly symmetric monoidal abelian
groupoids, symmetric monoidal functors, and symmetric isomorphisms form a 2-
category. A symmetric monoidal functor F' : M — M’ is called a symmetric monoidal
equivalence if it is an equivalence in this 2-category, that is, when there exist a sym-
metric monoidal functor F’ : M’ — M and symmetric isomorphisms 0 : F'F = id x4
and 0 : FF' = idy.

Our goal is to show a classification for strictly symmetric monoidal abelian grou-
poids, where two of them that are connected by a symmetric monoidal equivalence
are considered the same. To do that, we will use the fact below by Saavedra [66,
I, 4.4.5], where it is shown how to transport the symmetric monoidal structure on
an abelian groupoid along an equivalence on its underlying groupoid. Recall that a
functor between (not necessarily abelian) groupoids F : M — M’ is an equivalence
(of categories) if and only if the induced map on the sets of iso-classes of objects

ObM/~ — ObM'/~, [z] — [Fx], (3.12)
is a bijection, and the induced homomorphisms on the automorphism groups
Autpq(z) = Autpp(Fx), ur— Fu (3.13)

are all isomorphisms [46, Chapter 6, Corollary 2].
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Fact 3.2 (Transport of Structure) Let F : M — M’ be an equivalence between
abelian groupoids, so that there is a functor F' : M' — M with natural equivalences
0:idp = F'F and 0 : FF' = id g satisfying

OF + FO=idp, F'0 +0F =idp.

(1) Any strictly symmetric monoidal structure on M can be transported to one on
M’ such that the functors F' and F' underlie symmetric monoidal functors, and the
natural equivalences 0 and ' turn to be symmetric isomorphisms.

(i1) If both M and M’ have a strictly symmetric monoidal structure, then any
symmetric monoidal structure on F' can be transported to one on F' such that 6 and
0" become symmetric isomorphisms. Hence, a symmetric monoidal functor is a sym-
metric monoidal equivalence if and only if the underlying functor is an equivalence.

Concerning Fact 3.2(7), let us point out that for any strictly symmetric monoidal
structure (M, ®,1,a,l,7,¢) on the abelian groupoid M, the structure transported
onto the abelian groupoid M’, that is (M, ®,T',a’,l',r’, '), by means of (F, F',0,0)
is such that the monoidal product ® is the dotted functor in the commutative square

M3 M F p

F/XF/J/ TF

M x M~ M,
and the unit object is FI. The functors F and F’ are endowed with the isomorphisms
Yoy =—Fl,®0,)): Ft@Fy— Flx®y), ¢o=0pr:FI— FI, (3.14)

<p;:,’y/ = Opwory  F'' @ F'y - F'(2’ ®y'), ¢p=600:1— F'T,

and then the constraints a’,l’, 7’ and the symmetry ¢’ are given by those isomorphisms
uniquely determined by the equations (1.5), (1.6), and (3.11), respectively.
Concerning Fact 3.2(i4), let us recall that if both M and M’ are strictly symmetric
monoidal abelian groupoids, then for any symmetric monoidal structure (F, ¢, pg) on
F, the structure (F’, ¢, ¢f) transported on the functor F’ is such that the isomor-
phisms
go;,’y, Fle' @ Fly — Fl(2' @), ¢y:1— F'T,

are the uniquely determined by the dotted arrows making commutative the diagrams
below.
0,20,
FF'x' @ FF'y/

x’@y/ 0 FI

iiel /
' @y’

F(F's' @ Fy) " = FF(a @) PR
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3.2 The classification theorem

The framework of our discussion below comes suggested by the known classification
theorems for strictly commutative Picard categories given in [25], [36] and [68], for
categorical groups and Picard categories in [69], for braided categorical groups in
[50], for graded categorical groups, braided graded categorical groups, graded Picard
categories and strictly commutative graded Picard categories in [20, 22, 23], for braided
fibred categorical groups, fibred Picard categories and strictly commutative fibred
Picard categories in [11], and for monoidal groupoids in chapter 1.

Let M be a commutative monoid and let A be an HM-module. Each symmetric
3-cocycle h € Zg’;(M ,A) gives rise to a strictly symmetric monoidal abelian groupoid

(M, A h) (3.15)

which should be thought of a sort of 2-dimensional twisted crossed product of M by A,
and it is built as follows: Its underlying groupoid is the totally disconnected groupoid

UaeM(K(A(a)a 1)? a)v (3.16)

where, recall from Example 3.1, each (K(A(a),1),a) denotes the groupoid having a
as its unique object and A(a) as the automorphism group of a. Thus, an object of
Y(M, A h) is an element a € M; if a # b are different elements of the monoid M,
then there is no morphisms in X(M, A, h) between them, whereas its isotropy group
at any a € M is A(a).

The tensor functor

® : D(M, A, h) x S(M, A, h) — S(M, A, h)

is given on objects by multiplication in M, so ¢ ® b = ab, and on morphisms by the
group homomorphisms

® :A(a) x A(b) = A(ab), ug @ up = byug + asuy. (3.17)

The unit object is I = e, the unit element of the monoid M, and the structure
constraints and the symmetry isomorphisms are

agpc = h(a,b,c): (ab)ec — a(be),
Cap = Ogp : ab — ba,
re = 04 : ae — a,

l, =04 :ea — a,

which are easily seen to be natural since A is an abelian group valued functor. The
coherence condition (1.1) holds thanks to the cocycle condition d3h = 0 in (3.3), while
(3.8) easily follows from the cochain equations in (3.2). The normalization condition
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h(a,e,b) = 0, easily deduced from being h(a,b,e) = 0, implies the coherence condition
(1.2), and those in (3.9) and (3.10) are obviously verified.

In next Theorem 3.1, we observe how any strictly symmetric monoidal abelian
groupoid is symmetric monoidal equivalent to such a 2-dimensional crossed product.
Previously, we combine the transport process in Fact 3.2 with the generalization of
Brandt’s Theorem [7], which asserts that every groupoid is equivalent as a category to
a totally disconnected groupoid [46, Chapter 6, Theorem 2], to obtain the following.

Lemma 3.3 Any strictly symmetric monoidal abelian groupoid is symmetric monoi-
dal equivalent to one which is totally disconnected and whose symmetry and unit con-
straints are all identities.

Proof: Let M = (M, ®,1,a,l,7,c) be any given strictly symmetric monoidal abelian
groupoid.

Let M = ObM /=~ be the set of isomorphism classes [z] of objects of M, and let
us choose, for each a € M, a representative object z, € a, with zj = L.

In a first step, let us assume that all the symmetry constraints are identities, that
is, r®y = y®x and ¢,y = 0.y, for any objects z,y of M, and also that I®1 = I, and
l1 = r1 = 01, the identity of the unit object. Then, let us form the totally disconnected
abelian groupoid

M = UaEM(K('A<a)7 1)7 a)a

whose set of objects is M, and whose isotropy group at any object a € M is A(a) =
Autpq(zq).

This groupoid M’ is equivalent to the underlying groupoid M. To give a particular
equivalence F' : M — M/, let us choose, for each a € M and each x € a, an
isomorphism 6, : * = z, in M. In particular, for every a € M, we take O1g,, = l,,
and 0,,g1 = 7,. Note that this selection implies that 6y = 0jg1 = r1 = l; = 01. Then,
let ' : M — M’ be the functor which acts on objects by Fz = [z], and on morphisms
uw:x —yby Fu=60,+u—0,. We have also the more obvious functor F’ : M’ — M,
which is defined on objects by F'a = x,, and on morphisms v : a — a by F'u = u. We
have the natural isomorphisms 6 : idyg = F'F, and 0 : FF' = idyy, where 0/, = —0,,,
which clearly satisfy the equalities 8'F + F8 = idp and F'0' + 0F' = idp».

Therefore, according to Fact 3.2, we can transport the given symmetric monoidal
structure of M to a corresponding one on M’ by means of (F,F’ 6,0"), so that
we get a totally disconnected strictly symmetric monoidal abelian groupoid M’ =
(M, ®,T,a’,r', ), and a symmetric monoidal equivalence F' = (F, ¢, ¢g) : M — M.
Now, a quick analysis of the structure on M’ points out that its unit object is FT = [I]
and that, for any object a € ObM’ = M,

(1.6) (3.14)
7':1 =" F(rg,)+ Pro, ] T (0o ® o) =" F(rs,) + Pz, 1 T (0g ® O[I]) = F(rs,) + Py,

3.14
( = ) Ory + Ty — Oz01 + 001 — (O, ® O1) — O 01

(naturality of r)

= Oy, + 7y, — (0, ®0p) — Oz, 01 Ty, — Oz,01 = Oz, = Oq,
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similarly, I/, = 04, while, for any a,b € M,

(3.11) (e=0)
Ciz,b =" ~Yrpae T FCruzy) + Prazy, = —Prpza t Pram

(3.14)
= 9%@% - emb & Hxa - 9%@% + ema@)wb + ‘9% @ 09:1, - ema@)wb

(since x4, @ Tp = xp @ )

= 0:1:5@:1:@ - be by exa + 0:1:@ X exb - exa®zb

(since Oy, ® Oy, = 0, ® 0,,, by the naturality of ¢;, », = Oz,24,)
= exb®asa - exa®xb = Oxa®xb = Ogp-

Thus, M is symmetric monoidal equivalent to M’, which is a totally disconnected
strictly symmetric abelian groupoid whose unit and symmetry constraints are all iden-
tities.

Hence, it suffices to prove now that the given strictly symmetric monoidal abelian
groupoid M is symmetric monoidal equivalent to another one whose symmetry con-
straints are all identities and whose unit constraint at the unit object is also the
identity. Even more, following Deligne [25], we can prove that there is a symmetric
monoidal abelian groupoid N' = (N, ®) whose constraints are all trivial (i.e., a = 0,
c=0,1=0, and » = 0) with a symmetric monoidal equivalence N' ~ M:

Let N[M] be the free commutative monoid generated by M, which we shall re-
gard as a strictly symmetric monoidal discrete groupoid (i.e., with only identities as
morphisms). It follows from Lemma 3.2 that there is a symmetric monoidal functor

F:(FvcvaOO) N[M]%M

such that Fla] = x4, for any a € M. Then, we define N/ to be the abelian groupoid
whose set of objects is N[M], and whose hom-sets are defined by

Homy (f, 9) = Homum(F f, Fg).

Composition in AV is given by that in M, so that we have a full, faithful, and essentially
surjective functor (i.e., an equivalence)

F:N—oM, (f39) — (Ff3Fg).

The monoidal functor ® : N'x N — N is defined by multiplication in N[M] on objects,
and on morphisms by

/ ® !
(f =g e =4g)= (= g9),
where u®u’ is the dotted morphism in the commutative square in M
FfoFf “>Fg® Fg
‘s f,l i%,g, (3.18)
® /
F(ff) "= F(gg).
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So defined N' = (N, ®) is a strictly symmetric monoidal abelian groupoid with
all the constraints being identities. To prove this claim, the following equalities on
morphisms in A should be verified

u@u' = u'@u, 0.0u=u, uR0.=u, (UL )RU" =uR(u'&u"). (3.19)

But these follow from the naturality of the structure constraints of M, ¢, I, r, and a,
respectively. For example, given any u € Homu/(f, g), we have the diagram

TFf

(©)

’r'Fg

where the outside region commutes by naturality of , those labelled with (C') com-
mute because (F, ¢, ¢o) : NJM] — M is a symmetric monoidal functor, and the square
(A) commutes due to ® : M x M — M being a functor. It follows that the square
(B) is also commutative and then that u®0, = u. The other three equations in (3.19)
are proved similarly, and we leave them to the reader.

Owing to the commutativity of the squares (3.18), the isomorphisms ¢y ¢ are
natural on morphisms of N and, therefore, F' = (F,¢,¢0) : N — M is actually a
symmetric monoidal functor, whence, by Fact 3.2 (ii), a symmetric monoidal equiva-
lence. ]

We are now ready to prove the main result in this chapter, namely, the classification
of strictly symmetric monoidal abelian groupoids.

Theorem 3.1 (i) For any strictly symmetric monoidal abelian groupoid M, there is
a commutative monoid M, an HM -module A, a symmetric 3-cocycle h € Z(S;(M, A),
and a symmetric monoidal equivalence

Y(M, A h) ~ M.

(i1) For any two commutative 3-cocycles h € Zg(M, A) and I € Z(M', A'), there
18 a symmetric monoidal equivalence

S(M, A h) ~S(M' A K)

if and only if there exist an isomorphism of monoids i : M = M’ and a natural
isomorphism 1) : A = i* A, such that the equality of cohomology classes below holds.

[h] = o ¥ [W] € HE (M, A)
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Proof: (i) By Lemma 3.3, we can suppose that M is totally disconnected and that
all its symmetry and unit constraints are identities. In assuming that hypothesis, let
us write the underlying groupoid as M = (J,c,;(K(A(a),1),a), where M = ObM
and, for each a € M, A(a) = Autpy(a). Then, a system of data (M, A, h), such that
Y(M, A h) = M as symmetric monoidal abelian groupoids, is defined as follows:

e The monoid M. The function on objects of the tensor functor ® : M x M — M
determines a multiplication on M, simply by putting ab = a ® b, for any a,b € M. If
we write e € M for the the unit object of M, then this multiplication on M is unitary,
since the unit is strict. Furthermore, it is associative and commutative since, being
M totally disconnected, the existence of the associativity and symmetry constraints
(ab)e — a(be) and ab — ba forces the equalities (ab)c = a(bc) and ab = ba. Thus, M
becomes a commutative monoid.

e The HM -module A. The group homomorphisms ® : A(a) x A(b) — A(ab) have
an associative, commutative, and unitary behaviour, in the sense that the equalities

(Ug @ Up) @ Ue = Ug @ (Up @ Ue), Ug @ Up = Up @ Ug, e ® Uy = Ug, (3.20)

hold. These follow from the abelianess of the groups of automorphisms in M, since
the diagrams below commute due to the naturality of the structure constraints.

(ab)c Qg .b,c a(bc) ab 4>0ab ba ae =a 4)0(1 a
(ua(gmb)@ucl lua@)(ub@uc) ua®ubl iub@)ua um®OeJ/ lU‘a
Qg b.c Oa = Oa
(ab)c NS a(be) ab —=ba ae

Then, if write by : A(a) — A(ab) for the homomorphism such that
byttg := 0p ® ug = ugq ® Op,
the equalities
(3.20)

(be)s(uq) = Ope @ uq = (0p ® 05) @ uq
(3.20)

exllg =0 @ ug = Ug,
show that the assignments a — A(a), (a,b) — by : A(a) — A(ab), define an HM-
module. Observe that this HM-module determines the monoidal product ® of M,
since

0p ® (0 @ ug) = by(ciug), (3.21)

o @y = (g +0) ® (O + 1) = (g ® 0p) + (04 @ up) 2 (

= byug + asup.

0p @ ug) + (04 @ up)

e The symmetric 3-cocycle h € Z3 (M, A). The associativity constraints of M can
be written in the form aqp . = h(a, b, ¢), for some list (h(a, b,c) € A(abc))a,b,ceM. Since
the symmetry constraints are all identities, for any (a,b, ¢) € M3, equation (3.8) gives

h(a,b,c) — h(b,a,c) + h(b,c,a) =0, (3.22)
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which is (3.4), and thus, by Lemma 3.1 we get symmetric cochain conditions in (3.2).
Now, from (1.3) it follows that h(a,b,e) = 0. Hence h € C3(M,A) is a symmetric
3-cochain. Finally, the coherence condition in (1.1) gives the equations

a.h(b,c,d) + h(a,be,d) + dih(a,b, c) = h(a,b, cd) + h(ab, c,d),

which means that 8h = 0 in (3.3), so that h € Z3 (M, A) is a symmetric 3-cocycle.
Since an easy comparison shows that M = X (M, A, h), the proof of this part is
complete.

(17) We first assume that there exist an isomorphism of monoids i : M = M’ and
a natural isomorphism 1 : A = i* A, such that o.[h] = i*[k/] € HE(M,i*A’). This
means that there is a symmetric 2-cochain g € CZ(M,i*A’) such that the equalities
below hold.

Yapeh(a, b, c) =h'(ia,ib,ic) + (ia)«g(b,c) — g(ab,c) + g(a,be) — (ic)«g(a,b)  (3.23)
Then, we have a symmetric monoidal isomorphism
¥(i,1,9) = (F,¢,p0) : S(M, A, h) — S(M', A K, (3.24)
whose underlying functor acts by

Fla 5% a)= (m% ia),

and whose structure isomorphisms are given by

Pab = g(a7 b) : (Za) (Zb) — Z(ab)7
0o =0 : € = ie=¢.

In effect, so defined, it is easy to see that F'is an isomorphism between the underlying
groupoids. Verifying the naturality of the isomorphisms ¢, that is, the commuta-
tivity of the squares

(ia)(ib) 2"~ i(ab)
(ia)*wb(ub)+(ib)*wa(ua)l wab((l*ub‘i’b*ua) (325)
(ia)(ib) 2" i(ab),

for u, € A(a), up € A(b), is equivalent (since the groups A’(i(ab)) are abelian) to
verify the equalities

Yap(axup + biug) = (ia)p(up) + (10)stbq (uq), (3.26)

which hold since the naturality of ¢ : A = i* A" just says that

Yap(axup) = (ia)«p(up)- (3.27)
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The coherence condition (1.5) is verified as follows

Papze T (0Fa®@pb,c) + a/Fa,Fb,Fc = Pa,be + (10)xpbc + h/(ia, ib, ic) (3.28)
= g(a,be) + (ia).g(b, c) + h'(ia, b, ic) (%:29) Yapeh(a, b, c) + glab, c) + (ic)«g(a, b)
= ¢abch(a7 b, C) + @ab,c + Z.(C)*(Pa,b = F(a’a,b,c) + Yaxb,c + (Soa,b®0Fc)a

whilst the conditions in (1.6) and (3.11) trivially follow from the symmetric cochain
conditions g(a, e) = 0,4 and g(a, b) = g(b, a), respectively.

Conversely, suppose that
F = (F7 907 SOO) : E(M? A’ h) % E(M,’ ‘A,’ h,)

is any symmetric monoidal equivalence. By a similar result than Lemma 1.1 (see [23,
Lemma 3.1]), there is no loss of generality in assuming that F' is strictly unitary in
the sense that ¢y = 0. : ¢/ — €’ = Fe.
As the underlying functor establishes an equivalence between the underlying grou-
poids,
F: UaEM(K('A(a)? 1)’ a) = Ua’eM’ (K(A/(a/)v 1)7 CL/),

and these are totally disconnected, it is necessarily an isomorphism. Let us write
i : M = M’ for the bijection describing the action of F' on objects; that is, such
that ia = Fa, for each a € M. Then, i is actually an isomorphism of monoids, since
the existence of the structure isomorphisms ¢, : (ia)(ib) — i(ab) forces the equality
(1a)(ib) = i(ab).

Let us write ¢, : A(a) = A'(ia) for the isomorphism giving the action of F' on
automorphisms u, : @ — a, that is, such that Y,u, = Fu,, for each u, € A(a), and
a € M. The naturality of the automorphisms ¢, 3 tell us that the equalities (3.26) hold
(see diagram (3.25)). These, for the case when u, = 0,, give the equalities in (3.27),
which amounts to saying that ¢ : A = :* A" is a homomorphism of HM-modules.

Writing now g(a,b) = ¢qp, for each a,b € M, the equations g(a,e) = 0;, and
g(a,b) = g(b,a) hold just due to the coherence equations (1.6) and (3.11), and thus
we have a symmetric 2-cochain g = (g(a,b) € A’(i(ab))), e, Which satisfies the
equations (3.23) owing to the coherence equations (1.5), as we can see just by retracting
our steps in (3.28). This means that 1, (h) = i*(h’) +0?g and, therefore, we have that
Vulh] = i*[h'] € HE(M,i* A’), whence [h] = o Yi*[W] € HE (M, A), as required. O

Remark 3.1 Let
Symmetric 3-cocycles

denote the category of symmetric 3-cocycles of commutative monoids. That is, the
category whose objects are triplets (M, .4, h) with M a commutative monoid, A an
HAM-module, and h € Zé(M ,A) a symmetric 3-cocycle, and whose arrows

(i, [g]) + (M, A h) — (M, A", )
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are triples consisting of a monoid homomorphism i : M — M’, a natural trans-
formation ¢ : A — i*A’, and the equivalence class [g] of a symmetric 2-cochain
g € C4(M,i*A’) such that ¢.(h) = i*(h') + 0%g (i.e., equation (3.23) holds). Two
such cochains g,¢' € C&(M,i*A') are equivalent if there is a symmetric 1-cochain
f € CL(M,i*A’) such that g = ¢ +8' f. Composition in this category of 3-cocycles is
defined in a natural way: The composite of (i,, [g]) with (¢/,4,[¢']) : (M', A, k') —
(M", A" h") is the arrow

(i/i,w/i w’ [(d]ll)*(g) +Z*(g,)]) . (M7.A7 h) N (]\4//’./4//7 h,/),

where 71 : M — M" is the composite homomorphism of ¢ and 7, /7 ¢ : A —
(i'i)*A” is the natural transformation such that (¢t ¢), = v}, q, the composite
homomorphism of ¢}, : A'(ia) — A”(i'ia) with v, : A(a) — A'(ia), for each a € M,
and (¢'i)«(g) +i*(¢') € C&(M, (i'i)*A”) is the symmetric 2-cochain given by

((@'1)«(g) +3"(9')(a; b) = V(a1 9(a, b) + g'(ia, ib).

The identity arrow of any object (M, A, h) is the triple (157,14, [0]).
With a slight adaptation of the arguments in the proof of part (ii), Theorem 3.1
can be formulated as an equivalence of categories

Symmetric 3-cocycles >~ Strictly symmetric monoidal abelian groupoids

between the category of symmetric 3-cocycles and the category of strictly symmet-
ric monoidal abelian groupoids, M, with iso-classes, [F] : M — M/, of symmetric
monoidal functors, F' : M — M/’ as arrows. The equivalence of categories is given by
the constructions (3.15) on objects and (3.24) on morphisms, that is,

(4,9,[9]) [2(,,9)] >

((M, A, ) (M, A1) = (S(M, A, h) (M, A, 1)).

A strictly commutative Picard category [25, Definition 1.4.2] is a strictly symmetric
monoidal abelian groupoid P = (P,®,1,a,l,r,¢) in which, for any object z, there is
an object x* with an arrow z ® z* — 1. Actually, the hypothesis of being abelian is
superfluous here since a monoidal groupoid in which every object has a quasi-inverse
is always abelian Proposition 1.3 (ii). Next, we obtain Deligne’s classification result
for these Picard categories as a corollary of Theorem 3.1 and the lemma below, which
is a consequence of Lemma 3.1 and a result by Mac Lane [55, Theorem 4].

Lemma 3.4 Let G be any abelian group. For any abelian group A, regarded as a
constant HG-module, the symmetric 3-cohomology group of G with coefficients in A
is zero, that is, Hé(G, A)=0.

For any abelian groups G and A, let X(G, A, 0) be the strictly symmetric monoidal
abelian groupoid built as in (3.15), for the constant functor A : HG — Ab and the
zero 3-cocycle 0 : G3 — A. Since G is a group, X(G, A,0) is actually a strictly
commutative Picard category. Then, we have
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Corollary 3.1 (Deligne [25], Frohlich-Wall [36], Sinh [68]) (i) For any strictly
commutative Picard category P, there exist abelian groups G and A and a symmetric

monotdal equivalence
¥(G,A,0) ~P.

(i1) For any abelian groups G,G’, A and A’, there is a symmetric monoidal equiv-
alence

$(G, A,0) =~ (G, A,0)

if and and only if there are isomorphisms G = G’ and A = A’.

Proof: (i) Let P be a strictly commutative Picard category. By Theorem 3.1, there
are a commutative monoid M, an HM-module A, a 3-cocycle h € Zé(M, A), and a
symmetric monoidal equivalence (M, A, h) ~ P.

Then, (M, A, h) is a strictly commutative Picard category as P is and, therefore,
for any a € M, it must exist another a* € M with a morphism a®a* = aa® - 1 =ein
Y(M, A, h). Since the groupoid X(M, A, h) is totally disconnected, it must be aa* = e
in M, which means that a* = a~! is an inverse of a in M. Therefore, M = G is
actually an abelian group.

Let A = A(e) be the abelian group attached by A at the unit of G. Then, a natural
isomorphism ¢ : A = A is defined such that, for any a € G, ¢4 = ax : A = A(e) —
A(a). Therefore, Theorem 3.1(i7) and Lemma 3.4 give the existence of a symmetric
monoidal equivalence

E(Ga Aa h) = E<G7 A7 0)7

whence a symmetric monoidal equivalence ¥(G, A, 0) ~ P follows.
(74) This follows directly form Theorem 3.1(i7). O

Remark 3.2 As in Remark 3.1, the classification result above can be formulated
in terms of an equivalence between the category of strictly commutative Picard cate-
gories, with iso-classes of symmetric monoidal functors as morphisms, and the category
of pairs (G, A) of abelian groups, with morphisms

(i,90,k) : (G, A) — (G', A

triplets consisting of two group homomorphisms i : G — G', ¢ : A — A’, and a
cohomology class k € HE(G, A') = Extz(G, A’), where composition is given by

(@ K (i1, k) = (i, 9", (k) + 8 (K)).






