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The following account is adapted from a Proposal for a Leverhulme Emeritus Fellowship for Brown,
2002-2004; the chosen referees were Professor A. Bak (Bielefeld) and Professor J.P. May (Chicago),
and the proposal was fully funded.

The Fellowship supported the finishing of the revised version of ‘Topology and Groupoids’ (see
www.bangor.ac.uk/r.brown/topgpds.html), attendance at a number of conferences, visits from other
mathematicians (including Sivera), and the development and publication of 16 or so research items
from [133-159] in Brown’s publication list. A considerable part of the work for this book (e.g. typing
in IXTEX, discussions with Sivera) was done in this period with this support.

Structure of the book

One major theme of the book is the theory and applications of crossed complexes. The fun-
damental crossed complex 11X, of a filtered space X, is defined using relative homotopy groups
Tn(Xny Xn—1,2),n = 2,2 € Xy and the fundamental groupoid 71(X1, Xo) and its actions. It con-
tains nonabelian information in dimensions 1 and 2.

There are two major theorems presented and applied in Part II of the book:

1. Higher Homotopy van Kampen Theorem: the functor II from filtered topological spaces to crossed
complexes preserves certain colimits; as an example application, the Relative Hurewicz Theorem is seen
as a special case of a homotopical excision theorem, involving induced modules and crossed modules;
2. Homotopy Classification Theorem: there is a bijection (which generalises classical work of Eilenberg-
Mac Lane):

[X, BC| = [IIX,, C]

where X, is the skeletal filtration of a CW-complex, and BC' is the classifying space of the crossed
complex. Thus the left hand side is topological, and the right hand side is algebraic.

This second theorem requires for its proof knowledge of the complicated monoidal closed structure
on the category of crossed complexes.

The foundation for the proofs of these theorems is given in Part III. This gives another theme of
the book, the construction and properties of the cubical higher homotopy w-groupoid pX, of a filtered
space X,. A crucial and highly nontrivial fact is that the algebra of this construction is equivalent to
the classical notion of crossed complezr, and under this equivalence pX, becomes I1.X,.

Because of the novelty (even after so many years!) of these ideas for most algebraic topologists,
and in order to emphasise the intuitive basis, Part I of the book deals entirely with dimensions 1 and
2, gives the necessary background in crossed module theory, elaborates on the nonabelian applications
of the Higher Homotopy van Kampen Theorem in dimension 2, and proves the theorem using the
construction of the homotopy double groupoid of a pair (X, X;) of spaces with a set of base points
Xo C X;.

The structure of this set of ideas is quite intricate, and to obtain a consistent presentation has
taken a number of years.

Background to the book

Here is some background to the notion of higher homotopy groupoid.

In the early part of the 20th century, topologists were aware that in the connected case the first
homology group of a space was the fundamental group made abelian, and that homology groups
existed in all positive dimensions. Further, the nonabelian nature of the fundamental group gave



more information in geometric and analytic contexts than did the first homology group. They were
therefore interested in seeking higher dimensional versions of the non abelian fundamental group.

E. Cech submitted to the 1932 ICM at Zurich a paper on higher homotopy groups, using maps of
spheres. However these groups were quickly proved to be abelian in dimensions > 1, and Cech was
asked (by Alexandrov and Hopf) to withdraw his paper, so that only a short paragraph appeared in
the Proceedings. Thus the dream of these topologists seemed to fail, and since then this dream has
widely been felt to have been a mirage. Of course higher homotopy groups have since been attributed
to Hurewicz.

Work of J.H.C. Whitehead in the 1940s introduced the notion of crossed module, using the bound-
ary of the second relative homotopy group of a pair and the action of the fundamental group. He
and Mac Lane showed that crossed modules classified (connected, pointed, weak) homotopy 2-types.
Crossed modules are indeed more complicated than groups, and there is a case for regarding them as
‘2-dimensional groups’. They are being increasingly used in combinatorial group theory, homological
algebra, algebraic topology, and differential geometry. The book gives new presentations of some less
recognised but deep work of Whitehead.

In 1967, Brown introduced the fundamental groupoid of a space on a set of base points, and the
writing of his 1968 book on topology suggested to him that all of 1-dimensional homotopy theory was
better expressed in terms of groupoids rather than groups. This raised the question of the

potential use of groupoids in higher homotopy theory,

based on squares and cubes rather than paths. A positive answer in all dimensions took 11 years.

An initial question was the potential extent of an algebraic theory of double groupoids. Relations
of certain double groupoids to crossed modules were worked out with C.B. Spencer in the early 1970s,
[20,21].

A definition of a homotopy double groupoid of a pair of pointed spaces was made with P.J. Higgins
in 1974, and shown to yield a 2-dimensional Van Kampen type theorem which could compute some
homotopy 2-types. This work was published in 1978 [25]. Extensions of this to all dimensions were
worked out and announced in 1977, 1978, and a full account of the basic theory was published in 1981
[31,32]. Successive years gave further developments and applications, particularly tensor products and
homotopies for these higher dimensional objects [48,57,59], relation with chain complexes [61], and
the notion and applications of a (simplicial) classifying space [71]. A crucial part of this work was
the technically difficult proof of the major properties of the cubical higher homotopy groupoid of a
filtered space.

It is this structure which enabled the proof of a Higher Homotopy Van Kampen Theorem, based on
the slogan of ‘algebraic inverses to subdivision’, and to apply tensor products to topological situations.
For example, two key technical and surprising results are that if X, is a filtered space, then (i) the
compositions on R(X,) are inherited by p(X.), and (ii) the natural map p: R(X.) — p(X,) is a Kan
fibration of cubical sets. The proofs use methods of collapsing for subcomplexes of cubes (ideas of
Whitehead).

