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Abstract

The simplicial volume is a homotopy invariant of manifolds introduced by
Gromov in his pioneering paper Volume and bounded cohomology. In order to study
the main properties of simplicial volume, Gromov himself initiated the dual theory
of bounded cohomology, which then developed into a very active and independent
research field. Gromov’s theory of bounded cohomology of topological spaces was
based on the use of multicomplexes, which are simplicial structures that generalize
simplicial complexes without allowing all the degeneracies appearing in simplicial
sets.

The first aim of this paper is to lay the foundation of the theory of multicom-
plexes. After setting the main definitions, we construct the singular multicomplex
K(X) associated to a topological space X, and we prove that the geometric real-
ization of K(X) is homotopy equivalent to X for every CW complex X. Following
Gromov, we introduce the notion of completeness, which, roughly speaking, trans-
lates into the context of multicomplexes the Kan condition for simplicial sets. We
then develop the homotopy theory of complete multicomplexes, and we show that
K(X) is complete for every CW complex X.

In the second part of this work we apply the theory of multicomplexes to
the study of the bounded cohomology of topological spaces. Our constructions
and arguments culminate in the complete proofs of Gromov’s Mapping Theorem
(which implies in particular that the bounded cohomology of a space only depends
on its fundamental group) and of Gromov’s Vanishing Theorem, which ensures the
vanishing of the simplicial volume of closed manifolds admitting an amenable cover
of small multiplicity.

The third and last part of the paper is devoted to the study of locally finite
chains on non-compact spaces, hence to the simplicial volume of open manifolds.
We expand some ideas of Gromov to provide detailed proofs of a criterion for the
vanishing and a criterion for the finiteness of the simplicial volume of open mani-
folds. As a by-product of these results, we prove a criterion for the ¢'-invisibility
of closed manifolds in terms of amenable covers. As an application, we give the
first detailed proof of the vanishing of the simplicial volume of the product of three
open manifolds.
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Introduction

Simplicial volume. The simplicial volume is an invariant of manifolds intro-
duced by Gromov in his pioneering paper Volume and bounded cohomology [Gro82].
If X is a topological space and S,,(X) denotes the set of singular n-simplices with
values in X, then the space C,,(X) of singular n-chains with real coefficients is
endowed with the ¢'-norm defined by

Z ayo|| = Z las| .

€S (X) o€Sn(X)

This norm descends to a seminorm on the homology H.(X) with real coefficients,
and if M is a closed oriented n-dimensional manifold, then the simplicial volume
| M]| of M is the £*-seminorm of the real fundamental class [M] € H,(M).

Simplicial volume and Riemannian geometry. While being defined only
in terms of singular chains, the simplicial volume is deeply related to many in-
variants of geometric nature. For example, it vanishes for manifolds admitting a
Riemannian metric with non-negative Ricci curvature, and it is positive for nega-
tively curved manifolds [Gro82), IY82]. Indeed, Gromov’s paper [Gro82] describes
many phenomena which relate the simplicial volume to other invariants of differ-
ential geometric nature. If M is a compact Riemannian manifold, the so-called
Gromov’s main inequality establishes an explicit upper bound for the simplicial
volume in terms of the Riemannian volume and the Ricci curvature of M. Us-
ing this, Gromov provided new estimates from below for the minimal volume in
terms of the simplicial volume (the minimal volume of a Riemannian manifold M
is the infimum of the volumes of complete Riemannian metrics on M subject to the
condition that the absolute value of all sectional curvatures is not bigger than 1).
In particular, Gromov proved in [Gro82| that the non-vanishing of the simplicial
volume of M implies the non-vanishing of the minimal volume of M, which in turn
implies that M cannot collapse while keeping the curvature uniformly bounded
(i.e. there exists no sequence of Riemannian metrics on M with uniformly bounded
sectional curvature whose volumes converge to 0). This result was exploited e.g. in
the proof of a collapsing theorem which plays a fundamental role in the last step of
Perelman’s proof of Thurston’s Geometrization Conjecture [BBB*10, BBM™10|.

Similar estimates hold when one replaces the minimal volume with the minimal
entropy, an invariant which, roughly speaking, measures the rate of growth of balls
in the universal covering. Gromov proved in [Gro82] that the non-vanishing of the
simplicial volume implies the non-vanishing of the minimal entropy. Since then, the
simplicial volume has been extensively exploited in the study of volumes of balls and
of systolic inequalities in Riemannian manifolds (see e.g. [Sam99, [Gut11l, BK19]).
We refer the reader to [BS] for recent results in this direction.

vii



viii INTRODUCTION

Even more can be said when working with manifolds with constant curvature or,
more in general, with locally symmetric spaces. For closed hyperbolic manifolds, a
fundamental result by Gromov and Thurston shows that || M| = Vol(M) /vy, where
v, 18 a constant only depending on the dimension n of M [Thu79, [Gro82]. This
result (which provides one of the few exact computations of the simplicial volume)
describes the hyperbolic volume explicitly in terms of a topological invariant, and
plays a fundamental role in a celebrated proof of Mostow Rigidity Theorem due to
Gromov and Thurston.

More in general, Gromov’s Proportionality Principle [Gro82] ensures that the
ratio ||M]|/ Vol(M) between the simplicial volume and the classical volume of a
closed Riemannian manifold only depends on the isometry type of the universal
covering of M (see also [Thu79) [Loh06l, BK08a, [Frilll, [Fral6l [Str17]). Lafont
and Schmidt proved in [LS06] that the proportionality constant between | M]|
and Vol(M) is positive for every locally symmetric space of non-compact type (see
also [BKO7] for a case not covered by Lafont and Schmidt’s argument). Thus
locally symmetric spaces of non-compact type have positive simplicial volume, and
this answers a question posed by Gromov [Gro82].

Other long-standing questions on the relationship between curvature and sim-
plicial volume for Riemannian manifolds are still unsolved. For example, Gro-
mov conjectured in [Gro82] that the simplicial volume of a non-positively curved
manifold with negative Ricci curvature should be positive. We refer the reader
to [CW19|, [CW] for some recent progress on this topic.

The simplicial volume has also been studied in relation with the Chern Conjec-
ture, which predicts that the Euler characteristic of a closed manifold admitting an
affine structure should vanish [BG11l, [BCL18], or, equivalently, that if the tangent
bundle T'M of a closed manifold M admits a torsion-free flat connection, then its
Euler number of T'M should vanish. We refer the reader e.g. to [Fril7, Chapter
13] for the use of simplicial volume in a possible approach to the Chern Conjecture.

Simplicial volume and the topology of manifolds. Of course, the simpli-
cial volume has found applications also to problems which are more topological in
nature. The elementary remark that the degree of any map f: M — N between
closed manifolds of the same dimension is bounded above by the ratio || M|| /|| V]| 1aid
the foundation for many results on domination between manifolds (an orientable
manifold M dominates the orientable manifold N if there exists a map f: M — N
of non-vanishing degree). We refer the reader e.g. to [Derl0, BRW14, [Neol7,
Neol8, [LN19| for some results on domination between 3-manifolds that were
obtained via the study of the simplicial volume.

Also when dealing with the topological features of simplicial volume, it turns
out that some long-standing questions are still unsolved. For example, Gromov
asked in [Gro93, page 232] whether the L*-Betti numbers of a closed aspherical
manifold M with ||M|| = 0 should vanish (see also [GroQ9, 3.1. (e) on page 769]).
If answered in the affirmative, Gromov’s question would imply, for example, that
if M is an orientable aspherical closed manifold admitting a self-map of degree
d ¢ {—1,0,1}, then the Euler characteristic of M vanishes. In order to approach his
question, Gromov himself introduced a variation of the classical simplicial volume,
called the integral foliated simplicial volume [Gro99]. For some results on this topic
we refer e.g. to [Sau09, [Sch05, FFM12, [LP16, [FLPS16, [FFL19, FLMQ)].
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Other (even more elementary) open questions on the simplicial volume are
related to products and fiber bundles. If M, F are closed orientable manifolds
of dimension m,n respectively, then the simplicial volume of M x F' satisfies the
bounds | M| - ||F|| < ||M X F|| < coml||M| - ||F|l, where ¢, is a constant only
depending on n,m (see e.g. [Gro82]). Of course, products are just a special case
of fiber bundles, so one may wonder whether the simplicial volume of the total
space E of a fiber bundle with base M and fiber F' could be estimated in terms
of the simplicial volumes of M and F. In the case when F is a surface it was
proved in [HKO1] that the inequality ||M||- [|F|| < ||E|| still holds. This estimate
was then improved in [Buc09]. It it still an open question whether the inequality
IE|l > |M]||- | F'|| holds for every fiber bundle E with fiber F' and base M, without
any restriction on the dimensions of ' and M.

The simplicial volume has been exploited to the study of the topology and of
the geometry of manifolds in further directions. Here we just mention the follow-
ing ones: the study of the geometry of smooth maps (e.g. via the analysis of the
complexity of their critical sets and of their fibers) [Gro09), [(GG12]; the counting
of trajectories of vector fields [Kat16l, [AK16l, [Alp16), [CS19].

Bounded cohomology. Computing the simplicial volume has proved to be a
very challenging task. Besides hyperbolic manifolds, the only other closed manifolds
for which the exact value of the simplicial volume is known are 4-dimensional mani-
folds locally isometric to the product H? x H? of two hyperbolic planes [BK08b] (for
example, the product of two hyperbolic surfaces). Starting from these examples,
more values for the simplicial volume can be obtained by taking connected sums or
amalgamated sums along submanifolds with an amenable fundamental group.

In order to study the simplicial volume, Gromov himself developed in [Gro82]
the dual theory of bounded cohomology. If ¢ € C™(X) is a singular cochain with
real coefficients, then one can define the £*°-norm of ¢ by setting

[¢lloe = sup{le(o)], o € Su(X)} € [0,+00] .

A cochain is bounded if its £*°-norm is finite. It is easily seen that bounded cochains
define a subcomplex Cj(X) of C*(X), whose cohomology is the bounded cohomol-
ogy H;(X) of X. The inclusion Cj(X) — C*(X) induces the comparison map

¢ HY (X)— H (X) .

For every n € N, the normed space C}J/(X) coincides with the topological dual of
C.(X) (endowed with the ¢!-norm). Using this, it is not difficult to show that the
vanishing of HJ'(X) implies the vanishing of the ¢!-seminorm on H,(X) (hence, of
the simplicial volume, if X is a closed n-dimensional manifold). This and other du-
ality results have been exhaustively exploited in the study of the simplicial volume.
For example, Bucher’s computation of the simplicial volume of manifolds locally
isometric to H? x H? takes place in the context of bounded cohomology, and it is
based on the study of bounded cocycles rather than of cycles. As a quite surprising
consequence, there is no description of any fundamental cycle for the product of
two hyperbolic surfaces whose ¢!-seminorm approximates the value of the simplicial
volume.

One of the most peculiar features of the bounded cohomology of a space X is
that it only depends on the fundamental group of X. In particular, the bounded
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cohomology of any simply connected space vanishes. In order to prove this funda-
mental result (and other related results), Gromov introduced in [Gro82] the notion
of multicomplex. Since then, multicomplexes have been exploited in several papers
on the simplicial volume (see e.g. [Kuel5l, [KK15, [Str]).

While being based on very neat geometric ideas, Gromov’s theory of multi-
complexes involves a certain amount of technicalities. In view of this, a lot of
progress in the study of the bounded cohomology of topological spaces has been
achieved thanks to an alternative approach exploiting tools from homological alge-
bra. This alternative path to the study of bounded cohomology was initiated by
Brooks [Bro81] and developed by Ivanov in his foundational paper [Iva87] (and,
years later and in a wider context, by Burger and Monod [BM99, Mon01, BMO02];
see also [Biih11]). Indeed, the first detailed proof that the bounded cohomology
of a space only depends on its fundamental group appeared in [Iva87| (under the
assumption that the space be homotopy equivalent to a countable CW complex;
recently, Ivanov modified his proof that applies now to any topological space [Lval).

In this paper we come back to Gromov’s original approach and exploit multi-
complexes to give a detailed proof that the bounded cohomology of a space only
depends on its fundamental group. In order to apply our argument (which stays as
close as possible to Gromov’s) to any topological space, we build on the invariance
of bounded cohomology with respect to weak homotopy equivalences, which was re-
cently proved in [Ival. For a self-contained proof based on the techniques developed
here that applies to any CW complex (or, more in general, to any good topological
space — see Definition 21]), we address the reader to [Mor18, Addendum 4.A].

We refer the reader e.g. to [Mon06| for a description of the wide range of
applications of bounded cohomology (of spaces and of groups) to different fields in
geometry and algebraic topology (see also the books [Mon01l, [Fril7]).

Multicomplexes. The first aim of this paper is to lay the foundation of the
theory of multicomplexes. We believe that renovating the interest towards this topic
could be fruitful for at least two reasons. First of all, approaching the simplicial
volume via multicomplexes (rather than from the dual point of view of bounded
cohomology) means working with cycles (in a quite concrete way) rather than with
cocycles (via duality). In our view, this allows a more direct understanding of the
topology and the geometry of cycles, and could be of help in finding new approaches
to some long-standing open questions on the simplicial volume. Secondly, while
bounded cohomology is very effective in dealing with finite singular chains (hence,
with the simplicial volume of compact manifolds), the use of multicomplexes is still
necessary in the study of locally finite chains (hence, of the simplicial volume of
open manifolds) — we refer the reader to [Loh07, Remark C.4] for a discussion of
this issue. Similarly, we hope that multicomplexes could help to understand some
peculiar features of relative bounded cohomology (hence, of the simplicial volume
of manifolds with boundary) — see the discussion in Section

Most results proved in this work on the simplicial volume of closed manifolds
admit alternative proofs which do not make use of multicomplexes. On the con-
trary, here we provide the first detailed proofs of several results stated by Gromov
in [Gro82] on the simplicial volume of open manifolds. Indeed, in [Gro82] one
may find outlines for the proofs of various results stated here. However, when try-
ing to fill in the details of Gromov’s arguments, we often needed to face substantial
difficulties that we were not able to overcome without diverging from Gromov’s
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original path. In some cases, Gromov’s proofs were so concise that it is not even
clear whether our work follows his ideas or not. In expanding Gromov’s hints, we
developed tools and ideas that will hopefully be of use also in future works. Unfor-
tunately, we also needed to introduce some (unavoidable, to the best of our efforts)
technicalities, and we did our best to supply the most technical passages with an
informal description of what is going on.

A natural question is whether one could obtain the results proved in this paper
by working with simplicial sets rather than with multicomplexes. This would give
the unquestionable advantage of working with well-established and well-understood
simplicial structures, for which an exhaustive literature is available. However, after
trying to translate Gromov’s ideas into the less exotic context of simplicial sets,
we finally could not disagree with Gromov’s deep intuition that multicomplexes
should be preferred as effective tools for the study of the bounded cohomology of
topological spaces. We refer the reader e.g. to Remark for a brief discussion
of this issue.

Before stating the main results proved in this paper, let us briefly introduce
the notion of multicomplex. As stated in [Gro82|, a multicomplex is “a set K
divided into the union of closed affine simplices A;, i € I, such that the intersection
of any two simplices A; N A; is a (simplicial) subcomplex in A; as well as in A;”.
More formally, a multicomplex is an unordered A-complex in which every simplex
has distinct vertices, or, equivalently, a symmetric simplicial set in which every
non-degenerate simplex has distinct vertices. We refer the reader to Definition [[.1]
for the precise definition of multicomplex, and to Section [I.3| for a thorough discus-
sion of the relationship between multicomplexes and other well-known simplicial
structures.

The singular multicomplex. If X is a topological space, then the singular
multicomplez K(X) associated to X is a multicomplex whose n-simplices are given
by the singular n-simplices with distinct vertices in X, up to affine automorphisms
of the standard simplex A™. This definition evokes the notion of singular complex
S(X) of X, which is the simplicial set having as simplices the singular simplices
with values in X. The geometric realizations |S(X)| and |[K(X)| of both §(X) and
K(X) come equipped with natural projections j: |[S(X)| = X, S: [K(X)] = X. A
fundamental result in the theory of simplicial sets ensures that j is a weak homotopy
equivalence. In Section 2.I] we establish the same result for the map S:

THEOREM 1. Let X be a good space. The natural projection
S:K(X)| = X
is a weak homotopy equivalence.

We refer the reader to Definition 2Tl for the definition of good topological space.
Here we just anticipate that every CW complex is good.

Gromov states in [Gro82, Ex. (c¢), page 42] that Theorem [I] can be proved
by a “standard argument”, and refers the reader to the paper [Moo58|, which
describes some applications to homotopy theory of the classical theory of simplicial
sets. However, due to the lack of functoriality of the singular multicomplex (see
Section[22]) we were not able to adapt the classical ideas described in Moore’s paper
from the context of simplicial sets to the context of multicomplexes. Indeed, our
proof of Theorem [l is rather inspired to Milnor’s paper [Mil57]. It is also worth
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mentioning that Theorem [I] is stated in [Gro82] without any assumption on the
topology of X. The question whether Theorem [I] could hold for any topological
space is discussed in Question 2.7 and in Remarks B.10 and 7]

The Isometry Lemma. As mentioned above, Ivanov recently proved that
weak homotopy equivalences induce isometric isomorphisms on bounded cohomol-
ogy [Iva]. Therefore, by Theorem [Tl we can compute the bounded cohomology of a
good space X by looking at the singular bounded cohomology of |[KC(X)|. Just as
for simplicial sets, the simplicial cohomology of a multicomplex K (which will be
denoted by the symbol H*(K)) is isomorphic to the singular cohomology of its geo-
metric realization. There is no hope to extend this result to bounded cohomology
for general multicomplexes (for example, if a multicomplex K has a finite number
of simplices, then its simplicial bounded cohomology H; (K) obviously coincides
with the ordinary simplicial cohomology H*(K), which is in turn isomorphic to the
singular cohomology H*(|K|) of its geometric realization; but H*(|K]) is in gen-
eral very far from being isomorphic to the singular bounded cohomology H; (| K|)
of |K|). However, Gromov showed in [Gro82] that the inclusion of bounded sim-
plicial cochains into bounded singular cochains induces an isometric isomorphism
Hy(K) — H(]K|) provided that the multicomplex K is complete and large. We
provide a detailed proof of this fact in Section

THEOREM 2 (Isometry Lemma, [Gro82, page 43]). Let K be a complete and
large multicomplex. Then for every n € N there exists a canonical isometric iso-
morphism

Hy'(K) — Hy' (|K]) .

Complete, minimal and aspherical multicomplexes. A multicomplex K
is large if every connected component of K contains infinitely many vertices. Com-
pleteness is a much subtler notion, which evokes in the context of multicomplexes
the Kan condition for simplicial sets (see Definition B Iland Remark[B:2). Complete-
ness is particularly useful in the study of homotopy groups of geometric realizations.
Indeed, the combinatorial description of homotopy groups of Kan simplicial sets is
a classical topic in the theory of simplicial sets, and in Chapter Bl we develop a
similar theory for complete multicomplexes. In particular, following Gromov, we
introduce the notion of minimal multicomplex and of aspherical multicomplex, and
we show that to every large and complete multicomplex K there are associated a
minimal and complete multicomplex L homotopy equivalent to K, and an aspheri-
cal, minimal and complete multicomplex A having the same fundamental group of
K.