Chapter 4

A cohomology theory for
commutative monoids

Leech cohomology groups of monoids are useful for the classification of interesting
monoidal structures (see 1.3, for instance). Nevertheless, when dealing with commu-
tative monoids, Grillet symmetric cohomology groups (see 3.1.1) keep track of their
commutativity, unlike Leech cohomology groups. To some extent, however, Grillet
symmetric cohomology theory at degrees greater than 2 seem to be a little too ‘strict’
(for example, when M = G is any abelian group, its symmetric 3-cohomology groups
Hg’;(G,A) are all zero, see Lemma 3.4). Therefore, in this chapter, we present a dif-
ferent approach for a cohomology theory of commutative monoids, which is inspired
in the (second level) cohomology of abelian groups by Eilenberg and Mac Lane [31, 55]
and based on the cohomology theory of simplicial sets by Gabriel and Zisman [37,
Appendix II].

In the same manner that every monoid M, regarded as a constant simplicial
monoid, has associated a classifying simplicial set WM [31] satisfying that, for any
DM-module A, H'(M,A) = H"(WM,A) (see Section 4.1), when the monoid M
is commutative it also has associated an iterated classifying simplicial set W (W M).
The Gabriel-Zisman’s cohomology groups of this simplicial set are used to define the
commutative cohomology groups of M, denoted H*(M, A), by

HI (M, A) = H" ™ (WM, A),

where A is an HM-module (see 3.1.1). For instance, when M = G is an abelian group,
as the simplicial set WG is an Eilenberg-Mac Lane’s minimal complex K (G, 2), for
any abelian group A (regarded as a constant coefficient system on G), the commuta-
tive cohomology groups H! (G, A) are precisely the Eilenberg-Mac Lane cohomology
groups of the abelian group G with coefficients in A [31, 55] (also denoted by H}, (G, A)
in [22, 50]).

In this chapter, we are mainly interested in the cohomology groups H'(M, A) for
n < 3 for any commutative monoid with coefficients in an HM-module. Hence, in

85
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Section 4.2 most of our work is dedicated to showing how these commutative cohomol-
ogy groups can be defined ‘concretely’ by manageable and computable commutative
cocycles, such as Grillet did for the cohomology groups H{ (M, A) by using symmetric
cocycles. Thus, for any HM-module A on a commutative monoid M, we exhibit a
4-truncated complex of commutative cochains C2(M, A), such that

H?(M, A) = H'"C*(M, A), n<3,

whose construction is based on the construction of the reduced complexes A(G,2)
by Eilenberg and Mac Lane [31] to compute the (co)homology groups of the spaces
K(G,2). Furthermore, the existence of a monomorphism C&(M,A) — C2(M,A),
where the first is Grillet’s 4-truncated complex of symmetric cochains in (3.1), easily
allows one to state the relationships among the symmetric, commutative, and Leech
low dimensional cohomology groups of commutative monoids (see Theorem 4.2):

HL(M, A) = H{(M, A) = HL (M, A),
HE(M, A) = H2(M, A) — HZ(M, A),
HE (M, A) — H2(M, A) — H} (M, A),

where, in general, the inclusions H2(M, A) < HZ(M, A) and HE(M, A) — H3(M, A)
are strict, whereas the homomorphism H2 (M, A) — H? (M, A) is neither injective nor
surjective.

For n = 1,2, because of the the isomorphisms H& (M, A) = H'(M,A), there is
nothing new to say about how to interpret these latter: Elements of H!(M,.A) are
derivations, and elements of H2(M, A) are iso-classes of (abelian-group) commutative
monoid coextensions.

Then, in Section 4.3 of the chapter, we focus our attention on the commutative
cohomology groups HZ(M, A), to whose elements we give a natural interpretation in
terms of equivalence classes of braided monoidal abelian groupoids (M, ®,¢), that is,
monoidal abelian groupoids (M, ®) endowed with coherent and natural isomorphisms
(the braidings) ¢z, : z ®y = y @ x [50], defined as for strictly symmetric abelian
monoids (subsection 3.1.2) but now not necessarily satisfying the symmetry condition
Cry © Cyqy = ldzgy nor the strictness condition ¢;, = idygz. The result, which
was in fact our main motivation to seek the cohomology theory we present, can be
summarized as follows (see Theorem 4.3 for details): Stating that any two triplets
(M, A, k) and (M', A", k'), where k € H3(M, A) and k' € H3(M', A’), are isomorphic
whenever there are isomorphisms i : M = M’ and v : A = i* A’, such that ¢ 1"k’ = k,
then

“There is a one-to-one correspondence between equivalence classes of brai-
ded monoidal abelian groupoids (M, ®,c) and classes of triplets (M, A, k),
with k € H3(M, A).”

This classification theorem, which extends that given by Joyal and Street in [50,
Section 3] for braided categorical groups, leads to bijections
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H3(M, A) = Ext?(M, A)

expressing a natural interpretation of commutative 3-cohomology classes as equiva-
lence classes of certain commutative 2-dimensional coextensions of M by A.

4.1 Preliminaries on cohomology of simplicial sets

Cohomology theory of small categories (defined in (1.50)) is in itself a basis for other
cohomology theories, in particular for the cohomology theory of simplicial sets with
twisted coefficients defined by Gabriel and Zisman in [37, Appendix II]. Briefly, recall
that the simplicial category, A, consists of the finite ordered sets [n] = {0,1,...,n},
n > 0, with weakly order-preserving maps between them, and that the category of
simplicial sets is the category of functors X : A°? — Set, where Set is the category of
sets, with morphisms the natural transformations. The category A is generated by the
injections d’ : [n — 1] — [n] (cofaces), which omit the ith element, and the surjections
s : [n+ 1] — [n] (codegeneracies), which repeat the ith element, 0 < i < n, subjet to
the well-known cosimplicial identities: d’d’ = d’d’~!ifi < j, etc. (see [58]). Hence, in
order to define a simplicial set it suffices to give the sets of its n-simplices X,, = X ([n])
together with maps

di=(d)*: X, & Xn—1, 0<i<n (the face maps),

) 4.1
si=(s")": X, = Xyut1, 0<i<n (the degeneracy maps), (1)

satisfying the well-known basic simplicial identities: d;d; = d;_1d; if @ < j, etc. The
category of simplices of a simplicial set X, A/X, has as objects pairs (z,n) with
x € X, and a morphism (o, x) : (a*x,m) — (x,n) consists of a map « : [m] — [n] in
A together with a simplex x € X,,. A coefficient system on X is a functor A : A/ X —
Ab, and the cohomology groups of the simplicial set X with coefficients in A are, by
definition,

H™M(X, A) = H'(A/X, A).

We point out below two useful facts. The first of them is an easy consequence of
being the maps d’, s/ and the cosimplicial identities a set of generators and relations
for A, and the second one is dual of Theorem 4.2 in [37, Appendix II] and takes into
account the Normalization Theorem.

Fact 4.1 Let X be a simplicial set. In order to define a functor m : A/ X — C it
suffices to give objects mx € C, x € X,,, n > 0, together with morphisms

w(d',x) n(s',x) )
wd;x T 8T, x € Xy, 0<1<n,
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satisfying the equations:

m(d, x)n(d', djx) = 7(d', z)m (L, dix) : wdidjx — wa, i <7,
m(s?, 2)m(d, sjx) = w(d', z)m(s7 7L, djz) : wdisjx — wa, i<,
7(s', 2)m(d’, 5ix) = idne = 7(st, )7 (d"T, s;2) : wdis;w — wa,

m(s?, z)m(d, sjx) = w(d L 2)m (s, di1 ) : wdisjx — T, > 7 +1,
m(s?, 2)m(s, sj2) = w(st, x)m(s7 L, s2) : wsisjr — T, i<j.

If A: A/X — Ab is any coefficient system on a simplicial set X, then, for any
simplex x € X,,, we denote by A(x) the abelian group A(z), and by (o, ) : Ala*x) —
A(z) the homomorphism A(a, ) associated to any morphism (o, x) in AJX.

Fact 4.2 Let A: A/X — Ab be a coefficient system on a simplicial set X. A n-
cochain of X with coefficients in A is a map A : Xy, — U,cx, A(x) such that \(z) €
A(z) for each x € Xy, Thus, [[,cx, A(z) is the abelian group of such n-cochains. As
n > 0 varies, these define a cosimplicial abelian group A — Ab, [n] = [[,cx, A(),
whose cosimplicial operators

[T A(x) & ] A(z) = T A=),

z€Xn_1 ze€Xn r€Xn41

0 < i <n, are respectively given by the formulas
di(MN)(x) = (&', 2)«(N(diz)), si(N)(x) = (5", 2)5(A(s52)).-
Then, if
C* (X, A): 00— COUX,A) — - — C"(X, A) S omHI(X, A) —

denotes its associated normalized cochain complex, where
n—1 )
Cn(X7 A) = ‘ﬂo ker(si : HxGXnA(m) — HmEXn_lA(x))7
1=

is the abelian group of normalized n-cochains, with coboundary 0 = 3. (—1)d%, there
1 a natural isomorphism

H™(X, A) = H"(C*(X, A)).

Many cohomology theories for algebraic systems find fundament in the cohomology
of simplicial sets. In particular, Leech cohomology theory for monoids (see subsection
1.3.1), as we explain below. Previously, recall that a simplicial monoid is a contravari-
ant functor from the simplicial category to the category of monoids, X : A’ — Mnd.
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Thus, each X, is a monoid and the face and degeneracy operators (4.1) are homo-
morphisms. Every simplicial monoid X has associated a classifying simplicial set

WX : A% — Set, (4.2)
which is defined as follows (this is WX in [31]): (WX)o = {e}, the unitary set, and
(WX)n+1 = Xn X Xn—l X oo X X[).

Write the elements of (WX ), 11 in the form (z,,...,zq). The face and degeneracy
maps are defined by so(e) = (e), by di(zo) =€, i = 0,1, and for n > 0 by

do(Tn, ..., 20) = (Tn—1,...,0),

dig1(Tp, ... 20) = (diTpny -, d1Tp—it1, A0Tr—i * Tp—i—1, Tp—i—2,---,T0), 1 <M,

dpt1(Tp, ... x0) = (dpzp, ..., d1271),

$0(Zny .oy x0) = (€,Tp, ..., T0),

Sit1(@ny ooy 0) = (SiTmy oy SOTn—iy €5 Tp—i—1, .- -,T0), 1< n,
L Snt1(Tny -+, T0) = (Spn, - - -, S0Z0, €),

where e is the unit in the corresponding monoid.

For example, given any monoid M, let M : A’ — Mnd denote the constant M
simplicial monoid, that is, the simplicial monoid given by M, = M, n > 0, and by
letting each d; and s; on M, be the identity map on M. Then the W-construction on
it produces the so-called classifying simplicial set of the monoid

WM : A — Set, [n]— M", (4.3)

whose face and degeneracy maps are given by the familiar formulas

(ag,...,an) i=0,
di(al,...;an) =% (a1,...,4i-1,0;04;41, 042, ...,a,) 0<i<mn,

(at,...,Gn-1) i=n,
si(aty ..., an) = (a1,...,qi—1,€,a4,...,ay) 0<i<n.

where e € M the unit.
Recall now the category DM from 1.3.1. Then, there is a functor 7 : A/WM —
DM such that 7(aq,...,a,) =a1---a,, and

(ar1,a2- - ap,€) :ag---ap — ay---ap, 1=0,
W(dza(alw'-)an)): Z‘d:al"'an_>a1"‘an; 0<Z<n,
(B,al---an—l,an)2a1"-an—1—>a1-"an, 1=n,

7(s', (a1,...,an)) =id:ai---ap — a1 ---an, 0<i<n.

_ Then, by composition with m, any DM-module A defines a coefficient system on
WM, also denoted by A : A/WM — Ab, and therefore the cohomology groups
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H"(WM,A) are defined. By Fact 4.2, these cohomology groups can be computed
from the cochain complex C*(W M, A), which is given in degree n > 0 by

C"(WM,A) = {A € ( ]_[) ]\J/é[l(al —-ap) | Mai,...,a,) =0 if some a; = e}
A1,...,an)EM™

and CY(WM, A) = A(e). The coboundary 0" : C"(WM, A) — C"*Y (WM, A) is
given, for n = 0, by (0°A)(a) = ax\ — a*\, while, for n > 0,

n

(@ N(ar, ., ant1) = (a1)eA(az, - an) + D (=1 ar, ..., @iaiy1, ., ang1)
i=1

+ (=1)" N ani1)* May, . . ., an).

Observe now that this cochain complex C*(W M, A) is precisely the one defined
in (1.51), and thus it follows that there are natural isomorphisms

HMM, A) = H" (WM, A).

4.2 A cohomology theory for commutative monoids

Let us return now to the case where M is a commutative monoid, whose unit is e. Un-
der this hypothesis, the simplicial set WM in (4.3) is again a simplicial monoid, with
the product monoid structure on each M™. We can then perform the W-construction
(4.2) on it, which gives the simplicial set (actually, a commutative simplicial monoid)

WM : AP Set,
whose set of n-simplices is

{e} i=0,1,

—2
W°M),, =
( Jn {M”—IXM”_mexM i>2.

Writing an n + 1-simplex x of WM in the form

r = (x§)1§j§k§n = ((lelv T 71.2)7 Tt (.’L‘%, x%)? JZ%), (4'4)
where each (az’f, e ,a:i) € M* is a k-simplex of WM, its faces and degeneracies are

respectively defined by d;(z) = (ylm) and s;(x) = (z}j), where

;

x}n m<n—is 1‘5 v<n—i,
l’ﬁtlxlm m=n—i, € v=n—i+1,

yzﬂ = xzm—i—l m>n—i, [<m—n-+i, Z;UL = wzil v>n—i+1,u<v—n+i—1,
x?’b—‘_lm?}‘_—;l m>n—i, l=m—n+i, e v>n—i+1, u=v—n+i—1,
xﬁ—"l_l m>n—i, [>m—n+i, (L'Z:jl[ v>n—i+1,u>v—n+i—1.
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Recall now, from 3.1.1, that abelian group valued functors on the category HM
provide the coefficients for Grillet cohomology groups of a commutative monoid M.
There is a functor 7 : A/WQM — HM which, taking into account Fact 4.1, is de-

termined by mx = fo, for each n + 1-simplex = = (x?)lgjgkgn of WM as in (4.4),

where the product [] :r:;C is in the monoid M over all 0 < j < k < n, together with the
homomorphisms

(rdox,xxl -+ - 2l) : mdor — X, i=0,
n(d,z) = (Trdix,xrfﬂﬂ) s wd;x — T, 0<i<n,
(rdpy1z,ala™ 1 x}) s wdppix — mx, i=n+1,

n(st,z) =id : ms;x = T — T, 0<i<n.

Therefore, by composition with 7, any HM-module gives rise to a coefficient system
on the simplicial set WM , equally denoted by

A: AJWM — Ab,

whence the cohomology groups of WM with coefficients in A are defined. Note
that these cohomology groups are trivial at dimensions 0 and 1. Then, making a
dimensional shift, we state the following definition.

Definition 4.1 Let M be a commutative monoid. For any HM -module A, the com-
mutative cohomology groups of M with coefficients in A, denoted H}(M,A), are
defined by

HY(M, A) = H™ (WM, A), n>1.

Example 4.1 Let M = G be an abelian group. Then, the simplicial set WQG is
an Eilenberg-Mac Lane’s minimal complex K(G,2) [31, Theorem 17.4], [59, Theorem
23.2]. For any abelian group A, regarded as a constant functor A : HG — Ab,
the commutative cohomology groups H?(G, A) = H" (K (G, 2), A) define the second
level or abelian Eilenberg-Mac Lane cohomology theory of the abelian group G [28,
29, 30, 31, 55] (these are denoted also by HZ (G, A) in [50, 22] and by H'(G, A) in
[11]). Although these cohomology groups arise from algebraic topology, they come
with algebraic interest. Briefly, recall that there are natural isomorphisms [32, (26.1),
(26.3), (26.4)]

HL(G, A) = Hom(G, A), HZ(G,A)=Ext(G,4), HYG,A)=Quad(G,A),

where Hom(G, A) is the group of homomorphisms from G to A, Ext(G, A) is the
group of abelian group extensions of G by A, and Quad(G, A) is the abelian group of
quadratic maps from G to A, that is, functions ¢ : G — A such that f(z,y) = q(z+y)—
q(z)—q(y) is a bilinear function of x,y € G. A precise classification theorem for braided
categorical groups [50, Definition 3.1] in terms of cohomology classes k € H3(G, A)
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was proved by Joyal and Street in [50, Theorem 3.3] (see Corollary 4.1 for an approach
here to that issue).

Let us stress that, among the Ext™ groups in the category of abelian groups, only
Ext’(G, A) = H}(G,A) and Ext'(G,A) = H2(G, A) are relevant since all groups
Ext™(G, A) vanish for n > 2. However, for example, it holds that H3(Z/27Z,7/27) =
7./27 # 0.

In this chapter we are only interested in the cohomology groups H?'(M, A) for n <
3. Both for theoretical and computational interests, it is appropriate to have a more

manageable cochain complex than C'(WZM ,A) to compute the lower commutative
cohomology groups H!'(M,A), such as Grillet did for computing the cohomology
groups H{ (M, A) by means of symmetric cochains (see Subsection 3.1.1). We shall
exhibit below such a (truncated) complex, denoted by

COM,A) : 0 CL M, A) 25 2, A) s o3, A) D e, A), (45)

and referred to as the complex of (normalized) commutative cochains on M with values
in A. The construction of this complex is heavily inspired on that given by Eilenberg
and Mac Lane of the complexes A(G,2) [31] for computing the (co)homology groups
of the spaces K(G,2), and it is as follows:

e A commutative 1-cochain f € C(M,A) is a function f: M — |J,c s Ala) with
f(a) € A(a), such that f(e) =0.

e A commutative 2-cochain g € C2(M, A) is a function g : M? — [,y A(a) with
g(a,b) € A(ab), such that g(a,b) =0 if a or b are equal to e.

e A commutative 3-cochain (h, u) € C2(M, A) is a pair of functions

h:M?’—)UaEMA(a’)? M:MQ%UaEMA(a)
with h(a,b,c) € A(abc) and p(a,b) € A(ab), such that h(a,b,c) = 0 whenever some
of a,b, or ¢ are equal to e, and pu(a,b) = 0 if a or b are equal to e.

e A commutative 4-cochain (t,~,8) € C?(M, A) is a triplet of functions

t: M* = Upers Al), 7,6 : M? = J,ep Ala)

with t(a, b, c,d) € A(abed) and (a,b,c),d(a,b,c) € A(abe), such that t(a,b,c,d) =0
whenever some of a, b, ¢, or d are equal to e, and 7(a,b,c) = 0 = 6(a, b, ¢) if some of
a,b, or c are equal to e.

Under pointwise addition, these commutative n-cochains form the abelian groups
CMM,A) in (4.5), 1 <n < 4. The coboundary homomorphisms are defined by

O0'f = g, where
9(a,b) = —a.f(b) + f(ab) — b f(a),
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0?g = (h, i), where

h(a,b,c) = —a.g(b,c) + g(ab,c) — g(a,bc) + c.g(a,b),
M(av b) = g(a7 b) - g(ba CL),

& (h, 1) = (t,7, ), where

t(a,b,c,d) = —ash(b,c,d) + h(ab,c,d) — h(a,bc,d) + h(a,b,cd) — dih(a,b,c),
~v(a,b,c) = —byu(a,c) + p(a,be) — cou(a,b) + h(a,b,c) — h(b,a,c) + h(b,c,a),
5(0’7 b, C) = —CL*H(57 C) + ,u(ab, C) - b*lu’(av C) - h((l, b, C) + h(a’ ¢, b) - h(C, a, b)
A quite straightforward verification shows that (4.5) is actually a truncated cochain
complex, that is, the equalities 920! = 0 and 920? = 0 hold.

A basic result here is the following, whose proof is quite long and technical and
we give it in Subsection 4.2.1 so as not to obstruct the natural flow of the chapter.

Theorem 4.1 Let M be any commutative monoid and let A be an HM -module. For
each n < 3, there is a natural isomorphism

H}(M,A) = H"(CS(M, A)). (4.6)

From this theorem, for n < 3, we have isomorphisms

HM(M, A) = Z"(M, A)/B"(M, A) (4.7)

where

ZMM, A) = Ker (0" : C(M, A) — CIHL(M, A)),
BM(M, A) =Im (0" : Co7H(M, A) — C2(M, A)),

are referred as the groups of commutative n-cocycles and commutative n-coboundaries
on M with values in A, respectively.

After Theorem 4.1 and the isomorphisms in (3.7), Grillet symmetric cohomology
groups H{ (M, A) and the commutative ones H' (M, A) are closely related, for n < 3
through the natural injective cochain map

0 — CL(M, A) —2> C4 (M, A) L C3,(M, A) 2> CL(M, A)

N

0 ——> CH(M, A) —2= C2(M, A) —L> C3(M, A) —L> CH(M, A),

i1=td

which is the identity map, i1(f) = f, on 1-cochains, the inclusion map, is(g) = g, on
2-cochains, and on 3- and 4-cochains is defined by the simple formulas i3(h) = (h,0)
and i4(t) = (¢,0,0), respectively. The only non-trivial verification here concerns the
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equality 0%z = i40%, that is, 93(h,0) = (93h,0,0), for any h € C& (M, A), but it
easily follows from Lemma 3.1.

From now on, we shall regard the complex of symmetric cochains as a subcomplex
of the complex of commutative cochains, via the above injective cochain map. Thus,

C& (M, A) C C2(M, A). (4.8)

Theorem 4.2 For any commutative monoid M, and any HM -module A, there are
natural isomorphisms

HL (M, A) = HY (M, A), (4.9)
HE(M,A) = H2(M, A), (4.10)

and a natural monomorphism
HE(M,A) — H2(M,A). (4.11)

Proof: The equalities ZL (M, A) = Z(M,A) and B4(M,A) = B2(M, A) are
clear. Further Z& (M, A) = Z2(M, A), since the cocycle condition on a commutative
2-cochain g implies the symmetry condition g(a, b) = g(b, a). Hence, the isomorphisms
(4.9) and (4.10) follow from those in (3.7) and (4.7), for n = 1 and n = 2 respectively.

The homomorphism in (4.11) is the composite of

(3.7) . (4.7)
HE(M, A) =" (M, A) S 1P ez (M, A) = HE(M, A),

so it suffices to prove that the induced by (4.8) on the third cohomology groups

is injective. To do so, suppose h € Cg(M,A) is a symmetric 3-cochain such that

iz(h) = (h,0) € B2(M, A) is a commutative 3-coboundary, that is, (h,0) = g for

some g € C?(M, A). This means that the equalities

h(av b, C) = _a*g(b7 ) +g(ab,c) — g(a, bC) + cxg(a,b), 0=g(a,b)—g(b,a),

hold, whence g € C3(M, A) is a symmetric 2-cochain, and h = §%g € B (M, A), is
actually a symmetric 2-coboundary. It follows that the inclusion map i3 : Zé(M JA) —
Z3(M, A) induces a injective map in cohomology H3C& (M, A)) — H3Ce(M, A), as
required. (I

Remark 4.1 The inclusion Hg (M, A) C H3(M,A) is, in general, strict. Let G be
any abelian group, and let A : HG — Ab be the constant HG-module defined by
any other abelian group A, as in Example 4.1. Then, by Lemma 3.4 we have that
HE(G,A) = 0. However, for instance, it holds that H3(Z/2Z,Z/27) = 7./27 # 0.

From Theorem 4.2 and the interpretations given in Subsection 3.1.1 of Grillet
cohomology groups we know that H}(M, A) classifies derivations of M in A while
H2(M, A) classifies commutative group coextensions of M by A.
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4.2.1 Proof of Theorem 4.1.

We start by specifying the relevant truncation of the cochain complex C'* (WQM JA)
that, by Fact 4.2, yields cocycles and coboundaries on the commutative monoid M at
dimensions < 3. To do so, we need to pay attention to the 6-dimensional truncated
part of W2M:

. 0 (b17b27a1) 1= O>
a 1=0,

bl . (C2b1,03b2,a1) i: 1,

201 1 =1, .

di(bi,b2,a1) = b P9 di(c1,c2,¢3,b1,b2,a1) = ¢ (c1c2,¢3,b2a1) i =2,
102 ;

(c1,c203,b1b2) 1 =3,
b i =3;

' (c1,¢2,b1) i =4

c1,c2,¢3,b1,b2,a1) =0,
dacy,dgca, dacs, by, ba, aq
di(dl,dg,d3,d4,Cl,C2,03,b1,b2,(I1) -
dy,dads, dy, c1c2, c3, baay

dy,d2, d3dy, c1,cacs, biby

(

( )
(dida, d3, dy, cabr, caba,a1) i =2,
( )

( )

(

dy, dy, d3, c1,c2,b1) i =5;
(e,e;a;) =0 (e,e,e,b1,b2,a1) =0,
, 6,01 ) ) (e,bl,bz,e,e al) i=1,
si(a)) =< (e,ar,e) i=1, si(by,ba,a1)= '
(a ee) 1 =2 (blae by, e,ay,e ) 1=2,
1,6, ’ (blabQ’e ai, €, e) 1= 3’

((e,e,e,e,cq,c0,03,b1,b9,a1) i =0,
(e,c1,c9,c3,6,e,e,b1,b0,a1) i=1,

si(e1,c2,¢3,b1,b9,a1) = (c1,e,c,c3,€,b1,b2,e,e,a1) 1 =2,
(c1,c2,€,c3,b1,e,b2,€,a1,€) i =3,
(c1,c2,c3,€,b1,b,1,a1,e,e) i=4.

Hence, (with a dimensional shift) the cochain complex C* (WQM , A) for low degrees
is

0— CYW°M, A) L C2(WM, A) -L C3WM, A) -2 CHWM, A),  (4.12)
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where:

A 1-cochain A € C! (WQM, A) is a function A : M — (J,cpr Ala) with M(a) € A(a),
such that A(e) = 0.