New applications of the technology of crossed complexes are regularly being discovered. We feel
that these ideas stem from the intuitive roots of algebraic topology.

For recent references, see
http://www.bangor.ac.uk/r.brown/fields-art3.pdf
http://www.bangor.ac.uk/r.brown/noncommut-at.pdf



Aims of the book

The aim is the first monograph to deal with this area of ‘higher dimensional algebra (HDA)’. It
will be at a level appropriate for postgraduate students as well as advanced researchers. The content
will mainly be work of R. Brown with P.J. Higgins and others since 1970, and which is scattered over
various journals and not in a common format. It will start with the intuitive background and the
2-dimensional case, which allows for pictures. Its timeliness reflects the recent explosion of interest in
HDA across mathematics, physics and computer science (for more information, do a web search on
‘Higher Dimensional Algebra’).

The monograph will give an exposition of some basic algebraic topology at the border of homotopy
and homology using algebraic tools which closely model the geometry, and give new results and
calculations. One slogan is ‘higher dimensional nonabelian tools for local-to-global problems’.

The monograph will enable students and researchers to understand these new methods in algebra
and topology and the way they relate to basic intuitions of using algebraic structures whose operations
are defined under geometric conditions. This relaxation enables the algebra to more closely reflect the
geometry, leads to the right algebraic context of classical results such as the Relative Hurewicz The-
orem, and has the serendipitous effect of leading to more calculability. Indeed, the Higher Homotopy
van Kampen theorems generalise exceptional features of the van Kampen theorem for the fundamental
groupoid on a set of base points, and even give precise homotopical calculations in dimension 2 not
possible by classical means such as homology and exact sequences. This is seen in Part I of the book.

The novelty of the ideas for most mathematicians makes it important to treat in full detail this
special case of higher dimensional algebra, since it has had and will continue to have a role as a model
for future work ([31] has inspired recent work on concurrency). The book will be of the order of 550
pages. Some of the key papers, such as [31,32,48,61], are written in a clear but sparse style and need
more explanation and pointers to the structure of the proofs, for example of the sophisticated methods
of proof using cubical collapsing.

The major work has been in retyping and reorganising where necessary the published work, improv-
ing proofs and the structure of the exposition, giving a common style and viewpoint, and providing a
full bibliography to this large and expanding area. As an example of improvement, the understanding
of the tensor product C ® D of crossed complexes is greatly helped in dimensions > 2 by the relation
with chain complexes with a groupoid of operators. Historical notes will also be provided. The first
part of the work will cover aspects of the papers [20,21,25,35,43,92,95] referred to below, and some
of [50], while the later parts will cover [31,32,48,57,61,71,72,104,120]. The term ‘higher dimensional
algebra’ was coined by Brown in 1987 and has caught on, as a web search shows.

The complete and intricate story has its main facts as summarised in the diagram:

filtered spaces

I p
B || o U, (Main Diagram)
operator ¢ A cubical
. crossed .
chain %? complexes 5 'w—groupom‘ls
complexes with connections

The power behind crossed complexes comes from the equivalence with the w-groupoids hinted at in
the diagram, since it is in that context one can conjecture and prove some subtle theorems. For more



details on this, see the survey [132].

The book does not cover work with Loday (see references [42,62,74]), for lack of space. So there is
more to be written under this title.
Major changes in the exposition since the original proposal

The project aims to give complete and comprehensible proofs, except for the large item of the
equivalence of homotopy categories of CW-complexes, and of Kan cubical sets. Originally, it was
intended to use a simplicial classifying space as in [71]: this created problems in giving a complete
concise exposition. It was realised in 2007 that the original (unpublished) cubical approach to the
classifying space fitted in much better with the remaining exposition and enabled a cleaner and better
organisation of the material. At an earlier stage, it was realised that the understanding of the tensor
product of crossed complexes could be clarified by another reorganisation, an earlier description of the
relation with chain complexes with a groupoid of operators.

The proof and applications of the homotopy classification theorem employ most of the techniques
of the book. The payoff of these techniques are however much wider.
The authors

P.J. Higgins is retired and devoted to music, so wishes to take no part in the writing of this text.
However the results of this book are imbued with his expertise, imagination and expository skills, so
it is only right that his name should be on the text.

R. Brown is the other instigator of this research, carried out over many years and publications.

R. Sivera has worked on presenting this complicated material since the 1990s. He has contributed
many points of exposition, which is a key research value of this book.
Major Publications of Brown related to the area of research

(Discussion and a wider list of publications on the area can be found in the web article ‘Higher
dimensional group theory’ www.bangor.ac.uk/r.brown/hdaweb2.htm )
BOOK ‘Topology and Groupoids’ Booksurge 2006 (xxv+512pp)ISBN 1-4196-2722-8. Updated, ex-
tended and revised edition of: Elements of modern topology, McGraw Hill, Maidenhead, 1968. Topol-
ogy: a geometric account of general topology, homotopy types, and the fundamental groupoid, Ellis
Horwood, Chichester (1988) 460 pp. It is reviewed in Bull. London Math. Soc. 39 (2007) 867-
868. (This seems to be still the only text on basic topology to use groupoids fully in the area of
1-dimensional homotopy theory, and the topics of the Van Kampen theorem, covering spaces, orbit
spaces, and subgroup theorems in group theory. Writing this text set the scene for all the following
research.)

The numbers in the following refer to Brown’s full publication list.
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