A crucial intuition of Gromov is that, if K, L and A are as above, then, for
every n € N, the n-skeleton of the aspherical multicomplex A is the quotient of
the n-skeleton of L with respect to the action of an amenable group. This result
ultimately depends (in a very indirect way) on the fact that A is obtained from
L by killing all higher homotopy groups, and higher homotopy groups are abelian,
hence amenable. The fact that higher homotopy groups are abelian is exploited
also by Ivanov in his proof that the bounded cohomology of a space only depends
on its fundamental group, which is based on the construction of a tower of weakly
principal bundles with amenable (but infinite-dimensional!) structure groups. Here
we develop Gromov’s intuition into self-contained and complete proofs. To this aim,
we need to introduce some modifications not only to Gromov’s arguments, but even
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to some (fundamental) definitions given in [Gro82]. For example, our definition
of the group of simplicial automorphisms I" such that L/T" = A is different from
Gromov’s. We refer the reader to Remark[4.1T] for a detailed discussion of this issue
(see also Remark [0.20]).

The combinatorial description of the homotopy groups of a complete multicom-
plex is carried out in TheoremsB.9and[3:22] and it plays a fundamental role in many
of our proofs. For example, it allows us to prove that the singular multicomplex
K(X) associated to a good topological space is complete (see Theorem B.7), and
to establish useful criteria to recognize completeness, minimality and asphericity of
a given multicomplex (see Proposition B30). Theorems and are basically
taken for granted in [Gro82], where they are never explicitly stated (but they are
extensively used).

Bounded cohomology is determined by the fundamental group. The
second part of this paper is devoted to the use of multicomplexes in the study
of bounded cohomology and of the simplicial volume of closed manifolds. As just
mentioned, a key result in the theory of multicomplexes is that, for every good topo-
logical space X, the singular multicomplex K(X) is complete. Therefore, putting
together Theorem [Il with Theorem [2 and the invariance of bounded cohomology
with respect to weak homotopy equivalences [Ival, one obtains that H; (X) is iso-
metrically isomorphic to the bounded simplicial cohomology Hf (K (X)) of K(X)
for every good topological space X (Gromov states the same result for any topo-
logical space in [Gro82], see Remark [L.7] for a discussion of this issue). Moreover,
one may define a complete and minimal multicomplex £(X) and a complete, min-
imal and aspherical multicomplex A(X) associated to X. Since the action of an
amenable group is invisible to bounded cohomology, from all these facts we can
deduce that the bounded cohomology of X is isometrically isomorphic to the sim-
plicial bounded cohomology of the aspherical multicomplex A(X) (which satisfies
71 (JA(X)]) = m1(X)). Using this, in Section [£.4] we prove that the bounded coho-
mology of X only depends on the fundamental group of X:

THEOREM 3. Let f: X — Y be a continuous map between path connected
spaces, and suppose that [ induces an isomorphism on fundamental groups. Then
the induced map

H (f): Hy (V) — Hy'(X)
is an isometric isomorphism for every n € N.

As mentioned above, a complete proof of Theorem [B] which exploits tools from
homological algebra may be found in [Iva] (see also [Iva87] for the case when X
and Y are countable CW complexes). Here we first prove Theorem [B] by using mul-
ticomplexes under the assumption that X,Y are good topological spaces. In order
to deal with any pair of topological spaces X,Y, we then make use of the invari-
ance of bounded cohomology with respect to weak homotopy equivalences [Ival.
The same strategy is applied in the proofs of Theorems [bl and [6] below.

An immediate corollary of Theorem [3is the vanishing of bounded cohomology
for simply connected spaces:

COROLLARY 4. Let X be a simply connected topological space. Then
H}'(X)=0
for every n > 1.
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The Mapping Theorem. With more work, in Chapter [i] we prove in fact a
stronger statement, which is usually known as Gromov’s Mapping Theorem:

THEOREM 5 (Mapping Theorem). Let X, Y be path connected topological spaces,
let f: X =Y be a continuous map, and suppose that the map f.: 71 (X) — m(Y)
induced by f on fundamental groups is surjective and has an amenable kernel. Then
for every n € N the map

Hi (f): Hy (V) — Hy'(X)
is an tsometric isomorphism.

The proof of Theorem [{ exploits the action on A(X) of the group II(X, X),
which was first defined by Gromov in [Gro82| page 47]. Every element of the
group II(X, X) consists of a family of homotopy classes (relative to the endpoints)
of paths in X, subject to some additional conditions. Every normal subgroup N of
m1(X) gives rise to a normal subgroup N of I1(X, X), and we prove in Theorem [5.9]
that the quotient of A(X) by the action of Nisa complete, minimal and aspherical
multicomplex whose fundamental group is isomorphic to w1 (X)/N (this fact is
stated in [Gro82, page 47] without proof). Building on this fact, with some care
one can then reduce Gromov’s Mapping Theorem to Theorem [l above.

Amenable subsets and the Vanishing Theorem. The group II(X, X)
plays a fundamental role in many results we prove in this paper, both when study-
ing singular chains and bounded cohomology, and when dealing with locally finite
chains on open manifolds. Before switching our attention to the latter topic, let
us state a vanishing theorem whose proof exploits the action of II(X, X) just men-
tioned.

Let X be a topological space and let i: U — X be the inclusion of a subset
U of X. Then U is amenable in X if for every path connected component U’ of
U the image of i, : m(U’) — m1(X) is an amenable subgroup of 71 (X). A cover
U = {U,}icr of X is amenable if every element of I/ is amenable in X. We denote
by mult(Y) the multiplicity of U (see Section [G.1)).

THEOREM 6 (Vanishing Theorem). Let X be a topological space and let U be
an amenable open cover of X. Then for every n > mult(U) the comparison map

" Hp(X) — H"(X)
vanishes.

Theorem [f] already appears in [Gro82] page 40], and is proved in Chapter
Via duality, Theorem [0 implies the vanishing of the simplicial volume for closed
manifolds admitting amenable covers of small multiplicity (see Section BG.1I):

COROLLARY 7. Let X be a topological space admitting an open amenable cover
of multiplicity m, and let n > m. Then

el =0

for every a € Hp(X). In particular, if M is a closed oriented manifold admitting
an open amenable cover U such that mult(U) < dim M, then

[M] =0
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As originally proved by Ivanov [Iva87, Iva], in many cases of interest the
Vanishing Theorem [0l may be strengthened as follows: if U/ is an amenable open
cover of the space X and some mild additional hypotheses hold, then the comparison
map ¢*: Hf (X) — H*(X) factors through the ordinary singular cohomology of the
nerve of U (see Section [6.)), which is obviously null in degree n > mult(/). We
refer the reader to Theorem for a precise statement.

The simplicial volume of open manifolds. The third part of this work is
devoted to the study of the simplicial volume of open (i.e. connected, non-compact
and without boundary) manifolds. If M is an open n-dimensional manifold, then
H, (M) = 0. Therefore, in order to define a fundamental class for M, one needs to
work with the complex CY(M) of locally finite chains on M, rather than with the
usual complex C, (M) of finite singular chains. As in the case of finite chains, for
every topological space X and for every n € N, the space of locally finite chains
CY(X) may be endowed with an ¢!-norm || - ||;, which induces an ¢!-seminorm || - ||;
on the locally finite homology H¥(X) of X (see Section [T1] for the details). If M
is an n-dimensional oriented open manifold, then H¥(M) is canonically isomorphic
to R and generated by a preferred element [M] € HY(M), called the fundamental
class of M. The simplicial volume ||M || of M is then defined by setting

M| = [[[M]]l» € [0,+00] .

The simplicial volume of open manifolds is still quite mysterious. If M is tame,
i.e. it is the internal part of a compact manifold with boundary M, then it is known
that ||[M|| < ||[M||, and that the equality holds provided that the fundamental
group of every connected component of M is amenable [LEh08), [KK15| (we refer
the reader to Section for the definition of the simplicial volume of a manifold
with boundary). However, in the case when M is not amenable, no example is
known for which |[M| < +oo and ||[M|| > |[M||. Neither is known any example
of an open manifold M with non-amenable topological ends for which ||M| ¢
{0,400} (while we refer the reader e.g. to [LS09b] for the exact computation of
the simplicial volume of some manifolds which compactify to manifolds with an
amenable boundary). For example, a long-standing open question is the following:

QUESTION 8. Let X = (S' x SY)\ {p} be a once-punctured torus. What is the
exact value of |X x X||? In particular, is ||X x X|| positive or is it null?

The simplicial volume of open manifolds lacks several topological and geomet-
ric properties enjoyed by the simplicial volume of closed manifolds. For example,
neither a biLipschitz estimate of |[M; x Ma|| in terms of ||My]| - || Mz|| nor a Pro-
portionality Principle holds for the simplicial volume of open manifolds (but see
e.g. [LS09bl, BK14]| for some results in this direction) and these facts somewhat
illustrate the difficulties in understanding the topological and the geometric mean-
ing of this invariant.

Gromov himself introduced in [Gro82] some variations of the simplicial vol-
ume for open manifolds. Among them, the most studied is probably the so called
Lipschitz simplicial volume, for which one can recover, for example, both a prod-
uct formula and the Proportionality Principle (see e.g. [LS09al, [Fral6), [Str|; see
also [Strl7], where the additivity of the Lipschitz simplicial volume under con-
nected sums is proved by exploiting multicomplexes). However, in this work we
will only deal with the classical simplicial volume of open manifolds.
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Finiteness and Vanishing Theorems for non-compact spaces. Even if
exact computations are very difficult, there exist criteria that provide conditions
for the vanishing or the finiteness of the simplicial volume of open manifolds. Just
as in the closed case, the vanishing of the simplicial volume of an open manifold
may be deduced from the existence of a suitable open cover of small multiplicity.
Indeed, Chapters [1l B @ and are devoted to the following results, that were
first stated in [Gro82l page 58]. Recall that a triangulable space is a topological
space which is homeomorphic to the geometric realization of a simplicial complex.
We refer the reader to Definition [7.4] for the notion of amenability at infinity for a
sequence {U; }ien of open subsets of X.

THEOREM 9 (Vanishing Theorem for locally finite homology). Let X be a con-
nected non-compact triangulable topological space. LetU = {U,} en be an amenable
open cover of X such that each Uj; is relatively compact in X. Also suppose that the
sequence {Uj;};en is amenable at infinity. Then for every k > mult(U) and every
h e H,if(X) we have

[kl =0

A subset W of X is large if X \ W is relatively compact in X.

THEOREM 10 (Finiteness Theorem). Let X be a connected non-compact trian-
gulable topological space. Let W be a large open subset of X, and let U = {U,};en
be an open cover of W such that each U; is relatively compact in X. Also suppose
that the sequence {U;}jen is amenable at infinity (in particular, U is locally finite
in X ). Then for every k > mult(U) and every h € H,if(X) we have

|h]]1 < 400 .

The following corollaries provide the main applications of Theorems [ and [I0]
to the simplicial volume of open manifolds.

COROLLARY 11. Let M be an oriented open triangulable manifold of dimension
m and let U = {U;}jen be an amenable open cover of M such that each Uj is
relatively compact in M. Also suppose that the sequence {U;} en is amenable at
infinity, and that mult(U) < m. Then

M| =0

COROLLARY 12. Let M be an oriented open triangulable manifold of dimension
m. Let W be a large open subset of M, and let U = {U,}jen be an open cover of
W such that each Uj is relatively compact in M. Also suppose that the sequence
{U;}jen is amenable at infinity (in particular, U is locally finite in M ), and that
mult(U) < m. Then
|1M] < 4o0.

In order to prove Theorems [ and [0, after introducing diffusion of chains,
one needs to select a suitable submulticomplex AD(X) of (X)) with the following
property: an infinite family of simplices of AD(X) leaves every compact subset of
X provided that the set of vertices of the simplices in the family do so. Such a
multicomplex fits the need to relate the local finiteness of chains in X to controlled
combinatorial properties of the corresponding simplicial chains in AD(X).

A peculiarity of the proofs of Theorems [d and [I0is that they completely avoid
any reference to bounded cohomology. Theorem [ extends Corollary [7] (which deals
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with the usual singular homology) to the locally finite case. However, Corollary [7]
was obtained via duality from Theorem [6] which concerns the comparison map de-
fined on bounded cohomology. On the contrary, the proofs of Theorems [0 and [I0]
are based on manipulations of cycles. Just as in the finite case, the amenability
of certain groups of simplicial automorphisms plays a fundamental role in our ar-
guments. However, here amenability allows us to properly exploit the diffusion of
locally finite chains, rather than to obtain vanishing results in bounded cohomology.
In order to illustrate the general ideas involving diffusion of chains while avoiding
all the technicalities needed to deal with locally finite chains, in Section we
describe a proof of (some special cases of) Corollary [[] which is based on diffusion
of chains rather than on bounded cohomology.

Even if inspired by Gromov’s suggestions and by the ideas developed in the
previous chapters, the arguments described in the third part of this paper are
substantially new. Indeed, Gromov’s strategy to prove Theorems [0 and [0l is just
sketched in [Gro82], and it seems to underestimate several difficulties that emerge
e.g. in the case when X is not assumed to be aspherical or when proving the
amenability of some relevant groups of simplicial automorphisms (see Remark [0.20).
For example, the simplicial automorphisms belonging to these groups are allowed
to move the vertices of AD(X). As a consequence, when showing that these groups
are amenable via a comparison with suitable subgroups of II(X, X ), one needs to
carefully take into account the role played by basepoints (see again Remark ELTT]).

Amenable covers and (!-invisibility. Other results on the vanishing and/or
the finiteness of the simplicial volume of open manifolds were obtained e.g. in
IL6hO8), [LS09al. In particular, Loh provides in [Loh08] a complete criterion
for the finiteness of the simplicial volume of tame open manifolds, in terms of the
so-called ¢!-invisibility of the boundary components of the manifolds (see Defini-
tions and for the definition of #!-invisible and tame manifold, respectively,
and Theorem [7.7] for Loh’s criterion). As a by-product of our results, by compar-
ing the Finiteness Theorem with Loh’s result, in Section we obtain a new
sufficient condition for a closed manifold to be ¢!-invisible:

THEOREM 13. Let M be a closed oriented triangulable n-dimensional manifold
admitting an amenable cover U such that mult(d) < n. Then M is {*-invisible.

Since the simplicial volume of an ¢!-invisible closed manifold vanishes, Theo-
rem[[3strengthens (at least in the case of triangulable manifolds) the last statement
of Corollary [l We refer the reader to [Eri] for further progress in this direction.

The simplicial volume of the product of three open manifolds. Let us
conclude this introduction with an interesting consequence of Theorem [ already
pointed out by Gromov. As mentioned above, it is not known whether the simplicial
volume of the product of two puctured tori vanishes or not. More in general, it
is not known whether the simplicial volume of the product of two open manifolds
My, My should be positive, provided that ||[M;|| > 0 and ||M|]2 > 0. Actually,
there exist no examples of open manifolds My, Ms for which the simplicial volume
||My x Ms]| is known to be positive and finite. When considering the product of
three open manifolds, we have the following striking result:
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THEOREM 14. Let My, My, M3 be tame open oriented PL manifolds of positive
dimension. Then

||M1 XM2 XM3|| =0.

We refer the reader to Section [Tl for the definition of PL manifold. The-
orem [ is stated in |[Gro82, Ex. (A), page 59] as an almost direct application
of Corollary [[Il After clarifying some statements by Gromov on coamenable sub-
complexes of open manifolds, in Section [[1.3] we exploit a construction inspired
by [LS09al Theorem 5.3] to provide a detailed proof of Theorem [I4l
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CHAPTER 1

Multicomplexes

The main goal of this chapter is to introduce the notion of multicomplex, de-
fined by M. Gromov in [Gro82]. Multicomplexes belong to the family of simplicial
structures. Roughly speaking, one can order the most common simplicial structures
according to the degeneracies allowed for their simplices. In this spirit, the least
singular objects one can consider are simplicial complexes, while the most general
ones are probably simplicial sets. Somewhere between them we have A-complexes,
which were introduced in [EZ50] by Eilenberg and Zilber under the name of semi-
simplicial complexes. As we will see, multicomplexes are special A-complexes, so
they may be considered as a mild generalization of simplicial complexes, the main
difference being that simplices in multicomplexes are not determined by their ver-
tices (but they are still embedded: in particular, the vertices of any simplex of a
multicomplex are necessarily pairwise distinct). We refer the reader to Section
for more details about the relationship between multicomplexes and their relatives.

1.1. Basic Definitions

As mentioned above, simplicial multicomplexes (or, for short, multicomplexes)
provide a generalization of simplicial complexes. Indeed, multicomplexes may be
considered as simplicial complexes where distinct simplices may intersect in an
arbitrary union of common faces (in particular, they may have the same set of
vertices). Gromov’s definition of multicomplex summarizes these properties in a
very informative and short sentence: according to [Gro82], a multicomplex is “a
set K divided into the union of closed affine simplices A;, i € I, such that the
intersection of any two simplices A; N A is a (simplicial) subcomplex in A; as
well as in A;”. As a topological space, a multicomplex is endowed with the weak
topology associated to its decomposition into simplices. This concrete definition of
multicomplex would probably suffice to provide a clear insight into the topological
features of multicomplexes. Nevertheless, in the sequel we will be interested in
settling the foundation of the (bounded) cohomology of multicomplexes. To this
aim, it is convenient to have a more formal (and combinatorial) definition available.

For every set V' we denote by P;(V') the set of finite subsets of V.

DEFINITION 1.1. A multicomplex K is a triple

K=|Vvii= |J I.,9],
AePs(V)
where:

(1) V is any set, that will be called the set of vertices of K;
(2) for every A € Py(V), I4 is a (possibly empty) set, that will be called the
set of simplices with vertex set A;

3
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(3) if A= {v} is a singleton, then I is also a singleton;
(4) Qis aset of maps {0a,p: Ia — Ip, A,B € P§(V),A D B} (that will be
called the boundary maps of the multicomplex) such that

0a,a =1da
for every A € Py(V), and
Op,c 004, =0a,c whenever ADBDC .

For every finite set of vertices A C V, each element ¢ € I4 represents a
simplex with vertex set A, and under this identification the element d4,po should
be thought as the face of o with vertex set B. Note that, if 4 # () and B C A,
then the existence of the map 94 pg: Ia — Ip ensures that Iz # (). The condition
Op,c ©04,B = 0a,c just formalizes the fact that the face of a face of a simplex o is
itself a face of 0. For obvious reasons, we say that the dimension of a simplex o € 14
is equal to |A| —1; simplices of dimension n will be referred to as n-simplices. When
this does not cause any ambiguity, we will denote simply by dp the map J4, 5, for
every A D B.

Let us immediately point out two peculiarities of multicomplexes with respect
to simplicial complexes and simplicial sets. First of all, degenerate simplices are not
allowed: each n-simplex has exactly (n + 1) distinct vertices. Moreover, there is no
ordering on the set of vertices of a simplex. As a (rather disappointing, at first sight)
consequence, it makes no sense to speak of the i-th face of a simplex. Therefore,
multicomplexes are not simplicial sets (but to every multicomplex one can canoni-
cally associate a simplicial set, see Section [[3]). Indeed, the two properties we have
just pointed out make perhaps multicomplexes more similar to simplicial complexes
than to simplicial sets. For more details, we refer the reader to Section [[L3] where
we will see that (the geometric realization of) a multicomplex is what Hatcher calls
a reqular unordered A-complex [Hat02]. Here we just point out that in this paper
we will understand the following definition of simplicial complex, which is in fact
equivalent to the classical definition that may be found e.g. in [Hat02, Mun84):

DEFINITION 1.2. A simplicial complez is a multicomplex (V,I,Q) in which
every simplex is determined by its vertices, i.e. 4 contains at most one element for
every A € Py(V).