A 2-cochain \ € C? (WQM ,A) is a function

A M2 x M = e Ala),
with A(b1,b2,a1) € A(bibaay), such that A(e,e,a;) =0 = A(e,ar,e) = AN ay, e, e).
A 3-cochain \ € C3 (WQM ,A) is a function

A M3 x M? x M — e p Ala),
with A(cq, co, ¢3,b1,b2,a1) € A(cicacsbibeay), such that
0 = )‘(676767 b17b2)a1) - )\(C,bl,b27€,€, (11)

= )\(blvev b2767a176) = )\(blab%evalveae)‘

A 4-cochain X € C4(W2M ,A) is a function

At M X M3 x M? x M = yep Ala),
such that )\(dl,dg,d3,d4,01,62763,b1,bz,a1) € A(d1d2d3d4016203blb2a1), and
0= )\(6,6,6,6,61,62,03,[)1,1)2,&1) - )\(6,01,02,63,8,6,6,[)1,1)2,&1)

- )\<Cla €,C2,C3,¢6, b17 b27 e, e, al) == )\(017 Cc2,€,C3, bl7 €, b27 €,ai, 6)
— )‘(01;02763)671)1’b27eaa17676)'

The coboundary homomorphisms are given by

(61/\)(131, bz, al) = (blbg)*)\(al) — (bl)*)\(bgal) + (al)*)\(blbz) — (bgal)*)\(bl),

(0X)(c1, 2, ¢3,b1, b2, a1) = (c102¢3) 2 A(b1, ba, a1) — (c1)xA(c2br, e3ba, 1)
+ (b1)«A(c162, €3, baar) — (a1)«A(cr, cacs, biba)
+ (e3baa)«A(c1, c2,b1),

(0°X)(dy, da,ds, dy, c1, ¢, ¢3,b1, b2, a1) =
(didadsdy)N(c1, ca,c3,b1,b2,a1) — (d1)A\(d2cy, d3ca, dycs, by, ba, ay)
+ (c1)«A(d1da, d3, dy, caby, c3ba, a1) — (b1)«A(d1, dads, dy, c1¢2, c3, baar)
+ (a1)«A(d1, da, dsdy, c1, cacs, bibe) — (dgcsbaar )« A(dy, do, ds, c1, c2,b1).
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Then, the claimed isomorphisms (4.6) follows from the existence of the following
diagram of abelian group homomorphisms

04>C’1(WMA)4>02 WMA L o3, A) L AT A)

l Iz lqﬁ?’ I3 \L(ZM
0——= CL(M, A) C2MA O L. C3(M, A) CH(M, A)
| | lw

o1 o2 03

0—= CHW’M )HCQWMAHC?’W A) = 4 (WM

which satisfy the equalities: 9"¢, = ¢p19™ and 9P, = 1/1”+18 ,for 1 < n < 3;
Pniby = id, for 0 < n < 4; ¢1¢1 = id; oo = T'20? +id; and P3¢ = ['39° + 9Ty +id.
These homomorphisms are defined as follows:

® 91 =1 =1id;

e ¢5(N\) = g, where g(a,b) = A(a, b, e);

e o(g) = A, where A(b1,b2,a1) = (a1).g(b1,b2) — (b1)+g(b2,a1);

o I'y(\) = X, where X (b1, b2,a1) = A(b1,ba,e,e,a1,e) — A(bibe, e, e,e,e,a1);
e ¢3(A) = (h, ), where

(h,
h(a,b,c) = A(a,b,c,e,e,e),
w(a,b) = Aa, e, e e, e, b) — Ae,a,e, e b, e) + N, e, a,b, e, e);

e 3(h, ) = A, where

bibaai)«h(c1,co,c3) + (cicabi ) h(cs, ba, ar)
— (c1c2a1)+h(c3, b1, b2) + (c1c2a1)+h (b1, c3, b2)
— (c1a1)+h(c2, by, c3b2) + (c1a1)«h(c2, c3,b1b2)

c1eobaan)«p(cs, by );

—~

A(er, e2,¢3,b1,b0,a1) =

~—~ o~

+
e I's(\) = X, where

N(c1,ca,e3,b1,ba,a1)=—\(cico, e, €,¢3, €, €,€,b1, ba, ar)+N(c1, ca, €, c3,€,b1,ba, e, €, a1)
— (a1)«\(c1, 2, c3,e,€,e,b1ba,€,e,€) + (a1)A(c1c2,€,c3,€, €, e, €, e, b1ba, €)

— (a1)«\(c1c,c3,e,e,e,e,e,e,e,b1b2) + (b1)A(c1c2,¢3,€,e,¢€,¢e,¢e, €, e,baa1)

— (b1)sA(c1co,€,c3,e,e,e,e,e,baar, e) + (c1)xA(c2, b1, c3b2,e,€,e,e,e,a1, €)

— (c1)xA(c2, c3b1ba, e, e,e,e,e,e,e,a1) + (c1c2) A€, c3,e,e,b1ba, €, e, e, €,a1)

— (c1c2)N\(e,e,c3,e,b1,ba,e,e,a1,€) + (c1c2b1) (s, e,e,e,e,e,e,ba, a1, €)

— (c1e2b1)s A (e, c3,€,e,e,b9, a1, €, e, e) + (c1coaq) (e, c3,€,e,e,b1,ba, €, e, €)

—(

ClcQCLl) (C3a €,¢,¢6,¢€,¢6,6€, bla b2a 6) - (CchCLl)*)\(ea €,C3,¢€, b1> €, b27 €€, 6)7
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® $4(A) = (£,7,9), where

t(a,b,c,d)=MNa,b,c,d,e,e, e, e, e, e),
v(a,b,c)=Xa, e, e e e e, e b, c,e)—Ae, a,e e e b ce e e)
+A(e, e a,e,b e coe e e) — N, e, e a, b, e e e ee),
d(a,b,c)=A(a,b,e, e e, e e e e c)—Na,e, b e e e e e ce)
+XA(a,e, e b e e e ce e) +A(e a,beeecee,e)
—Xe,a,e b e c e e e e)+ e, e a,bceeeee);

o 1/}4(1;)77 5) = A, where

A(d1,da,d3, dg, c1,c2,c3,b1,b2,a1) = (c1cacsbibaar)«t(dy, da, ds, ds)

— (dydadscrar)«t(ca, dacg, by, ba) — (didadzcibaar)«t(ds, c3, c2,b1)
+ (didadzcian)«t(da, cacs, b1, bo) + (didadsciar)«t(c2, by, dacs, ba)
— (didadscian)«t(da, caby, c3,b2) + (didedscriar)«t(caby, dy, cs, b2)
+ (didacraq)«t(ds, co, by, dycsba) — (didacrar)«t(ds, ca, dycs, bi1ba)
— (d1b1b2aq)«t(da, c1,dsca, dacs) + (didaciar)«t(ds, dy, cacs, b1bs)
— (d1dab1baay )«t(ds, dy, c1, cac3) — (dib1baar)«t(d2, d3, dy, c1cac3)
+ (dibibaay)st(dz, d3, c1c2, dsc3) — (didabibaar)«t(c1, ds, dy, cac3)
— (didabibaa)«t(ds, c1, c2,dsc3) + (didabibaar)«t(c1, d3, c2, dacs)
+ (didabiboay)st(ds, c1,dy, cacg) — (didadsbibaar)«t(dy, c1, 2, c3)
+ (didadsbibaar)st(c1, da, co, c3) — (didadsbibaar)«t(c1, c2, da, c3)
+ (didadsdyciar)«t(ca, c3,b1,b2) — (didadsdsciar)«t(ca, by, c3,b2)
— (dydadscyicaby)«t(dy, c3,b2,a1) + (didacacsbibaar)«6(ds, dy, 1)
— (didadscibaay )« (dy, c3, cab1) + (didadsci1bibaay )« (da, 3, c2)
— (dydadzcsbibaar )« y(dy, c1, c2) — (didadzdycibaar)sy(cs, ca, b1)
+ (didadscrbaar)«y(dacs, ca, by).

A quite tedious, but totally straightforward, verification shows that these homo-
morphisms ¢, ¥,, and I';, satisfy the claimed properties implying that the truncated
cochain complexes C8(M,A) in (4.5) and C'(WQM, A) in (4.12) are homologoical
isomorphic.

4.3 Classifying braided monoidal abelian groupoids by
3-cohomology classes
This section is dedicated to showing a precise cohomological classification of braided

monoidal abelian groupoids. The case of monoidal abelian groupoids was studied in
Section 1.3, where their classification was solved by means of Leech 3-cohomology
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classes of monoids. Strictly symmetric monoidal abelian groupoids have been clas-
sified in Section 3.2, in this case by Grillet 3-cohomology classes of commutative
monoids. Here, we show how every braided monoidal abelian groupoid invariably has
a commutative monoid M, an HM-module A : HM — Ab, and a commutative 3-
cohomology class k € H2(M, A) associated with it. Furthermore, the triplet (M, A, k)
thus obtained is an appropriate system of ‘descent data’ to rebuild the braided abelian
groupoid up to braided equivalence.

Recall from section 1.3 that a groupoid M is termed abelian if its isotropy (or
vertex) groups Autq(x), x € ObM, are all abelian and that we use additive notation
for the composition. Moreover, in Example 3.1, we introduce the notation K (A, 1) for
one-object groupoids with group of automorphisms A. It was also pointed out that
any abelian totally disconnected groupoid is of the form (J,c;, K (A(a), 1), for some
family of abelian groups (A(a))aens-

Braided monoidal categories have been studied extensively in the literature and
we refer to Saavedra [66], and Joyal and Street [50] for the background. We intend to
work with braided monoidal abelian groupoids (or braided monoidal abelian groupoids)

M=(M,®,1,a,l,r c), (4.13)

which consist of a monoidal abelian groupoid (M, ®,1,a,l,7) and natural isomor-
phisms ¢, : * ® y = y ® = (the braidings), such that the two coherence conditions
below hold.

(Oy®cx»z) + a’yyx»z + (Cffyy®02) = a’yyz’z + CI:ZU@Z + axzy’z7 (4'14)
a
@y@x)@z»y@(m@z%

(zQy)® =z YR (2@ x)
\a LL/«
rR YRz ->(YR2)Qr
—Qa
O@);E@(z@y)%(x@)z)@z@\
reyes) ., o)y
\ . /
(rRY)Qz—>2 (rQy)

For further use, we recall that in any braided monoidal abelian groupoid M the
equalities below are satisfied (see [50, Propositions 2.1]).

ly tepi=1ry, To+crp =1 (4.16)
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Example 4.2  Every commutative 3-cocycle (h,u) € Z2(M,A), gives rise to a
braided monoidal abelian groupoid

Y(M, A, (h,p) = (2(M,A,(h,un),®,1,a,l,r,c), (4.17)

that should be thought of as a 2-dimensional twisted crossed product of M by A, and
it is built as follows: Its underlying groupoid is the totally disconnected groupoid
Users K(A(a),1) in (3.16).

The tensor product

@ S(M, A, (h, 1)) x S(M, A, (h, 1)) — S(M, A, (h, 1))

is given as in (3.17). The unit object is I = e, the unit of the monoid M, and the
structure constraints and the braiding isomorphisms are

agpc = h(a,b,c): (ab)ec — a(be),
Cap = p(a,b) : ab — ba,

ly,=0,:ea=a—a, r,=0,:0ae=a— a,

which are easily seen to be natural since the groups A(a), a € M are abelian. The
coherence conditions (1.1), (4.14), and (4.15) follow from the 3-cocycle condition
03(h, u) = (0,0,0), while the coherence condition (1.2) holds due to the normalization
condition h(a,e,b) = 0.

Example 4.3 A braided monoidal abelian groupoid is called strict if all its structure
constraints a, -, l;, and r, are identities. Seeing a monoid as a category with only
one object, it is easy to identify a braided strict monoidal abelian groupoid with an
abelian track monoid, in the sense of Baues-Jibladze [4] and Pirashvili [62], endowed
with a braided structure. Porter [63] and Joyal-Street [49, Section 3, Example 4 (a
preliminary manuscript of [50])] show a natural way to produce braided strict monoidal
abelian groupoids from crossed modules in the category of monoids Mnd. We recall
that construction in this example.

A crossed module in the category Mnd is a triplet (G, M, 9) consisting of a monoid
M, a group G endowed with a M-action by a monoid homomorphism M — End(G),
written (a,g) — %g, and an homomorphism 9 : G — M satisfying

d(“g)a=adg, Y g=yg4d.

Roughly speaking, these two conditions say that the action of M on G behaves
like an abstract conjugation. Note that when the monoid M is a group, we have the
ordinary notion of crossed module by Whitehead [75]. Observe that, if g = e, then
gg =g g for all ¢ € G; that is, the subgroup {g | 99 = e} is contained in the center
of G and, therefore, it is abelian. The crossed module is termed abelian whenever, for
any a € M, the subgroup {g | dga = a} C G is abelian. If, for example, the group G
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is abelian, or the monoid M is cancellative (a group, for instance), then the crossed
module is abelian.

A bracket operation for a crossed module (G, M, 9) is a function { , } : M xM — G
satisfying

HNHa,btba=ab, {eb} =1={a,e}, {0g,a}“9=9g, {a,09}g="9,
{ab,c} = *{b,c} {a,c}, {a,bc} = {a,b} *{a,c}.

where 1 € G is the unit. This operation should be thought as an abstract commutator.

Each abelian crossed module with a bracket operator yields a braided strict monoi-
dal abelian groupoid M = M(G, M,d,{ , }) as follows. Its objects are the elements
of the monoid M, and a morphism g : ¢ — b in M is an element g € G with a = 0gb.

The composition of two morphisms a 2 b Mocis given by multiplication in G, a e
The tensor product is

b
(@ b) @ (e d) = (ac 25 ba),

and the braiding is provided by the bracket operator via the formula

Cap = {a,b} : ab — ba.
In the very special case where M and G are commutative, the action of M on G
is trivial, and 0 is the trivial homomorphism (i.e., “g = g and dg = e, for all a € M,

g € G), then a bracket operator { , } : M x M — G amounts to a bilinear map, that
is, a function satisfying

{e,b} =1={a,e}, {ab,c} ={a,c}{b,c}, {a,bc}={a,b}{a,c}.

Thus, for example, when M = N is the additive monoid of non-negative integers
and G = Z is the abelian group of integers, a bracket NxN — Z is given by {p, ¢} = pq.
Also, if G is any multiplicative abelian group, then any g € G defines a bracket
N x N — G by {p,q} = ¢g*.

Suppose M, M’ are braided monoidal abelian groupoids. A braided monoidal
functor
F=(F¢,0): M— M (4.18)

consists of a monoidal functor (1.4) satisfying :

Pyz + CFa,Fy = Fca;,y + Pzy- (419)

Fr® Fy—>Fy® Fx

ol |

Flz®y) —>F(y®z)
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If I/ : M — M’ is another braided monoidal functor, then, a monoidal isomor-
phism § : F = F’ is a monoidal natural transformation (1.7).

Example 4.4 Let (h,u), (W, 1) € Z3(M,A) be commutative 3-cocycles of a com-
mutative monoid. Then, any commutative cochain g € C2(M, A) such that (h,pu) =
(h', 1) + 0%g induces a braided monoidal isomorphism

F(g) = (idvgvoe) : Z(M, A, (hvu)) = E(M7 A, (h/mul)) (4‘20)

which is the identity functor on the underlying groupoids, and whose structure iso-
morphisms are given by ¢, = g(a,b) : ab — ab and ¢y = 0. : e — e, respectively.
Since the groups A(ab) are abelian, these isomorphisms ¢, are natural. The co-
herence conditions (1.5) and (4.19) follows from the equality (h,u) = (h', ') + 9%g,
whilst the conditions in (1.6) trivially hold because of the normalization conditions
9(a,e) = 0a = g(e,a).

If f € CHM,A) is any commutative 1-cochain, and ¢’ = g + d'f € C?(M, A),
then an isomorphism of braided monoidal functors §(f) : F(g) = F(¢') is defined by
putting §(f)e = f(a) : a — a, for each a € M. So defined, § is natural because of
the abelian structure of the groups A(a); the first condition in (1.8) holds owing to
the equality ¢’ = g + 0' f, and the second one thanks to the normalization condition

f(e) =0c of f.

With compositions defined in a natural way, braided monoidal abelian groupoids,
braided monoidal functors, and monoidal isomorphisms form a 2-category [37, Chap-
ter V, Section 1]. A braided monoidal functor F : M — M’ is called a braided
monoidal equivalence if it is an equivalence in this 2-category of braided monoidal
abelian groupoids. From [66, I, Proposition 4.4.2] it follows that a braided monoidal
functor F' : M — M/’ is a braided monoidal equivalence if and only if the under-
lying functor is an equivalence of groupoids, that is, if and only if and only if the
induced map on the sets of iso-classes of objects (3.12) is a bijection, and the induced
homomorphisms on the automorphism groups (3.13) are all isomorphisms.

Remark 4.2 From the Coherence Theorem for monoidal categories [50, Corollary
1.4, Example 2.4], it follows that every braided monoidal abelian groupoid is braided
monoidal equivalent to a braided strict one, that is, to one in which all the structure
constraints a4 -, l;, and r, are identities (see Example 4.3). This suggests that it is
relatively harmless to consider braided monoidal abelian groupoids as strict. However,
it is not so harmless when dealing with their homomorphisms since not every braided
monoidal functor is isomorphic to a strict one (i.e., one as in (4.18) in which the
structure isomorphisms ¢, , and ¢g are all identities). Indeed, it is possible to find
two braided strict monoidal abelian groupoids, say M and M’, that are related by a
braided monoidal equivalence between them but there is no strict monoidal equivalence
either from M to M’ nor from M’ to M.
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Our goal is to state a classification for braided monoidal abelian groupoids, where
two of them connected by a braided monoidal equivalence are considered the same.
The main result in this section is the following:

Theorem 4.3 (Classification of Braided Monoidal Abelian Groupoids)

(i) For any braided monoidal abelian groupoid M, there exist a commutative
monoid M, an HM-module A, a commutative 3-cocycle (h,u) € Z2(M,A), and a
braided monoidal equivalence

S(M, A, (h,p)) ~ M.

(i) For any two commutative 3-cocycles (h,u) € Z3(M, A), (b, ') € Z3(M', A,
there is a braided monoidal equivalence

S(M, A, (h,p)) =~ S(M', A, (1, 1))

if and and only if there exist an isomorphism of monoids i : M = M’ and a natural
isomorphism ¢ : A =2 i* A’, such that the equality of cohomology classes below holds.

[hyp] = 7% [0, 1] € H3(M, A)

Proof: (i) Let M = (M, ®,1,a,l,r,c) be any given braided monoidal abelian grou-
poid.

In a first step, we assume that M is totally disconnected and strictly unitary, in
the sense that its unit constraints I, and r, are all identities. Then, a system of data
(M, A, (h,p)), such that (M, A, (h, ) = M as braided abelian groupoids, is defined
as follows:

e The monoid M. Let M = ObM be the set of objects of M. As in the proof
of Theorem 3.1 (i), the tensor functor determines a multiplication on M which is
associative, commutative and unitary.

o The HM -module A. For each a € M = ObM, let A(a) = Autr(a) be the vertex
group of the underlying groupoid at a. The group homomorphisms ® : A(a) x A(b) —
A(ab) verifies the equalities (3.20), since the diagrams below commute due to the
naturality of the structure constraints and the braiding.

Qg b,c Ca,b Oq
(ab)c —= a(bc) ab —— ba ea=a—=a
(ua®ub)®ucl lu(l@(ub@uc) ua®ubl lub@)ua Oe®ual l’bm
(0
agp, Ca,b ea =04 —=a
(ab)e —=% a(bc) ab——ba

Then, writing as in the proof of Theorem 3.1 (i), by : A(a) — A(ab) for the
homomorphism such that byug := 0p ® ug = ug ® 0, the equalities (3.21) hold and
so the assignments a — A(a), (a,b) — by : A(a) — A(ab), define an abelian group
valued functor on HM, as required.
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e The 3-cocycle (h,p) € Z3(M, A). The associativity constraint and the braiding
of M are necessarily written in the form a,p . = h(a,b,c) and ¢, = p(a,b), for some
given lists (h(a,b, c) € A(abc))a,b,CGM and (,u(a,b) € A(ab))weM. Since M is strictly
unitary, equations in (1.2) and (1.3) give the normalization conditions h(a,e,b) =
0 = h(e,a,b) = h(a,b,e) for h, while equations in (4.16) imply the normalization
conditions p(a,e) = 0 = p(e,a) for p. Thus, (h,u) € C2(M,A) is a commutative
3-cochain, which is actually a 3-cocycle since the coherence conditions (1.1), (4.14),
and (4.15) are now written as

h(a,b,cd) + h(ab, c,d) = ash(b,c,d) + h(a,be,d) + dih(a,b,c)
buts(a,¢) + h(b, 0,¢) + copi(a,b) = h(b, ¢ @) + pu(a, be) + h(a, b,c),
bep(a,c) — h(a,c,b) + axp(b,c) = —h(c,a,b) + u(ab, c) — h(a,b,c),

which amount to the cocycle condition 93(h, 1) = (0,0,0).

Since an easy comparison (see Example 4.2) shows that M = X(M, A, (h, 1)), the
proof of this part is complete, under the hypothesis of being M totally disconnected
and strictly unitary.

It remains to prove that the braided monoidal abelian groupoid M is braided
monoidal equivalent to another one M’ that is totally disconnected and strictly uni-
tary. To do that, we proceed as in the proof of Lemma 3.3. We begin by assuming
that M is strictly unitary (see Remark 4.2). Then we combine the transport process
by Saavedra [66, I, 4.4.5] and Joyal-Street [50, Example 2.4], which shows how to
transport the braided monoidal structure on a monoidal abelian groupoid along an
equivalence on its underlying groupoid, with the generalized Brandt’s theorem, which
asserts that every groupoid is equivalent (as a category) to a totally disconnected
groupoid [46, Chapter 6, Theorem 2]. We leave the details to the reader since they
are very similar to those in Lemma 3.3.

(73) We follow the same lines than the ones used in the proof of Theorem 3.1 (7).

Suppose there is an isomorphism of monoids i : M = M’ and a natural isomor-
phism v : A = i* A, such that . [h, u] = i*[h', 4] € H3(M,i* A’). Then there is a
commutative 2-cochain g € C?(M,i* A’) verifying

Yapeh(a, b, ¢) =h'(ia,ib,ic) + (ia).«g(b,c) — g(ab,c) + g(a,bc) — (ic)xg(a,b), (4.21)

wabﬂ(av b) :M,(i(% Zb) - g(a7 b) + g(b7 a)- (422)
and so we have a braided isomorphism
2(i, 9, 9) = (F, ¢,90) : (M, A, (h, p)) = B(M", A, (W, 1)) (4.23)

which is defined as follows. The underlying functor acts by F'(us : @ — a) = (g (uq) :
ia — ia). The structure isomorphisms of F' are given by ¢, = g(a,b) : (ia) (ib) —
i(ab), and g = 0o : ¢ — ie = €. So defined, it is plain to see that F is an
isomorphism between the underlying groupoids. The isomorphisms ¢, ; are natural if
the equalities as in (3.26) hold, but these are a consequence of the naturality of .
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The coherence condition (1.5) can be verified using (4.21) as in (3.28), while con-
dition (4.19) as follows

Pba + CFa,rp = 9(b,a) + i/ (ia, b) %b( (a,b)) 4+ g(a,b) = F(cap) + Pap (4.24)

Finally, the conditions in (1.6) trivially follow from the equalities g(a,e) = 0;, =

g(e,a).
Now, take

F= (Fa 12 800) : E(Mv A, (hnu)) - E(M,7Al7 (h,a/‘,))

any braided equivalence, which, by [22, Lemma 18], we assume is strictly unitary in
the sense that g = 0. : € — ¢/ = Fe. Since the underlying functor is an equivalence
between totally disconnected groupoids, it has to be an isomorphism.

As in Theorem 3.1 (ii), we write i : M = M’ for the bijection describing the action
of F on objects, and v, : A(a) = A'(ia) for the isomorphism giving the action of F
on automorphisms. Then 7 is an isomorphism of monoids and v : A = i* A’ a natural
isomorphism between the HAM-modules.

Finally, if we denote g(a,b) = @q, for each a,b € M, the equations g(a,e) = 0;q =
g(e,a) hold due to the coherence equations (1.6), and thus we have a commutative
2-cochain

g(F) = (g(a, b) € A/(i(ab)))a,behl7 (4‘25)

which satisfies the equations (4.21) and (4.22) due to the coherence equations (1.5)
and (4.19), respectively. Hence, 1. (h,u) = i*(h', i) — 8?g and, therefore, we have
that [hnu'] = ¢§1i*[h/7ﬂl] S HE(M, -’4) U

A braided categorical group [50, Section 3] is a braided monoidal abelian groupoid
M = (M,®,1,a,l,r,¢) in which, for any object x, there is an object x* with an
arrow =z ® x* — 1. By Proposition 1.3 (i) we know that the hypothesis of being
abelian is not needed here, since every monoidal groupoid in which every object has
a quasi-inverse is always abelian. The cohomological classification of these braided
categorical groups was stated and proved by Joyal and Street [50, Theorem 3.3] by
means of Eilenberg-Mac Lane’s commutative cohomology groups H2(G, A), of abelian
groups G with coefficients in abelian groups A (see Example 4.1). Next, we obtain
Joyal-Street’s classification result as a corollary of Theorem 4.3.

Corollary 4.1 (i) For any abelian groups G and A, and any 3-cocycle (h,u) €
Z3(G, A), the braided abelian groupoid X(G, A, (h, 1)) is a braided categorical group.

(13) For any braided categorical group M, there exist abelian groups G and A, a
3-cocycle (h,p) € Z3(G, A), and a braided monoidal equivalence

(G, A, (hyp)) ~ M.

(iii) For two commutative 3-cocycles (h,u) € Z2(G, A) and (W', ') € Z3(G', A'),
where G,G', A and A" are abelian groups, there is a braided monoidal equivalence
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S(G, A, (h,p)) =~ S(G AL (I 1))

if and only if there exist isomorphism of groupsi: G = G’ and ¢ : A= A’, such that
the equality of cohomology classes below holds.

[h, p] = b, Y [W, 1) € H3(G, A)

Proof: (i) Recall from Example 4.1 that we are here regarding A as the constant
HG-module it defines. Since G is a group, for any object a of 3(G, A, (h, 1)) (i.e., any
element a € G) we have a ® a~! = aa~! = e = 1. Thus, X(G, A, (h, 1)) is actually a
braided categorical group.

(i) Let M a braided categorical group. By Theorem 4.3(i), there are a commu-
tative monoid M, an HM-module A, a commutative 3-cocycle (h,u) € Z3(M,A),
and a braided monoidal equivalence X(M, A, (h,u)) ~ M. Then, (M, A, (h, 1)) is a
braided categorical group as M is and, for any a € M, it must exist another a* € M
with a morphism a ® a* = aa* — I = e in X(M, A, (h, p)); this implies that aa™ = e
in M, since the groupoid is totally disconnected, whence a* = a~! is an inverse of a
in M. Therefore, M = G is actually an abelian group.

Let A(e) be the abelian group attached by A at the unit of G. Then, a natural
isomorphism ¢ : A = A(e) is defined such that, for any a € G, ¢, = a;' : A(a) —
A(e). Therefore, if we take (W', u') = ¢(h,p) € Z2(G, A(e)), Theorem 4.3(ii) gives
the existence of a braided equivalence (G, A, (h, n)) ~ X(G, A(e), (W, 1)), whence
¥ (G, Ae), (W, 1)) and the given M are braided monoidal equivalent.

(797) This follows directly form Theorem 4.3(i7). O

The classification result in Theorem 4.3 involves an interpretation of the elements
of H3(M, A) in terms of certain 2-dimensional coextensions of M by A, such as the
elements of H2(M, A) are interpreted as commutative monoid coextensions. To state
this fact, in next definition we regard any commutative monoid M as a braided abelian
discrete monoidal groupoid (i.e., whose only morphisms are the identities), on which
the tensor product is multiplication in M. Thus, if M = (M,®,1,a,l,7, c) is any
braided monoidal abelian groupoid, a braided monoidal functor p : M — M is the
same thing as a map p : ObM — M satisfying p(z) = p(y) whenever Hom(z,y) # 0,

p(z ®y) = p(z)p(y), and p(I) = e.

Definition 4.2 Let M be a commutative monoid, and let A be an HM -module. A
braided 2-coextension of M by A is a surjective braided monoidal functorp: M — M,
where M is a braided monoidal abelian groupoid, such that, for any a € M, it is given
an (associative and unitary) action of the groupoid K(A(a),1) on the fibre groupoid
p~1(a) by means of a functor

K(A(a),1)xp " (a) = p'(a), (w2 y) = (@2 y)

which is simply-transitive, in the sense that the induced functor
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K(A(a),1)xp~ (a) = p~H(a)xp~H(a), (u,f) = (u-f, ),
1 an equivalence, and satisfies
(u-f) @ (v-g) = (axw+beu) - (f ®g), (4.26)
for every a,b € M, u € A(a), ve Ab), f:xz —ycp(a), and g: z —t cp L(b).

Let us point out that if p(z) = p(y), for some x,y € ObM, then Hompq(z,y) # 0
since the functor K (A(a), 1)xp~1(a) — p~t(a)xp~t(a), for a = p(z), is essentially sur-
jective. Furthermore, the functoriality of the action means that if f, f’ are composible
arrows in p~!(a) then, for any u,u’ € A(a), we have

(wtu) - (f+f)=u-f+udf.
In particular,
fru-f=u-(f+f)=u-f+f. (4.27)

Remark 4.3 These braided 2-coextensions can be seen as a sort of (braided, non-
strict) linear track extensions in the sense of Baues, Dreckmann, and Jibladze [3, 4].
Briefly, note that to give a commutative 2-coextension p : M — M, as above, is
equivalent to giving a surjective braided monoidal functor p : M — M satisfying

p(z) = p(y) if and only if Hom(z,y) # 0,

together with a family of isomorphisms of groups (v, : A(p(z)) = Auta(z))
satisfying

x€ObM

wyu:f—’_wl’u_f? feHomM(fan)v
Pru @ %v = %@y((m‘)*v + (py)*u), x,y € ObM.
The family of isomorphisms (¢;)zcobrm and the action of A on M are related

each other by the equations u - f = f + ¥, (u), for any x € ObM, u € A(p(x)), and
f € Hom(z,y).

Let Ext?(M, .A) denote the set of equivalence classes of such braided 2-coextensions
of M by A, where two of them, say p : M — M and p' : M" — M, are equivalent
whenever there is a braided monoidal equivalence F' : M — M’ such that p'F = p
and F(u- f) = u- F(f), for any morphism f : z — y in M and u € A(p(z)). Then,
we have

Theorem 4.4 (Classification of braided 2-coextensions) For any commutative
monoid M, and any HM -module A, there is a natural bijection

H3(M, A) = Ext?(M, A).
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Proof: This is a consequence of Theorem 4.3 with only a slight adaptation of the argu-
ments used for its proof. For any 3-cocycle (h,u) € Z3(M, A), the braided monoidal
abelian groupoid (M, A, (h,p)) in (4.17) comes with a natural structure of braided
2-coextension of M by A, in which the surjective braided functor

w XM, A, (h,pn)) - M

is given by the identity map on objects, 7(a) = a. The fibre groupoid over any a € M
is just 77 '(a) = K(A(a),1), and the action functor

K(A(a),1)x 7 Y(a) = 7 1(a)

is given by addition in A(a), that is, u-v = u+v. If (', ') € Z3(M, A) in any other
3-cocycle such that (h, u) = (B', p') — 82g, for some 2-cochain g € C2(M, A), then the
associated braided monoidal isomorphism in (4.20),

F(g) : S(M, A, (h, 1)) = X(M, A, (W, 1)),
is easily recognized as an equivalence between the braided coextensions
Z(M7 A? (h7 H)) _»M

and
S(M, A, (W, ) = M.

Thus, we have a well-defined map
HE(M, A) = ExtZ(M, A), - [h, 1] = [S(M, A, (h, 1)) = M].

To see that it is injective, suppose (h,u), (W', ') € Z3(M, A), such that the as-
sociated braided 2-coextension are made equivalent by a braided monoidal functor,
say

F:S(M, A, (h, 1)) = S(M, A, (W, 1)),

which can be assumed to be strictly unitary [22, Lemma 18]. Then, the 2-cochain
g(F) € C2(M, A) built in (4.25) satisfies that (h,u) = (W, ') — 8?9, whence [h, j] =
(W, 1) € HE(M, A).

Finally, to prove that the map is surjective, let p : M — M be any given braided
2-coextension of M by A. By Theorem 4.3(i) and Lemma 4.1 below, we can assume
that M = S(M', A", (W, 1)), for some commutative monoid M’, an HM’'-module
A, and a 3-cocycle (B, p') € Z3(M', A’). Then, a monoid isomorphism i : M =
M’ and a natural isomorphism ¢ : A = i* A’ come determined by the equations
p(ia) = a and ¥4(u) = u - 044, for any a € M and u € A(a). Furthermore, taking
(h,p) = Y ti*(W,u') € Z3(M, A), the braided monoidal isomorphism in (4.23) for
the 2-cochain g = 0,

F(0) : B(M, A, (h, ) = B(M', A, (W, 1)),

is then easily seen as an equivalence between 7 : (M, A, (h, 1)) - M and p : M —
M. U
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Lemma 4.1 Let p' : M' — M be a braided 2-coextension of M by A, and suppose
that M is any braided monoidal abelian groupoid which is braided monoidal equivalent
to M'. Then M can be endowed with a braided 2-coextension structure of M by A,
say p: M — M, such thatp : M — M and p' : M' — M are equivalent braided
2-coextensions.

Proof: Let F = (F,¢) : M — M’ be a braided monoidal equivalence. Then, a braided
2-coextension structure of M is given as follows: Let

p=pF: M- M

be the braided monoidal functor composite of p’ and F. This is clearly surjective, since
p'is and F is essentially surjective. For every a € M, let K(A(a),1)xp~1(a) = p~1(a)
be the action defined by (u,x EN y) — (z o, y), where u - f is unique arrow in M
such that

Flu-f)=u-Ff. (4.28)

This is a simply-transitive well-defined action since F' is a full, faithful, and essen-
tially surjective functor. In order to check equation (4.26), we have

F((u-f)®W-9)+ 0ew: = @yot +F(u-f)@F(v-g) (nat of )
= pyet + (u- Ff)® (v- Fg) (4.28)
= @yat + (axu + b)) - (Ff @ Fg)  ((4.26) for M)
= (a0 +bo0) - F(f © g) + og-  (nat. of ¢, (4.27))
= F((asv +b.u) - (f @ 9)) + pon:  (4.28)

and the result follows since F' is faithful and ¢,g. is an isomorphism. Thus we have
defined the braided 2-coextension M — M, which is clearly equivalent to the original
one by means of F. O






Chapter 5

Higher cohomologies of
commutative monoids

In [57, Chapter X, Section 12], Mac Lane explains how to define, for each integer r > 0,
the rth level cohomology groups of a (skew) commutative DGA-algebra (differential
graded augmented algebra) over a commutative ring K, say D: Take the commutative
DGA-algebra B'(D), obtained by iterating r times the reduced bar construction on
D, and then, for any K-module A, define

H"(D,r; A) = H”(HomK(BT(D),A), n=0,1,...,

where Homg (B'(D), A) is the cochain complex obtained by applying the functor
Hompg (—, A) to the underlying chain complex of K-modules B'(D).

This process may be applied, for example, when D = ZG is the group ring of an
abelian group G, regarded as a trivially graded DGA-ring, augmented by o : ZG — 7Z
with a(z) = 1 for all z € G. Thus, the Eilenberg-Mac Lane rth level cohomology
groups of the abelian group G with coefficients in an abelian group A are defined by

H™(G,r; A) = HY(ZG, ; A). (5.1)

In particular, the first level cohomology groups H" (G, 1; A) = H"(G, A) are the ordi-
nary cohomology groups of G with coefficients in the trivial G-module A [57, Chapter
IV, Corollary 5.2]. These rth level cohomology groups of abelian groups were studied
primarily with interest in Algebraic Topology. For instance, they have a topological
interpretation in terms of the Eilenberg-Mac Lane spaces K(G,r), owing to the iso-
morphisms H"(G,r; A) = H"(K(G,r), A) [31, Theorem 20.3]. However, they early
found application in solving purely algebraic problems. For example, we could re-
call that central group extensions of G by A are classified by cohomology classes in
H?(G,1; A), while abelian group extensions of G' by A are classified by cohomology
classes in H3(G,2; A) [32, Section 26, (26.2), (26.3)]; or that second level cohomology
classes in H*(G,2; A) classify braided categorical groups [50, Theorem 3.3], while third
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level cohomology classes in H?(G, 3; A) classify Picard categories [69, II, Proposition
5].

Here, we introduce a generalization of Eilenberg-Mac Lane’s theory for abelian
groups to commutative monoids. The obtained rth level cohomology groups of a
commutative monoid M, denoted by

H"(M,r; A),

enjoy many desirable properties, whose study this chapter and a companion paper
[14] are mainly dedicated to. In our development, the role of coefficients is now played
by HAM-modules, which, recall, are abelian group objects in the comma category of
commutative monoids over M (see 3.1.1).

For any given commutative monoid M, the category of chain complexes of HM-
modules is an abelian category. In Section 5.1, we show that it is also a symmetric
monoidal category, with a distributive tensor product A®mys B, and whose unit object
is Z, the concentrated in degree zero complex defined by the constant HAM-module
given by the abelian group Z of integers. Hence, commutative DGA-algebras over
HM arise as internal commutative monoids 4 in the symmetric monoidal category of
complexes of HAM-modules, endowed with a morphism of internal monoids A — Z.

Quite similarly as for ordinary commutative DGA-algebras over a commutative
ring, a reduced bar construction A — B(A) works on these DGA-algebras over HM.
Thus, B(.A) is obtained from A by first totalizing the double complex of HM-modules

Dm0 A/Z e T g AT
and then enriching the (suitably graded) totalized complex of HM-modules with a
multiplicative structure by a shuffle product. We do this in Section 5.2, where we also
define, for any HM-module B, the rth level cohomology groups of A with coefficients
in B by

H™(A,r;B) = H" (Homg (B'(A),B)), n=0,1,....

Next, in Section 5.3 we briefly study free HM-modules. These arise as a left
adjoint construction to a forgetful functor from the category of HM-modules to the
comma category of sets over the underlying set of M. In particular, in Section 5.4 we
introduce the free HM-module on the identity map idy; : M — M, denoted by ZM.
This becomes a (trivially graded) commutative DGA-algebra over HM and then, for
each integer positive r, we define the rth level cohomology groups of a commutative
monoid M with coefficients in an HM-module A by

H"(M,r; A) = H"(ZM,r; A). (5.2)

When M = @ is an abelian group, for any integer » > 0, B"(Z(@) is isomorphic
to the constant DGA-algebra over HG defined by the Eilenberg-Mac Lane DGA-ring
B'(ZG) (= Anx(G,r) in [31, Section 14]). Hence, for any abelian group A, viewed as a
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constant HG-module, the cohomology groups H" (G, r; A) defined as in (5.2) are nat-
urally isomorphic to those by Eilenberg and Mac Lane in (5.1), which, recall, compute
the cohomology groups of the spaces K(G,r) as H"(G,r; A) = H" (K(G, r),A). In
the companion paper [14] we show that, for any commutative monoid M, there are
isomorphisms

H™(M,r; A) = H" (W 'M, A),

where H(W "M, A), n > 0, are Gabriel-Zisman cohomology groups [37, Appendix I1]
of the underlying simplicial set of the simplicial monoid W M, obtained by iterating
the W construction on the constant simplicial monoid defined by M.

An analysis of the complex B(ZM), for M any commutative monoid, leads us
in Proposition 5.4 to identify the cohomology groups H"(M,1; A) with the standard
cohomology groups H*(M,.A) by Leech [53] (see Subsection 1.3.1). Recall that Leech
cohomology groups of a (not necessarily commutative) monoid M take coefficients
in DM-modules. When the monoid M is commutative, there is a natural functor
DM — HM which is the identity on objects and carries a morphism (z,y, z) of DM
to the morphism (y, zz) of HM. Via this functor, every HM-module A is regarded as
a (symmetric) DM-module and we prove that, for any commutative monoid M and
HM-module A, there are natural isomorphisms

H™(M,1; A) = HMM,A), n=0,1,....

For any r > 2, we show explicit descriptions of the complexes B"(Z M) truncated at
dimensions < r 4+ 3, which are useful both for theoretical and computational interests
concerning the cohomology groups H"(M,r; A) for n < r+ 2. Some conclusions here
summarize as follows:

o HY(M,r; A) = HO(M,1; A) = HY (M, A) = A(e),

where A(e) is the abelian group attached by A at the identity e of the monoid.
e H"(M,r; A)=0,for 0 <n<r,
o H"(M,r;A)= H'(M,1;A) = Hf (M, A) = HE (M, A),
o H' ™Y (M,r; A) = H3(M,2; A) = HZ (M, A).

where H{ (M, A) denotes the n-cohomology group by Grillet (see 3.1.1).
o HY(M,2;A) = H{ (M, A),

where H3(M, A) is the commutative 3-cohomology group defined in Chapter 4.
o H™2(M,r; A) = H5(M, 3; A), for r > 3.

e There are natural inclusions Hg (M, A) C H5(M, 3;A) C H3(M, A).
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Most of these cohomology groups above have known algebraic interpretations.
For example, elements of H'(M,1;A) = H} (M, A) are derivations [53, Chapter
I1, 2.7]. Cohomology classes in H*(M,1;A) = HE(M,A) are isomorphism classes
of group coextensions [53, Chapter V, Section 2| (or [74, Theorem 2]), while ele-
ments of H3(M,2;A) = HZ(M,A) classify abelian group coextensions [43, Chap-
ter V, Section 4]. Cohomology classes in H?(M,1;A) = H{(M,.A) are equivalence
classes of monoidal abelian groupoids (Theorem 1.4), elements of H*(M,2; A) =
H3(M, A) are equivalence classes of braided monoidal abelian groupoids (Theorem 4.3),
and elements of Hg’;(M ,A) are equivalence classes of strictly commutative monoidal
abelian groupoids (Theorem 3.1). Thus, among them, only the cohomology groups
H5(M,3; A) are pending of interpretation, and we solve this in Section 5.5. Here
we give a natural interpretation of the cohomology classes in H°(M, 3; A) in terms of
equivalence classes of symmetric monoidal abelian groupoids, that is, braided monoidal
abelian groupoids M, whose braiding constraint ¢, , : v ® y = y ® x satisfy the sym-
metry condition ¢y ,€;y = idrgy. The classification of symmetric monoidal abelian
groupoids we give extends that, above refereed, by Sinh in [69, II, Proposition 5] for
Picard categories.

In last Section 5.6, we compute the cohomology groups H"(M,r; A), for n < r+2,
when M is any cyclic monoid.

5.1 Commutative differential graded algebras over HM

Throughout this chapter M denotes, as in the preceding Chapters 3 and 4, a commu-
tative monoid whose unit is e.

In [43, Chapter XII, Section 2] Grillet observes that the category of abelian group
objects in the slice category of commutative monoids over M, CMon |,,, is equivalent
to the category of abelian group valued functors on the small category HM (see Sub-
section 3.1.1 for more details). This category of functors from HM into the category
of abelian groups will be denoted by

HM-Mod
and called the category of HM -modules. For instance, let
Z:HM — Ab, zw— Z(z), (5.3)

be the HM-module which associates to each element x € M the free abelian group
on the generator (x), and to each pair (z,y) the isomorphism of abelian groups v, :
Z(x) — Z(xy) given on the generator by y.(x) = (zy). This is isomorphic to the HM-
module defined by the constant functor on HM which associates the abelian group of
integers Z to any x € M.

For two HM-modules A and B, a morphism between them (i.e., a natural trans-
formation) f : A — B consists of homomorphisms f, : A(x) — B(zx), such that, for
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any x,y € M, the square below commutes.

Alz) —L B(x)

y*i ly*

Alzy) - B(ay)

The category of HM-modules is abelian and we refer to [57, Chapter IX, Section
3] for details. Recall that the set of morphisms between two HM-modules A and
B, denoted by Homps (A, B), is an abelian group by objectwise addition, that is, if
fyg: A — B are morphisms, then f+g : A — B is defined by setting (f+9)» = fo+9z,
for each x € M. The zero HM-module is the constant functor 0 : HM — Ab defined
by the trivial abelian group 0, and the direct sum of two HAM-modules A and B is
given by taking direct sum at each object, that is, (A®B)(z) = A(z)@&B(x). Similarly,
all limits and colimits (in particular, kernels, images, cokernels, etc. ) in the category
HM-Mod are pointwise constructed.

Remark 5.1 Every abelian group A defines a constant HM-module, equally denoted
by A, such that A(z) = A and y, = idyg : A(x) — A(zy), for any x,y € M. In
this way, the category of abelian groups becomes a full subcategory of the category of
HM-modules.

When M = G is an abelian group, then this inclusion Ab — HG-Mod is actually
an equivalence of categories. In the other direction, we have the functor associating
to each HG-module A the abelian group A(e), and there is natural isomorphism of
HG-modules A = A(e) whose component at each z € G is the isomorphism of abelian
groups z, ' : A(z) — Ale).

5.1.1 Tensor product of HA/-modules

For any two HM-modules A, B, their tensor product, denoted by A ®mp B, is the
HAM-module defined as follows: It attaches to any x € M the abelian group defined
by the coequalizer sequence of homomorphisms

D Z(w) ® Av) ® B(w) Lx @ A() ©B(t) o (A gy B)(),

UVW=T W zt=x

where, for any two abelian groups A and B, A ® B denotes their tensor product as
Z-modules, the direct sum on the left is taken over all triples (u,v,w) € M? such that
uvw = x, the direct sum on the middle is over all pairs (z,t) € M? with 2t = x, and
the homomorphisms ¢ and ¥ are defined by

qb((u) R ay @ bw) = Uy @ by, € A(uv) @ B(w),
¢((u) R ay ® bw) = ay ® Usby € A(v) @ B(uw),
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for all u, v, w € M with wow = z, a,, € A(v), and b,, € B(w). For any pair (z,y) € M?,
the homomorphism

Ys : (A®um B)(z) = (A @um B)(xy)
is given on generators by
Y (az ® bt) = Y, @by = a, @ y.by, (CLZ € A(z), by € B(t), 2t = x)

If f: A— A and g : B — B’ are morphisms of HM-modules, then there is
an induced one f ® g : A ®uy B — A’ @y B’ such that, for each z € M, the
homomorphism

(f®9)z: (A®nm B)(z) = (A" @uum B')(z)

is given on generators by
(f® g)x(az ® bt) = f,a, ® giby, (az € A(z), by € B(t), 2t = 1:)
Thus, we have a distributive tensor functor
— ®@uym — : HM-Mod x HM-Mod — HM-Mod.
Further, there are canonical isomorphisms of HM-modules

lp:Z0um A=A, cap: Ay B= B Quu A,
appc: Ay (B@av C) = (A®um B) @um C,

respectively defined by the formulas

lzt((z) ® at) = ZxQt, Czt(az X bt) =b ®ay,
ayt(ay @ (b, ®ct)) = (ay ®b,) @ ¢y,

which are easily proven to be natural and coherent in the sense of [56, Theorem
5.1]. Therefore, HM-Mod is a symmetric monoidal category. We will usually treat
the constraints above as identities, so we think of HM-Mod as a symmetric strict
monoidal category.

5.1.2 Tensor product of complexes of HM-modules

The (positive) complexes of HM-modules

AI"'—>A22>A12>.A0

and the morphisms between them also form an abelian symmetric monoidal category,
where the tensor product A @y B of two complexes of HM-modules A and B is the
graded HM-module whose component of degree n is

(A QHM B)n = @ .Ap QHM Bq,
ptrg=n
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and whose differential 9%, at any x € M,

8%+ (A @y B)n(z) = (A @y Bn_i(),
is defined on generators by the Leibniz formula

9, (a- @by) = 020, @ by + (—1) a- @ Oyby.

for all z,t € M such that 2zt = z, a, € Ap(z), by € By(t), and p,q > 0 such that
ptqg=n.

In this monoidal category, the unit object is Z, defined in (5.3), regarded as a
complex concentrated in degree zero. The structure constraints

la:Zou A=A, cap: AQum B = Bouu A,

5.4
aspc Ay (BRuyv C) = (AQum B) ®urum C, (54)

are respectively defined by the formulas

Loy((7) ® ay) = zxay,
cxy(am ® by) = (=1 by ® ay,
Ay (ax ® (by ® Cz)) = (az ® by) @ cz,

for any z,y,z € M, a, € Ap(z), by € By(y), and ¢, € C,(2). As for HM-modules, we
will treat these constraints as identities.

5.1.3 Commutative differential graded algebras over HM

A commutative differential graded algebra (DG-algebra) A over HM is defined to be
a commutative monoid in the symmetric monoidal category of complexes of HM-
modules, see [58, Chapter VII, Section 3|. Hence, A is a complex of HM-modules
equipped with a multiplication morphism of complexes o : A ®mpyr A — A satisfying
the associativity o(o ® id) = o(id ® o) and the commutativity oc = o, and a unit
morphism of complexes ¢ : Z — A satisfying o(t ® id4) = l 4. We write

1=1te(e) € Ap(e)
and, for any z,y € M, a, € Ap(z), and ay € Ay(y),
ag © ay = ogy(az @ ay) € Apiq(zy),

so that the algebra structure on the complex A gives us multiplication homomorphisms
of abelian groups

Ap(z) @ Ag(y) = Aprqg(xy),  az @ ay = ag o ay,
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and a unit 1 € Ag(e), satisfying

TyQy 0 ay = T+(ay © az) = ay o T1ay, (5.5)

az o ay = (—1)P? ay o ay, (5.6)
loa, =a; =azol, (5.7)

az o (ay o a;) = (az © ay) o az, (5.8)
(5.9)

Ozy(az 0 ay) = Opag 0 ay + (—1)P ay 0 Oyay,

for all z,y,2 € M, a, € Ap(x), ay € Ay(y), and a, € A, (z).

In these terms, a morphism f : A — B of commutative DG-algebras over HM is
a morphism of complexes of HM-modules such that f,,(a; o ay) = fray o fyay, and
f.1) = 1.

The category of commutative DG-algebras over HM is symmetric monoidal. The
tensor product of two of them A ®gps B is given by their tensor product as complexes
of HM-modules endowed with multiplication such that, for v, v,z,y € M, a, € Ay(u),
etc.,

(ay ® by) o (ay ® bs) = (ay 0 ay) ® (by 0 b,)

and with unit 1®1 € (A®upB)o(e). Observe that the canonical isomorphisms in (5.4)
are actually of DG-algebras whenever the data A, B and C therein are DG-algebras
over HM.