Having introduced the objects of our interest, let us define the notion of simpli-
cial map between multicomplexes. FEven if multicomplexes do not contain degener-
ate simplices, we will allow simplicial maps to shrink the dimension of simplices.

DEFINITION 1.3. Let K = (V,I,Q), K’ = (V',I', ') be multicomplexes. A
(simplicial) map from K to K’ is determined by the following data: a map f: V —
V', and maps fa: In — I} 4y, A € Py(V), such that

dpa),5()(fa(0)) = fB(Da,B(0))

for every A,B € P;(V), BC A, 0 € I4.

We say that a simplicial map f as above is injective (resp. surjective) if both
f and each f4 is injective (resp. surjective). Injective simplicial maps will often be
called simplicial embeddings.

When this does not cause any possible misunderstanding, we will simply denote
by f(o) the simplex fa(o), when o € 14.
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REMARK 1.4. When defining maps between multicomplexes, the absence of
degenerate simplices introduces some complications from the point of view of com-
binatorics. For example, in order to be reasonably flexible we need to agree that
simplicial maps can shrink simplices to simplices of lower dimensions. In the context
of simplicial sets, degenerate simplices take care of this phenomenon, while in the
context of multicomplexes we need to allow simplicial maps to be non-homogeneous
with respect to the dimension of simplices.

There is an obvious identity on every multicomplex, which of course is a sim-
plicial map; moreover, the composition of simplicial maps (which is defined in the
natural way) is a simplicial map. The following definition will play an important
role in the theory of multicomplexes:

DEerFINITION 1.5. Let K = (V,I,Q) be a multicomplex. A simplicial map
f: K — K’ between multicomplexes is non-degenerate if it maps every n-simplex
of K to an n-simplex of K’, or, in other words, if f|4 is injective whenever T4 # 0.

A submulticompler K' of a multicomplex K = (V,1,Q) is a triple K’ =
(V' I',Q), such that V! CV, Iy, C I4 for every A’ € Py(V') C P;(V), and

I g = (0a,8) |1,

for every A’, B’ € P;(V'), where we denote by 04,5 the boundary maps of K, and
by 814,1 g those of K’. Of course, a submulticomplex is a multicomplex itself, and
every submulticomplex of a multicomplex K admits an obvious simplicial embed-
ding in K. Moreover, a submulticomplex is uniquely determined by the simplices it
contains, so we will often define submulticomplexes just by describing their sets of
simplices (and leaving to the reader to check that such sets are closed with respect
to the boundary maps of the ambient multicomplex).

For every n € N we can now introduce the n-skeleton K™ = (V™ I™ Q") of
K = (V,1,9) as the unique submulticomplex of K such that V" =V and I} = I4
if |A] <n+1, while Iy = 0 if |[A| > n+ 1. Any simplicial map f: K — K’ induces
maps f": K™ — (K')" on the skeleta of K, K'.

If x is a vertex of K, then we say that the pair (K, zg) is a pointed multicom-
plex.

1.2. The Geometric Realization

Let us now define the geometric realization of a multicomplex K = (V,I,Q).
For every n € N we denote by A" the standard n-dimensional simplex with vertices
€g,--.,en. Then, we take one copy of A™ for every n-simplex of K, and we glue
these simplices according to the boundary maps prescribed by 2. More formally,
we proceed as follows. For every n € N let us denote by I™ the set of n-simplices
of K, i.e. the set

"= J{Ia|AePp(V), |[Al=n+1},
and let us set
X" =1"x A", X=]]x".
neN

We now define an equivalence relation that encodes the gluings between the sim-
plices of K. To this aim, for every A € Py(V) with |A| = n + 1, we first fix an
auxiliary arbitrary labelling of the vertices of A™ by the elements of A, i.e. a bi-
jection between A and the set of vertices of A™. Then, if (o4,2) € I4 x A™ and
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(oB,y) € Ip x A™, where n = |A| -1, m = |B| — 1, we set (o4,2) ~ (0p,y) if the
following condition holds: A O B, and

r=p(y),

where ¢: A™ — A™ is the unique affine inclusion that preserves the labelling of
the vertices of A™ and of A™ induced by o4, 0p, respectively. Finally, we denote
by = the smallest equivalence relation containing ~, and we set

The fact that multicomplexes do not contain degenerate simplices (i.e. that every n-
simplex has (n+ 1) distinct vertices) readily implies that, for every (o, A™), o € I™,
n € N, the composition

A" — |K|, x> [(o,2)]

is injective. Therefore, if for every o € I" we denote by |o| C |K| the image of
{o} x A™ in |K|, then we may endow |o| with the Euclidean topology inherited
from {o} x A™. We then endow |K| with the topology for which a subset Y C |K|
is open if and only if its intersection with every |o| is open. It is immediate to check
that |K| is a CW complex, whose closed n-cells are given by the subsets |o| defined
above, as o varies in I". Closed cells are embedded in |K]|, i.e. |K| is a regular CW
complex, according to the usual terminology (see e.g. [FP90, [Hat02]). Moreover,
there is an obvious identification between |K™| and the n-skeleton |K|™ of |K| as
a CW complex. We stress that the construction just described is independent of
the choice of the labellings introduced above. More precisely, we understand that
geometric n-simplices of | K| do not come with preferred identifications with the
standard simplex A™.

REMARK 1.6. Points of |K| admit the following easy description: if o € Iy
is a simplex with vertices A = {ag,...,a,} and tg,...,t, € [0,1] are such that
to+ ...+ t, =1, then we define the point

(o,t0ap + - .. +thay) € |K]|

as follows: after labelling the i-th vertex of A™ by a;, we set (o, tpao+...+tna,) =
[(o, (toeo + ... + tneyn))]- This definition formalizes the obvious fact that points in
the geometric realization of a simplex o € I4 correspond to convex combinations
of vertices in A. This description of points of |K| is almost unique: indeed,

(o,toag + - ..+ tnan) = (o’ tgag + ... + th,a,)

if and only if, after setting A = {a;|t; # 0}, A = {a}|t; # 0}, then A = A,
040 = Oy o', and t; = t; whenever a; = a;.

Of course, geometric realization is functorial: any simplicial map f: K — K’
induces a continuous map

[fI: K] = [K|
such that
|f1((o, toao + ... + tnan)) = (f(0),tof(a0) + ... + tnf(an))

for every point (o, tpag+. . .+tna,) of |[K|. Observe that, even if f is not injective on
the vertices {ao, ..., a,} of o, then the symbol to f(ag)+. . .+t f(ay) still represents
a convex combination of the vertices of f(c). With a slight abuse, we will often
denote by the symbol f the map |f|, and we will say that a map between the
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geometric realizations of multicomplexes is simplicial if it is induced by a simplicial
map.

1.3. Multicomplexes, Simplicial Complexes, A-Complexes, and
Simplicial Sets

In this section we briefly review the relationship between multicomplexes and
other well-known simplicial structures, in order to help the reader to get familiar
both with the (many) similarities between multicomplexes and very well-studied
objects, and with the (small but crucial to our purposes) peculiarities of multicom-
plexes. For a deeper discussion of the other simplicial structures we refer the reader
to [EZ50, [FP90, May92, [GJ99].

A A-complex is a graded set Z = |
maps

ien Zi together with a collection of boundary
6fZZq—>Zq_1, 1=0,...,q
that satisfy the identity
a;za;ﬁ-l _ 6;_17161{14-1
for every i < j, 0<1<¢q, 0<j <qg+ 1. Elements in Z, are called g-simplices,
and for every s € Z, the element 0;s € Z,_; is the i-th face of s. If s € Z,, for
0 < i < ¢ one can also define the i-th vertex v;(s) of s by setting
vi(s) = 08081 - L 905"+ Ops -

With this definition, simplices of a A-complex come with an ordering on their
vertices. As already mentioned, we are interested in forgetting this ordering. We say
that a A-complex is unordered if there exists a group homomorphism 69: G441 —
S(Z,) from the group of permutations of {0,...,q} to the group of permutations
of the set Z, which is equivariant with respect to boundary maps, i.e. is such
that 0,(;)(07(7)(s)) = 6971 (7:)(0i(s)), where 7;: {0,...,¢ —1} = {0,...,q — 1} is
obtained by “rescaling” 7 after removing i from its domain and 7(7) from its target
set. It is immediate to check that v;(89(7)(s)) = v,(;)(s) for every s € Z,, 0 <i < q.

Simplicial complexes may be considered as unordered A-complexes in which
simplices have distinct vertices and are completely determined by their vertices.
Indeed, usually a simplicial complex with vertex set V is defined as a subset S of
P;(V) such that A € S implies B € S for every B C A. From such a datum
one can construct a A-complex Z as follows: Z; = {(vo,...,vq)|v; # v; for i #
Js {vo, ..., vg} € S}, and 9 (v, . ..,vq) = (vo,...,0i,...,vq). Moreover, by setting
09(T)(vo, - ., vq) = (Vr(0), - - - » Ur(q)) ONE gets an action of &, 11 on Z,, which endows
Z with the structure of an unordered A-complex. It is easily checked that v; is
indeed the i-th vertex of (vo, ..., v,) according to the definition of i-th vertex given
above, so every simplex has distinct vertices. Moreover, every ordered (g + 1)-tuple
of elements in Zy is the ordered set of vertices of at most one element of Z,, so
simplices are indeed determined by their vertices.

We can now formalize the statement that multicomplexes are just unordered A-
complexes in which each simplex has distinct vertices. As such, they provide a class
of objects which generalize simplicial complexes without allowing all the phenom-
ena that can occur in generic A-complexes. Indeed, from any given multicomplex
(V,1,9Q) one may construct an unordered A-complex Z by setting

Zq: {(Ua (v07"'7vq))|U€IAv A:{’UO,...,’U(I} EPf(V), |A| ZQ+1} )
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0i((o, (vo, ...,vq)) = (B0, (Vo, ..., Vs,...,vq)), where B={vo,...,U;,...,04},

09(1)((o, (vo,...,vq))) = (0, (Vr(0)s - - - Vr(q))) for every 7 € Gg41 -

On the other hand, let Z be a given unordered A-complex in which each simplex
has distinct vertices. Then, one may construct an associated multicomplex (V, I, 2)
by setting V' = Zj, and putting in I4 one simplex for every &4-orbit of simplices
in Z4 with vertex set equal to A. Boundary maps of € may then be deduced from
the boundary maps of Z, thanks to the fact that each simplex in Z has distinct
vertices, and that boundary maps of the A-complex are equivariant (in the sense
explained above) with respect to the action of G441 on Zj,.

When developing the abstract theory of A-complexes, some difficulties arise
from the fact that simplicial maps cannot shrink the dimension of simplices. These
difficulties may be overcome by introducing degenerate simplices, thus getting a
richer structure in which simplices of dimension n may correspond to geometric
objects of dimension m < n. This approach leads to the theory of simplicial sets,
which are now quickly reviewing. Simplicial sets are A-complexes endowed with
the extra datum of degeneracy maps si: Z, — Z,11, 0 < i < g, such that the
following conditions hold:

S$iSj = Sj+154 for i Sj y
(%Sj = ijlai for i <7,
8j$j =1Id = 8j+1$j y

aiSj :Sjai_l for i >54+1.

A simplex of a simplicial set is degenerate if it is the image of a simplex under
some degeneracy operator. A simplicial set is symmetric if it is an unordered A-
complex, and if the action of G441 on Z, is equivariant with respect to degeneracy
operators. A simplicial map between simplicial sets is just a map of graded sets of
degree 0 which commutes with boundary and degeneracy operators. When deal-
ing with symmetric simplicial sets, we also ask simplicial maps to be equivariant
with respect to the action of &,41 on g-simplices. For those who are used to the
category-theoretic definition of simplicial sets, just as simplicial sets may be viewed
as functors from the category of finite ordinals (with monotone maps) to the cate-
gory of sets, we have that symmetric simplicial sets can de defined as functors from
the category of finite cardinals to the category of sets. For a thorough description
of this approach we refer the reader to [GraOlal, [Gra01bl, [RT03].

It is well known that to every (unordered) A-complex (V, I,€) it is possible to
associate a (symmetric) simplicial set by suitably adding degenerate simplices. In
particular, it is possible to associate to a multicomplex a symmetric simplicial set
Z, which is defined as follows. Since we need to allow degenerate simplices (which
necessarily have non-distinct vertices) we set

Zyg={(0,(vo,...,vy)) |0 € L4 € Ps(V), A={vo,...,v4}}

(note that in the above formula we do not require the v; to be pairwise distinct).
Then we set

0i((o, (vo, ..., vq)) = (OB0, (Vo, ..., Vs,...,vq)), where B={vo,...,U;,...,04},
Si(O', (Uo,. .. 5vq)) = (O.a (Uo,.. <y Viy Vgy v e '5vq)) )

09(1)((o, (vo, - -+, vq)) = (0, (Vr(0)s - -+ > Vr(q)) for every 7 € G441 .
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We thus obtain a symmetric simplicial set in which every non-degenerate sim-
plex has distinct vertices. Conversely, it is immediate to check that if every non-
degenerate simplex of a symmetric simplicial set has distinct vertices, then the face
of every non-degenerate simplex is itself non-degenerate, so one can delete degener-
ate simplices from the structure thus obtaining an unordered A-complex in which
every simplex has distinct vertices, i.e. a multicomplex. The constructions just
described are one the inverse of the other, so a multicomplex may be identified
with a symmetric simplicial set in which every non-degenerate simplex has distinct
vertices. Under this identification, it is immediate to check that simplicial maps
between multicomplexes correspond to simplicial maps between symmetric simpli-
cial sets (recall that such maps must be equivariant with respect to the action of
G441 on g-simplices).
We can sum up the discussion above in the following:

PROPOSITION 1.7. The following categories are equivalent: multicomplexes, un-
ordered A-complexes in which every simplex has distinct vertices, symmetric sim-
plicial sets in which every non-degenerate simplex has distinct vertices.

The geometric realization of A-complexes and of simplicial sets is constructed
in the very same way as the geometric realization of multicomplexes: one takes one
geometric simplex for every combinatorial simplex of the structure, and glue them
according to the boundary (and degeneracy, in the case of simplicial sets) maps (see
e.g. [May92] for a thorough discussion of this construction for simplicial sets). In
particular, since every degenerate simplex is glued to one of its faces via an affine
projection, only non-degenerate simplices give rise to actual geometric simplices in
the realization. Let us warn the reader about a small subtlety: with the usual def-
initions, the geometric realization of a multicomplex K differs from the geometric
realization of the associated (ordered!) simplicial set Z, in that every g-simplex in
K gives rise to exactly (¢ + 1)! non-degenerate simplices in Z, and the geometric
realization of each simplex of Z admits a canonical identification with the standard
simplex A™. On the contrary, each n-cell of |K| is identified with A™ only up to
affine isomorphisms of A™. On the other hand, in the geometric realization for
unordered A-complexes and for symmetric simplicial sets one asks that g-simplices
in the same &, y;-orbit be identified to each other. With this definition, the geo-
metric realization of a multicomplex coincides with the geometric realization of the
corresponding unordered A-complex and of the corresponding symmetric simplicial
set. In fact, the geometric realization of a multicomplex is a reqular unordered A-
complez, according to the definition given by Hatcher in [Hat02l page 533] (where
reqular stands for “with embedded closed cells”, i.e. with simplices with distinct
vertices).

1.4. Simplicial (Bounded) (Co)Homology

In this section we introduce the simplicial (co)homology of a multicomplex,
and we compare it with the singular (co)homology of its geometric realization.
The definitions we are going to give are very natural and extend (or restrict) to the
context of multicomplexes well-known definitions that are usually introduced in the
theory of simplicial complexes or of simplicial sets. However, since we will make an
extensive use of the explicit chain complexes computing simplicial (co)homology,
we need to set the notation and state some fundamental results for later reference.
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1.4.1. Simplicial (co)chains. Let K = (V,I,) be a multicomplex, and let
R be a ring with unity (in our cases of interest, we will have either R = Z or
R=R).

The complex (C.(K; R),d) of simplicial chains over K with coefficients in R
is simply the chain complex associated to the ordered simplicial set associated to
K (see Section [[3]). Therefore, for every n € N the module C,,(K; R) is the free
R-module generated by the set

{(o, (vo,...,vn)) |0 €Ia, A={vy,...,0n} € Pr(V)},

while the boundary operator 9,,: Cp,(K; R) — Cp,—1(K; R) is the R-linear extension
of the map

(0, (v0, -, vn)) = > (=1)"(0p,0, (vo, ..., By, ..., vn))
=0

where B; = {vg,...,¥i,...,vs}. Every element of C,,(K; R) of the form
(o, (v, ... vp)) oge€la, A={voy,...,vn} €Ps(V)

will be called an algebraic simplex (or, when there is no danger of ambiguity, simply
simplex). Tt is easy to check that 9, o Op4+1 = 0 for every n > 1 (where we
understand that 9y = 0). The simplicial homology H.(K;R) of K is then the
homology of the complex (C,(K; R),dx). As usual, by taking duals one may define
the cohomology of K: namely, the complex of simplicial cochains (C*(K; R), §*) is
defined by setting C™(K; R) = Hom(C,(K; R), R) and by letting the coboundary
operator §": C"(K; R) — C""1(K; R) be the dual of the map 0,,11: Cr11(K; R) —
Cpn(K; R). The simplicial cohomology H*(K; R) of K is then the cohomology of
the complex (C*(K; R),d%).

1.4.2. The /'-norm on chains and the ¢>*-norm on cochains. When
R = Z,R, one may also define bounded simplicial cochains of K as follows. Let
c=> 10t € Cp(K; R) be a chain written in reduced form (i.e. suppose that I
is a finite set, and the 1); are algebraic simplices such that 1; # ; for ¢ # j). Then
we define the ¢'-norm of ¢ by setting

lelly = lasl -
icl

In this way, the module C, (K; R) is endowed with a norm, which restricts to a
norm on the submodule of cycles Z,,(K; R), which in turn descends to a quotient
seminorm (still denoted by || - ||1) on H,(K;R). (Observe that, if R = Z, then
for every oo € H,(K;Z) and every A\ € Z we have |A- a1 < |A| - |la]l1, but the
inequality may be strict; nevertheless, we will call the map || - ||1: Hn,(K;Z) = Z a
seminorm).

Dually, one can consider the submodule of bounded cochains CJ'(K;R) of
C™(K; R) given by those cochains which are continuous with respect to the £!-norm
of C,,(K; R), and endow this space with the dual norm ||| : C: (K; R) — R. For
notational reasons, we assign an £°°-norm also to cochains which are not bounded,
by setting ||¢||e = +00 for every ¢ € C"(K; R)\ C*(K; R). It is readily seen that

llelloo = sup{|e(s)|, s algebraic simplex in C,(K;R)}

for every ¢ € C™(K; R). Moreover, the coboundary operator of C*(K; R) restricts
to Cy (K; R), which is thus a complex. The cohomology of Cy(K; R) is called the
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(simplicial) bounded cohomology of K, and it is denoted by H; (K; R). The £*°-norm
on CJ'(K; R) restricts to a norm on the submodule of cocycles Z'(K; R), which in
turn descends to a quotient seminorm (still denoted by || - ||oc) on Hy'(K; R). In the
same way one may define an £*°-seminorm (taking values in [0, +00]) on H"(K; R).
(Bounded) simplicial (co)homology is functorial: every simplicial map between
multicomplexes induces a chain map on (bounded) (co)chains, which induces in
turn a map in (bounded) (co)homology. In fact, using that a simplicial map takes
every single simplex to one single simplex, it is readily seen that simplicial maps
between multicomplexes induce norm non-increasing maps in homology (endowed
with the /!-norm) and in bounded cohomology (endowed with the />°-norm).