Commutative DG-algebras over HM which are concentrated in degree zero are the
same as commutative monoids in the symmetric monoidal category of HM-modules,
and they are simply called algebras over HM or HM -algebras. For example, Z is an
HM-algebra with multiplication the unit constraint ! : Z Qups Z = Z and unit the
identity id : Z — Z. In other words, Z is an HM-algebra whose unit is (e) € Z(e) and
whose multiplication homomorphisms Z(z) ® Z(y) — Z(xy) are given by (mzx)o(ny) =
mn(zy), where mn is multiplication of m and n in the ring Z.

The augmented case is relevant. A commutative differential graded augmented
algebra (DGA-algebra) A over HM is a commutative DG-algebra over HM as above
equipped with a homomorphism of commutative DG-algebras € : A — Z (the aug-
mentation). Such an augmentation is entirely determined by its component of degree
0, which is a morphism of HAM-algebras € : Ag — Z such that e = 0. Morphisms of
commutative DGA-algebras over HM are those of commutative DG-algebras which
are compatible with the augmentations (i.e., ef = €).

Remark 5.2 When M = G is a group, the equivalence between the category of
abelian groups and the category of HG-modules, described in Remark 5.1, is symme-
tric monoidal and, therefore, produces an equivalence between the category of co-
mmutative DGA-rings and the category of commutative DGA-algebras over HG. Thus
every commutative DGA-ring A defines a constant commutative DGA-algebra over
HG, equally denoted by A, and each commutative DGA-algebra over HG, A, gives
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rise to the DGA-ring A(e), which comes with a natural isomorphism of DGA-algebras
A = A(e) whose component at each z € G is the isomorphism of augmented chain
complexes z,; ! : A(z) — A(e).

5.2 The Bar construction on commutative
DGA-algebras over HM

Let A be any given commutative DGA-algebra over HM. As we explain below, A
determines a new commutative DGA-algebra over HM, denoted by B(.A) and called
the bar construction on A.

Previously to describe B(A), let us introduce complexes of HM-modules A, SA,
and TPSA for each integer p > 0, and a double complex of HM-modules T*SA, as
follows:

The reduced complex A = --- — Ay g Ay g Ag is defined to be the cokernel of

the unit morphism ¢ : Z — A. That is, A = --- — As 2 A1 A Ap/tZ. Note that ¢
embeds Z as a direct summand of the underlying complex A, since, being € : A — Z
the augmentation, e, = idz. We will use below the following notation: For any z € M
and each chain a, of the chain complex A(x), é(a,) is the integer which express €, (a,)
as a multiple of the generator (z) of the abelian group Z(x), that is, such that

ez(az) = €(az) (). (5.10)

The complex SA is the SUSpension of A, that is, the complex of HM-modules
defined by (SA)p+2 = Apt1, (SA = Ao/itZ, (SA)o = 0, and differential —0. The
suspension map is then the morphism of complexes S : A — SA, of degree 1, defined
by

Sp = Z'djp : Ap — (SA)p+1 = .,le.
Note that the sign in the differential of SA is taken so that the equality S = —S0
holds.

For each p > 1, let TPSA be the complex of HM-modules defined by the iterated
tensor product

TPSA =SAQuum - QumSA (p factors).

Thus, for any integer n > 0 and x € M, the abelian group (T?SA),(x) is generated
by elements Sa,, ® --- ® Sa,,, that we write as

[al’l‘ ‘axpL (5.11)

where the x; € M are elements of the monoid such that z;---z, = x, and the
ag, € Ay (x;) are chains of the complexes of abelian groups .A(x;) whose degrees
satisfy that p+ 71 +--- +r, = n. On such a generator (5.11), the differential d” of
TPSA at ,

9.+ (TPSA),(z) = (TPSA)p_1(z),
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acts by

p
® .
aa: [aiUl’ e ‘alp] = - Z(_l)ﬁil[al’l‘ U ’a$i—1’8$ia$i’a$i+1‘ U ’afﬂp]v

i=1
where the exponents e; of the signs are eg = 0 and, for ¢ > 1,
e =1+r+-+ry

and Oy, : Ay, (zi;) = Ap,—1(x;) is the differential of A at z;. Remark that the elements
(5.11) are normalized, in the sense that [az, | - - - [az,] = 0 whenever some a,;, = z;1 €
Ao(aﬁz)

For p = 0, we take TYSA to be Z, but where we write | ] for the unit (e) € Z(e).
Thus, TYSA is the concentrated in degree 0 complex of HM-modules such that, for
any x € M, T'SA(z) is the free abelian group on the element z.[ | (= [ ] if x = e),
and, for each x,y € M, y, : T'SA(x) — TS A(xy) is determined by y.z.[ | = (yz)«] |.

The double complex of HM-modules

T*°SA = ... — T28A4 -2 715 4 2% 105 4

is then constructed, thanks to the multiplication o in A, by the morphisms of com-
plexes of HM-modules 9° : TPSA — TP~!SA which are of degree —1 (so that
9°9” = —9° 0°) and defined, at any € M, by the homomorphisms

8% ¢ (TPSA)(z) — (TPLSA)n_s ()

given on generators as in (5.11) by

Oplaz, |- |axp] = &y(azy) T1x[aay| - ‘aa:p]
p—1
+ <_1)ei [aﬂfl‘ e ‘ami—l ‘a’mi CQg,4q ’a$i—1’ e ‘alp]
=1
+ (_1)8}7 gmp(a’xp) xp*[a’wl‘ e ’a/xpfl]

(recall the notation € from (5.10), and note that the first (resp. last) summand in the
above formula is zero whenever the degree r; of a, in the chain complex A(x1) (resp.
rp of az,) is higher than zero).

All in all, we are now ready to present the bar construction B(A). As a graded
HM-module

B(A) = — B(A) -5 B(A); -5 B(A),

is defined by the HM-modules
B(A), = @pZO(TpSA)n .

Notice that 8°B(A), € B(A)n_1, °B(A), C B(A),_1, and that (8° + 8°)2 = 0.
Thus, B(A) becomes a complex of HM-modules with differential

0=0"+0°:B(A), = B(A)p_1.
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Proposition 5.1 B(A) is a commutative DGA-algebra over HM , with multiplication
o:B(A) ®,, B(A) — B(A)
defined, for integers m,n >0 and x,y € M, by the homomorphisms of abelian groups
o: B(A)m(z) @ B(A)n(y) = B(A)min(ry)

given by the shuffle products

(@, [+l ) © [y |y ] = D (=14 a1y [+ laa, ]

(e

for any x; € M and ay, € A (xi), i = 1,...,p + q, such that z1---z, = =z,
Tptl - Tprg = Y, P+ 20 ri = m, and q + Z?Zl Tp+j = n, where the sum is
taken over all (p,q)-shuffles o and, for each o, the exponent of the sign is e(o) =
Y (1 +7) (14 rps) summed over all pairs (i,p + j) such that o(i) > o(p+ 7).

The unit is [ | € B(A)o(e), that is, the unit morphism v : Z — B(A) is the
isomorphism of HM -modules v : Z = B(A)y given by tz(x) = x| |, for any v € M,
and the augmentation € : B(A) — Z is defined by the isomorphism of HM -modules
e=1"1:B(A)g 2 7Z such that e,(z+[ |) = (z), for any x € M.

Proof: We give an indirect proof, by using that the category of HM-modules is closely
related to the category ZM-Mod, of ordinary modules over the monoid ring ZM.
There is an exact faithful functor I : HM-Mod — ZM-Mod, which carries any

HAM-module A to the ZM-module defined by the abelian group I'A = @, 5, A(x),

with M-action of an element y € M on an element a, € A(x) given by ya, = y.a, €
A(zy). This functor I is left adjoint to the functor which associates to any ZM-module
A the constant on objects HM-module defined by the underlying abelian group A,
with y. : A — A, for any y € M, the homomorphism of multiplication by y [52].

It is plain to see that I' is a symmetric strict monoidal functor, that is, I'Z =
ZM, for any HM-modules A and B, I'(A ®@mupr B) = T'A @z I'B, and it carries the
associativity, unit, and commutativity constraints of the monoidal category of HAM-
modules to the corresponding ones of the category of ZM-modules. Then, the same
properties hold for the induced functor I' from the symmetric monoidal category of
complexes of HM-modules to the the symmetric monoidal category of complexes of
ZM-modules. It follows that I' transforms commutative monoids in the category of
complexes of HM-modules (i.e. commutative DG-algebras over HM) to commutative
monoids in the category of ZM-modules (i.e., commutative DG-algebras over ZM),
and therefore I' also transform commutative DGA-algebras over HM to commutative
DGA-algebras over the monoid ring ZM .

Now, given A, a commutative DGA-algebra over HM, let B(I"A) be the commu-
tative DGA-algebra over ZM obtained by applying the ordinary Eilenberg-Mac Lane
bar construction on I'A [57, Chapter X, Theorem 12.1]. A direct comparison shows
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that B(I'A) = I'B(A) as complexes of ZM-modules, and also that its multiplication,
unit, and augmentation are, respectively, just the morphisms

B(I'A) @21 B(DA) = I (B(A) @y B(A)) -2 I'B(A) = B(LA) |

ZM = TZ > TB(A) = B(TA), B(TA) = I'B(A) 17 = ZM.

Then, as B(I''A) is actually a commutative DGA-algebra over ZM, it follows that the
equalities

['(o (o ®idg(a))) =T'(o (idgay ®0)), T(ccpaypa)) =To,

Lot ® ’LdB(A))) = FlB(A)a F(o(e®e€)) =T (eo), T(er)=Tridyg.

hold. Therefore, the result, that is, that B(A) is a commutative DGA-algebra over
HM , follows since the functor I' is faithful. O

Remark 5.3 Observe, as in [31, Section 7], that the shuffle product o on B(A) can

also be expressed by the recursive formula below, where o = [ay, | - - - |az,] € B(A).(z),
B = by |- |by,] € B(A)s(y), az € Ay(2) and by € Ay (2).
[a | az)o[B1b] =[la|a:]o | b]+ (=1)" " Dac (6] b] ]| a.] (5.12)

Let us stress the suspension morphism of complexes of HAM-modules, of degree 1
(hence satisfying 0S = —S0),
S: A— B(A), (5.13)

which is defined, at any x € M, by Sya, = [az] € B(A)(z), for any chain a, of A(x).

Such as Mac Lane does in [57, Chapter X, Section 12] for ordinary commutative
DGA-algebras over a commutative ring, the cohomology of a commutative DGA-
algebra over HM can be defined in “stages” or “levels”. If A is any commutative
DGA-algebra over HM, then B(A) is again a commutative DGA-algebra over HM,
so an iteration is possible to form B"(A) for each integer r > 1. Hence, we define the
rth level cohomology groups of A with coefficients in an HM -module B, denoted by
H"(A,r;B), as

H"(A,r; B) = H"(Hompy (B'(A),B)), n=0,1,...,

where Hompps (B"(A), B) is the cochain complex obtained by applying the functor
Homyps (—, B) to the underlying chain complex of HAM-modules B"(A).

Remark 5.4 When the bar construction above is applied on the constant DGA-
algebra over HM defined by a commutative DGA-ring A, the result is just the constant
DGA-algebra over HM defined by the commutative DGA-ring obtained by applying
on A the Eilenberg-Mac Lane reduced bar construction. Hence, the notation B(A) is
not confusing.
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If A and B are commutative DGA-algebras over HM, then we say that two mor-
phisms of DGA-algebras f : A — B and g : B — A form a contraction whenever
fg = idg, and there exists an homotopy of morphisms of complexes ® : gf = idy
satisfying the conditions

bg =0, fOP=0, PP =0. (5.14)

Paralleling the proof by Eilenberg and Mac Lane of [31, Theorem 12.1], one proves
the following:

Lemma 5.1 If f: A— B and g : B — A form a contraction of commutative DGA-
algebras over HM , then the induced B(f) : B(A) — B(B) and B(g) : B(B) — B(A)

also form a contraction.

5.3 Free HM-modules

Let Setl s be the comma category of sets over the underlying set of M that is, the
category whose objects S = (S, ) are sets S endowed with a map = : S — M, and
whose morphisms are maps ¢ : S — T such that wp = 7. There is a forgetful functor

U : HM-Mod — Set |y,
which carries any HM-module A to the disjoint union set

UA= U A(z) ={(z,a,) | x € M, a, € A(z)},

xeM

endowed with the projection map 7 : YA — M, w(z,a;) = x. A morphism f: A — B
is sent to the map U f : UA — UB given by U f(z,a,) = (x, fra,). There is also a free
HM -module functor

Z : Set | );— HM-Mod, (5.15)

which is defined as follows: If S is any set over M, then Z5 is the HM-module such
that, for each x € M,

ZS(z) = Z{(u,s) € M x S |un(s) =z}

is the free abelian group with generators all pairs (u, s), where u € M and s € S, such
that um(s) = x. We usually write (e, s) simply by s; so that each element of s € S is
regarded as an element s € ZS(ws). For any =,y € M, the homomorphism

Ye 2 Z8(x) = ZS(zy)

is defined on generators by y.(u, s) = (uy, s). If ¢ : S — T is any map of sets over M,
the induced morphism Z¢ : 25 — ZT is given, at each x € M, by the homomorphism
(Z¢)y : Z25(x) — ZT(z) defined on generators by (Z¢).(u, s) = (u, ps).
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Proposition 5.2 The functor Z is left adjoint to the functor U. Thus, for S any set
over M, to each HM -module A and each list of elements as € A(rms), one for each
s € S, there is an unique morphism of HHM -modules f : ZS — A with frs(s) = as for
every s € S.

Proof: At any set S over M, the unit of the adjunction is the map
v:S—->UZS={(x,a;) |z € M, ay, € ZS5(x)}, s+ (7s,s).

If Ais an HM-module and ¢ : S — U.A is any map over M, then, the unique morphism
of HM-modules f : Z5 — A such that (Uf)v = ¢ is determined by the equations
fz(u,s) = usp(s), for any x € M and (u,s) € M x S with un(s) = x. O

The category Set | p; has a symmetric monoidal structure, where the tensor
product of two sets over M, say S and T, is the cartesian product set of S x T
with 7(s,t) = 7(s)n(t). The unit object is provided by the unitary set {e} with
m(e) = e € M, and the associativity, unit, and commutativity constraints are the
obvious ones. Hereafter, the category Set | ;s will be considered with this monoidal
structure!.

Proposition 5.3 The free HM -module functor (5.15) is symmetric monoidal, that
is, there are natural and coherent isomorphisms of HM -modules

Z(SxT)=ZS@um ZT, Z{e} =217,
for S and T any sets over M.

Proof: For S, T any given sets over M, the isomorphism f : Z(SxT) = ZS @uy ZT
is the morphism of HAM-modules such that, for any (s,t) € S x T, fr(s4)(s,1) = s®@ 1.
Observe that, for any € M, the abelian group Z(S xT')(x) is free with generators the
elements (u, s,t) = u«(s,t), with w € M, s € S, and t € T, such that un(s) 7 (t) = x,
while (2S5 ®mp ZT')(z) is the abelian group generated by the elements (u, s) ® (v,t) =
UsS ® vit, with u,v € M, s € S, and t € T, such that un(s)vn(t) = z, with the
relations u.s ® vyt = (uv)«(s ® t). Then, the homomorphism f, : Z(S x T)(z) —
(Z2S ®@my ZT)(x), which acts on elements of the basis by fi(u«(s,t)) = u(s ®t), is
clearly an isomorphism of abelian groups.

The isomorphism f : Z{e} = Z is the morphism of HM-modules such that f.(e) =
e. Observe that, for any « € M, the isomorphism f, is the composite

Z{e}(x) = Z{(u, e) | ue = 2} = Z{(z,e)} = Z(x).

It is straightforward to see that the isomorphisms f above are natural and coherent,
so that Z is actually a symmetric monoidal functor. (Il

!The category Set | ps has a different monoidal structure where the tensor product is given by
the fibre-product S xas T with 7(s,t) = 7(s) = n(t).
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Corollary 5.1 For S and T any two sets over M, the tensor product HM -module
ZS@um ZT is free on the set of elements s®t, s € S, t € T, with n(s®t) = w(s)m(t).

Since the functor Z is symmetric monoidal, it transports commutative monoids
in Set | j; to commutative monoids in HM-Mod, that is, to algebras over HM.
As a commutative monoid in the symmetric monoidal category Set | ps is merely
a commutative monoid over M, that is, a commutative monoid S endowed with a
homomorphism = : § — M, the corollary below follows.

Corollary 5.2 If S is a commutative monoid over M, then the free HM -module ZS
15 an algebra over HM . The multiplication morphism o : 28 Quy Z2S — ZS is the
composite

ZS @uy 28 = Z(8 x §) 2 28,

where m : S x S — S is the homomorphism of multiplication in S, m(s,s’) = s¢,

and the unit morphism ¢ : Z — ZS 1is the composite 7. =2 Z{e}izs , where
i:{e} — S is the trivial homomorphism mapping the unit of M to the unit of S.

5.4 The cohomology groups H"(M,r; A)

Let us consider the commutative monoid M over itself with 7@ = idy, : M — M.
Then, by Corollary 5.2, the free HM-module ZM is an algebra over HM. Explicitly,
this is described as follows: For each x € M,

ZM(z) = Z{(u,v) | uv = x}

is the free abelian group with generators all pairs (u,v) € M x M such that uwv = z.
For any x,y € M, the homomorphism y, : ZM (x) — ZM (zy) is given on generators
by y.(u,v) = (yu,v), and the homomorphism of multiplication

o: ZM(z) ® ZM(y) — ZM(zy)

is defined on generators by (u,v) ® (w,t) — (u,v) o (w,t) = (uw, vt), for any u, v, w,t
in M such that uv = z and wt = y. The unit is (e,e) € ZM (e). We see each element
x € M as an element of ZM (x) by means of the identification x = (e, =), so that that
any generator (u,v) of ZM (x) can be write as u,v.

By Proposition 5.2, if A is any HM-module, for any list of elements a, € A(z),
one for each x € M, there is an unique morphism of HM-modules f : ZM — A such
that each homomorphism f, : ZM(x) — A(x) verifies that fy(z) = a, (explicitly,
fx acts on generators by f,(u,v) = usa,). Furthermore, it is plain to see that, if A
is an algebra over HM, then f is a morphism of algebras if and only if a. = 1 and
Ay O Gy = gy for all x,y € M.
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Hereafter, we regard ZM as a commutative DGA-algebra over HM with the trivial
grading, that is, with (ZM),, =0 for n > 0 and (ZM )y = ZM, and with augmenta-
tion the morphism of HM-algebras

€:ZM — 7,

such that, for any x € M, €,(z) = (x) € Z(z). Then, we define, for each integer r > 1,
the rth level cohomology groups of the commutative monoid M with coefficients in an

HM -module A by
H"(M,r; A)=H"(ZM,r; A), n=0,1,..., (5.16)
or, in other words,
H"(M,r; A) = H" (Hommy (B(ZM), A)),

where Homp, (B"(ZM), A) is the cochain complex obtained by applying the abelian
group valued functor Homgp,(—,.A) to the neglected chain complex of HM-modules
B (ZM).

Remark 5.5 When M = G is an abelian group, ZG is isomorphic to the constant
DGA-algebra over HG defined by the commutative DGA-ring ZG(e) (see Remark 5.2),
which is itself isomorphic to the trivially graded DGA-ring defined by the group ring
ZG with augmentation the ring homomorphism « : ZG — Z such that a(x) = 1 for
any = € G. To see this, observe that ZG(e) is the commutative ring whose underlying
abelian group is freely generated by the elements of the form (z~!,z), € G, with
multiplication such that (z7!,z) o (y~1,9) = ((xy)~!, 2y), and unit (e,e) = e. The
map (r~!,x) + x clearly determines a ring isomorphism between ZG(e) and the
group ring Z(G, which is compatible with the corresponding augmentations.

Hence, for any integer r > 1, B(ZG) = B"(ZG) (see Remark 5.4)?, and there-
fore for any abelian group A, regarded as a constant HG-module, there are natural
isomorphisms

Hompq(B'(Z2G), A) = Hompq(B'(ZG), A) = Hom(B"(ZG), A)

showing that the rth level cohomology groups H"(G,r; A) in (5.16) agree with those
by Eilenberg and Mac Lane in [31], which compute the cohomology of the spaces
K (G, r) by means of natural isomorphisms H"(K(G,r),A) = H"(G,r; A).

From now on, this section is dedicated to show explicit cochain descriptions for
some of these cohomology groups, starting with those of first level

H™(M,1; A) = H" (Hommy (B(ZM), A)).

2The commutative DGA-rings B"(ZG) are denoted by A, (G,r) in [31]
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Let us analyze the underlying complex B(ZM). For any integer n > 1,

(n factors)

B(ZM), = ZM ®my @mv ZM,

where ZM = ZM/1Z = ZM/Z{e} = ZM* is a free HM-module on M* = M \ {e}
with 7 : M* — M the inclusion map. Then, by construction and Proposition 5.3, we
have that

o The HM -module B(ZM)g is free on the unitary set {[ |} with n[ | =e
and, for any n > 1, B(ZM),, is a free HM -module generated by the set
over M consisting of n-tuples of elements of M

ap = [z1| - |zpn),  with way, =1 Ty,

which we call generic n-cells of B(ZM ), with the relations oy, = 0 whenever
some x; = e.

o The differential 0 : B(ZM), — B(ZM),—1 is the morphism of HM -
modules such that, for each x € M and any generic n-cell [z1] - - - |zy] with
Tl Tp =T,

n—1
Olr| - wn) = wra[wal -+ o] + D (1) ] [wimiga ] - - 2]
i=1
+ (=) "zpe[z1] - - - |20-1]-

Hence, Proposition 5.2 gives the following.

Theorem 5.1 For any HM -module A, the cohomology groups H™(M,1; A) can be
computed as the cohomology groups of the cochain complex of normalized 1st level
cochains of M with values in A,

0 0 1 ot 2 9?2
C(M,1;A): 0—>C°(M,1;A) —C (M,1; A) — C*(M,1; A) — ---, (5.17)
where
e CY(M,1; A) = Ale), and for n > 1, C"(M,1;.A) is the abelian group, under
pointwise addition, of functions

i M™ = Upep Al)
such that f(x1,...,z,) € A(x1---2p) and f(z1,...,2,) = 0 whenever some x; = e,
e 9% =0, and for n > 1, the coboundary " : C™(M,1; A) — C"*1(M,1; A) is
given by
@) (@1, ng1) = T1f (@2, 5 Tng1) + D (D F(@1, 21, Tnga)
i=1

+ (_1)n+1xn+1*f(x17 T ;xn)-
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Let us now recall that Leech cohomology groups [53] (see 1.3.1) of a (not necessarily
commutative) monoid M, H{*'(M,A), take coefficients in DM-modules. When the
monoid M is commutative, as it is in our case, there is a full functor DM — HM,
which is the identity on objects and carries a morphism (x,y,z2) : y — xyz of DM
to the morphism (y,zz) : y — xyz of HM. Composition with this functor induces
a full embedding of HM-Mod into DM-mod, whose image consists of the symmetric
DM-modules (see the end of Section 2.4).

As a direct inspection shows that, for any HM-module A, the cochain complex
C(M,1;.A) in (5.17) coincides with the cochain complex in (1.51) next theorem follows.

Proposition 5.4 For any HM -module A, there are natural isomorphisms
H"(M,1; A) 2 H'(M,A), n=0,1,....

We now analyze the complex of HM-modules B"(ZM) for » > 2 any integer. By
construction,

e B'(ZM)q is the free HM-module on the unitary set consisting of the
O-tuple
(], witha] | =,

which we call the generic 0-cell of B(ZM),

and, for n > 1,

B (ZM),= @ B HZM), ®ny - Sny B -Y(zM), .
p+> ni=n

Since Br=Y(ZM), = 0 while, for n; > 1, B"={2ZM),, = B""(ZM),,, it follows by
induction on r that

e B(ZM), =0 for0O<n<r,

and that, for any r < n,

B (ZM), = B B UEM)., 8y @y BT (EM),,.
ny,...,np >r—1
p+dn,=n

Then, if we denote by |, the symbol | used for the tensor product in the construction
of B'(ZM) from B"~{ZM), by Proposition 5.3 and induction, we see that

e B(ZM),,, for r < n, is a free HM -module generated by the set over M
consisting of all p-tuples, which we call generic n-cells of B'(ZM),

Un = [ny |, O, - | o, ], with ma, = may, -+~ Tag,,

of generic n;-cells of B""YZM), such that n; >r—1 and p+>_n; = n,
with the relations o, = 0 whenever some o, = 0.
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Let us stress that a generic n-cell a,, of any B"(ZM) is actually a generator of
the abelian group B"(ZM),(ra,,). Indeed, for each z € M, B(ZM), () is the free
abelian group generated by the elements u.q, with u an element of M and the a,,
any non-zero generic n-cell of B"(ZM) such that uma, = x. Arbitrary elements of
the groups B"(ZM),,(x), are referred as n-chains of B'(ZM).

For any r > 1, the multiplication or of B"(ZM) is given by the morphism of
HAM-modules

or : B(ZM),, @my B(ZM)., = B (ZM)pim

which, according to Proposition 5.2, are determined on generic cells by the shuffle
product

[anl ‘r e ’ranp] or [anp+1 |7" o ‘Taanrq:I = Z(_]‘)E(a) [an071(1) ‘7‘ T ‘ranafl(p_‘_q)]?
g

where the sum is taken over all (p,q)-shuffles o and e(c) = > (1 + n3)(1 + npyj)
summed over all pairs (i,p + j) such that o(i) > o(p + j). In particular, for r =1,

[21] - |za] o1 [Ta| - |2nrm] = Y (D) Pl Tgrnimls  (5:.18)

o

where the sum is taken over all (n, m)-shuffles o and e(o) is the sign of the shuffle.
Then, for r > 2,

o the boundary 0 : B'(ZM), — B"(ZM),_1 is the morphism of HM -
modules recursively defined, on any generic n-cell a, = [ain, |, -~ - |, o, ] of
B(ZM) with maw, = © and Tay,, = z;, by

P
Opory = — Z(_l)eiil[amh om0 | o | o]

i=1

p—1
=+ Z(_l)ei [anl ’r T ’rani—l ’ranioT’l An;yq |rani+2‘r T ’raan
=1

where the exponents e; of the signs are e; =i+ Y, n;.

In the above formula, the term 0,,ap,, which refers to the differential of o, in
B""Y(ZM), or ay,0r10n,,,, is not in general a generic cell of B~} ZM) but a chain;
the term is to be expanded by linearity.

Recall now that we have the embedding suspensions (5.13), S : B""{(ZM) —
B’(ZM), through which we identify any generic (n — 1)-cell ay,_1 of B {ZM) with
the generic n-cell Sa,,—1 = [a,—1] of B(ZM). Hence, by induction, one proves that
any generic n-cell of any B"(ZM) can be uniquely written in the form

Qn = [wl‘k1x2’k2“.‘k T]

m—1
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Wl‘cha:Z eEM,1<m,1<k;<r,andr+> ;" 'k; = n. So written, we have may,, =
T1-++Tm, and a, = 0 if z; = e for some 1. Observe that if some k; = r, then n > 2r.
Indeed7 the generic n-cells of lowest n appearing in B (ZM) but not in B""YZM)
are those generic 2r-cells of the form [z1].x2]. Thus, via the suspension morphism,
B YZM),_; is identified with B"(ZM),, for r < n < 2r, while B""{2ZM),_1 ¢
B (ZM),, for n > 2r. In particular, we have the commutative diagram of suspensions

B(ZM)y —=B(ZM)3 —> B(ZM)y —> B(ZM); — B(ZM),

O I I b

BAZM)s ——=BXZM)y ——= B ZM); —=BXZM); —0

Sf S S

BYZM)s ——=B¥ZM)s —= B ZM), —=B¥ZM)3 —0

Srfi‘} Sr73 Sr73 Srfi‘}

B'(ZM), 45 —= B (ZM), 42 —= B (ZM),,, — B'(ZM), 0

where in the bottom row is r > 3, and

e BA{ZM), is the free HM -module on the set of suspensions of the non-zero
generic 3-cells [x1|xa|zs] of B(ZM) together the non-zero generic 4-cells

[1]22],

with w[x1|xe] = z1xe, and whose differential is (x = x1x2)
Oplr| o] = [w1]wa] — [wa]z1].

e B2(ZM); is the free HM -module on the set of suspensions of the non-
zero generic 4-cells [xy|z2|zs|zs) of B(ZM) together the non-zero generic
5-cells

[z1]z2|s], [z1]a]s],
with w[x1|ze|zs] = z12203 = T[T1|T2| 23], and whose differential is (v =
T17273)

Oz[z1]w2|T3] = — @ou[21 23] + [21]|7273] — T3 [0 | 2]

+ [w1|z2|23] — [T2]|21|73] + [T2|T3]|21],

Oz[z1]m2|73] = — 1u[22| W3] + [T122] 23] — D28 |21 |3]

— [1|@a|w3] + [z1]23]22] — [23]71|72].
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e B ZM)g is the free HM -module on the set of double suspensions of the
non-zero generic 4-cells [x1|xe|xs|xs] of B(ZM), together with the suspen-
sions of the non-zero generic 5-cells [x1]|xa|z3] and [z1]|z2|z3] of BXZM),
and the non-zero generic 6-cells

1 [|2],
with w[x1||z2] = z122, whose differential is (x = x1x2)
Oz[m1]|2] = —[21]72] — [22]21].
Therefore, from Proposition 5.2, we get the following.

Theorem 5.2 For any HM -module A, the cohomology groups H™(M,r; A), for n <
r—+ 2, are isomorphic to the cohomology groups of the truncated cochain complexes of
normalized rth level cochains of M with values in A, C'(M,r; A),

C(M,r;A): 0—=CO(M,1;A) —0— - — 0—=C"(M,1; A)  (5.19)

Cr+1(Ma r; A) - CT+2(M7 r; A) - CT+3(M7 T *’4)

where C°(M,r; A) = A(e), and the remaining non-trivial parts occur in the commu-
tative diagram

0—CY M, 1;A) —= C*(M,1; A) —— C3(M, 1; A) — C*(M, 1; A)

- -

0—=C?*(M,2; A) —= C3(M, 2; A) —— C*(M, 2; A) — C3(M, 2; A)

| ts

0—=C3(M,3; A) —= C*(M, 3; A) —— C>(M, 3; A) — C%(M, 3; A)

0—> CT(M, r; .A) . CT'H(M, r; .A) s CT+2(M7 T A) — CT+3(M, T, .A)
(5.20)

where in the bottom row is r > 3, and
o C4(M,2; A) is the abelian group, under pointwise addition, of pairs of functions
(9,1t), where
g:M3_>UzeM-A(x) M:M2—>U$€M.A(l‘),

with g(x,y, z) € Alxyz) and p(z,y) € A(zy), which are normalized in the sense that
they take the value 0 whenever some of their arguments are equal to the unit e of the
monoid.
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e The coboundary 0 : C3(M,2; A) = C%(M,1; A) — C4(M,2;A) acts on a nor-

malized 2-cochain f of M in A by Of = (g, 1), where
9(@,y,2) = = f(y, 2) + f(2y, 2) — f(2,92) + 2 f (2y),

o O°(M,2; A) is the abelian group of triplets (h,~,d) consisting of normalized

functions
h:M4—>UI€M.A(w) 7,5:M3—>U1€MA(x),

with h(z,y, %,1) € Alwy2t) and 2(z,9, 2), 6(z,, 2) € Alzy).

e The coboundary O : C*(M,2; A) — C5(M,2;A) acts on a 2nd level 4-cochain
(9, 1) by O(g, p) = (h,7,0), where

h(x7y7zvt):_x*g(yazat)—i_g(myaz t)_g( Zat)—i_g(xayaZt)_t*g(xay72)7
’Y(xvyaz) = _y*M(eTaZ) + ,u,(x,yz) Z*M(x y) +g(.’L’,y,Z) - g(y,x,Z) + g(yazax)v
6(z,y,2) = —xpu(y, 2) + W@y, z) — yupi(@, 2) — g(@, 9, 2) + 9(z, 2,9) — 9(2, 2, y).

e C%(M, 3; A) is the abelian group of quadruples (h,~,d, &) consisting of normalized
functions

h:M* = Upers A@), 7,0 : M3 = Upers A@), € M2 = e Al),

with h(z,y, z,t) € A(zyzt), v(z,y, 2),6(x,y, 2) € Alzyz), and {(z,y) € A(ry).

e The coboundary 0 : C°(M,3; A) = CHM,2; A) — C%(M,3;A) acts on a 3rd-
level 5-cochain by (g, ) = (h,7,9,§), where

h(z,y,2,t) = 2.9(y, 2, ) — g(xy, 2, 1) + g(x,y2,t) — g(x,y,2t) + tig(x,y, 2),
(Y, 2) = yupt(x, 2) — p(w,y2) + 260(2,y) — g(2, 9, 2) + 9(y, 7, 2) — g(y, 2, ),
6(z,y,2) = wapiy, 2) — p(xy, 2) + yupr(w, 2) + 9(,9,2) — 9(x, 2,y) + 9(2, 2, 9)

y) =

§(z,

The following corollaries follow directly from the form of the cochain complex (5.19)
and the commutativity of the diagram (5.20).

—p(x,y) — ply, ).

Corollary 5.3 For anyr > 1, H'(M,r; A) = A(e).
Corollary 5.4 For any 0 <n <r, H*(M,r; A) = 0.
Corollary 5.5 For anyr > 2, H"(M,r; A) = H' (M, 1; A).

Corollary 5.6 For any r > 2, H™ (M, r; A) = H3(M,2; A), and there is a natural
monomorphism H3(M,2; A) — H?(M,1; A).
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Corollary 5.7 For any r >3, H""2(M,r; A) & H?(M, 3; A), and there is a natural
monomorphism H®(M,3; A) — H*(M,2; A).

Let us now recall that Grillet cohomology groups HE (M, A), for 1 < n < 3, can
be computed as the cohomology groups of the truncated cochain complex Cg (M, .A)
in (3.1). There is natural injective cochain map

3

Ok 02 0

AT

00— C3(M, 3; A) AN CH(M,3; A) A C5(M,3; A) AN C%(M,3; A),

(5.21)
which is the identity map, i1(f) = f, on symmetric 1-cochains, the map is(g) = —g on
symmetric 2-cochains, and on symmetric 3- and 4-cochains is defined by the simple
formulas i3(h) = (h,0) and i4(t) = (—t,0,0,0), respectively. The only non-trivial
verification here concerns the equality 0%i3 = 14,03, that is, 9°(h,0) = (—93h,0,0,0),
for any h € CZ(M, A), but it easily follows from Lemma 3.1.

i1=id

Proposition 5.5 For any HM -module A, the injective cochain map (5.21) induces
natural isomorphisms

HE(M,A) = H (M, 1;A),  HE(M, A) = H?(M,2; A),
and a natural monomorphism
HE(M, A) — H°(M,3; A).

Proof: From diagram (5.21), it follows directly that ker 9%, = ker 8 and iIm 9}, =
Im 0%. Further, ipker 02 = ker 0%, since the condition 9*f = 0 on a cochain f €
CH(M,3; A) = C%(M, 1; A) implies the symmetry condition f(x,y) = f(y,x). Then,

HL(M, A) = ker 9 = ker 8® = H*(M, 3; A) = H' (M, 1; A),

and

ker 92 io ker O2 ker 9%
HE (M, A) = G o G _ >~ HY(M,3; A) = H3(M,2; A).
al ) Im (9%; iolm 8&; Im 93 ( ) ( )

To prove that the induced homomorphism Hg (M, A) — H°(M, 3; A) is injective,
suppose h € C’é(M ,A) is a symmetric 3-cochain such that igh = 9*g for some g €
C*(M,3; A) = C%(M,1; A). This means that the equalities

h(z,y,2) = 2:9(y, 2) — 9(xy, 2) + 9(z,y2) — 2:9(2,y), 0=g(z,y) —g(y,z),
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hold. Then, g € Cé(M, A) is a symmetric 2-cochain, and h = —0%g is actually
a symmetric 2-coboundary. It follows that the injective map i3 : ker 8% — ker 0°
induces a injective map in cohomology

H3Cq(M,A)) — H°C(M, 3; A),

as required. O

To complete the list of relationships between the cohomology groups H™(M,r; A)
with those already known in the literature, let us note that a direct comparison of the
cochain complex (5.19) with the cochain complex in (4.5), which computes the lower
commutative cohomology groups H (M, A), gives the following.

Proposition 5.6 For any HM -module A, there are natural isomorphisms

H'(M, L, A) = H(M, A), HYM,2:A) = HAM, A), H'M,2.A) = H} (M, A).

5.5 Cohomological classification of symmetric monoidal
abelian groupoids

This section is dedicated to showing a precise classification for symmetric monoidal
abelian groupoids, by means of the 3rd level cohomology groups of commutative
monoids H?(M, 3; A).

Symmetric monoidal categories have been studied extensively in the literature and
we refer to Mac Lane [56] and Saavedra [66] for the background. Recall from section 1.3
that an abelian groupoid M is a groupoid whose isotropy groups Aut(z), x € ObM,
are all abelian and that composition is written additively.

A symmetric monoidal abelian groupoid
M = (Ma ®7L a,l,’r,C)

consists of a braided monoidal abelian groupoid whose braiding, called now symmetry,
verifies

Cyx + Coy = Orgy. (5.22)

Remark that in a symmetric monoidal abelian groupoid if coherence condition
(4.14) hold then (4.15) is also verified.

Example 5.1 For any 3rd level 5-cocycle (g, i) in Z%(M,3;.A), it can be defined a
symmetric monoidal abelian groupoid

E(MvAa (g, M)) = (E(M, -Aa (gvﬂ))v ®7L a, l7r7 C),

that should be thought of as a 2-dimensional twisted crossed product of M by A, and
it is defined as follows: Its underlying groupoid is the totally disconnected groupoid
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in (3.16), that is, its set of objects is M and its isotropy group at any object z € M
is A(z).

The tensor product

is defined as in (3.17). The unit object is I = e, the unit of the monoid M, and the
structure constraints are

a%yaz = g(:r,y, Z) : (xy)z - ‘T(yz)v
Coy = W(T,y) 1 Y — Y,
l.,=0,:ex=2—x

r, =0;:xe =2 — x,

which are easily seen to be natural since A is an abelian group valued functor. The
coherence conditions (1.1), (4.14), and (5.22) follow from the 5-cocycle condition
93(h,u) = (0,0,0,0), while the coherence condition (1.2) comes from the normal-
ization condition h(x,e,y) = 0.

If M, M’ are symmetric monoidal abelian groupoids, then a symmetric monoidal
functor F = (F,p,p0) : M — M’ is a braided functor (4.18), while a symmet-
ric monoidal isomorphism 6 : F = F', where F/ : M — M’ is another symmet-
ric monoidal functor, is just a monoidal isomorphism (1.7). Therefore, symmetric
monoidal abelian groupoids, symmetric monoidal functors, and symmetric monoidal
isomorphisms form a 2-category [37, Chaper V, Section 1]. A symmetric monoidal
functor F' : M — M’ is called a symmetric monoidal equivalence if it is an equiva-
lence in this 2-category.

Our goal is to show a classification for symmetric monoidal abelian groupoids,
where two symmetric monoidal abelian groupoids connected by a symmetric monoidal
equivalence are considered the same, as stated in the theorem below.

Theorem 5.3 (Classification of Symmetric Monoidal Abelian Groupoids)
(i) For any symmetric monoidal abelian groupoid M, there exist a commutative
monoid M, an HM -module A, a 3rd level 5-cocycle (g, u) € Z°(M, 3; A), and a sym-
metric monoidal equivalence
(M, A, (g,p) = M.
(i) For two 3rd level 5-cocycles (g, ) € Z°(M,3;A) and (¢', 1) € Z5(M',3; A),
there is a symmetric monoidal equivalence

(M, A, (g, 1) = 2(M', A, (¢, 1)

if and and only if there exist an isomorphism of monoids i : M = M’ and a natural
isomorphism 1 : A = i* A, such that the equality of cohomology classes below holds.

lg, 1) = ¥ Yi* g, 1) € H(M, 3;.A)
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Proof: We proceed as in the proof of Theorems 3.1 and 4.3.

(i) Let M = (M,®,1,a,l,7,¢) be any given symmetric monoidal abelian grou-
poid. By the coherence theorem [56], we can assume that M is strictly unitary, that
is, that both unit constraints I and = are identities. Then, we observe that M is
symmetric monoidal equivalent to another one that is totally disconnected. Indeed,
by the generalized Brandt’s theorem [46, Chapter 6, Theorem 2|, there is a totally
disconnected groupoid, say M’, with an equivalence of groupoids M — M’. Hence,
by Saavedra [66, I, 4.4], we can transport the symmetric monoidal structure along
this equivalence so that M’ becomes a strictly unitary symmetric monoidal abelian
groupoid and the equivalence a symmetric monoidal one.

Hence, we assume that M is totally disconnected and strictly unitary. Then, a
triplet (M, A, (g, p)), such that X(M, A, (g, 1)) = M as symmetric monoidal abelian
groupoids, can be defined as follows:

e The monoid M and the HM -module A. We define them in the same way than
in the proof of Theorem 4.3 (7).

e The 3rd level 5-cocycle (g,p) € Z°(M,3; A). We write the associativity con-
straint and the symmetry of M as a,,. = g(z,y,2) and ¢,y = p(x,y), for some
given lists (g9(z,v,2) € A(2y2)),,.cn and (u(z,y) € A(@Y)),pen- Since M is
strictly unitary, equations in (1.2) and (1.3) implies the normalization conditions
g(z,e,y) = 0 = g(e,x,y) = g(x,y,e) for g, while the normalization conditions
pu(z,e) = 0 = p(e,z) for u follows from (4.16). Thus, (g,u) € C°(M,3;A) is a
3rd level 5-cochain. By the coherence conditions (1.1), (4.14), (4.15) and (5.22) we
have that

9(z,y,2t) + g(zy, 2,y) = 2.9(y, 2, y) + 9(x, y2z, y) + tug(@, y, 2)
ysh(, 2) + 9(y, . 2) + 2@, y) = 9(y, 2, @) + plx, yz) + g(2,y, 2),
y*M(UC, Z) - g(x7 2, y) + ﬁU*M(ya Z) = —g(z, z, y) + M($y> Z) - g(x, Y, Z)7
w(@,y) + ply,z) =0,
Hence, we obtain the required cocycle condition 9(g, 1) = (0,0,0). From a direct

comparison we have M = X(M, A, (g, 1)) as symmetric monoidal abelian groupoids,
and so the proof of this part is complete.

(i7) Let ¢ : M = M’ be an isomorphism and ¢ : A = i* A’ a natural isomorphism
such that (g, u] = i*[¢’, '] € H>(M, 3;i* A’). This implies that there is a 3rd level
4-cochain f € C*(M,3;i*A’') = C*(M, 1;i* A’) such that

¢xyzg(x7 Y, Z) :g,(idi, iyv ZZ)+(Z$)*f(y, Z)—f(Iy, Z)+f(l’, yz) - (ZZ)*f(‘T’ y)? (523)
Yayp(,y) = p'(iz, iy) — f(z,y) + f(y, 2). (5.24)

Then, there is a symmetric monoidal isomorphism

N(i,9, f) = (F,@,00) : B(M, A, (g, 1) = Z(M, A (¢, 1))
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whose action on objects and arrows is F(a, : * — x) = (Ygay : iz — ix), and so it
is an isomorphism between the underlying groupoids. The constraints of F' are given
by ¢zy = f(z,y) : (iz) (iy) — i(zy), which are natural by the naturality of ¢, and
0o =0g: € —ie=¢.

The coherence conditions (1.5) and (4.19) are obtained as a consequence of equa-
tions (5.23) and (5.24), respectively, whereas the conditions in (1.6) trivially follow
from the normalization conditions f(z,e) = 0, = f(e, x).

Conversely, suppose we have

F = (F,0,90):%(M, A, (g,1)) = S(M', A, (¢, 1))

a symmetric monoidal equivalence. By [22, Lemma 18], there is no loss of generality
in assuming that F' is strictly unitary in the sense that pg = 0. : ¢ — ¢’ = Fe. Since
the underlying groupoids are totally discnnected, F' is an isomorphism.

We now have an isomorphism of monoids i : M =2 M’ (the bijection established by
F between the object sets) and a natural isomorphism ¢ : A = i* A’ (the isomorphism
on the automorphism groups). Finally, if we write f(x,y) = ¢g,y, for each z,y € M,
we have a 3rd level 4-cochain f(F) = (f(z,y) € A'(i(zy))).yem, since the equations
f(z,e) = 0, = f(e,x) hold due to (1.6). Equations (5.23) and (5.24) follow from to
the coherence equations (1.5) and (4.19). This means that 1. (g, u) = i*(¢', p') + O*f
and, therefore, we have that .[g,u] = i*[¢, '] € H?(M,3;i* A’), whence [g, ] =
ety W) € HP (M, 35 A). O

5.6 Cohomology of cyclic monoids

In this section we compute the cohomology groups H"(C,r; A), for n < r+2, when C
is any cyclic monoid. The method we employ follows similar lines to the one used by
Eilenberg and Mac Lane in [32, Section 14 and Section 15], for computing higher level
cohomology of cyclic groups, though the generalization to monoids is highly nontrivial.

5.6.1 Cohomology of finite cyclic monoids

The structure of finite cyclic monoids was recalled in Section 2.2. From now on,
C = Cjy,q denotes the finite cyclic monoid of index m and period ¢q. We assume that
m+ q > 2, so that C' is not the zero monoid.
We remember now the notation k- m = p(km) from (2.3), and introduce, to any
pair z,y € C, the useful integer
(z+y) - (DY)

s(z,y) = p ,

which satisfies s(z,y) > 1 if z +y > m + q, whereas s(z,y) =0if x +y <m+gq. It
follows directly from the associativity in C' that the cocycle property below holds.

s(y,2) + s(x,y®z) = s(z Dy, 2) + s(z,y). (5.25)
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We begin by constructing a specific commutative DGA-algebra over HC', denoted
by

R =TR(C),
which is homologically equivalent to B(ZC') but algebraically simpler and more lucid.
For each integer k = 0,1,..., let us choose unitary sets over C, {v} and {wy}, with
v =k-m, twr=k-m®1, (5.26)
and define
Ry = the free HC-module on {v}, (5.27)
Rok+1 = the free HC-module on {wy}. '

The augmentation « : Rg — Z, the differential 9 : R, — R,,_1, and the multiplication
o: R ®uc R — R are determined by the equations

avo =1, Ovip = (m+q)((m+q—1).wy) —m((m — 1),wy), Owp =0, (5.28)
viovi= (""vir, wrow; =0, viow; = (Fwiy =wiowvy, (5.29)
and the unit is vy.

Proposition 5.7 R, defined as above, is a commutative DGA-algebra over HC'.

Proof: By Proposition 5.2, the mapping in (5.28), vgi1 — OV, determines a mor-
phism of HC-modules 0 : Rogi1o — Rogr1 since

5.26
(m—i—q—l)@ﬂwk(:)(m—i—q—l)@k-m@l:m@hmzﬁvk“,

5.26
(m—1)® 7wy (5:26) m—1)@k-mol=pm+km)="nvi,
and therefore Ovii1 € Rogr1(mvgy1). Similarly, by Proposition 5.2, we see that
the formulas in (5.29) determine a multiplication morphism of HC-modules since
E-m&l-m=(k+l)-mand k-m&l-ma&1l) = (k+1)-ma&1. Associativity condition
(5.8) follows from the equality on combinatorial numbers

k4+1+t N L+t (k+l+8)!  (k+1+t N k+1
k A T T N "y 1)

while condition (5.9) holds thanks to the equality

(1)1,

and the remaining conditions in (5.5)-(5.7) are quite obviously verified. O

In next proposition we shall define a morphism f : B(ZC) — R. Previously,
observe that the graded HC-module {R,,} admits another structure of commutative
graded algebra over HC (although it does not respect the differential structure), whose
multiplication is determined by the simpler formulas

VOV =Vit, Wrew; =0, VipeW, =Wg =W;®Vg.
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Proposition 5.8 A morphism [ : B(ZC) — R, of DGA-algebras over HC, may be
defined by the recursive formulas

(Sl = Vo,
flel = 2((@ = 1)awo),
0 if x+y<m+g, (5.30)
flely] = s(@y)-1
(@onm.( L Gow) i sryzmea
(Sl lylal = flofyleflo],
where o = [z|-- -] is any cell of dimension 1 or greater.

Proof: This is divided into four parts. Note first that, from the inequalities
m+s(z,y)g < (2@ y) +s(@,y)g=2+y <2m+2q¢—1,

it follows that s(x,y)g < m + 2¢ — 1. Therefore, for any 0 < i < s(x,y), we have
iq = p(iq) € C and the formula above for f[z | y] is well defined.

Part 1. We prove in this step that the assignment in (5.30) extends to a morphism
of complexes of HC-modules. This follows from Proposition 5.2, since one verifies
recursively that

flor |- | zn] € Ru(21 @ - - ® 2p)

as follows: The case when n = 0 is obvious. When n = 1, it holds since wy € R and
(r1 —1)@rwo=(x1 —1) ®1 =z, and for n = 2 since v; € Ry and

(1 ® z2)-m) ® v = ((x1 @ 22)-m) Bm = 1 B x2.

Then, for n > 3, induction gives f[x1|---|z,] = flz1]|z2]® flzs| - - |xn] ER2(21 Da2)e
Rn—Z(-TS S R xn) an(Q:l DD xn)-
Part 2. We prove now that df = f0.

(5.28)

For a 1-cell [z] of B(ZC), we have df[z] = z((x — 1).0wp) = 0= fO[x].
For a 2-cell [z | y], we have

fOlr [yl = 2 fly] — flz @ y] + y«flz].

To compare with Jf[z | y], we shall distinguish three cases:
- Case x +y < m + q. In this case df[z | y] = 0, and also

fole [yl = y((z +y = Dwwo) = (2 +y)((z +y — 1)uwo) + z((z +y — 1)xwo) = 0.
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-Casex+y>m+q and x ®y =m. Here, (t —1)Dy=m+q—1=2d (y—1).
Then,

s(z,y)-1

Offe |yl = D (m+q)((ig® (m+q—1)).wo)-m((ig ® (m — 1)).wo)
1=0

= (m+q)((m+q—1)«wo)-m((m — 1).wo)
s(x,y)-1

+ > (m+g)((m+q—1).wo)-m((m+ q— 1)).wo)
=1

= (m+q)((m + g — 1)«wo)-m((m — 1).wo)
+ (s(z,y) — Dg((m + g — 1).wo)
= (m+ s(z,y)q)((m + g — 1).wo)-m((m — 1), wo)
= (z +y)((m + g — 1)xwo)-m((m — 1).wo) = fO[z | y].