1.4.3. Reduced chains and alternating cochains. By definition, every n-
simplex of a multicomplex K gives rise to (n 4 1)! algebraic simplices in C,,(K; R),
and to many algebraic simplices in C,,(K; R) for every m > n. It is sometimes
useful to reduce the number of generators for simplicial chains (of course, without
altering the resulting homology modules) by discarding all chains that are degen-
erate, according to a suitable definition that we are now going to give.

For every n € N, we denote by D,,(K; R) the submodule of C,, (K; R) generated
by the set

{(o, (vo, - vn)) —e(T)(0, (Vr(0)s-- -+ Vr(m))) | T € Grg1}
U {(07 (an"-uvn))|vi = v; for some ¢ ;éj} ,

where we denote by €(7) = £1 the sign of the permutation 7. We then define the
module of reduced n-chains C,,(K; R),eq as the quotient

Cn(K;R)red = Cn(KvR)/Dn(K7R) .

It is readily seen that the boundary of a degenerate chain is still degenerate, so the
boundary operators of the complex C,(K; R) descend to boundary operators (still
denoted by 9.) on Cy(K; R)yed, which is therefore endowed with the structure of a
complex. Observe that to every n-simplex of K there is now associated a unique
algebraic simplex of Cy, (K'; R)ed, and that the elements of C, (K; R)yeq arising from
the n-simplices of K provide a basis of C,(K; R)red (which, in particular, is still
free). In order to ease notation, from now on we will often denote an element of
Cn(K; R) and its class in Cy, (K; R)yea by the same symbol (however, it will always
be clear whether we are working in C,(K; R) or in C,(K; R)yeq). For example, the
identity

(Uv (UOv Ul)) = _(07 (Ul,’l)o))
holds in C1(K; R)rea (and does not hold in C;(K; R)).

REMARK 1.8. If R = R (or, more in general, if 2 is invertible in R), then the
submodule D), (K; R) of C,(K; R) generated by the set

{(a, (v0,--,vn)) = (T)(0, (Vrys -+, Vr(m))) | T € 6n+1}

automatically contains every element of the form « = (o, (vo,...,v,)), where v; =
v; for some ¢ # j. When R = Z, for such an element a we just have 2a € D], (K; R),
from which we cannot deduce that a € D/, (K, R) too.

Coming to cohomology, one can consider the dual of C,,(K; R);ed, which may be
identified with the subspace C™(K; R)ax C C™(K; R) of cochains which vanish on
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D, (K; R). Such cochains are called alternating, because an element ¢ € C"(K; R)
lies in C™(K; R)ay if and only if it satisfies the equality

@(Ua (UT(0)5 i 7UT(7Z))) = 5(7’)%’(0'7 (’Uo, cee avn))

for every 7 € &,,41. The differential preserves alternating cochains, so (C*(K; R)at, 6%)
is a complex. We will be interested also in the complex (C} (K; R)ais, 0*) of alternat-
ing bounded cochains, which is defined just by setting C7'(K; R)ai, = Cp (K; R) N
C™(K; R)ay (recall that §* also preserves boundedness of cochains). The ¢!-norm
on simplicial chains induces a quotient seminorm (which is in fact a norm) on re-
duced simplicial chains, and the £>°-norm on (bounded) cochains restricts to a norm
on alternating (bounded) cochains; we will still denote these norms by || - ||; and
I |, respectively.

The following theorem ensures that the ¢!-seminorms induced on H.(K;R)
by C.(K;R) and by C.(K; R)rq coincide, and that the same holds for the ¢°°-
seminorms induced on Hj (K; R) by Cy(K; R) and by C}(K; R)alt-

THEOREM 1.9. The chain projection Cy(K; R) — Cy(K; R)rea induces an iso-
metric isomorphism between H,(K; R) and the homology of the complex C\.(K; R)yed-
The inclusions of complexes C*(K; R)ay — C*(K; R) (resp. C} (K; R)ay — C (K; R))
induce isometric isomorphisms between the cohomology of the complex C*(K; R)a
(resp. C;(K; R)a) and H*(K; R) (resp. Hi (K;R)).

PROOF. The fact that the maps described in the statement are isomorphisms is
well known for simplicial sets, whence for multicomplexes, since the (co)homology of
a multicomplex is just the (co)homology of the associated simplicial set. However,
we are interested here in showing that these isomorphisms are isometric, which is a
bit more delicate (see Remark [[LI0). To this aim we retrace an argument originally
due to Eilenberg, referring the reader e.g. to [Eil44, Theorem 9.1] and [ES52]
Theorems 6.9 and 6.10] for the details. Eilenberg’s proof concerns in fact simplicial
complexes, and uses the fact (which still holds in multicomplexes) that simplices
have distinct vertices.

Let us consider the projection p,: Ci(K; R) = Cy(K; R)red, let us fix an auxil-
iary total ordering of the vertices of K, and let s.: Cy(K; R)rea — Cx(K; R) be the
unique R-linear map such that the following conditions hold: s, (o, (vo,...,v,)) =0
whenever at least two of the v; coincide; s, (o, (vo, ..., vn)) = &(7)(0, (Vr(0), - - s Vr(n))),
where 7 € &,41 is the unique permutation such that v o) < v,(1) <... <vr(y). It
is readily seen that s, is a well-defined chain map. By definition, the composition
D« © Sy is equal to the identity of C(K; R)rea. Moreover, it can be shown that
S« © s« is homotopic to the identity of C.(K;R) (via a bounded homotopy with
respect to the £'-norms), and this implies at once that p, induces an isomorphism
on homology. On the other hand, the inclusion of alternating cochains into generic
ones is just the dual map of the projection p.. As a consequence, such inclusion is
also a homotopy equivalence of complexes (where homotopies can be chosen to be
bounded with respect to the ¢*°-norm). The conclusion follows from the fact that
both p, and s, (and, therefore, also their dual maps) are norm non-increasing. O

REMARK 1.10. The fact that the homology (resp. (bounded) cohomology) com-
puted by reduced chains (resp. by alternating cochains) is isomorphic to the homol-
ogy (resp. (bounded) cohomology) of ordinary chains (resp. (bounded) cochains)
holds true also for A-complexes and simplicial sets.
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On the contrary, the fact that reduced chains induce on H,(K; R) the same £*-
seminorm as ordinary chains is due to the fact that simplices in a multicomplex have
distinct vertices. This assumption is indeed necessary, as the following example
shows. Let K be the unordered A-complex obtained from a 3-simplex A with
vertices vg, v1, U2, v3 via the following identifications: the face spanned by w1, va, v3
is identified with the face spanned by vg, v2, v3 via the affine isomorphism sending
v1 to v, v2 to vs and wvs to vy; the face spanned by vy, v1, vs is identified with the
face spanned by v, v1, v via the affine isomorphism sending vy to vy, v1 to vo and
v3 to vg. If o is the algebraic simplex (A, (vg,v1,v2,v3)), then it is readily seen
that do is degenerate but different from 0. As a consequence, the class [o] of o in
C3(K;Z)rea is a cycle. Let a € H3(K;Z) be the class of [o]. By construction, the
seminorm of « induced by C\(K;Z)req is not bigger than 1 (and, since a # 0, it is
equal to 1). On the other hand, using that do # 0 it is not difficult to show that
« cannot be represented by any cycle consisting of a single algebraic simplex in
C3(K; R). This shows that the seminorms induced on H3(K;Z) by C.(K;Z) and
by Cu(K;Z)yeq are distinct.

Thanks to Theorem [L.9, we will simply denote by H. (K R) (resp. H, (K’ R))
the homology of the complex Ci (K R)rea (resp. Cfy) (K R)art), i-e. we will feel
free to study (bounded) (co)homology by working directly with reduced chains and
with alternating cochains, when useful. Also observe that simplicial maps between
multicomplexes take degenerate chains to degenerate chains, so they induce (norm
non-increasing) maps on reduced chains and on alternating cochains.

A classical and fundamental result in the (co)homology theory of simplicial
complexes and simplicial sets is that the simplicial (co)homology of such objects is
canonically isomorphic to the singular (co)homology of their geometric realizations.
The same result also holds for multicomplexes. More precisely, let

¢ Cu(K;R) = C.(|K|; R)
be the R-linear chain map sending every element (o, (vo,...,v,)) € Cu(K;R) to
the singular simplex
A" = |K|,  (to,..-,tn) = (0ytovo+ ...+ ... thvn) |
and denote by ¢*: C*(|K|; R) — C*(K; R) the dual chain map induced by ¢. on
cochains.
THEOREM 1.11. For any multicomplex K, the homomorphisms
H.(K;R) = H.(|K[;R),  HY(|K|;R) — H"(K;R)
induced by ¢, and ¢*, respectively, are isomorphims in every degree.
PROOF. The standard argument for the isomorphism between simplicial and

singular cohomology for A-complexes (see e.g. [Hat02, Theorem 2.27]) applies
verbatim to multicomplexes. O

Of course, Theorem [[.TT] cannot hold for bounded cohomology: if K is a finite
multicomplex, then every simplicial cochain on K is bounded, while there may well
be singular classes on | K| which do not admit any bounded representative (we refer
the reader to Section [£.1] for the definition of bounded cohomology of a topological
space). One of the key results on the bounded cohomology of multicomplexes
establishes a suitable version of Theorem [[.I1] for the notable class of complete
multicomplexes, that will be introduced and studied in Chapter Bl (see Theorem [2]).
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1.4.4. The relative case. Let K be a multicomplex and let L be a submul-
ticomplex of K. The simplicial inclusion L — K induces chain maps C.(L; R) —
C.(K;R) and Cy(L; R)rea — Ci(K; R)rea, and, after identifying (reduced) chains
on L with their images in C.(K; R) (or in C.(K; R)rea), one can define as usual
relative chains for the pair (K, L) by setting

C*(KuLwR) - C*(K7R)/C*(L7R) 3 C*(KaL;R)red - C*(K;R)red/c*(L;R)red .

The boundary operator for absolute (reduced) chains induces a boundary operator
for relative (reduced) chains, and we denote by H, (K, L; R) the resulting homology.
Theorem also holds in the relative context (with the very same proof as for
the absolute case), so by the symbol H,(K, L; R) we may equivalently denote the
homology of chains or of reduced chains.

The short exact sequence of complexes

0 —— C.(L; R) —i>C*(K;R) —j>C*(K,L;R) —0,

where i is the inclusion and j the quotient map, induces the long exact sequence

(1.1)

Oy Hy y(L:R) —> ...

The inclusion of L in K also defines a restriction map CE*b)(K; R) — Ch (L, R),
whose kernel Cy (K, L; R) is canonically identified with the dual (or the topological
dual, in the case of bounded cochains) of Cy (K, L; R). After endowing Cy (K, L; R)
with the restriction of the differential of C(*b) (K; R) we can compute the cohomology
H (*b) (K, L; R) of the resulting complex, which is by definition the relative (bounded)

cohomology of the pair (K, L). Just as for homology, we can compute (bounded)
cohomology of pairs using alternating cochains, and we have a long exact sequence
(1.2)

- —= H7 (K, L; R) — H},

(s R) — H;

1 (L R) — HP (K, Li R) — - -

(b)
As in the absolute case, if we denote by
¢« Cu(K, L; R) = Ci(|K[, |L|; R)

the R-linear map sending (the class of) every algebraic simplex (o, (vg,...,v,)) €
Cn(K, L; R) to (the class of) the singular simplex

An—>|K|, (to,...,tn)’—)(O',to’Uo—F...—F...tnvn),

and by ¢*: C*(|K|,|L|; R) — C*(K, L; R) its dual chain map, then we have the
following

THEOREM 1.12. For any pair of multicomplexes (K, L), the homomorphisms
H.K,L;R) = H.(|K|,|L|; R), H*(|K|,|L|; R) » H*(K,L; R)

induced by ¢. and ¢*, respectively, are isomorphims in every degree.
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1.5. Group Actions on Multicomplexes

Let T be a group acting simplicially on a multicomplex K = (V,1,) , i.e. sup-
pose that we are given a group homomorphism p: I' = Aut(K), where Aut(K) is
the group of simplicial automorphisms of K. In general, in order to give sense to the
notion of quotient multicomplex K /I" one needs to subdivide K (see Remark [[.TH).
However, things get much better for special classes of group actions.

DEFINITION 1.13. A simplicial action T' ~ K is called 0-trivial if g(v) = v for
every vertex v of K and every g € I, i.e. if " acts trivially on the O-skeleton of K.

If an action I' ~ K is O-trivial, then we can define a quotient multicomplex
K/T = (V',I',Q) as follows: V! =V, (I')* = I"/T (i.e. n-simplices of K/T
are in bijection with I'-orbits of n-simplices of K'), and 04, glo] = [0a,po] for every
[0] € I’y (where for every simplex o of K we denote by [o] the equivalence class of o
with respect to the action of T'). It is immediate to check that the triple (V', I', Q')
indeed defines a multicomplex, and that the following proposition holds:

ProrosITION 1.14. Let I' ~ K be a O-trivial simplicial action. Then the map
m K —- K/T, 7(o) = [o]

is a non-degenerate simplicial map. Moreover, if we denote by |g|: |K| — |K|
(resp. by |r|: |K| — |K/T|) the map induced by g € T' (resp. by w) on geometric
realizations, then for every g € I' the following diagram commutes:

|K|R e %IKI

[K/T|

In particular, |K/T| is naturally homeomorphic to |K|/T.

REMARK 1.15. Proposition [[LT4] cannot hold in general, even when restricting
to free actions. For example, let K be the 1-dimensional multicomplex having
exactly 2 vertices and 2 edges (so that | K| is homeomorphic to S*), let T' = Zy and
suppose that the non-trivial element gy of I' acts on K by switching the vertices
and the edges of K. Then |go| acts on |K| as the antipodal map, so |K|/T" is
still homeomorphic to S'. The cellular structure of |K| projects onto a cellular
structure for |K|/T having just one vertex and one edge. Such a structure cannot
correspond to any multicomplex structure, since edges in (the geometric realization
of) a multicomplex always have distinct endpoints.






CHAPTER 2

The Singular Multicomplex

To our purposes, the most important example of multicomplex is the singu-
lar multicompler associated to a topological space. The name singular multi-
complex evokes the (total) singular compler in the theory of A-complexes and
simplicial sets: if X is a topological space, the singular complex S(X) of X is
the simplicial set having as simplices the singular simplices with values in X (see
e.g. [Eil44, [EZ50), Mil57, [FP90, [GJ99]). Roughly speaking, the singular mul-
ticomplex K(X) is the multicomplex having as simplices the singular simplices in
X with distinct vertices, up to affine symmetries. Therefore, the singular multi-
complex differs from the singular complex both beacuse of the requirement that
singular simplices be injective on vertices, and because the geometric simplices of
the singular multicomplex do not come with a preferred ordering of their vertices.

Let us now be more precise. We denote by S, (X) the set of singular simplices
with values in X, and for every o € S,(X) we define the set of vertices of o as
the image of the set of vertices of A” via 0. Then, we denote by S%(X) the subset
of S,(X) given by the singular simplices whose set of vertices consists of exactly
(n + 1) points (i.e. SY(X) is the set of singular n-simplices that are injective on
the vertices of A™). We say that two simplices 0,0’ € S2(X) are equivalent if
o' = o o1, where 7 is an affine diffeomorphism of A™ into itself, and we denote
by §2(X ) the set of equivalence classes of elements of S?(X). Observe that, if

T c ?2 (X), then we may define the set of vertices of & as the set of vertices of any
of its representatives. We are now ready to define the singular multicomplex

KX) =V, 1,9)

of X as follows: V = X i.e. the vertices of IC(X) are just the points of X; for every
subset A C V = X such that |A] = n + 1, the set I4 consists of the elements of
??L(X ) having A as set of vertices; finally, if & € Iy and B C A, then we choose a
representative o of &, and we define 94 gT as the equivalence class of the unique
face of o having B as set of vertices. It is easy to check that this construction
indeed defines a multicomplex.

The geometric realization of K(X) is a CW complex whose 0-cells are in bijec-

tion with the points of X. Moreover, there is a natural map
Sx: |K(X)|— X
which is defined as follows. Recall that a point of |[/C(X)| is represented by a pair

-0 .
(@, toxo + ... + tnp), where T € S, (X) and zo, ..., x, are the vertices of 7 (see
Remark [[.6]). We choose the representative o of & sending the i-th vertex of A™ to
x;, and we set

Sx((@,toxo + ... + than)) = o(toeo + ...+ tnen) .

17
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It is easy to check that Sx is well defined and continuous. We will often call the
map Sx the natural projection of |[KC(X)| onto X. When the space X is clear from
the context, we will often denote Sx simply by S.

Let now K be a multicomplex and let X be a topological space. If f: |K| = X
is any continuous map such that f|4 is injective for every A C V such that T4 # 0,
then we can define a non-degenerate simplicial map ' f: K — K(X) as follows: if 7 is
an n-simplex of K and n: A" — |o| is a characteristic map for o, then ! f(0) = f o o,
where o is any representative of . On the other hand, if g: K — KC(X) is a non-
degenerate simplicial map, then we can define a continuous map tg: |K| — X by
setting 'g = Sx o |g| (and, for every A C V such that I4 # (), the map tg is
automatically injective on A).

The map f (resp. tg) is called the transpose of f (resp. of g). It is straightfor-
ward to check that transposition satisfies the following identities:

hH=r  ‘l9=yg.
In particular, if X = |K]|, the identity Id: |K| — |K| induces a non-degenerate
simplicial map ‘Id: K — K(|K|). Since

Sixyo|'d] = ("1d) = 1d ,
the map ‘Id: K — K(|K]) is injective, and will be called the natural embedding of
K into K(|K|).

Our next goal is to show that, at least for reasonable topological spaces, the
natural projection S: [K(X)| — X is a weak homotopy equivalence.

2.1. The Weak Homotopy Type of the Singular Multicomplex

In order to prove that the natural projection S: |[K(X)| — X is a weak ho-
motopy equivalence we first need to select a suitable class of topological spaces to
work with.

DEFINITION 2.1. Let X be a topological space. We say that X is good if:

(1) X is semilocally simply connected (i.e. any path connected component of
X admits a universal covering);
(2) every non-empty path connected finite subset of X is a singleton.

Of course, locally contractible spaces satisfy condition (1) in the above defini-
tion, while it is an easy exercise to show that condition (2) is satisfied e.g. by every
topological space with the separation property 77. In particular, CW complexes
(with no restrictions on the cardinality of cells) are good spaces.

As anticipated in the introduction, we have the following:

THEOREM [II Let X be a good topological space. Then, the natural projection
S:K(X)| = X
is a weak homotopy equivalence.

Since CW complexes are good spaces, thanks to Whitehead Theorem we im-
mediately have the following:

COROLLARY 2.2. Let X be a CW complex. Then, the natural projection
S:K(X)| = X

is a homotopy equivalence.
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The singular multicomplex IC(X) is constructed by gluing (classes of) singular
simplices that are injective on vertices. By comnsidering all possible singular sim-
plices, one gets instead the classical singular simplicial set S(X) associated to X
(see e.g. |[Eil44), Mil57, [FP90, [May92] for the formal definition and the main
properties of S(X)). Also the geometric realization of the simplicial set S(X)
comes equipped with a natural projection onto X, and a fundamental classical re-
sult ensures that such projection is a weak homotopy equivalence (see e.g. [Mil57,
Theorem 4] and [FP90L Theorem 4.5.30]). Moreover, as we will see at the end of
the section, K(X) embeds into S(X ), hence in order to prove Theorem[Ilit would be
sufficient to show that [IC(X)| is a deformation retract of |S(X)| (at least for good
spaces). We will obtain this result as a corollary of Theorem [Il But writing down
an explicit retraction of |S(X)| onto |[IC(X)| turned out to be so difficult that we
decided to prove Theorem [I] via a different strategy (which is inspired by Milnor’s
approach to the same problem in the context of simplicial sets [Mil57]).