-Case x+y > m+q and xHy > m. In this case, (x—1)dy = (zdy)—1 = 2B (y—1),
whence

Oflx [y = ((z ®y)-m) @ ig)«0vy
i=0
s(z,y)-1
= Z (m+q)(((z®y)-m) ® ((igd (m+q—1)).wo) (5.31)

i=0
s(z,y)-1 s(zy)-1

- Y m((@ey)m) @ (ige (m —1)),wy) = (m+q)((z@y) —1).wo)

i=0 1=0

s(z,y)-1

=Y ml(z @ y) - 1))ewo) = sz, y)((z @ ) — 1)ewo)

)

=(y —:(3: ®y) +2)((x®y) —1)swo) = fOz [ y].
For a 3-cell [z | y | 2], we have to prove that fO[z |y | z] = 0 or, equivalently, that
vofly 2]+ fle [y @ 2] = 2 flz [yl + fle @y | 2]. (5.32)
Sincez+(y®z2) =2dy®z+ s(z,y @ 2)q, it follows that

@ ((y©z)-m) = ((z©y®2z)-m)®p(s(z,y D 2)q),
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whenever y @ z > m. Then, we can write

0, if s(y,z) =0,
_ s(y,2)-1
07 if 5(3/72) = 07
_ s(y,2)-1
{ (ry® z)-m)*( 20 o(s(wy @ 2)q + iq)*vl)’ ifs(y,2) 2 1.
As
0, if s(x,y ® z) =0,
_ s(z,y®z)-1
flely®s (@ y® 2)m).( > (i-q)v1), ifs(@y@2) 21,
=0

one concludes the formula

0, if s(y,2) =0=s(z,y ® 2),
o fly | 2]+ flr | y@ 2] = s(w2)+s(@ydz)-1

(x®y® 2)-m), ( (i- q)*v1>, otherwise.

i=0
Similarly, one sees that
0, if s(z,y) =0=s(x B y,=2),

zoflz [ yl+ flzdy | 2] = { (zoyo Z)_m)*(S(mvyHS(z@y,z)—l

(z’-q)*v1>, otherwise,
i=0
and the equality in (5.32) follows by comparison using (5.25).

Finally, foracell [z |y |z |t|---] =[z |y | 2| 7] of dimension higher than 3 we
use the formulas

Ola [z |b] = [da]|x][b] + a0z |b]], (5.33)
which holds for any even chain a and any other chain b of B(ZC), and

O(ced) =cedd, (5.34)
which holds for any chains ¢, d € R. Thus, as we know that fO[z | y | z] = 0, induction
gives

(5.33)
folz [yl z]r] =" flOlx |yl 2| 7]+ flzly|dlz]|7]]

= fole |y | 2 e flr] + fla |yl e fOlz | 7] = flu | y) @ Of[z | 7]
C2V ol |yl e flz | 7)) = Oflw |y | 2 | 7]

Part 3. Here we show that f preserves products. It is enough to prove that
flooT)=f(o)o f(r) forcells o =[xy |-+ | ] and 7 = [y1 | -+ | yw]| of B(ZC).
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As in [32, page 99], a term T = %[t1 | - -+ | tp1p] in the shuffle product (5.18) of o
and 7 is called mized whenever there exists an index ¢ such that t9;_1 is an = of ¢ and
to; an gy of 7, or vice versa. Choose the first index ¢ for each mixed T, and let 7" be
the term obtained from 7" by interchanging to;_1 with t9;. Since f[z,y| is symmetric,

f(T) = flt1 [ ta] @~ o fltai—1 | tai] ® fltait1 |- -]
= flt1 | to) @ flta; | tai—1] ® fltait1 | ---] = f(T").

Since T' and T” have opposite signs, the results cancel and f(oco7) =Y f(T), with
summation taken only over the unmixed terms, and where the sign of each term due
the shuffle is always plus. If n = 2r + 1 and n’ = 2’ + 1 are both odd, there are
no unmixed terms, so f(o o7) = 0 in agreement with the fact that f(o)o f(7) =0
(since wi ow; = 0). If n = 2r and n’ = 2r’ are both even, the unmixed terms 7" are
obtained by taking all shuffles of the r pairs (z1,x2), ..., (T2r—1, T2,) through the pairs
(Y1,92), -y (Y2r7—1, Y2, ). For any such a shuffle

f(T) = flz1 | zo] @ o flzo,—1 | x2r] @ flyr [ y2] @ -+ @ flyoy 1, Y20 ] = f(o) ® f(T)

and the number of such shuffles is (Ttrl), hence

r4+7r

r

foor)= (") 1) 0 501 = o) 0 50,

as desired. For n = 2r and n’ = 2r’ + 1, the unmixed terms T are as above but with
the last argument ys,711 always at the end. Hence, for each of them

f(T)=flz1 | x2]e- - -0 flxor 1 | Z2r|0fly1 | y2le- - - flyor_1, Y2 ]® flyor 1] = f(o)e f(T),

and therefore f(ooT) = (Ttr/)f(a)of(f) = f(o)of(7). The remaining case n = 2r+1
and n' = 27’ is treated similarly. O

Proposition 5.9 A morphism g : R — B(ZC), of DGA-algebras over HC, may be
defined by the recursive formulas

gvo = [],
gwi = lgvi | 1], (5.35)
gV = >, (mtg—t=1lgwi [t] = > (m—s—1)[gwy | s].

t<m-q s<m

Proof: Part 1. We show here that the assignment in (5.35) extends to a morphism
of complexes of HC-modules. By Proposition 5.2, we have to verify that gvi €
B(ZC)ak(k - m) and gwy € B(ZC)ok11(k-m @ 1). Clearly gvo =[] € B(ZC)(0).
Assume that gvi, € B(ZC)9k(k - m). Then, we have

gWE = [ng; ’ 1} € B(ZC)2k+1(k -m P 1),
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as required. Moreover, for any t < m + ¢ and s < m,

(m—+q—t—1)fgwe | 1],(m — s = 1)u[gwy | 5] € B(ZC)2p42((k + 1) - m),
since

(m+q—t—1)dk-melet=(k+1) - m=m—-s—-1)8k-m&1Es.
Whence gvii1 € B(ZC)ap42((k + 1) -m).

Part 2. Here we shall prove, as an auxiliary result, that

gvio[l] = gwg, gwio[l] =0, (5.36)
where o = oy is the shuffle product (5.18) of B(ZC). Clearly gvpo [1] =[] o [l] =
[1] = [gvo | 1] = gwo. Assuming the result for gvy, we have

gwro[l] =gvgo[l]o[l]=gvio([1|1]-[1]1])=0,
from where, in addition, it follows that, for any ¢t € C,
lgwi | t]o[1] = [gwg [t | 1] — [gwg o [1] | ] = [gwy. | ¢ ] 1],
whence
gViroll= Y (mt+qg—t—1ufgwi [t]1] =D (m—s—1.[gwi | s]|1]
t<m-q s<m
= [9Vk+1 | 1] = gWE1.

Part 3. We now prove recursively that dg = ¢0.
For argument wy is immediate: dgwo = 9[1] = 0. For argument vy 1, first observe
that dgwy = 0 gives, for ant t € C,

dlgwe | 4] = lgve | 114 °ZY [0lgvi | 1] 4] + lgvi | 911 | 2]

= [Ogwi [ 1]+ [gve | O[1 [ t]] = [gv | O[1 | 2]
= Lgve | t] = [gvi | 1@ t] + tufgve | 1]
= Llgvi [ t] = [gvi [ 1 ©t] + tigwp.

Then,
Ogviri= Y, (m+q—t—1)0[gwy |[t] =D (m—t—1).0[gw | 1]
t<m-+tq t<m
= > (mAqg—tlgvi [t - (m+g—t—1)lgvi | 1+1]
t<m-4q—1

+(m+q—1)wgwi + Lfgvi | m+q—1] = [gvi [ m] + (m + g — 1).gwy

=D (m—t)fgvi | ] = (m—t = 1)[gvi | 1+ ]+ (m = 1).gwy

= —Lgvi [m+q—14+(m+q—1)((m+q—1).gw)
+ Lgve [ m+q—1] = [gvi | m] + (m + ¢ — 1)xgw + [gVvi | m]
—m(m —1).gwi = (m + q)((m + g — 1)sgwi) —m((m — 1).gwi) = gOvi41.
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And for argument w1,
5.36),(5.7
OgWi 41 (55061 g1 o [1]

— ((m +q)((m+q—1)sgwi) —m((m — 1)*(gwk))> o) %29 g

Part 4. Here we show that g preserves products by proving that g(a o b) = ga o gb for
a,b € {vi,w;}. For the case when a = wy, and b = w;, we have

(5.36 5.36)
gWE 0 gW; = ) gvi o [1] o gw; (360 g _ g(wi o wy).

To prove the remaining cases, first observe that if gvi o gv; = g(vi o v;) for some k
and [, then

gwiogv; =gvio[l]ogvi=gviogvio[l] =g(viov)o[l] =

k+1 k+1
= L gviqio[l] = L gW1 = g(Wy o vy).

Next, we show that gvi o gv; = g(vy ov;) by induction. The case when k =0or =0
is immediate, since gvo = [ ]. Now, using that, for any ¢,s € C,
(5.12)
lgwi [ t]o[gwy | s] =" [lgwy | t] o gwi | s] + [gwy o [gw; | 5], 1],

we have

gvisogvii= Y, (mq—s—1.[ Y (m+q—t—1.lowi|t]ogwi|s]
s<m-+q t<m-+q

= Y mtag—s— 1. Y (m—t=1lgwi | ogwi |3

s<m-+q t<m

+ Y mtg—t=1.fgwio Y (mtq—s—D.lgwi| s |¢]
t<m-+q s<m-—+q

= > mtg—t-1.[gwio Y (m—s—1lgwi| 5] |¢]
t<m-+q s<m

—Z —t—1) [gwko Z (m+q—s—1)*[gwl\s]\t]
t<m s<m-+q

—I—Z —t—1) [gwkoZ(m—s—l)*[gwl\sHt}
t<m s<m

—Z —s—1) { Z(m+q—t—1)*[gwk|t]ogwl]s}
s<m t<m-+q

+ 3 m—s =1 Y (m—t=1)lgwi [ o gwi | 5],

s<m t<m
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and then, by induction,

gVir1ogvigr = Y (m+q—s—1)[gvis10gwi | ]

s<m—+q
+ Z (m+q—1t—1)[gwk o gwii1 | 1]
t<m-q
— S m—s—.lgvisiogwi | 8] = 3 (m—t — 1).[gwy 0 gwiss | £
s<m t<m
k+1+1
< b1 >( > (m+q—s5—1)ulgWiyira | 8]
s<m-+q
=Y = s = Dulgwiiii | 5)) (5.37)
s<m
k+1+1
+< 1 )( Y (mtg—t—1).fgwirg | 1]
t<m+q
— 3 (m =t = 1) [gWhiin |t}> (5.38)
t<m
R T LR R AP ISR AV
k41 GVi+i+2 k 9Vk+i42 = k41 GVk+i+2

= 9(Vit10vip).

O
Now, we are ready to establish the following key result.

Theorem 5.4 The morphisms f : B(ZC) — R and g : R — B(ZC), as defined
above, form a contraction.

Proof: Part 1. We start by showing that the composite fg is the identity. Clearly
fgvo = f[ ] = vo. Then, induction gives

fowe P2 fgvi o [1]) = fgvi o FI1] = vi, 0 wo = wr,

fovirr= Y (m+q—t—=1)flgvll [ ] = > (m—s—1).flgvi|l|s]

t<m-+q s<m
= Y (mtg—t—=1.(flgvi] e FIL[ 1) = Y (m—s5—1).(flgvi] ® f[1]s])
t<m-+q s<m

:VkOf[1|m+q—1]:Vk0V1 = Vki1-

Part 2. Here, we describe the composite gf. Clearly gf[ | =[] and gf[x] = z((x —
1).[1]). For those 2-cells [z | y] such that z +y < m+ ¢ we have gf[z | y] = 0, and, as
we prove below, the effect of gf on the 2-cells [z | y] with x + y > m + ¢ is described
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by the formula

m+q—1 r—1
oflelyl= Y (@Hy—t—1.1[t]+ ) (m+r—t—1)[1]¢ (5.39)
t=x+y—m—q t=0

m—1 s(zy)—1  dig+r—1

=Y mr—t=1)LL[+ Y D (mtigtr—t—1)1]1
t=0 =1 t=(i—1)q+r
s(z,y)—1m+q—1

+ Z Z (m4ig+r—t—1)[1]t],

=1 t=m

where we write x +y = m + s(x,y)g+ r with 0 < r < ¢ (so that z @y = m +r).
Concerning the two last terms, note that (s(z,y)—1)g+r < m+q whenever s(x,y) > 2,
since m + s(z,y)g+r =z +y < 2m + 2q.

In effect, by definition of f and g, we have

s(zy)—1 mtq-1 m—1
flz | v] Z ( Z p(m~+(i+1)g+r—t—1), p(mtig+r—t—1),[1 | t])
1=0 t=0 t=0

Then, since for any ¢ > 1 and t < ris p(m+ (i+1)g+r—t—1) = p(m+ig+r—t—1),
we see that

m+q—1 r—1
gfle |yl = > (m+q+r—t—1.[L[]+) (m+r—t—1)1]1
t=r t=0
m—1
=Y (mtr—t—1)1]1
t=0

s(x,y)—1  m+q-1

+ Z ( Z pm+ (i4+1)g+r—t—1)]1]1

- p(m+iq+r—t—1)*[1|t})

t=r
r—1 m—1
=> (mAr—t=1L0[=> (m+r—t—1)[1]]
t=0 t=0
(z,y)—1m+qg—1
+ Z Z (m+(i+1)g+r—t—1)[1]1]
7y) Im—1

Z Z (m+ig+r—t—1),[1]1,
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from where (5.39) follows thanks to the equalities

m+q—1
Y pm+(i+Dgt+r—t—1).1]1=
t=r
i—1 (I+1)g+r—1 m+q—1
Yoo > m++Dg+r—t =1L+ > (m+(i+Dg+r—t—1).[1]1],
=0 t=lg+r t=iq+r
m—1 i—1  lg+r—1
Y opmtigtr—t—1L11=> DY (m+lgt+r—t—1)[1]1
t=r =1 t=(I-1)g+r
m—1
+ (m4ig+r—t—1)1]¢].
(i—1)g+r

Finally, to complete the description of the composite g f, for generic cells [z | y | o]
of dimensions greater than 2 we have the formula

gflz |y | ol = [gf[z,y] | gflo]]. (5.40)

In effect, as gf[x | y | o] = g(flz,y] ® flo]), by linearity, it suffices to observe that, for
any k > 1,
glviewy) = [gvi | gwi], g(vievy)=lgvi|gvi],

or, equivalently, that gwyi1 = [gv1 | gwg] and gvii1 = [gv1 | gvk]. But these last
equations are immediate for k = 1, and for higher k by a straightforward induction.
Part 3. We establish here a homotopy ® from ¢f to the identity, which is determined
by the recursive formulas

o[] =0,
Ple] = 2 (x—t =114, (5.41)

Oz |y o] =[] |y |o] +[gfle]y]| lo]].

Since, for any t <z in C, (x —t—1) & 1Bt = x, we see that 7®[x] = x and then, by
recursion, that 7®[x | y | 0] = ¢ @ y @ w[o]. Hence, by Proposition 5.2, the formulas
above determine an endomorphism of the complex of HC-modules B(Z(C'), which is
of differential degree +1.

Next, we prove that ® : gf = id is actually a homotopy:

For a 1-cell [z] is ®0[z] = 0, and

00[] = Y (¢ = t)u[t] = (x =t = DL+ 1] + (2 = 1)[1] = ~[a] + 2((z — 1).[1])

—[z] + gf[z],

as required.
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For a 2—cell [z | y] we have

(02 +@0)w [ y] =D (v —t = Du(Llt [ y] = [L+ty] + [L[ ¢ Dy] — [l | 1])

+ ;(w‘@ (y —t<t$— D)«[11]1] —t;xe; (z@y) —t=1)[1 ][]
+t§((x—t—1)69y)*[1 | 1] Z;(i—t)*[t [yl = (@ —t=1).[1+1]y]
+t§($—t—1)*[1t@y]—;?zx—t—l)@y)*[llt] (5.42)
+§($@ (y—t—=1))[1]¢] —i;@ (z@y) —t=1)[1]]

+t§((w —t—Loy)l|t= —[m,yy] + tZ(l’ —t— 1.1t @yl

+§(ﬂf@ (y—t—1))[1]¢] —t%y((w @<;) —t—1).[1]1].

If s(z,y) = 0 then, forany t < z, t@y=t+yanda® (y—t—1)=az+y—t—1=
(r ®y) —t — 1. Therefore

Sttty + Sty —t— 01— 3 @y —t— 118 =

t<z t<y t<z+y
and, since gf[z | y] = 0, it follows that (0® + ®I)[x | y] = —[z | y] + gf[z | y], as
required.

If s(x,y) > 0, the composite g f[z | y] has been computed in (5.39) and, writing as
there x +y = m + s(z,y)q + r with 0 < r < ¢, we have

s(z,y)—1
Ya—t—1l|tey= > Y @—t—1u1]t+y—1q
t<w =1 t<w

mAlg<t+y<m-+(l+1)q
+ > (@—t=Dl Y+ D (@t D[l t+y—s(z,y)g]-

t<z t<x
t+y<m-+q mts(z,y)q<t+y
Now, making the changes u =t +y —lqg, u =t +y, and u =t +y — s(x,y)q in the
respective terms, and then renaming the u again by ¢, we obtain

s(z,y)—1 m4q—1

d@—t—1.l1[tey = Z Z (m+iqg+r—t—1),[1]1

t<x
m+q—1 m+r—1

+ > @y —t—1LL ]+ DY (mAr—t—1)[1]1.

t=y t=m
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Similarly, we have

s(z,y)—1  ig+r—1
Y@@ y—t—1))1]1= Z > (mtig+r—t—1).[1]1]
t<y =1 t=(i—1)g+r
y—1 r—1
+ > (@Hy—t—1L [+ (mtr—t—1)[1]¢],
t=z+y—m—q t=0
and
m+r—1
S (@oy) —t-1il= 3 (mtr—t—1.1]4,
t<zdy t=0
Hence, a direct comparison with (5.39) gives that (0®+®9)[z | y] = —[z | y]+9f[z | ¥],

as required.

Finally, we prove that (0®+®0)(7) = —7+g¢f(7) if 7 is of dimension 3 or greater.
To do so, previously observe that, for any generic cell v of B(ZC'), we have

ANgflz |yl | ()] = lgflz | y] | 02()]- (5.43)

To prove it, by linearity, it suffices to check that djgvi | 1 | 8] = [gv1 | O[1 | S]], for
any generic cell 3:

algvi 11181 “2Y 10lgvy 1111 81+ [gv1 | 911 | 8]
C2) (gwy | 8]+ [gva | 11| Bl = [g0wy | B + lgva | 011 | 8] = [gvs | 911 | ]I

Now, according to the definition in (5.41), on chains ¢ of B(ZC) of dimensions 2
or greater, we can write ®(c) = ®1(c) + P2(c), where ®; and P, are the morphisms of
HC-modules given on generic cells by ®1[z | y | o] = [®[z] | y | o] and Pz |y | 0] =
[9flx | y] | ®(o)]. Then, for the generic cell 7= [z |y | z | p], as

Or =0z |yl | z|pl=[z[0lylz]pll =0z |y|z]|pl+[x]ylolz]pll

we have

®I(1) = 1[0z | y] | 2 | p] = afz | Oy | = | pl] + @2[0[z | y | 2] | p]
+ Oofz [y | 92| pl]
=@z | y] | 2| p| = [®[z] | Oy | 2 | pl]
+gfolz [y | 2| @p)] + [gffz | y] | O | pl]
= [@0[z | y] | 2| p| = [®[z] | Oly | 2 | pl] + [9f[x | y] | ®O[z | p]],

since fOlz |y | z] = 0 by (5.32). Furthermore, by using (5.33) and (5.43), we have

o0(7) = 0[®[x] |y | 2z | p] + Olgflx | y] | @[z | pl]
=[0®[x [ y] | 2| p] + [@[z] | Oy | 2 | p]] + [9f[z | y] | OP[z | p]],
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whence, by the already proven above and induction on the dimension of p, we get

(0P + @0)(7) = [0@[z | y] | 2 | pl + [9f[z | y] | OP[z | p]] + [®O[z | y] | 2 | p]
+gflx [yl [ @0z | pl]
=02+ ®0)[z [ y] | z | p] +[gflx [ 9] | (02 + @I)[z | p]]
==l |yl +aflelyll 2]l +9flx [yl [ =[]l + 9f= | p]

= —[ely |z +lgflz 9] | oflz | o) P2 —r + gf(r),

as required.
This completes the proof of Theorem 5.4, since the conditions in (5.14) are easily
verified. O
If A is any HC-module, by Proposition 5.4, the first level cohomology groups
H™(C,1;A) are precisely Leech cohomology groups H{*(C,.A). Hence, by Theorem
5.4, these can be computed as H[*(C, A) = H"(Hompc (R, A)). Since, by Proposition
5.2, there are natural isomorphisms

Hompge (Rok, A) =2 A(k-m), Hompgc(Roks1,A4) =2 A(k-mo1).
we obtain the following already known result.

Proposition 5.10 (Corollary 2.3 in Chapter 2) Let C = Cy, 4 be the cyclic mo-
noid of index m and period q. Then, for any HC-module A and any integer k > 0,
there is a natural exact sequence of abelian groups
0= H}YC,A) — Alk-me 1) -5 A(km @ m) — H}2(C, A) - 0,
where 0 is given by 8(a) = (m+ q)((m + ¢ — 1)a) — m((m — 1).a).
We consider now the rth level cohomology groups of C' = (), 4 with 7 > 2. By
Theorem 5.4 and an iterated use of Lemma 5.1 we conclude that the complexes of

HC-modules B"(ZC) and B"~!(R) are homotopy equivalent. Therefore, for any HC-
module A, there are natural isomorphisms

H"(C,r, A) = H"(Hompc (B (R), A)).

An analysis of the complexes B"}(R) tell us that B""'(R), = 0 for 0 < n < r, and
that we have the diagram of suspensions

7?,4 R3 R2 7—\"11

A

B(R)s —= B(R); —=B(R)3 —=B(R)2 —= 0

{

B2(R)s — B2(R); — B%(R); — B2(R)3 — 0

S

S S

where
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e B(R)4 is the free HC-module on the binary set consisting of the suspen-
sion of the 3-cell wi of R and the 4-cell
[wo|wo

with w[wo | wo] = ©(2), whose differential is d([wo | wo]) = wo o wg =0,

e B(R);5 is the free HC-module on the set consisting of the suspension of
the 4-cell vo of R together the 5-cells

[wo | vi], [vi | wo]
with m[wo | vi] = m @ 1 = w[vi|wy], and whose differential is

dwo | vi] = w1 — (m + q) ((m + g — 1)«[wo | wo]) +m((m — 1).[wo | wo]),
Olvi | wo] = —w1 — (m + ¢)((m + ¢ — 1)«[wo | wo]) +m((m — 1)«[wo | wo]).

e B2(R)g is the free HC-module on the set consisting of the double sus-
pension of the 4-cell vy of R, the suspension of the 5-cells [wq | vi] and
the [v1 | wo] of B(R)5, and the 6-cell

[wo | wo
with w[wq | wo] = p(2), whose differential is

6[W0 H Wo] =0.

Then, by Proposition 5.2, there are natural isomorphisms

Hompce (B(R)2, A) = A(1),

Hompe (B(R)s, A) = A(m),

Hompe (B(R)1, A) 2 A(m & 1) x A(o(2)),
Hompe(B(R)s5,A) 2 A(2-m) x Aim® 1) x A(m @ 1),

Hompo(B?(R)s, A) = A(2-m) x A(m @& 1) x A(m @ 1) x A(p(2))-
In these terms the truncated complex Hompyo(B(R),.A) is written as

0= AN S Am) B Ama1) x A(p2) B A2 -m) x Am®1) x A(m® 1), (5.44)

where the coboundaries are given by

' (a) = —(m+q)((m+q—1).a) + m((m — 1).a),
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0% = 0 is the morphism zero, and

9(a.b) = (=(m+q)((m + g = 1)za) +m((m = 1).a),
a = (m+q)((m+q—1).b) +m((m—1).b),

—a— (m+q)((m+q—1).b) +m((m— 1)*b))7
while the truncated complex Hompc(B?(R), A) is written as
0—A(1) 5 Am) BAm 1) x A(p(2)) (5.45)
B AR-m)x Am®1) x Alm® 1) x A(p(2)),

where 9! and 0? are the same as above whereas 93 acts by

83(a,b) = ((m +q)((m + ¢ — 1)ua) —m((m — 1).q),
—a+ (m+q)((m+q—1)b) —m((m—1).b),
a+ (m+ q)((m +q—1).b) — m((m - 1)*b), 0).

Then, as an immediate consequence of (5.44) and (5.45), we have

Theorem 5.5 Let C = Cy, 4 be the cyclic monoid of index m and period q. Then,
for any HC'-module A, there is a natural exact sequence of abelian groups

0— HX(C,2; A) — A1) -2 A(m) — H3(C,2;.A) = 0
where (a) = (m + q)((m + q — 1)sa) — m((m — 1),a), and natural isomorphisms

H*(C,2,A) = H>(C,3; A)

= {b € A(p(2))

(m+ q)?p(2m + q — 2).b = m*p(2m — 2),b,
2(m+q)(m+q—1)b=2m(m — 1).b, '

Note that in the case when the cyclic monoid is of index m = 1, the above de-
scription of H*(C,2;.A) adopts the simpler form

(g +1)%q.b =D, }

4 . o~
H(C.24) = {b AV ot g =,

while when m > 2,

4 . ~
H(C,2; A) = {b € A(p(2)) 2(m + q)(m + ¢ — 1)4b = 2m(m — 1),b,

(2mg + ¢*)p(2m — 2).b = b, }
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Corollary 5.8 For any finite cyclic monoid C, any integer r > 1, and any HC-
module A, there are natural isomorphisms

H™(C,r; A) = HE(C, A) = HE(C, A).