Our proof of Theorem [ consists of two steps: we first prove that S induces an
isomorphism at the level of fundamental groups, and then we show that S may be
lifted to a weak homotopy equivalence between the universal coverings of |K(X)]
and X. Since coverings induce isomorphisms on higher homotopy groups, these
facts suffice to prove that S is a weak homotopy equivalence. In order to show
that the universal coverings of |K(X)| and X are weakly homotopy equivalent, we
will make use of Hurewicz Theorem [Hat02 Corollary 4.33], which states that a
map between simply connected spaces is a weak homotopy equivalence provided it
induces an isomorphism on homology with integral coefficients.

Without loss of generality, we may (and henceforth we do) suppose that X is
path connected. We first characterize the universal covering of |KC(X)|, showing at
the same time that S induces an isomorphism on fundamental groups. We denote

by 7: X — X the universal covering of X. Let K(X) be the submulticomplex of
K(X) such that a simplex & of K(X) belongs to K(X) if and only if 7o o belongs to

—_~—

K(X) for any choice of a representative o of 7. In other words, (X)) contains (the
classes of) the singular simplices in X whose vertices project onto distinct points
of X.

There is an obvious simplicial map K(X) — K(X) which takes the class of a
singular simplex o: A™ — X to the class of its projection mo ¢ on X. This map is
well defined exactly thanks to the definition of (X). We denote by 7: ‘IC(X )‘ —

|K(X)| the induced map on geometric realizations. We also denote by

S ‘IC(X)‘—))?

the restriction of the natural projection |K(X)| — X.

LEMMA 2.3. The space }IC(X)} is path connected and simply connected.

PROOF. Since ‘IC(X)‘ is a CW complex, it is sufficient to show that every pair
of vertices are connected by an edge, and every simplicial path is null homotopic.

Let Zp, ¥1 be distinct vertices of ‘IC(X) , i.e. points of X. Since X is path connected,

we can choose a path v: [0,1] — X joining Zo and Z;. If 7(Zo) # 7(Z1), such a path
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defines a 1-simplex joining Zg and 77 in ‘IC(X)‘ Suppose now 7(Zo) = 7(Z1). The
path 7o~ cannot be constant, because otherwise the image of v would be contained
in 7=Y(7(Zo)), which is discrete, so v itself should be constant, a contradiction.
Therefore, the image of v contains points that do not project onto m(Zy) = 7 (1),
and we can express v as the concatenation of two paths that define 1-simplices of

|IL(X)]. The concatenation of such 1-simplices joins Zy and Z; in [K(X)|, and this

concludes the proof of the fact that [IC(X)| is path connected.
Let now Z be a finite multicomplex such that |Z| is homeomorphic to S!, and

let v: Z — K(X) be a non-degenerate simplicial map. As discussed above, in order

—~—

to show that ‘IC(X)

realization || of v is null-homotopic. Of course, if X consists of a single point there
is nothing to prove, so since X is good and path connected we can assume that X

is simply connected it is sufficient to show that the geometric

contains infinitely many points. In particular, there exists a point Zp in X whose
projection on X is not contained in 7 (|y|(Z?)). If D is the multicomplex obtained
by coning Z over a point O (so that |D| is homeomorphic to the 2-dimensional
disc), using the fact that X is simply connected we can extend S o |y|: [Z] — X
to amap f: |D| — X sending O to Zp. By construction, the restriction of o f to
every simplex of D is injective on vertices, so f defines a transpose s simplicial map

tf: D — K(X). By construction, the map f takes values in K(X) C K(X), and
its geometric realization extends |y| to |D|, thus showing that || is null-homotopic
in [K(X)]. O

PROPOSITION 2.4. The map 7: ‘IC(X)‘ — |[K(X)]| is a universal covering.

Moreover, the map S: |[K(X)| — X induces an isomorphism at the level of funda-
mental groups.

PROOF. Let I' = 71 (X) be the group of deck transformations of the covering
7: X — X. Then I acts simplicially on K(X) as follows: if 7 is a simplex of

—_~—

K(X) represented by o: A" — X’, then ~ -7 is the class of v o o. Since v is a
deck transformation, it is easily seen that this action is well defined. Moreover, an

element v € T" leaves a simplex of K(X) invariant only if v = Id. Indeed, being free
on X, the action of T" is free on the vertices of K(X). Moreover, if v-& = 7 for some
simplex @, then « permutes the vertices of 7; but the vertices of @ project to distinct
vertices of X, so they are pairwise I'-non-equivalent. This implies that  fixes each
vertex of &, so it is the identity. The induced action on the geometric realization

—_~—

‘Ia\)_(/)‘ is therefore wandering (i.e. every point of ‘IC(X )‘ admits a neighbourhood

which is disjoint form the union of all its translates). This implies that the quotient

is a covering. In order to conclude

map with respect to the I'-action on ’IC(X )

that 7 is a covering we now just need to observe that 7: ‘IC(X)‘ — |[K(X)] is open

(since both ‘IC(X)‘ and |[K(X)| are endowed with the weak topology), and that
7(x) = 7(y) if and only if z and y lie in the same T'-orbit.

Finally, since [K(X )‘ is simply connected, the map 7 is a universal covering.
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The fact that S induces an isomorphism on fundamental groups is now an easy
consequence of the fact the the following diagram commutes

‘IC(X)‘ _S.%

)

K(X)| —~ X

together with the fact that S commutes with the actions of T' on ‘IC(X )‘ and X,
respectively. (Il

Our next goal is to prove that the map S induces an isomorphism on singular
homology groups with integral coefficients. To this aim we first introduce the A-
complex associated to a singular chain, referring the reader to Section for the
definition of A-complex.

Let X be a topological space and let ¢ = Z?:l a;o; € Cp(X;Z) be an integral
singular n-dimensional chain with values in X. We construct a A-complex Z =
Uien Zi as follows. We set Z; = () for i > n. For i = n we set Z,, = {0;]j =
1,...,k}. For i <n, we define Z; to be the set of all the singular i-faces of elements
in Z,, where the singular i-faces of a singular n-simplex ¢ are the compositions coh,
where h: A? — A" is any order-preserving affine inclusion of the standard simplex
A? onto a face of A™ (of course, vertices of standard simplices are canonically
ordered). The boundary map 8}; : Z; — Z;—1 just sends every singular simplex in Z;
to its k-th face. Finally, we denote by |Z| the geometric realization of Z. For every
j=1,...,k, thereis a canonical characteristic map n; : A" — |Z| from the standard
simplex to the geometric simplex of |Z] associated to o; (such a map may not be
injective, e.g. when o; is not injective on vertices). By construction, the o; glue up
into a continuous map from |Z| to X, i.e. there exists a continuous map f: |Z] - X
such that o; = fon; for every j =1,...,k. If weset ¢z = 25:1 a;n; € Co(|1Z];2),
then Cy,(f)(cz) = c. Moreover, if ¢ is a cycle, then also ¢z is.

PROPOSITION 2.5. The map S: ‘IC(X)‘ — X induces isomorphisms on homol-

ogy groups with integral coefficients in every degree.

PROOF. Let us denote by H,(S): H, (‘l?(\)_(/)‘ ;Z) — H,(X;Z) the map in-

duced by S on singular homology in degree n. Proposition 2.4 implies that Hn(g ) is
an isomorphism for n = 0, 1, so we may suppose n > 2. Recall that 7: X — X is the

covering projection, and denote by H, (¢, ): Hy, (IC(X); Z) — H, (‘IC(X)‘ ;Z) the
isomorphism between simplicial and singular homology described in Theorem [L.T1]

We first show that H,(.S) is surjective. Of course we can suppose that X con-
tains at least two points. Let us take a singular cycle ¢ = Z?Zl ajo; € Chn(X;Z).
If the vertices of each o; project to pairwise distinct points of X (i.e. if the class

7, of each o; defines a simplex in /C(X)), then there is nothing to prove: indeed,
to every o; we can associate the element

—_~—

;= (@, (vo, -, vn)) € Cn(K(X); Z)
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where v; is the i-th vertex of oj; if € = Z_];:l a;0; € C,,(K(X);Z), then it readily
follows from the definitions that ¢ is a cycle, and

¢ = Cu(8)(¢a (@) -

In particular, the class of ¢ lies in the image of H,(S).

Therefore, in order to prove that Hn(g) is surjective we are left to show that
every class a € Hn()N( ;Z) is represented by a cycle in which the vertices of every
singular simplex project to distinct points of X. Let ¢ = Z?:l ajo; € Cn()N(; Z)
be a representative of «, and let Z,cz and f: |Z] — X be the A-complex, the
singular cycle and the map defined above, so that C,(f)(cz) = ¢. Let Z' be
the second barycentric subdivision of Z, which is now a simplicial complex (see
[Hat02| Exercise 23, page 133]), and denote by ¢’ (resp. ¢;) the second barycentric
subdivision of ¢ (resp. of cz). Let also V' C |Z| be the set of vertices of |Z’| (where
we understand the canonical identification between |Z| and |Z’|). Using that X
is good, it is not difficult to show that we can homotope the map f: |Z| — X to
a map f’ such that 7 o f’ is injective on V: indeed, since we are assuming that
X contains at least two points and is path connected, it contains infinitely many
points; we can then homotope (7o f)|y to an injective map, extend such homotopy
using the homotopy extension property of the CW pair (| Z|, V), and then homotope
f to the required map f’ thanks to the homotopy lifting property for coverings. By
construction, each simplex of ¢, has vertices on distinct points of V, so the vertices
of each simplex of the cycle ¢ = C,,(f")(c%;) project to distinct points of X. Since

a = [c] =[], this concludes the proof of the surjectivity of H,(S).

Let us now prove the injectivity of H,,(S). Let o € ker H,,(S) C H, (‘Ia\)_(/) ;Z).

By Theorem [[.TT] we may assume that « is represented by the cycle ¢ = ¢, (cs),
where

—_~

cs = iaj(ﬁj, Wl,...,v0)) € Cp, (K(X);Z)
j=1

is a simplicial cycle. By definition, we have
B k
(2.1) Co(S)(cs) = > _ajo;
j=1

where o;: A" — X is the unique singular simplex belonging to the class 7; and

having v} as i-th vertex. Since a € ker H,(S), we then have

k l
(2.2) Zajaj =0 (Z bh¢h> ;
j=1 h=1

where vy, is an (n + 1)-dimensional simplex in X for every h=1,...,1. If moy,
has distinct vertices in X for every h, then just as in the argument for surjectivity

we can define a simplicial chain 22:1 bh@Zh € Crt1 (IC(X); Z) such that

k l
Cs = Z%(@K%w--ﬂ%)) =0 (thwh> ’
j=1 h=1
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and this implies that ¢, is null-homologous, hence o = 0. Therefore, we are left to
show that in equality (Z2)) we can assume that 7o, has distinct vertices for every
h=1,...,1.

Let Z,cz and f: |Z] — X be the A-complex, the singular chain and the map
associated to 22:1 brn. We will subdivide Z and ¢z so to obtain a simplicial chain
whose image via (a map homotopic to) f provides the desired singular (n+1)-chain.
Let us say that an edge of Z is special if its endpoints are sent by wo f to the same
point of X, and that a k-dimensional simplex of Z, 0 < k < n + 1, is special if it
contains a special edge (in particular, 0-simplices are never special).

We first observe that no special n-simplex can appear in dcz € C,(Z;Z). In
fact, if oz is a special simplex of Z, then the vertices of C,,(f)(cz) do not project
to pairwise distinct points of X, so C,,(f)(0z) cannot appear among the o;. But

z k
Cn(f)(0cz) = 0(Cn(f)(cz)) = 0 (Z bh¢h> => a0,
h=1 Jj=1

hence oz cannot appear in dcgz.

We now subdivide Z by adding the barycenters of all special simplices, and by
subdividing only special simplices as follows: starting from dimension 1 and ending
in dimension (n + 1), we inductively replace each special simplex with the cone
on its barycenter of its (already subdivided) boundary. We call Z’ the resulting
A-complex, and ¢, the simplicial chain obtained by subdividing cz accordingly. By
construction, dc/, is a subdivision of dcz. But in dcz no special simplex appears,
SO

acy = dcy .

Let |L| C |Z] be the subcomplex given by the union of the geometric realizations of
non-special simplices (so that |L| contains all the vertices of | Z]), and let Vo C X be
the image of the set of vertices of | Z| via o f. Let also W C |Z| be the set of vertices
of |Z’| that are not vertices of |Z| (i.e. the set of added barycenters). Using that X
is good, we may homotope f|/zjuw to a map f': [L|UW — X with the following
properties: flj) = f'|z, (o f)lw is injective, and (7o f)(W)NVy = (). Using the
homotopy extension property for CW pairs, we can then extend this homotopy to a
homotopy between f and a map f”: |Z] — X such that f"liLjow = f'. With this
choice the chain Cp41(f")(cy) € Cny1(X;Z) is a linear combination of singular
simplices each of which projects to a singular simplex with distinct vertices in X.
Moreover, f” and f coincide on the geometric realization of non-special simplices
and no special simplex appears in dcz, hence

I(Crni1(f")(cz)) = Cnya(f")(0c%) = Coya(f")(9cz) = Cnya(f)(9cz)

l k
=0 <Z bhwh> = ajo;
h=1 j=1

where the last equality is due to the definition of cz. This concludes the proof.
O

REMARK 2.6. Our Proposition is very similar in spirit to [Kuel5l Re-
mark 1], where it is claimed that the inclusion into C,(X; R) of the chain complex
generated by singular simplices in X with distinct vertices induces an isometric
isomorphism in homology. When working with real coefficients, this fact may be
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deduced (at least for good spaces) via a duality argument from Theorem -5l More-
over, by putting together Proposition 2.5 and Theorem [[.11] one easily checks that,
for good spaces, this inclusion induces an isomorphism also when working with
integral coefficients. However, the ¢!-seminorm induced in homology by the chain
complex generated over Z by singular simplices with distinct vertices can be strictly
bigger than the usual /!-seminorm of H,(X;Z). For example, the fundamental class
[S1] € H1(S*;Z) of the circle satisfies ||[S*]||1 = 1, but the smallest representative
of [S1] given by a linear combination of simplices with distict vertices has £*-norm
equal to 2.

We are now ready to conclude the proof of Therem[Il We have already observed
that the map S: |K(X)| — X induces isomorphisms on i-th homotopy groups for
i =0,1. For n > 2, coverings induce isomorphisms on n-th homotopy groups, so
thanks to the commutative diagram

‘IC(X)‘ 5%

we only need to prove that S is a weak homotopy equivalence. Now the con-
clusion follows from Hurewicz Theorem [Hat02, Corollary 4.33], since we know
that K(X) and X are simply connected (see Proposition Z4), and that S induces

an isomorphism on singular homology with integral coeffients in every degree (see
Proposition 2.5]).

QUESTION 2.7. Is it true that the map S: |[K(X)| — X is a weak homotopy
equivalence for every topological space (i.e. even without the assumption that X is
good)? The singular set S(X) is always weakly homotopy equivalent to X, so there
is no apparent obstruction to an affirmative answer to our question. In any case, in
order to apply the homotopy theory of multicomplexes to bounded cohomology we
will need to provide an explicit combinatorial description of the homotopy groups
of K(X) that does not seem possible for pathological spaces. We refer the reader
to Remarks and [£.7] for more speculations on this issue.

As mentioned above, we can now prove that the singular multicomplex K(X) is
homotopy equivalent to the singular simplicial set S(X) (at least for good spaces).
Just as for the singular multicomplex, the singular set S(X) comes equipped with a
continuous map j: |S(X)| — X, where |S(X)| denotes the geometric realization of
S(X) (see e.g. [Mil57]). The multicomplex |[[C(X)| may be realized as a subcomplex
of |S(X)| as follows. Let us fix an arbitrary ordering on X, now considered as a
set. Let T be an n-simplex of K(X), so that 7 is the equivalence class of a singular
simplex with values in X. In such equivalence class there exists a unique singular
simplex 7: A™ — X which is increasing on the set of vertices of A”. We then set
i(T) = 7, and we observe that this formula defines a cellular map (still denoted
by i) from |[K(X)| to |S(X)|. In fact, if we endow K(X) with the structure of
simplicial set generated by its structure as a multicomplex, then i: £(X) — S(X)
is a simplicial embedding.
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COROLLARY 2.8. Let X be a good topological space. Then the simplicial em-
bedding
i [K(X)| = [S(X)]

is a homotopy equivalence.

PROOF. Let us consider the commutative diagram

(X i [S(X)]

X .

We have proved in Therem [l that the map S is a weak homotopy equivalence, while
it is well known that j is a weak homotopy equivalence (see e.g. [Mil57, Theorem
4]). As a consequence, the map i is also a weak homotopy equivalence. Since both
|K(X)| and |S(X)| are CW complexes, the conclusion follows from Whitehead
Theorem. O

2.2. (Lack of) Functoriality

Unfortunately, the singular multicomplex /(X)) lacks the functoriality proper-
ties enjoyed by the singular complex S(X). In fact, if f: X — Y is a continuous
map and o: A" — X is a singular simplex, then of course f oo is a singular sim-
plex with values in Y, so that f induces a simplicial map S(f): S(X) — S(Y).
However, even if ¢ is injective on the vertices of A™, it may well be that foo is not
so. Therefore, f does not induce any meaningful map from IC(X) to K(Y), unless
it is itself injective on each path connected component of X.

Nevertheless, we are able to prove that, at least for good spaces, any map
X — Y induces a well-defined homotopy class of maps |[K(X)| — |K(Y)|:

PROPOSITION 2.9. Let X,Y be good topological spaces and let f: X —Y be a
continuous map. Then there exists a continuous map K(f): [KK(X)| — |[K(Y)| such
that the following diagram commutes up to homotopy:

()| L )

le f lsy

X——Y.

PROOF. Let ix: |[K(X)| — |S(X)| (resp iy : [K(Y)] = |S(Y)]) be the embed-
ding introduced at the end of the previous section, and recall from Corollary[2Z.8 that
ix and iy are homotopy equivalences. As mentioned above, the map f: X — Y in-
duces a simplicial map S(f): |S(X)| — |S(Y')| which makes the following diagram
commute:

()] 2L |s(v)|
x—7' vy,

Now the conclusion follows by setting

K(f): KX = [KY)],  K(f) =pyoS(f)oix,
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where py : [S(Y)] — |K(Y)] is a homotopy inverse of iy. In fact, we have
foSx =fojxoix
=Jjv o S(f)eix
~jyoiyopyoS(f)oix
=SyopyoS(f)oix
= Sy o K(f).



CHAPTER 3

The Homotopy Theory of Complete
Multicomplexes

This chapter is devoted to the study of the homotopy theory of multicomplexes.
We have already seen in Section 2.1] that, at least when X is a good topological
space, the singular multicomplex of X has the same weak homotopy type of X, thus
providing a simplicial model for X. We will see that the singular multicomplex is a
complete multicomplex. Completeness for multicomplexes is an analogue of the Kan
property for simplicial sets, and it is particularly useful in the study of homotopy
groups of geometric realizations. Indeed, the combinatorial description of homotopy
groups of Kan simplicial sets is a classical topic in the theory of simplicial sets (see
e.g. [FP90, May92|, (GJ99]), and in this chapter we develop a similar theory for
multicomplexes.

Sometimes a complete multicomplex K can be unnecessarily big (this is the
case, for example, of the singular multicomplex of a topological space). Thus
it is often useful to look for a minimal submulticomplex of K which carries all
the homotopy of the original multicomplex. Such a multicomplex is called mini-
mal. The formal definition and the geometric properties of minimal multicomplexes
are very close to the definition and the properties of minimal simplicial sets (see
again [FP90, May92, [GJ99]).

To any complete and minimal multicomplex K there is associated an aspherical
multicomplex A having the same fundamental group as K. The construction of A is
explicit, and exhibits A as a quotient of K by a group of simplicial automorphisms.
When applied to the minimal multicomplex associated to the singular multicomplex
K(X) of a topological space X, this construction becomes particularly interesting,
both because it provides an explicit description of an Eilenberg-MacLane space
associated to a given topological space (see the end of this chapter), and because
it plays a fundamental role in our study of the bounded cohomology of topological
spaces (see Chapter []).

3.1. Complete Multicomplexes

In this section we introduce the notion of complete multicomplex. As already
mentioned, completeness may be interpreted as the counterpart, in the theory of
multicomplexes, of the Kan property for simplicial sets.

DEFINITION 3.1. A multicomplex K is complete if the following condition
holds. Let f:|A™| — |K| be a continuous map whose restriction to the bound-
ary flajan|: O|A"| — |K]| is a simplicial embedding. Then f is homotopic relative
to O|A™]| to a simplicial embedding f': |A"| — |K].

REMARK 3.2. Let us denote by A™ the n-dimensional simplicial horn, i.e. the
simplicial complex obtained by removing one n-dimensional face from A" !, If the

27
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removed facet is opposite to the i-th vertex of A"+, then we denote the resulting
simplicial horn by the symbol A?. We endow A" with the induced structure of
multicomplex (which coincides with its structure as a simplicial complex) and of
(ordered) simplicial set (which is obtained by adding all the degenerate simplices
generated by the geometric faces of A™). Recall that a simplicial set Z satisfies
the Kan condition (or, for brevity, is Kan) if, for every n € N and k € N, every
simplicial map f: A} — Z may be extended to a simplicial map F: A" — Z.

The Kan condition seems to be strictly related to an analogue of completeness
for simplicial sets. Indeed, it turns out that a simplicial set Z is Kan if and only
if the following strong completeness condition holds: for every n € N and every
continuous map f: |A™| — |Z| which is simplicial on 9|A™|, there exists a simplicial
map f’: |A"| — |Z] which agrees with f on J|A™| and is homotopic to f relative
to O|A™|. The “if” part of this statement is an easy exercise (strong completeness
allows to extend a simplicial map defined on A™ to a null-homotopic simplicial map
defined on the whole of OA™!; a further application of strong completeness then
provides the needed extension of this map to a simplicial map defined on A"*1); the
“only if” part is highly non-trivial, and turns out to be very useful when developing
the homotopy theory of Kan sets (see e.g. [FP90, Theorem 4.5.27]).

While (strong) completeness involves continuous maps on geometric realizations
in its definition, the Kan condition is purely combinatorial, and usually much easier
to check. Therefore, it may be interesting to find, in the context of multicomplexes,
an analogue of the Kan condition which is equivalent to completeness.

Let K be a multicomplex with associated (ordered) simplicial set Z. Unfor-
tunately, completeness for K does not imply strong completeness for Z: if two
edges of K join the distinct vertices v, w (and this phenomenon may well occur in
complete multicomplexes), then a simplicial map A! — K having these edges as
image does not extend to a simplicial map on A?, since non-degenerate simplices
of Z must have distinct vertices. Therefore, completeness for K is not equivalent
to the Kan condition for Z (and the Kan condition for Z seems to be too restric-
tive to our purposes: if K = K(X), then the associated simplicial set Z is not
Kan, while it is complete as we will prove in Theorem B7). We could therefore
define the Kan condition for multicomplexes as follows: a multicomplex K is e-Kan
(where “e” stands for “embedding”) if, for every n € N, every simplicial embed-
ding f: A™ — K may be extended to a simplicial map (which is automatically an
embedding) F: A"l — K. The singular multicomplex K(X) satisfies the e-Kan
condition for every topological space X. Moreover, the same argument showing
that strong completeness implies the Kan condition for simplicial sets shows that
completeness implies the e-Kan condition for multicomplexes (see also the proof
of Lemma B4 below). Unfortunately, at the moment we are not able to show
that the e-Kan condition implies (and therefore is equivalent to) completeness for
multicomplexes.

Before investigating more closely the features of completeness, let us discuss
some examples of complete multicomplexes.

EXAMPLES 3.3.

(1) Let K be a complete connected one-dimensional multicomplex. Then K
is a segment. Indeed, K must contain at least two vertices (because other-
wise it would be either empty or a point). Let us suppose by contradiction
that K contains at least three vertices vy, v1and ve. Since K is connected,
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up to reordering these vertices we can suppose that K contains a 1-simplex
e1 joining vy to vy and a 1-simplex es joining ve to vs. The concatenation
of e; and ey provides a continuous map |A'| — |K| which is a simplicial
embedding on 9|A|, so completeness ensures the existence of a 1-simplex
es joining v1 to vs and homotopic to e; x e relative to the endpoints. The
loop given by the concatenation of e, ez and (the inverse of) es is null-
homotopic, and can be realized as a simplicial embedding of OA? in K.
By completeness, this implies that K contains at least one 2-dimensional
simplex. This contradicts the fact that K is 1-dimensional, thus showing
that K contains exactly 2 vertices.

Let us finally prove that the vertices of K are joined by a unique
edge. In fact, if K contained at least two edges, then we could take a
reduced (i.e. non-backtracking) simplicial path of length 3 in |K|. By
completeness, this path should be homotopic relative to its endpoints to
a single edge of K. But reduced paths in a graph are never homotopic
relative to their endpoints, unless they coincide. This shows that K must
be a segment.

(2) More in general, it can be easily proved by induction that, if K is a
complete and connected multicomplex with vertex set V', then for any
A € Py(V) there is a simplex in K with vertex set A. In particular, if V'
is infinite then K is infinite-dimensional.

(3) As a consequence of the previous item, if a connected complete multicom-
plex K is a simplicial complex, then it equals the full simplicial complex
on the vertex set of K.

The following result will prove useful later:

LEMMA 3.4. Let K be a complete multicomplex. Let f: (A")! — K be a
simplicial embedding such that the restriction of f to each triangular loop is null-
homotopic. Then, f extends to a simplicial embedding of the whole A™.

PROOF. By definition of completeness, the statement holds if n = 2.

Let f be a map as in the statement, and assume by induction that the the-
sis is true for (n — 1)-simplices. Then we can extend f to a simplicial embedding
¢: A"~! — K of the (n — 1)-dimensional simplicial horn A"~! C A" (see Re-
mark B2 for the definition of simplicial horn). Let FF C JA™ be the facet of A™ not
contained in A"! and let r: |F| — |[A"7!| be any homeomorphism which is the
identity on 9|F| = |F|N|A" | (recall that a facet of a simplex is a codimension one
face of the simplex). The map ¢ or: |F| — | K| restricts to a simplicial embedding
of OF, so by completeness there exists a simplicial embedding ¢: F — K which is
homotopic to ¢ o r relative to the boundary of F. We can now glue ¢ and ¢ along
OF to obtain a simplicial embedding 1: 9A™ — K. It is not difficult to check that
this embedding is null-homotopic, so again by completeness we can extend v to the
desired embedding of A" into K. O

3.2. Special Spheres

Our next goal is the study of homotopy groups of (complete) multicomplexes.
To this aim we will be interested in representing elements of the n-th homotopy
group of (the geometric realization) of a multicomplex as simplicial maps defined
on a specific realization of the n-sphere as a multicomplex.
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DEFINITION 3.5. The n-dimensional special sphere is an n-dimensional mul-
ticomplex K = (V,I,Q) which is defined as follows: V is a set of cardinality
(n+1); I" = Iy = {A?, A"}, and 14 consists of a single simplex Ay for ev-
ery ACV, A=# V. The boundary maps in §2 are the only possible ones: for every
B g A g V, we have 8,4,3 =Idif A= B = V, (9\/7B(AZ) = (9\/7B(A?) = AB
it B# V, and 04 p(A4) = Ap in the other cases. In other words, K consists
of a northern n-simplex A and a southern n-simplex A7 which are glued along
their common boundary. It follows that |K| is homeomorphic to S™. The subspace
Sn—l = |kl = 9|A"| = 0|A?| C |K| =2 S™ is the equator of K. We will usually
denote (any multicomplex isomorphic to) a special n-sphere by the symbol Sn. We
will also denote by jps: |A2] = |AZ|, js.n: |AT] — |AT] the unique simplicial maps
that are the identity on the equator of S

When dealing with homotopy groups, we need to take care of orientations: a
map from a space S homeomorphic to the n-sphere defines an element of the n-th
homotopy group only when a pointed identification of S with S™ is fixed. Therefore,
henceforth we fix an ordering so < ... < s, on the set of vertices V(S™) of 5™, and
an identification (S™, %) 2 (|S™|, s9) which takes the basepoint * of S™ into sq.

The easy proof of the following lemma is left to the reader.

LEMMA 3.6. Let (X, xzq) be a pointed topological space, let (S", S0) be a pointed
special sphere, and let .
[ (18", 50) = (X, o)
be a continuous map. Let also fy, (resp. fs) be the restriction of f to |Al'] (resp. |AZ|).
Then, the following facts are equivalent:
(i) The class of f in (X, o) is null.
(ii) The maps frn: |A%] = X and fsoins: |A| — X are homotopic relative
to O|AT].
(iii) The map f extends to an (n 4 1)-topological disc bounded by |S™|.

We now prove that singular multicomplexes are complete. Hence, by Theo-
rem [I] for any good space X there always exists a complete multicomplex K(X)
that is weakly homotopic to X.

THEOREM 3.7. Let X be a good topological space. Then the singular multicom-
plex IC(X) is complete.

PRrROOF. Let F': |[A™ — |[K(X)| be a continuous map whose restriction f =
F|pan is a simplicial embedding. Let also S: [K(X)| — X be the natural projec-
tion. The composition ¢ = S o F' is a singular simplex in X with distinct vertices.
Its class (with respect to the action of &,41 on singular n-simplices with distinct
vertices) is therefore a simplex 7 of (X ), whose boundary coincides with the im-
age of f. Therefore, if o’: |A"| — |K(X)| is the unique characteristic map of &
which coincides with f on 9|A™|, by construction ¢’ is a simplicial embedding such
that S oo’ = So F. In order to conclude we are left to show that ¢’ is homotopic
to F relative to d|A™|. To this aim we can exploit Lemma as follows. Let
g: 18" — |K(X)]| be the map obtained by setting g = F on the northern emisphere
of [$"] and g = o’ on the southern emisphere of [S"|. Since So F = S oo’ we
have that S o ¢ is null-homotopic in X. But Theorem [Il ensures that S is a weak
homotopy equivalence, so ¢ is null-homotopic in |[IC(X)|, and this implies in turn
that F' and ¢’ are homotopic relative to the boundary of |A™|. O
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We are now going to show that, for complete multicomplexes, the homotopy
groups of the geometric realization are completely carried by simplicial special
spheres. Just as for Kan simplicial sets (see for instance [Kan58, [ May92|, [GJ99])
this allows us to approach the study of the homotopy type of a complete multicom-
plex via combinatorial methods. We first need the following definitions, that will
be used throughout the whole paper.

DEFINITION 3.8. Let K be a multicomplex. Then, two n-dimensional simplices
A1 and As of K are said to be compatible if the following conditions hold: the
vertex sets of Ay and of As coincide; moreover, for every proper subset B of such
vertex set, we have dgpA; = OpAs. Equivalently, A; and As are compatible if
|0A1] = |0As2| in the geometric realization |K|. Being compatible is obviously an
equivalence relation, and following [Gro82], for every simplex A; of K we denote
by m(Ay) the set of simplices of K that are compatible with A;.

Two n-dimensional simplices A; and As of K are homotopic if they are com-
patible and the following condition holds: Let i;: |A™| — |A;| be characteristic
maps for Ay, Ay such that i1|san| = 42/gjan|. Then i; is homotopic to iy relative
to O|A™|. Being homotopic is also an equivalence relation among simplices of K.

Let A7 and As be two compatible n-simplices in K and let (zg, ..., z,+1) be an
ordering of their vertices. We now define the (pointed) special sphere S™(A;, Ag)
associated to A1 and As as follows:

Sn(Al, Ag) : (Sn, 80) — (K, ,To)
is the unique simplicial map such which is order-preserving on vertices and sends A7
to A7 and A” to A%. We will usually denote by Sm(A;, Ay) also the induced map
on geometric realizations, that may be interpreted as a map (S™,*) — (| K|, zo),
and thus defines an element of 7, (| K|, zo).

It readily follows from Lemma that the compatible simplices A1, As are
homotopic if and only if the associated special sphere S "(Aq, Ag) defines the trivial
element of m,(|K|, zg).

The following result provides a nice combinatorial description of the homotopy
groups of complete multicomplexes (compare with [GJ99, Section 1.11, page 60]
and [May92| Definition 3.6], where the case of simplicial sets is addressed).

THEOREM 3.9. Let K be a complete multicomplex, and let Ay be an n-simplex
of K. Also fiz an ordering on the vertices of Ag and denote by xo the minimal
vertex of Ag. The map

©: 7(80) = (Kl 70),  O(A) = [§7(20,4)]
is surjective, and O(A) = O(A') if and only if A is homotopic to A’.

PROOF. Let g: (S™,*) — (|K|,x0) be a continuous map. We are going to
define a continuous map ¢': (|S™|,s0) = (|K|,z0) representing the same element
of 7, (| K|, z0) as g, and sending the southern hemisphere of S onto Ag. On |A”],
the map ¢’ is just the simplicial isomorphism between A” and Ag which preserves
the ordering on vertices. On the northern hemisphere, ¢’ is defined as follows. We
take an affine copy |A| of the n-simplex inside |A7|, in such a way that one vertex
of |A] coincides with xg, and all the other vertices of |A| lie in the internal part of
|AT]. We then define X as the topological space obtained from |A7| by collapsing



32 3. THE HOMOTOPY THEORY OF COMPLETE MULTICOMPLEXES

X2 x2
Ao
i) —
X1 I

FIGURE 1. The construction of the map g’. We denote vertices by
the name of their images in |K]|.

O|Al. Tt is readily seen that X is homeomorphic to the wedge of an n-simplex A’/
and an n-sphere S (see Figure []).

We then define a map ¢”: X — |K| as the wedge of the order-preserving
affine identification between A’ and Ay (where we order the vertices of A’ as the
corresponding ones in A”) and the map g on S, where we are identifying S with
S™ via an orientation-preserving homeomorphism which takes x to sy (observe that
S inherits an orientation from the orientation of |A”|, whence of A). Finally,
g’ |AT| — | K| is the composition of ¢” with the quotient map |A”| — X.

By completeness, there exists a simplicial embedding A — A; onto an n-
simplex of K which preserves the ordering on vertices and is homotopic to ¢’ relative
to A|A”|. Tt is now easy to check that the simplicial special sphere $™(Ag, A;)
defines the same element as g in 7, (| K|, zo). In fact, by construction such simplicial
sphere is homotopic relative to sg to the wedge of the map ¢g and a map which
coincides with Ay both on the nothern and on the southern hemisphere. This latter
map is clearly null-homotopic, and this concludes the proof of the surjectivity of ©.

The fact that ©(A) = O(A’) if and only if A is homotopic to A’ is an easy
consequence of Lemma 3.6 0

REMARK 3.10. As explained in Question 2.7 at the moment we are not able
to prove (or disprove) that the singular multicomplex K(X) is weakly homotopy
equivalent to X for every topological space X. However, even if this fact were true,
other difficulties could arise when dealing with exotic topological spaces. If X is
a good space, by combining Theorem [I] with Theorem we can conclude that
every element of m,(X), n > 1, is represented by a special sphere in C(X). This
result will play a fundamental role in the sequel, and definitely cannot be true if
we remove the assumption that X is good. Indeed, let X be a finite topological
space having the same weak homotopy type of the 2-dimensional sphere S? (the
fact that such a topological space exists is well known, see e.g. [McC66]). Let n
be the number of points of X (it is known that the smallest number of points in a
finite topological space weakly homotopy equivalent to S™ is 2m+ 2, hence we may
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assume n = 6). Then the set of vertices of the singular multicomplex (X)) consists
of n points. In particular, if k& > n, then (X)) cannot contain any k-dimensional
special sphere. But 71, (X) = m,(5?) # 0 for every k > 2 [IM16], hence there is no
hope that special spheres could carry the homotopy groups 74 (X) for k > n.

3.3. Simplicial Approximation of Continuous Maps

It is well known that, in the context of simplicial complexes and simplicial sets,
up to suitably subdividing the domain, continuous maps can be assumed to be
simplicial up to homotopy (see for instance [Hat02 Theorem 2C.1] and [Zee64]
for simplicial complexes and [Jar04l Section 4] for simplicial sets).

Analogous results can be recovered for multicomplexes, and by exploiting com-
pleteness we can obtain even stronger results. Indeed, Proposition B.I1] provides
a controlled simplicial approximation for maps between multicomplexes, provided
that the target is complete. In order to approximate continuous maps with simpli-
cial ones, one usually needs to subdivide each simplex in the domain a number of
times that depends on the simplex (and on the map). This implies in particular
that working with simplicial (co)chains rather than with singular ones has usually
an uncontrolled cost in terms of the ¢! (resp. £°°) seminorms on homology (resp. co-
homology). A key property of complete multicomplexes is that they allow us to
shift from singular (co)chains to simplicial ones without increasing these seminorms
(see in particular Theorem [2)).