Proof: A direct comparison of the exact sequence in Theorem 5.5 with the sequence in
Proposition 5.10, for the case when k = 0, gives H3(C,2; A) & HZ(C, A). Then, the
result follows since H*(C,2; A) = HZ(C, A) by Proposition 5.5, and H"*(C,r; A) =
H3(C,2; A) by Corollary 5.6. O

Corollary 5.9 For any finite cyclic monoid C, any integer r > 2, and any HC-
module A, there are natural isomorphisms

H™2(C,r; A) = H2(C, A).

Proof: By Corollary 5.7, H™2(C,r; A) = H5(C,3;A), for any r > 3. Since, by
Theorem 5.5, H>(C,3; A) = H*(C,2, A), the result follows by Proposition 5.6. O
For instance, if A is any abelian group viewed as a constant HC-module, then
H*(C,2; A) is isomorphic to the subgroup of A consisting of those elements b such
that
(m +q)*b = m?b, (2mgq +¢*)b =0, ¢*b =0,

2yp —

where (2q,¢%) = q(2,q) is the greatest common divisor of 2 and ¢. This leads to the
following isomorphism, which is analogous to the proven by Eilenberg- Mac Lane for
the third abelian cohomology group of the cyclic group C,; with coefficients in A [32,
Section 21].

Corollary 5.10 For any finite cyclic monoid C, any integer r > 2, and any abelian
group A, there is a natural isomorphism

H™2(C,r; A) = Homay (Z/ (29, ¢*)Z, A).

5.6.2 Cohomology of the infinite cyclic monoid

In this subsection we focus on the additive monoid of natural numbers C, = N. As
before, we start by introducing a commutative DGA-algebra over HC,,, R, simpler
than B(ZCx).

For each integer k =0, 1,..., let us choose unitary sets over C,, {wo} and {vy},
with 7wy = 1 and nvy, = k. Then,

Ro = the free HCs-module on {v},
R1 = the free HCs-module on {wy},
Rnp = 0,n>2
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The differential 9 = 0 is zero. The augmentation is the canonical isomorphism Ry = Z,
and the multiplication on R is by determined by the rules vy o vy = vg, vgowg = wy
and wg o wg = 0.

Theorem 5.6 There are DGA-algebra morphisms f : B(ZCx) — R and g : R —
B(ZCy), determined by the formulas

which form a contraction.

Proof: It is plain to see that the above assignments extends to well defined morphisms
of DGA algebras over HC,. Indeed, for f, we have f[] = vg € Ry(0), and

(r—1)drwop=(z—1)d1l=u,

which implies f[z] € Ri(x). Moreover df = 0 = f0, and so f is a morphism of
complexes of HC-modules. We now check that f preserves products, indeed,

f(TelD) =fl1=vo=voovo=f[]of[],
f([ela]) = fla] = z(z — 1)swo = vo o z(z — 1).wo = f[] o f[z],
[zl o ly]) = flo |yl = fly | 2] = 0= flz] o flyl.
On the other hand, gvy € Ry(0), gwo € Ri(1) and dg = 0 = g9, so g is a

morphism of complexes of HC-modules. To show that g preserves products it is also
straightforward, as we see below.

g(voovg) =gvo=[]=[]o[]=gvoogvo,
g(voowo) = gwo = [1] =[] o [1] = gvo o gwo,
g(woowg) =0=[1] o[1] = gwg o gwy.
To prove that they form a contraction, we begin by showing that the composite
fg is the identity:
fgvo = fl1=vo, fgwo= f[l] = 0.wo = wo.

We describe now the homotopy @ : gf = id by the formula

Ol = > (z—t—1)[1]1],

o<t<zx
Oz | o] = [®[z] | o],
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with o any cell of dimension greater than 1. It is plain to see that, so defined, @ is a
morphism of HC..-module since, for any ¢t < z,

(z—t—-1)dldt=n=x,

and thus 7®[z] = z and 7®[x | o] = 7[®[z] | 0] = = ® 7[o] = 7[x | o]. We show now
that 0 + 0 = gf — id.

For a 1-cell [z] is ®0[x] = 0, and

0B[x] =) (x—t)ult] — (x =t = Ve[l + 1] + (2 = 1)[1] = —[2] + z((z — 1).[1])
= —[z] + gf[z],

as required.

For a 2—cell [z | y] we have

O+ @)z |yl =Y (w—t—Du(Luft |yl = [L+tyl + 1 t+y] — 1] 1)

+;(w+y—tt<i1))*[1!t]—t§ (z+y—t—1)1]¢]
+t§((w+yt1)*[1|t]=t2(jst)*[tly](frstl)*[Ht!y]
+t§(wt1)*[1!t+y]ti?ﬂytl)*[llt]
+§(w+y—t—1)*[1lﬂ—t:§x; (x+y—t—1)[1]1]
+t§(fc+y—t—1)*[1It]=—[fv>yy]+t2(x—t—1)*[1|t+y]
+§(ﬂc+y—t—1)*[1It]—tg;y(ﬂj—t—l)*[lIt]=—[x|y]-

Since gf[z | y] = 0, it follows that (9® + ®9)[z | y] = —[z | y] + gf[z | y], as

required.

Finally, for 7 a cell of dimension 3 or greater, we prove that (9® + ®9)(7) = —7+
gf (7). Recall that for a cell 7 = [z | y | o] we have the formula

Oz |ylol =0z |yl o] —[z]0y]o]l,

and thus,
POz |y | o] = [®O[z | y] | o] — [@[z] | Oly | o]).

On the other hand, from (5.33), we obtain

00z |y | o] = 0[®@[z] | y | o] = [0[®[x] | y] | o] + [®[2] | Dy | o]].
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Hence, by the already proven above we have
POz [y | o]+ 0Pz |y|o] =[®[x |y]|o] +[0®[x | y] | o] =[x ]y]|0],

and, since gf[z | y | o] = 0, we conclude that ® is indeed an homotopy between the
identity and the composite gf. The remaining conditions (5.14), in order to form f, g
a contraction, are straightforward to check. (I

By Proposition 5.4, there are isomorphisms H"(Cx, 1; A) = H{*(Coo, A), for any
HC'y-module A. Then, as a consequence of Theorem 5.6, we recover the computation
by Leech of the cohomology groups of the monoid C [53, Theorem 6.8].

Proposition 5.11 For any HCy -module A, there are natural isomorphisms
HL(Coo, A) = A(0), H{(Coo, A) = A(1),
and for every n > 2, H(Cwo, A) = 0.

We now pay attention to the second level cohomology groups of Co,. By Theorem
5.6 and Lemma 5.1, H"(Cw, 2; A) = H"(Hompc, (B(R),A)). An analysis of B(R)
tell us that

{ B(R)ax = the free HCxo-module on {v},

B(R)ak+1 = 0,

where, recall, vy = k; the augmentation is the canonical isomorphism B(R)y & Z
and the product is given by
k+1
VoV, = PSS

Hence,

Proposition 5.12 For any HCy-module A, and any integer k > 0,
H*(Cy,2; A) = A(k), H*(Cy,2; A) = 0.
From Corollary 5.6, it follows that
Corollary 5.11 For any HCw-module A, and any integer r > 2,
H™(Cy,m; A) = 0.
We finish by specifying the 3rd level 5-cohomology group of Cw..

Proposition 5.13 For any HCw-module A, and any integer r > 3, there is a natural
isomorphism

H™2(Coo,r; A) =2 {a € A(2) | 2a =0}
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Proof: By Corollary 5.7, H™"2(Cyo,7; A) = H?(Cwo, 3; A). An analysis of B?(R) tell
us that B%2(R); = B(R); = 0, B2(R); = B(R)4 is the free HC,.-module on {vs},
where vy = 2, B%(R)g is the free HCx-module on {[vy | v1]}, with 7[vy | v1] = 2,
and the differential is

8[V1 ” Vl] = —2V2.

Whence, for any HCs-module A, H(Cy,3; A) = {a € A(2) | 2a = 0}. O






Resumen

Las categorias monoidales surgen en distintas ramas de las matematicas y han sido, por
tanto, ampliamente estudiadas en la literatura. Los grupoides monoidales pequenos,
que aparecen por ejemplo en algebra y en topologia algebraica, son objetos mate-
maticos importantes en si mismos. La mayor parte del trabajo presentado en esta
tesis estd motivado por el andlisis de distintos tipos de grupoides monoidales, y su
objetivo ultimo es probar teoremas de clasificacion cohomolégica para ellos. Algunos
de estos resultados han sido establecidos usando teorias de cohomologia ya conocidas
y estudiadas, mientras que otros han necesitado el desarrollo de nueva teorias. Por
lo tanto, esta memoria contribuye también al estudio de monoides bajo un punto de
vista homoldgico.

La tesis se encuentra divida en cinco capitulos. Estos capitulos pueden leerse de
forma bastante independiente, aunque comparten gran parte de terminologia y argu-
mentos técnicos. Exceptuando algunos cambios de notacién realizados para unificar la
presentacién, y que la bibliografia se encuentra recopilada al final, el Capitulo 1 ha sido
publicado como [10] en la revista Semigroup Forum (2013), el Capitulo 3 como [16] en
Semigroup Forum (2015), el Capitulo 4 como [15] en Mathematics (2015), mientras
que los Capitulos 2 y 5 corresponden a los articulos [12] y [13], que se encuentran
actualmente pendientes de publicacion.

En el Capitulo 1 analizamos la estructura de grupoides monoidales arbitrarios
(M, ®,1,a,l,7), es decir, categorias pequenas M cuyos morfismos son todos inver-
tibles y enriquecidas con un producto tensor

QMXM->M, (X,)Y)—XRY,
un objeto unidad I € M y los isomorfismos naturales
axyz: (X@Y)9Z =X Y®Z), Ilx:Ie X=X, ry:Xel=X,

de asociatividad y unidad izquierda y derecha, respectivamente. Estos isomorfismos
han de verificar, para cualesquiera objetos X,Y, Z,T de M, los siguientes diagramas
(lamados usualmente el pentagono de asociatividad y el tridngulo de la unidad):

(XeY)®2)T % (XY)®(ZoT) %X (Y®(Z2T))
a®1¢ 'Tl@a
(X® (Y ®2)T a Xo(Y®2)eT)
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(XY 2= X®(IY)

XY

Inspirados por trabajos de Schreier [67], Grothendieck [45], Sinh [69] y Breen [8],
entre otros, desarrollamos una teoria de Schreier-Grothendieck 3-dimensional para
grupoides monoidales. Concretamente, nuestras conclusiones al respecto se resumen
en la existencia de biequivalencias

Mnd,

A
MonGpd =~ Zg_ab
b))
entre la 2-categoria de grupoides monoidales y la 2-categoria de lo que hemos deno-
minado sistemas de Schreier para grupoides monoidales o 3-cociclos no abelianos para
monoides. Se trata de sistemas de datos

(M, A,0,))

consistentes en un monoide M, una familia de grupos A = (A(a))sens (no necesaria-
mente abelianos) indizados por elementos del monoide, una familia de homomorfismos
de grupos
* b*
O = (A(b) = A(ab) +— A(a))apen,

y una aplicacién normalizada

A MxMxM— ] Aa) | Aape € Alabe),
aeM

satisfaciendo una serie de axiomas. En esta categoria Zg_aand toda equivalencia es

un isomorfismo y por tanto nuestros resultados de clasificacién son efectivos.

Una vez alcanzada esta clasificacién nos centramos en el caso de grupoides monoi-
dales abelianos, es decir, grupoides monoidales M = (M, ®,1, a,l,r) cuyos grupos de
isotropia Auta(X), X € ObM, son todos abelianos. Aqui los resultados pueden ser
expresados de una forma més precisa por medio de la teoria de cohomologia de Leech
[53]. La cohomologia de Leech para un monoide M toma coeficientes en funtores
desde la categoria DM a grupos abelianos, llamados usualmente DM-mddulos. Esta
categoria DM tiene por objetos el conjunto de elementos de M y por morfismos el
conjunto M x M x M, con (a,b,c) : b — abc. Asi, los grupos de cohomologia de M
con coeficientes en A : DM — Ab, denotados por H{*(M, A), estdn definidos como
los grupos de cohomologia de la categoria DM.

Las biequivalencias arriba especificadas se restringen en el caso de grupoides monoi-
dales abelianos a biequivalencias

A
MonAbGpd =~ Z3Mnd,
5
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entre MonAbGpd, la 2-subcategoria plena de grupoides monoidales abelianos, y
Z3Mnd, la 2-subcategoria plena dada por aquellos sistemas de Schreier (M, A, ©, \)
cuyos grupos A(a) de A son todos abelianos. Ademas, en este caso, el par de datos A
y © constituyen un sistema de coeficientes para la cohomologia de Leech del monoide
M, es decir, un DM-médulo A, y A € Z(M, A) es un 3-cociclo normalizado. Gracias a
esta observacién obtenemos la clasificacién de los grupoides monoidales abelianos y de
los funtores monoidales entre ellos a través de los grupos de cohomologia HE(M JA)
y HZ(M,A). Estos resultados generalizan los ya obtenidos por Sinh [69] para la
clasificacién de grupos categdricos.

Aunque estos resultados son de interés principalmente algebraico, nos gustaria in-
dicar su potencial uso en teoria de homotopia ya que, como probamos en el Capitulo
4, existen isomorfismos naturales H{'(M, A) = H (WM, A), entre los grupos de co-
homologia de Leech de un monoide M y los grupos de cohomologia de Gabriel-Zisman
[37, Appendix II] del espacio clasificante WM de un monoide con coeficientes en A.

En el Capitulo 2 trabajamos con los grupos de homologia y de cohomologia de
Leech. Recordemos que los grupos de cohomologia de Leech para un monoide M son
los de su categoria DM, es decir, si A : DM — Ab es un DM-mddulo (llamados en
este capitulo DM-médulos izquierda), entonces

H'(M,A) = Extpy (Z, A) = R"Hompps(Z, —)(A) = R"Hompys(—, A)(Z),

donde, para cualesquiera dos DM-médulos A y A’, Hompys (A, A") denota el grupo
abeliano de morfismos de DM-mddulos entre ellos, y Z : DM — Ab es el funtor
constantemente el grupo de enteros Z. Anélogamente, para B : DM — Ab un DM-
modulo derecha, los grupos de homologia de M con coeficientes en B [51, Definicién
2.1] estan definidos como

H,I;(M, B) = TorHrJL)M(B’ Z) = Ln(_ DM Z)(B) = Ln(B DM —)(Z),

donde, para cualquier DM-médulo izquierda A, el producto tensor B ®pas A es el
grupo abeliano definido como el coend del bifuntor DM x DM — Ab que lleva
cualquier par (z,y) € M x M al producto tensor de grupos abelianos B(z) ® A(y).

En este capitulo calculamos los grupos de (co)homologia de Leech de monoides
ciclicos finitos C,, 4, cuya estructura y clasificaciéon por medio del indice m y el
periodo ¢ fue establecido por primera vez por Frobenius [34]. Aunque los grupos
de (co)homologia de cualquier grupo ciclico finito son bien conocidos desde que fueron
calculados en 1949 por Eilenberg [27], no es asi para los monoides ciclicos finitos. De
hecho, hasta donde sabemos, los grupos de cohomologia de Leech de monoides ciclicos
han sido tinicamente calculados para el caso infinito (es decir, para el monoide aditivo
N de nimeros naturales), y hasta dimensién 2 para el caso finito por Leech en [53]. Por
tanto, puesto que los grupos de cohomologia superiores son interesantes para nosotros
(principalmente debido a nuestra interpretaciéon del tercer grupo de cohomologia en
el Capitulo 1), dedicamos este capitulo a calcular todos los grupos de cohomologia de
cualquier monoide ciclico finito.
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En el Capitulo 3 pasamos a trabajar con monoides conmutativos. La categoria de
monoides conmutativos es tripleable sobre la categoria de conjuntos [58], y por tanto
es natural usar la cohomologia del cotriple de Barr-Beck [2] para definir una teoria
de cohomologia para monoides conmutativos. Esto fue realizado en los anos 90 por
Grillet [40, 41, 42, 43]. Recordemos que, para cualquier monoide conmutativo M,
sus grupos de cohomologia en esta teoria, H¢ (M, .A), toman coeficientes en grupos
abelianos objetos en la categoria coma de monoides conmutativos sobre M. Dichos
grupos abelianos objetos resultan ser HM-mddulos, es decir, funtores con valores en la
categoria de grupos abelianos desde la categoria HIM, categoria que tiene por objetos
los elementos del monoide M y por morfismos pares (a,b) : a — ab. Como los grupos
de cohomologia H{ (M, A) pueden ser calculados, al menos en dimensiones bajas, por
medio de cocadenas simétricas, estos grupos son normalmente denominados grupos de
cohomologia simétricos del monoide conmutativo M.

Gracias a estas cocadenas simétricas, en este capitulo interpretamos el tercer grupo
de cohomologia de Grillet en términos de grupoides monoidales estrictamente conmu-
tativos, es decir, grupoides monoidales abelianos dotados de isomorfismos naturales
y coherentes c;, : * ® y = y ® z, satisfaciendo las condiciones ¢y Cry = 1dzgy
Y Cpox = tdgpz. Concretamente, nuestro resultado de clasificacién establece que
las ternas (M, A, k), donde M es un monoide conmutativo, A es un HAM-mdédulo,
v k € Hg’;(M ,A) es un clase de 3-cohomologia simétrica, son los invariantes para
la clasificacién de grupoides monoidales abelianos estrictamente conmutativos. Esta
clasificacién generaliza la ya conocida para categorias de Picard estrictamente conmu-
tativas obtenida por Deligne [25], Frohlich y Wall [36], y Sinh [69].

Hasta ahora hemos trabajado con la teoria de cohomologia de Leech para monoides
arbitrarios y con la de Grillet para monoides conmutativos. Para un monoide con-
mutativo M ambos grupos de cohomologia H&(M,A) y H{'(M, A) estan definidos,
donde los coeficientes para la cohomologia de Leech aqui son obtenidos componiendo
A : HM — Ab con el funtor canénico DM — HM, (a,b,c) — (b,ac). Aunque en
dimensién uno ambos grupos de cohomologia coinciden, en dimensiones superiores
difieren. De hecho, se puede argumentar facilmente que los grupos de cohomologia
de Leech no tienen en cuenta la conmutatividad del monoide, al contrario de lo que
ocurre con la de Grillet. Por ejemplo, mientras que HE(M , A) clasifica todas las co-
extensiones de grupos de M por A [53, 2.4.9], [74, Theorem 2], el segundo grupo de
cohomologia simétrico Hé(M , A) clasifica las coextensiones de grupos conmutativas
[43, Chapter V .4].

Sin embargo, los grupos de cohomologia de Grillet parecen ser un poco “estrictos”
en dimensiones mayores que dos (por ejemplo, el tercer grupo de cohomologia es cero
para el caso de un grupo). De ahi que, en los Capitulos restantes 4 y 5, presentemos
nuevas aproximaciones a la cohomologia de monoides conmutativos, principalmente
motivados por el problema de clasificar tanto grupoides monoidales abelianos trenza-
dos como simétricos.

En el Capitulo 4 definimos y estudiamos una nueva teoria de cohomologia, con-
sistente en lo que hemos denominado grupos de cohomologia conmutativos para un



163

monoide conmutativo. Para definirla nos hemos inspirado en los grupos de coho-
mologia (segundo nivel) para grupos abelianos de Eilenberg-Mac Lane [31, 55] y esta
basada en la teoria de cohomologia de Gabiel-Zisman [37, Appendix II] para conjuntos
simpliciales. Un ejemplo de la cohomologia de Gabriel-Zisman es precisamente la co-
homologia de Leech. En efecto, si vemos un monoide M como un monoide simplicial
podemos asociarle un conjunto simplicial clasificante WM [31] y para cada DM-
médulo A obtener los grupos de cohomologia de Gabriel-Zisman H™(W M, A), que
resultan ser los grupos de cohomologia de Leech, es decir, H"(W M, A) & H'(M, A).
Cuando el monoide es conmutativo entonces WM es de nuevo un monoide simplicial y
podemos iterar esta construccién obteniendo un nuevo conjunto clasificante W (W M).
Los grupos de cohomologia de este conjunto simplicial son usados para definir los gru-
pos de cohomologia conmutativos de M, denotados por H(M, A), como

HY(M, A) = H™™ (WM, A),

donde A es un HM-médulo. Por ejemplo, si M = G es un grupo abeliano, como
el conjunto simplicial WG es un complejo minimal de Eilenberg-Mac Lane K (G, 2),
para cualquier grupo abeliano A (visto como un HG-médulo constante) los grupos de
cohomologia conmutativos HJ'(G, A) son precisamente los grupos de cohomologia de
Eilenberg-Mac Lane para el grupo abeliano G con coeficientes en A [31, 55].

Para calcular estos grupos de cohomologia hasta dimensién 3 definimos un com-
plejo de cocadenas, truncado en dimensién 4, mas manejable que el original y que de-
nominamos complejos de cocadenas conmutativas. Gracias a estas cocadenas podemos
interpretar estos grupos hasta dimensién 3. En particular, probamos que los grupoides
monoidales abelianos trenzados [50], es decir, grupoides monoidales abelianos dotados
de isomorfismos naturales y coherentes ¢, : * ® y = y®x (sin necesidad de satisfacer
las condiciones ¢, ; ¢, = id ni ¢, , = id), son clasificados mediante ternas (M, A, k)
donde M es un monoide conmutativo, A un HM-médulo y k € H3(M,A). Este
resultado generaliza el dado por Joyal-Street [50] para grupos categdricos trenzados.

Finalmente, en el Capitulo 5, introducimos y estudiamos, para cualquier entero
r > 1, una teoria de cohomologia de r nivel para monoides. Esta teoria de cohomologia
de 7 nivel es una generalizacién de la teoria de Eilenberg-Mac Lane para grupos
abelianos a monoides conmutativos. Los grupos de cohomologia de r nivel de un
monoide conmutativo M, denotados por

H"(M,r; A),

tienen muchas buenas propiedades, a cuyo estudio este capitulo y un articulo compa-
nero [14] estan principalmente dedicados. En nuestro desarrollo, el papel de los coefi-
cientes es jugado ahora por los HM-médulos, que, recordemos, son grupos abelianos
objetos en la categoria coma de monoides conmutativos sobre M.

Para cualquier monoide conmutativo M, la categoria de complejos de cadenas
de HM-mddulos es una categoria abeliana. Esta categoria abeliana es de hecho una
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categoria monoidal simétrica con un producto tensor A ®ms B, donde Ay B son HM-
médulos. Por tanto, podemos definir DGA-algebras conmutativas sobre HM como
monoides conmutativos internos en la categoria monoidal simétrica de complejos de
HAM-mdédulos, enriquecidos con un morfismo de monoides internos A — Z (Z es el
HM-médulo constantemente Z).

De forma similar al caso de DGA-algebras conmutativas ordinarias sobre un anillo
conmutativo, una construccién bar reducida A — B(.A) puede ser definida para estas
DGA-algebras sobre HM. En efecto, B(A) se obtiene a partir de A totalizando en
primer lugar el complejo doble de HM-modulos

®fctores) Gt AJZ.

D,>0 A/Z Smm
y después enriqueciendo el (adecuadamente graduado) complejo totalizado de HAM-
modulos con una estructura multiplicativa por un producto shuffle. Una vez definida
esta construcciéon introducimos los grupos de cohomologia de r nivel de A con coefi-
cientes en un HM-médulo B como

H"(A,r; B) = H" (Hommy (B'(A),B)), n=0,1,....

Llegados a este punto definimos lo que son HM-médulos libres, que surgen como
una construccién adjunta izquierda al funtor olvido desde la categoria de HM -mddulos
a la categoria coma de conjuntos sobre el conjunto M. En particular, introducimos
el HM-médulo libre sobre la aplicacién identidad idy; : M — M, denotado por ZM.
Dicho HM-médulo resulta ser ademdas una DGA-algebra conmutativa sobre HM (con
graduacion trivial) y, por tanto, para cada entero positivo r podemos definir los grupos
de cohomologia de r nivel de un monoide conmutativo M con coeficientes en un HM-
moédulo A como

H"(M,r; A) = H"(ZM,r; A). (5.46)

Esta teoria de cohomologia recupera, en su primer nivel, la cohomologia de Leech
para monoides conmutativos, y en su segundo nivel la teoria de cohomologia conmuta-
tiva introducida en el capitulo anterior. En cuanto a los grupos de cohomologia de ter-
cer nivel, encontramos entre ellos los invariantes para clasificar grupoides monoidales
abelianos simétricos, es decir, grupoides monoidales abelianos dotados de isomorfismos
naturales y coherentes ¢, , : t®y = y®x satisfaciendo la condicién ¢y, ¢, = id pero
no ¢, = id. Es decir, los grupoides monoidales abelianos simétricos son clasificados
mediante ternas (M, A, k), donde M es un monoide conmutativo, A un HM-médulo y
k € H5(M,3; A). De esta forma completamos la lista de invariantes para las clases de
equivalencia de grupoides monoidales abelianos. Este resultado generaliza el obtenido
por Sinh [69, II, Proposicién 5] para categorias de Picard.

Para terminar, dedicamos la ultima parte del capitulo a calcular grupos de coho-
mologia de primer, segundo y tercer nivel para monoides ciclicos.
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