ProrosiTioN 3.11. Let L, K be multicomplexes, suppose that K is complete,
and let f:|L| — |K| be a continuous map that is simplicial on L°, i.e. that maps
vertices of L to vertices of K. Suppose that, for every simplex o of L, the map f is
injective on the vertices of o, and that f is simplicial on a submulticomplex L1 of
L. Then, there exists a non-degenerate simplicial map f': L — K whose geometric
realization is homotopic to f relative to V(L) U Ly (in particular, f'lvpyor, =

f|V(L)UL1)'

PROOF. We proceed by induction on the skeleta of L. More precisely, for every
n € N we define maps f,: |L| — | K| with the following properties:

(1) fr is simplicial on the n-skeleton of L;
(2) f/ is homotopic to f!_; relative to |L|""*UL; (in particular, fnlvur, =
fraalvyor, = flvyor, and filipe-1 = fi_qljLpm—1).
We begin by setting f; = f. We then suppose that a map f], as above is given, and
we construct f), ;. First of all we set f),; = f, on |L|". Then we extend f, ; to
the (n + 1)-skeleton as follows. Let o be an (n + 1)-simplex of L. If o is a simplex
of Ly, then we just set f;,,(c) = f(o) (since this does not cause any ambiguity,
we are now using the same symbol for a simplicial map and for the continuous
map it induces on geometric realizations). Otherwise, let a: |[A"*!| — |o| be a
characteristic map for o. Since f, is simplicial on L™ and injective on the set of
vertices of o, the restriction of f/ o a to 9|A™"!| is a simplicial embedding. By
completeness of K, f! o« is homotopic relative to 9| A" 1| to a simplicial embedding
of A"*! onto a simplex o’ of K. We then define f} (o) = o’. After repeating
this procedure for all the (n 4 1)-simplices of L, we are left with a simplicial map
1 [LI"TY = |K| which is homotopic to f| =+ relative to |L|™ U|Ly|. Using
the homotopy extension property for CW pairs we can now extend f; ,; to the
whole of |L| in such a way that conditions (1) and (2) above hold.
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We can now define the desired map f’ just by setting f'(c) = f.(o) for every
n-simplex o of L. The fact that f’ is simplicial and non-degenerate is obvious,
and the fact that f’ is homotopic to f relative to V(L) U Ly follows from the fact
that each f), is, together with the fact that fi | » = f | for every k > n (see
e.g. [Str1ll Proposition 11.2]). O

We are now interested in turning continuous homotopies between simplicial
maps into simplicial homotopies, at least when the target is a complete multicom-
plex. To this aim we first define a structure of multicomplex on the product of a
multicomplex times the interval. It is well known that products are more easily
defined in the context of ordered simplicial structures, like ordered simplicial sets.
Nevertheless, it is easy to adapt to multicomplexes the definition of product be-
tween simplicial complexes (that, just as multicomplexes, are unordered simplicial
structures). Our construction closely follows [Mun84l, Lemma 19.1].

Let I = [0, 1]. Let o, denote the standard simplex A", endowed with its natural
structure of multicomplex (in particular, the vertices of o,, are not ordered). Of
course, in order to define a multicomplex K x I it is sufficient to define a structure
of multicomplex (i.e. a suitable subdivision into non-degenerate simplices, which
we will simply call triangulation) on the product o, X I in such a way that the
induced structure on each (9,0y,) x I, where 9,0, denotes a facet of o, coincides
with the structure of o,,_1 X I. Indeed, we will endow o,, X I with a structure of
simplicial complex. By gluing the simplicial complexes arising from the simplices
of K we will then obtain the multicomplex K x I.

We proceed by induction. For n = 0 we just define o¢ x I as the first barycen-
tric subdivision of I. We then suppose to have already triangulated o, x I in
such a way that 0,1 x {0} and 6,1 x {1} are not subdivided (i.e. they still ap-
pear as simplices of the multicomplex structure on o,,_1 x I). We then consider
the triangulation of the geometric boundary 9(c,, x I) given by the union of the
triangulations of (940,,) X I 2 0,1 X I, where 0,0, varies among all the facets of
on, and of o, x {0} and o, x {1}. We define the desired triangulation of o, x I by
taking the cone of the triangulation of d(o,, x I) over an internal point.

DEFINITION 3.12. Let K be a multicomplex. We define the multicomplex K x I
as the multicomplex obtained by gluing a copy of the multicomplex o x I described
above for every simplex o of K, according to the boundary maps of K (and to the
structure of o x I as a multicomplex). The geometric realization of K x I may be
identified with |K| x [0, 1], and there are simplicial embeddings

io,iliK;}KXI

that induce the identifications |K| 2 | K| x {0}, |K| = |K| x {1}, respectively. We
denote by K x {0}, K x {1} the images of these embeddings. By definition, they
are submulticomplexes of K x I isomorphic to K.

It is easily seen that a simplicial map f: K — L between multicomplexes gives
rise to a simplicial map f x Id: K x I — L x I whose geometric realization is
just the usual product f x Id: |K| x [0,1] — |L| x [0, 1]. In particular, if Ky is a
submulticomplex of K, then the inclusion Ky < K induces a natural inclusion of
Ko xIin K xI. We will often denote just by Ky x I the submulticomplex of K x I
obtained as the image of this inclusion.

DEFINITION 3.13. Let fo, fi: L — K be simplicial maps between multicom-
plexes. We say that a simplicial map F': L x I — K is a simplicial homotopy
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between fo and fi (and that fo, f1 are simplicially homotopic) if F o ig = fo,
Foiy = f1, where i;: L — L x I is the canonical embedding onto L x {j} de-
scribed in Definition We say that the homotopy F' is non-degenerate if F' is
non-degenerate as a simplicial map (which implies that fy, f1 are non-degenerate
t00).

As we may expect, simplicially homotopic maps induce the same maps on
simplicial (bounded) (co)homology:

LEMMA 3.14. Let fo, f1: L — K be simplicially homotopic simplicial maps
between multicomplexes, and let
Hy(fi):  Ha(L;R) — Ho(K;R)
H™(fi):  H"(K;R) = H™(L;R)
Hy(fi):  Hy(K;R) — H'(L; R)
be the induced maps on (bounded) (co)homology. Then

Hy,(fo) = Ha(f1), H"(fo) =H"(f1), Hy'(fo)=Hy(f1).

PROOF. As usual, it is sufficient to show that the inclusions ig,41: L < L x I
induce chain maps Cy(ip), C«(i1): C(L; R) — C.(L x I; R) that are algebraically
homotopic via a homotopy which is bounded (with respect to the /!-norm) in every
degree. Such a homotopy may be constructed by sending each simplex ¢ of L to
the sum (with signs) of the simplices triangulating the subset o x I C L x I (see
[Mun84, Theorems 12.5, 13.3 and 19.2] for the details). O

b

REMARK 3.15. In the proof of the previous lemma we have observed that
simplicially homotopic maps are algebraically homotopic via a homotopy which is
bounded in every degree. In fact, in the sequel we will be working with (possibly
infinite) families of homotopic maps, and in that context it will prove useful to
know that algebraic homotopies coming from simplicial homotopies have uniformly
bounded norms. Indeed, the proof of Lemma [314] (compare with [Mun84, Theo-
rems 12.5 and 19.2]) makes clear that the following holds: let C,, be the number of
n-simplices in the the multicomplex 0,1 X I described above, where again o,,_1
denotes the standard simplex A”~! with its natural structure of multicomplex.
Then, for every pair fo, f1: L — K of simplicially homotopic simplicial maps be-
tween multicomplexes, the induced maps f;: Cy (K) — Cy (L), i =0, 1, on bounded
cochains are algebraically homotopic via a homotopy 7*: C; (K) — C;~*(L) such
that || T"]|ce < Ch.

DEFINITION 3.16. A multicomplex K is large if every connected component of
K contains infinitely many vertices.

One of the main features of completeness is that it allows to turn topological
homotopies into simplicial homotopies:

LEMMA 3.17 (Homotopy Lemma). Let L, K be multicomplezes, and suppose
that K is large and complete. Let fo, f1: L — K be non-degenerate simplicial maps
that induce homotopic maps |L| — |K| on geometric realizations. Then fo, f1 are
simplicially homotopic via a non-degenerate homotopy.

PROOF. Let F': |L|xI — | K| be a continuous homotopy between the geometric
realizations of fo and fi. The structure of L x I as a multicomplex is such that no
simplex of L x I can have vertices both on L x {0} and on L x {1}. Therefore, by
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exploiting as usual the homotopy extension property for CW pairs, the largeness of
K and the fact that fo, f1 are non-degenerate, we can modify F' (without altering
its behaviour on |L| x {0,1}) in such a way that, if o is a simplex of L x I, then
the restriction of F' to the vertices of o is injective. By applying Proposition B.11]
(with f = F and L1 = L x {0} U L x {1}) we obtain a non-degenerate simplicial
map F’: L x I which agrees with f; on L x {i}. This concludes the proof. O

3.4. Minimal Multicomplexes

In this section we will introduce the notion of minimal multicomplex. In com-
plete multicomplexes, every simplicial embedding of JA™ which continuously ex-
tends over |A”| may be deformed into a simplicial embedding of A™ itself. In min-
imal multicomplexes such a deformation, when possible, leads to a unique choice
for the resulting simplicial embedding (see Definition 31§ for a precise formulation
of this condition). In some sense, minimal multicomplexes do not contain redun-
dant simplices, i.e. simplices that do not enrich the homotopy type of the geometric
realization. We will show how to replace a complete multicomplex K with a submul-
ticomplex L which is both complete and minimal, without affecting the homotopy
type of the geometric realization (see Theorem B.23). This fact will prove very use-
ful: indeed, we have already seen in Theorems[Iland B. 7 that every good topological
space X is weakly homotopy equivalent to the singular multicomplex K(X), which
is complete. Replacing K(X) with a complete minimal submulticomplex will allow
us to dramatically reduce the number of simplices needed to exhibit a multicomplex
with the same homotopy type as X.

The notion of miminality for multicomplexes is very similar to the classical
definition of minimality for simplicial sets (and for A-complexes), and Theorem [3.23]
extends to multicomplexes the classical result that every Kan complex contains a
minimal complex with the same homotopy type (see for instance [EZ50, Section 4]
and [May92| Definition 9.1 and Theorem 9.5]):

DEFINITION 3.18. A multicomplex K is said to be minimal if the following
condition holds. Let f: |A™| — | K| be a continuous map whose restriction to the
boundary f[san|: O|A™ — |K]| is a simplicial embedding. Then f is homotopic
relative to 9|A™| to at most one simplicial embedding f': |A™| — |K|. In particular,
K is minimal and complete if f is homotopic relative to 9|A™| to exactly one
simplicial embedding f’: |A"| — |K].

The following lemma readily follows from the definitions (see Definition for
the notion of homotopic simplices):

LEMMA 3.19. Let K be a multicomplex. Then K is minimal if and only if it
does mot contain any pair of distinct homotopic simplices.

In the sequel we will make use of the following elementary fact about minimal
multicomplexes:

LEMMA 3.20. Let K be a minimal multicompler and let o and T be two n-
simplices of K that share all but at most one facets. Then, the set of facets of o
and T coincide, 1.e. o and T are compatible.

PRrROOF. Let us order the facets of ¢ and 7 in such a way that 0,0 = 9;7 for
every i = 0,...,n — 1, while possibly 9,0 # 0,7. By construction, the (n — 1)-
simplices 0,0 and 0,7 are homotopic. Thus, they coincide by Lemma [3.19 O
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ExampPLE 3.21. Of course, every simplicial complex is minimal as a multicom-
plex. Also the simplest multicomplex that is not a simplicial complex is minimal: if
the multicomplex L consists only of two vertices joined by two distinct edges, then
L is minimal (but not complete, see Example (1)). By contrast, the simplicial
cone C(L) over L is not minimal: its geometric realization |C(L)| is homeomorphic
to a disc, whose boundary may be identified with |L|, so the two edges of L are
homotopic in C(L).

The following result, which is an immediate corollary of Theorem [3.9] provides
a combinatorial description of the homotopy groups of complete and minimal mul-
ticomplexes. It provides an analogue for multicomplexes of a classical result for
simplicial sets (see e.g. [GJ99, Section I.11, page 60]).

THEOREM 3.22. Let K be a complete minimal multicomplex, and let Ay be an
n-simplex of K. Also fiz an ordering on the vertices of Ag and denote by xq the
minimal vertex of Ag. The map

0: (M) = (K], 0),  O(A) = {S"(AO,A)}
is a bijection.

Being a bijection, the map © described in the previous theorem induces a group
structure on m(Ap). This group structure will be described in terms of the action
of particular groups of simplicial automorphisms of K in the next chapter (see
e.g. Lemma [LT7).

Theorem[3.22 suggests that it would be useful to replace (possibly in a canonical
way) a complete multicomplex with a complete and minimal one, of course without
affecting its homotopy type. The following theorem provides a statement in this
direction, and generalizes to the context of multicomplexes analogous results for
simplicial sets (see e.g. [May92], Theorems 9.5 and 9.8]).

THEOREM 3.23. Let K be a complete multicomplex. Then, there exists a sub-
multicomplex L C K with the following properties:

(1) L is complete and minimal;

(2) L has the same vertices as K ;

(3) there exists a simplicial retraction r: K — L;

(4) the geometric realization of r realizes |L| as a strong deformation retract of
|K| (in particular, the inclusion of |L| in | K| is a homotopy equivalence).

Moreover, such a submulticomplex L is unique up to simplicial isomorphism.

PROOF. We construct L inductively on the dimension of simplices as follows.
The set of vertices of L is equal to the set of vertices of K, i.e. L = K% Once
L™ has been constructed, we define L™*! by adding to L™ one (n + 1)-simplex for
each homotopy class of (n+ 1) simplices of K whose facets are all contained in L".
With a slight abuse, we denote by i, : L™ — K™ both the simplicial inclusion of L™
in K™ and the induced inclusion on geometric realizations.

Let us first prove that |L| is a strong deformation retract of |K|. By [Strlll
Proposition 11.2] it is sufficient to construct, for every n € N, a map r,,: |[K| — |K|
and a homotopy hy: |K|x [0,1] — | K| between r,, (at time 0) and 7,41 (at time 1)
satisfying the following properties: 7 is the identity of |K[; 7,||x=| is a simplicial
retraction of |K™| onto |L™|; rni1|jxn| = Tnlikn|; Angi(z,t) = ro(x) for every
x € |K™.
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For n = 0 we set g = Id. Having defined r,, and h,,—1, we then set TnJrlhKn‘ =
rn, and we define 7,41 on (n + 1)-simplices as follows. Let o be an (n + 1)-simplex
of K. Our inductive hypothesis ensures that the restriction of r, to d|o| is a
simplicial embedding with values in |L| (recall that 7, = o = Id on the 0-skeleton
of K). By completeness of K and by definition of L, there exists a homotopy
he: |o| x [0,1] — |K]| such that h,(z,0) = z for every z € |o|, h(x,t) = = for
every x € O|o|, and hy(-,1) is an affine isomorphism between |o| and an (n + 1)-
simplex 7,41(0) of L. Observe that, by construction, r,y1(c) = o if o is already
a simplex of L (and in this case the homotopy h, may be chosen to be constant).
After repeating this construction for every (n + 1)-simplex of K we end up with
well-defined maps r,41: K"t — L1 and h,: |[K"TY x [0,1] — |L™*!], which
satisfy all the required properties, except that they are not defined on the whole of
|K| and |K| x [0,1]. However, thanks to the homotopy extension property for CW
pairs, we can then extend these maps to the required maps r,4+1: |K| — |L| and
hnt1: |K|x[0,1] = |K|. This concludes the construction of the strong deformation
retraction r. Also observe that r is simplicial.

In order to conclude we now need to show that L is minimal and complete
(and unique up to isomorphism). Minimality of L is obvious: If two simplices are
homotopic in L, then a fortiori they are homotopic in K. But by construction
L does not contain any pair of distinct simplices that are homotopic in K, and
this implies that L is minimal. In order to show that L is complete we make use
of the retraction we have just constructed: if f: |[A™| — |L| is a continuous map
whose restriction to 9|A"™| is a simplicial embedding, then by completeness of K
there exists a simplicial embedding f’: |[A™| — |K| which is homotopic (in |K|) to
f relative to 9|A™|. Since f(9|A"|) C |L|, by definition of L we can choose f’ to
have image in |L|. In order to conclude we now need to observe that, by composing
the homotopy in | K| between f and f’ with the retraction r, we obtain a homotopy
between f and f’ (relative to 9|A™|) in |L|. This concludes the proof that L is
complete.

Finally, observe that, if L; and Ly are complete and minimal multicomplexes as
in the statement, then by composing the inclusion of L; in K with the retraction of
K to Lo we obtain a homotopy equivalence which is a bijection on vertices. Unique-
ness of L up to simplicial isomorphisms is then a consequence of Proposition
below. O

PRrROPOSITION 3.24. Let Ly and Lo be complete minimal multicomplexes. Let
f: Ly — Lo be a simplicial map which is bijective on the 0-skeletons. Also suppose
that the geometric realization |f|: |L1| — |L2| of f is a homotopy equivalence. Then
f is a simplicial isomorphism.

PrOOF. We prove by induction on n € N that f is bijective on the set of n-
simplices. The case n = 0 holds by hypothesis, so we may suppose that f restricts
to an isomorphism between L?_l and Lg_l. Let 0,0’ be n-simplices of Ly such
that f(o) = f(o'). Since f is injective on LT~ we have that o, ¢’ are compatible.
Moreover, the special sphere 5'"(0, o’) is taken by f onto a null-homotopic special
sphere. Since f is a homotopy equivalence, by Lemma this implies that ¢ and
o’ are homotopic, whence equal to each other by minimality of L. This shows that
the restriction of f to LT is injective.
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Let now o be an n-simplex of Ly and let jo: OA™ — La be a simplicial isomor-
phism between OA™ and do. Since f restricts to an isomorphism between L?fl
and Lgfl, there exists a simplicial embedding j; : A™ — Ly such that jo = f o j;.
Since |f] is a homotopy equivalence, from the fact that do bounds a simplex in
Lo we deduce that the geometric realization of j; extends to a continuous map
on |A™|. By completeness of Li, this implies that there exists a simplex Ay such
that f(0Ag) = Oo. Let now z( be a vertex of Ag. Being a homotopy equivalence,
the map |f| induces an isomorphism between 7, (|L1],z¢) and 7, (| L2, f(z0)). By
Theorem 322 this implies in turn that f induces a bijection between mw(Ag) and
(o) (recall that 7(A) is the set of simplices compatible with A). In particular, o
lies in the image of f, and this concludes the proof. O

Theorem shows that, if K is a complete multicomplex, then minimal and
complete submulticomplexes of K whose inclusion in K defines a homotopy equiv-
alence are unique up to isomorphism. Therefore, with a slight abuse we will often
refer to such a submulticomplex as to the minimal multicomplex associated to K.

REMARK 3.25. Suppose that K is large. Then, thanks to Lemma [317 the
statement of Theorem 323 may be strengthened by requiring that L is a simplicial
deformation retract of K, i.e. that there exists a non-degenerate simplicial retraction
r: K — L which is simplicially homotopic to the identity of K. However, we will
not use this fact in the sequel.

We will be particularly interested in studying the minimal multicomplex asso-
ciated to the singular multicomplex of a topological space. Therefore, we introduce
the following:

DEFINITION 3.26. Let X be a good topological space. We know from Theo-
rem B.7] that the multicomplex KC(X) is complete. We then denote by L£(X) the
minimal multicomplex associated to K(X).

COROLLARY 3.27. Let X be a good topological space, and let i: |L(X)] —
|IC(X)| be the inclusion. Then the composition

Soi: |[L(X)| = X

is a weak homotopy equivalence. Moreover, if X is a CW complex, then S oi is a
homotopy equivalence.

PROOF. Theorems [Il and imply that the natural projection S: |[K(X)| —
X and the inclusion i: |£(X)| — |K(X)| are weak homotopy equivalences. This
proves the first statement. The second statement now follows from Whitehead
Theorem. (]

Just as the singular multicomplex K(X), also £(X) enjoys some functorial
properties. If X is a good topological space, with a slight abuse we denote by
Sx: |L(X)| — X the restriction of the natural projection Sx: [K(X)| — X.

PRrROPOSITION 3.28. Let X,Y be good topological spaces and let f: X —Y be a
continuous map. Then there exists a continuous map L(f): |[L(X)] = |L(Y)| such
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that the following diagram commutes up to homotopy:

1£(X)] = 12(v)]

sxl lsy

X —j> Y .
PROOF. Just set L(f) = Sy o K(f) oix, where ix: |L(X)| — |[K(X)] is the
inclusion, and the map K(f): K(X) — K(Y) is provided by Proposition29 O

3.5. Aspherical Multicomplexes

We have seen in Theorem that to every complete multicomplex K it is
possible to associate a complete and minimal multicomplex L, which is a retract
of K. A peculiar characteristic of bounded cohomology is that maps that induce
an isomorphism on the fundamental group also induce isometric isomorphisms on
bounded cohomology in every degree. In particular, bounded cohomology is not
sensitive to higher homotopy groups. In order to prove these facts we will need to
work with aspherical multicomplexes. In fact, we need to be able to associate to
a complete and minimal multicomplex L an aspherical multicomplex A, together
with a natural quotient map L — A which induces an isomorphism on fundamental
groups of the geometric realizations.

DEFINITION 3.29. Let A be a multicomplex. We say that A is aspherical if its
geometric realization is an Eilenberg-MacLane space of type (m1(]4|),1).

We have the following characterization of complete, minimal and aspherical
multicomplexes:

PROPOSITION 3.30. Let A be a large and connected multicomplex. Then A is
complete, minimal and aspherical if and only if the following conditions hold:

(1) For every pair of distinct vertices vg,v1 of A and every continuous path
v:[0,1] = |A| with v(0) = vg, ¥(1) = v1, there exists a unique simplicial
embedding +': A' — A which is homotopic to v relative to the endpoints.

(2) Let n > 2, let (A™)! be the 1-skeleton of A™ and let f: (A™)! — A be
a simplicial embedding such that the restriction of f to each triangular
loop is null-homotopic. Then there exists a unique simplicial embedding

f: A" = A extending f.

PrROOF. We first proof the “only if” implication, which is much easier. In
fact, condition (1) is an immediate consequence of completeness and minimality
of A. Moreover, by Lemma [3.4] completeness of A implies the existence of the
simplicial embedding required in (2). In order to prove the uniqueness of such
an embedding we argue by contradiction. Let A;, Ay be distinct ng-simplices of
A sharing the same 1-skeleton. By requiring that these simplices have the least
possible dimension, we can assume that (2) holds in every dimension n < ng. In
particular, every codimension one face of A; is also a codimension one face of A,
i.e. Ay and As are compatible. By minimality of A, this implies in turn that A,
and Ay are not homotopic. By Lemma [3.0] the embedded sphere |A1|U]Ag| is the
support of a homotopically non-trivial ng-sphere in |A|, and this contradicts the
fact that A is aspherical.
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Let us now suppose that conditions (1) and (2) hold, and prove that A is
complete, minimal and aspherical. We first prove asphericity by showing that
the universal covering |A| of |A] is contractible. Observe first that the universal
covering of (the geometric realization) of a multicomplex admits a natural structure
of multicomplex. We will denote by A the multicomplex such that |A| = |Z|, and
by p: |A| — |A| the _covering projection (which is a simplicial map).

We claim that A is a simplicial complex. In fact, assume by contradiction that
there exist distinct n-simplices Al, AQ having the same set of vertices, and denote
by A; the projection of A; in A, i = 1,2. Since p is locally injective, we have
A1 # As. Thus, if n = 1, the simplices Al, Ay would be homotopic (and distinct)
in A, against condition (1). If n > 2, then the argument just described proves
that the 1-skeleton of &1 should coincide with the 1-skeleton of 82. Therefore,
A7 and A would be distinct simplices of A sharing the same 1-skeleton, and this
contradicts condition (2).

Let us now prove that an (n + 1)-tuple (ao, .. ., a,) of pairwise distinct vertices
of A spans an n-simplex if and only if the vertices p(ag), ..., play) of A are pairwise
distinct. The “only if” implication is obvious: since the covering projection p: A=
A is simplicial and non-degenerate, the image of the set of vertices of an n-simplex
of A is the set of vertices of an n-simplex of A, so it consists of (n + 1) distinct
vertices of A.

In order to prove the converse implication, let (ag, ..., a,) be an (n + 1)-tuple
of vertices of A such that p(a;) # p(a;) for every i # j. Since |A| is connected, also
|TLf| is. If n = 1, this means that we can fix a path v: [0,1] — |Z| joining ap and a;.
By (1), the composition p o is homotopic relative to the endpoints to a 1-simplex
of A. The lift of this 1-simplex with initial point ag provides a 1-simplex of A with
vertices ag, a1.

Suppose now n > 2. We have just proved that for every 0 < i < j < n there
exists a 1-simplex in A with vertices ai, a;j. Therefore, we can construct a simplicial
embedding f: (A™M! — A such that the images of the vertices of A™ are exactly
the a;. The composition f = po f: (A™)! — A is now a simplicial embedding
such that the restriction of f to each triangular loop (being the projection of a
loop in |A|, which is simply connected) is null-homotopic. By condition (2), we can
extend f to a simplicial embedding g: A™ — A. It is now easy to check that g
lifts to a simplicial embedding g: A™ — A with vertices ag, - - ., an. Therefore, the
points ag, ..., a, are the vertices of a simplex of A. We have thus proved that an
(n + 1)-tuple (ao,...,a,) of pairwise distinct vertices of A spans an n-simplex if
and only if the vertices p(agp),. .., p(an) of A are pairwise distinct.

We are now ready to prove that |A| is contractible. Since |A| is a simply con-
nected CW complex, by Hurewicz Theorem it is sufficient to show that H, (|A|, Z) =
0. Since singular homology and simplicial homology are canonically isomorphic, we
can equ1va1ent1y show that H, (A Z) = 0 for every n > 2. Recall that snnphces
of A are completely determined by their vertices, so we can identify C, (A Z) with
the free Z-module generated by the (n + 1)-tuples of the form (ag,...,ay), where
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the set {ao,...,a,} is the set of vertices of a simplex of A. Let then

k
z= ij(ajo,...,afl)
j=1

be an n-cycle in C, (,ZI Z) n > 2, b; € Z. Since A is large, there exists a vertex ¢

of A such that g # p(a )for everyi=20,...,n,7=1,..., k. Let @ be a fixed lift of
q to A The description of A given above shows that, for each j = 1,...,k, the set
{@,al,...,al} spans a simplex of A. Therefore, the sum

k
c= ij(a,ajo,...,afl)
j=1

defines an element of Cn+1(A Z). Tt is now readily seen that dc = z. We have
thus shown that H, (A Z) = 0 for every n > 2, and this implies in turn that A is
contractible, and that A is aspherical.

In order to conclude the proof of the proposition we are left to show that A is
complete and minimal. So let f: |A"| — |A] be a continuous map which restricts
to a simplicial embedding of J|A™|. We need to show that f is homotopic relative
to OA™ to a unique simplicial embedding g: A" — A. If n = 1, this is just a
restatement of condition (1). If n > 2, since p is a non-degenerate sunphmal map
which is also locally injective, the map f lifts to a map f: |A™| — A which still
restricts to a simplicial embedding of 9|A™|. Being the lifts of n +1 distinct points
in A, the vertices of f span a simplex of A so the restriction of f to O|A™| extends
to a simplicial embedding §: A™ — A. Since |A| is contractible, the maps f and
g are homotopic relative to 9|A™|. Therefore, the map ¢ = pog: A™ — Ais a
simplicial embedding and is homotopic to f relative to 9|A™|. If ¢’: A™ — A were
another simplicial embedding homotopic to f relative to 9|A™|, then the images of
g and ¢’ would lift to distinct simplices of A having the same set of vertices, against
the fact that A is a simplicial complex. This concludes the proof. O

We are now able to describe how a large, complete, minimal and aspherical
multicomplex A can be canonically associated to a complete and minimal multi-
complex L. We suppose until the end of the section that L is a large, connected,
complete and minimal multicomplex, and we construct the desired multicomplex A
as follows. The 1-skeleton of A just coincides with the 1-skeleton of L (in particular,
L and A have the same set of vertices). Then, if T C Al is the 1-skeleton of an
n-simplex of L, n > 2, we add to A one (and exactly one) n-simplex having T" as
1-skeleton. In other words, for every n > 2 the set of n-simplices of A is given by
the equivalence classes of n-simplices of L, where two n-simplices are considered
equivalent if they share the same 1-skeleton. It is an easy exercise to check that
A is indeed a multicomplex, and that the map which sends every n-simplex of L,
n > 2, to its class in A extends the identity L' — A' to a non-degenerate simplicial
map w: L — A. We call A the aspherical quotient of L.

THEOREM 3.31. Let L be a complete, minimal and large multicomplex, and let
A be the aspherical quotient of L. Then:

(1) the projection w: |L| — |A] induces an isomorphism on fundamental groups;
(2) A is complete, minimal and aspherical.
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PRrROOF. The fact that 7: |L| — |A| induces an isomorphism on fundamental
groups is an immediate consequence of the fact that L and A have the same 1-
skeleton, and a triangular loop in L' = A! bounds a 2-simplex in L if and only if
it bounds a 2-simplex in A.

In order to prove that A is complete, minimal and aspherical we will check that
A satisfies the conditions described in Proposition [3.30}

Let vg,v1 be distinct vertices of A, and let v: [0,1] — |A| be a path joining
vo and v1. Up to homotopy (relative to the endpoints) we can suppose that ~
is supported on A! = L'. Since L is complete and minimal, the path v (now
considered as a map to |L|) is homotopic relative to the endpoints (in |L]) to a
unique 1-simplex of L. However, since 7: |L| — |A| induces an isomorphism on
fundamental groups, two paths in L! = A' are homotopic relative to the endpoints
in |L] if and only if they are homotopic relative to the endpoints in |A|. This shows
that ~ is homotopic relative to the endpoints in A to a unique 1-simplex of A,
i.e. that condition (1) of Proposition B30 is satisfied.

Let us now prove that also condition (2) of Proposition holds. To this
aim, let n > 2, let (A™)! be the 1-skeleton of A™ and let f: (A")! — A be a
simplicial embedding such that the restriction of f to each triangular loop is null-
homotopic in A. We must show that there exists a unique simplicial embedding
f: A" — A extending f. The uniqueness of such an embedding readily follows
from the very definition of A: indeed, by construction there do not exist in A
distinct simplices sharing the same 1-skeleton. Therefore, we are left to show that
a simplicial extension of f to A" exists. Since A! = L', we can consider f as a
map with values in L, and since 7: L — A induces an isomorphism on fundamental
groups, the restriction of f to each triangular loop is null-homotopic also in |L]|.
Since L is complete, by Lemma [3.4] we can extend f to a simplicial embedding
f'+ A™ — L. The composition f = mo f’: A™ — A provides the desired extension
of f, and this concludes the proof. (|

Recall that, for every good topological space, we have introduced the singular
multicomplex IC(X), which turned out to be complete, and the minimal complete
multicomplex £(X) associated to C(X).

DEeFINITION 3.32. Let X be a good topological space. Then we denote by
A(X) the aspherical quotient of £(X). By Theorem B3] the multicomplex A(X)
is complete, minimal, and aspherical.

We summarize some properties of X(X), £(X) and A(X) in the following:

PropPOSITION 3.33. Let X be a good topological space. Then the simplicial
retractionr: K(X) — L(X) is a homotopy equivalence, and the simplicial projection
w: L(X) = A(X) induces an isomorphism on fundamental groups.

Before concluding the chapter, let us point out how the constructions intro-
duced so far allow us to give an interesting description of a classifying map for
a simplicial complex. Suppose that X is the geometric realization of a simpli-
cial complex T. The natural projection S: |[K(X)| — X is a homotopy equiva-
lence (see Corollary 2:2)). Moreover, the multicomplex K(X) contains a submul-
ticomplex Kr(X) = T whose simplices are the equivalence classes of the affine
parametrizations of simplices of T'. This fact may be exploited to construct a map
i: X — |[K(X)]| such that Soi: X — X is the identity of X. Being a right homotopy
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inverse of S, the map i is itself a homotopy equivalence. Since |.A(X)] is aspherical,
Proposition [3.33] implies that the composition

X 1= [K(X)] — = |L(X)] =" |A(X)]

is a classifying map for X.
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CHAPTER 4

Bounded Cohomology of Multicomplexes

In this chapter we deepen our study of the simplicial (bounded) cohomology of
multicomplexes. In particular, we state and prove the so-called Isometry Lemma
This result establishes an isometric isomorphism between the singular and the
simplicial bounded cohomology of a complete multicomplex. By applying the Isom-
etry Lemma to the singular multicomplex IC(X) and to the aspherical multicomplex
A(X) associated to a good topological space X, we will then be able to show that
the bounded cohomology of a topological space only depends on its fundamental
group.

In particular, the bounded cohomology of a simply connected space vanishes.
This result plays a fundamental role in the theory of bounded cohomology of
topological spaces. It was stated without any assumption on the space involved
in [Gro82| Section 3.1], where Gromov deduced it from an argument based on the
theory of multicomplexes. A completely different proof of this result was given
by Ivanov (first for countable CW complexes [Iva87], then for any topological
space [Ival).

Our proofs come back to Gromov’s original approach. Following (but modi-
fying, sometimes in a substantial way) some ideas introduced by Gromov, we will
introduce and study peculiar groups of automorphisms of complete and minimal
multicomplexes, paying a particular attention to their amenability. By making use
of the invariance of bounded cohomology with respect to weak homotopy equiva-
lences, we will prove that the bounded cohomology of any topological space only
depends on its fundamental group. As mentioned in the introduction, the tech-
niques developed here can be easily exploited to provide a proof of this fact that
works for any good topological space and does not use Ivanov’s result on weak ho-
motopy equivalences (see [Morl8], where such a proof is written down in detail).

4.1. ¢/'-Homology and Bounded Cohomology of Topological Spaces

Let X be a topological space, and let R = Z,R. Recall that C\(X; R) (resp.
C*(X; R)) denotes the usual complex of singular chains (resp. cochains) on X with
coefficients in R, and S;(X) is the set of singular i—simplices in X. We also regard
Si(X) as a subset of C;(X; R), so that for any cochain ¢ € C*(X; R) it makes sense
to consider its restriction ¢|g,(x). For every ¢ € C'(X;R), we set

el = sup {l(s)] | s € Si(X)} € [0, 00].
We denote by Cf(X; R) the submodule of bounded cochains, i.e. we set
Cy(X;R) = {p € C*(X;R) | [l¢l| < o0} .

Since the differential takes bounded cochains to bounded cochains, Cj (X; R) is a
subcomplex of C*(X; R). We denote by H*(X; R) (resp. H; (X; R)) the homology

47



48 4. BOUNDED COHOMOLOGY OF MULTICOMPLEXES

of the complex C*(X; R) (resp. C} (X; R)). Of course, H*(X; R) is the usual singu-
lar cohomology module of X with coefficients in R, while H;(X; R) is the bounded
cohomology module of X with coefficients in R.

The norm on C*(X; R) descends (after taking the suitable restrictions) to a
seminorm on each of the modules H*(X; R), H; (X; R). More precisely, if p € H is
a class in one of these modules, which is obtained as a quotient of the corresponding
module of cocycles Z, then we set

[elloc =it {[|¢]| | ¥ € Z, [)] = in H}.

This seminorm may take the value co on elements in H*(X; R) and may be null on
non-zero elements in H; (X; R).
The inclusion of bounded cochains into possibly unbounded cochains induces
the comparison map
¢ Hy (X;R)— H*(X;R) .
The ¢*°-norm on singular cochains arises as the dual norm of an ¢!-norm on
chains. In fact, for every n > 0 one can put on the space C,(X; R) the /!-norm

Z a;S; = Z |CLZ|

i€l 1

(here I is a finite set, s; € S,(X) for every i € I, and s; # s; if ¢ # j). This
norm descends to a seminorm || - ||; on H,(X; R). While C"(X; R) is the algebraic
dual of C,(X;R), the module of bounded cochains CJ'(X; R) coincides with the
topological dual of C,,(X; R), i.e. with the set of functionals on C,(X; R) that are
continuous with respect to the £'-norm just described. Moreover, the ¢>*°-norm of
an element ¢ € CJ'(X; R) coincides with the dual norm of ¢ as an element of the
topological dual of C,,(X; R).

Henceforth, unless otherwise stated, all the (bounded) (co)homology modules
will be understood with real coefficients. Therefore, we will omit the coefficients
from our notation.

The duality pairing between C}'(X) and C, (X)) induces the Kronecker product

(,): HY(X)x Hy(X) - R.

An easy argument based on Hahn-Banach Theorem implies the following result (see
e.g. [Fril7, Lemma 6.1)):

LEMMA 4.1. Let n € N and take o € H,(X). Then
lally = max{(8, @) | B € Hy'(X), |B]lc <1}
COROLLARY 4.2. Suppose that H'(X) = 0. Then
lfly =0
for every o € H,(X).
Any continuous map f: X — Y induces norm non-increasing maps
H(f): Hy'(Y) — H(X), Hn(f): Ho(X) = Hn(Y).

Moreover, homotopic maps induce the same map both on singular homology and
on bounded cohomology. Using these facts, it is not difficult to prove that a homo-
topy equivalence induces isometric isomorphisms in every degree both on singular
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homology (endowed with the £!-norm) and on bounded cohomology. Indeed, a re-
cent result by Ivanov shows that even weak homotopy equivalences induce isometric
isomorphisms on bounded cohomology:

THEOREM 4.3 ([Ival, Corollary 6.4]). Let f: X — Y be a weak homotopy equiv-
alence. Then the map
Hy (f): Hy (Y) — Hy'(X)
is an isometric isomorphism for every n € N.

As an immediate consequence of Theorems [Il and [4.3] we have the following;:

THEOREM 4.4. Let X be a good space and let S: |[K(X)| — X be the natural
projection. Then the induced map

Hy (S): Hy' (X) — Hy (|K(X)])

is an isometric isomorphism for every n € N.

4.2. Bounded Cohomology of Complete Multicomplexes

We have seen in Theorem [[L.TT] that the simplicial (co)homology of a multicom-
plex is canonically isomorphic to the singular (co)homology of its geometric realiza-
tion. We have also observed that this result cannot be true in general for bounded
cohomology, since the fact that a singular coclass admits a bounded representative
cannot be easily translated into an elementary property of the corresponding sim-
plicial coclass. Nevertheless, things get much better for complete multicomplexes:
the main goal of this section is the proof of Gromov’s Isometry Lemma Bl which
states that the bounded cohomology (with real coefficients) of a large complete mul-
ticomplex is isometrically isomorphic to the bounded cohomology of its geometric
realization.

Let K be a complete multicomplex, recall that we have a natural chain map

¢ Cu(K) = C(|K])
sending every element (o, (vo,...,v,)) € Ci«(K) to the singular simplex
An—>|I(|7 (th-'-vtn)’_)(UatOUO_F---‘Ftnvn)7

and denote by ¢*: C¥(K) — C;(|K]) the induced dual chain map from simplicial
bounded cochains to singular bounded cochains.

THEOREM [Z (Isometry Lemma). Let K be a large and complete multicomplex.
Then, the map
Hy'(¢"): Hy (|K|) — Hy' (K)

is an isometric isomorphism for every n € N.

PrROOF. We may suppose that K is path connected. Since the map H{*(¢") is
obviously norm non-increasing, it is sufficient to construct a norm non-increasing
chain map ¥*: C; (K) — Cy(]K]) that induces the inverse of H'(¢*) on bounded
cohomology. In fact, we will be able to define such a map only on C SN(K ), where
N is any arbitrary natural number. However, by choosing N > n, this certainly
suffices to deduce that Hj'(¢") is indeed an isometric isomorphism for every n € N.

There is no straightforward formula for 1., since a singular simplex with values
in | K| does not determine any simplex of K. In fact, the first part of the proof will
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be devoted to the construction of a map which associates to a singular simplex in
| K| a simplicial chain in C,(K).
In order to simplify notation, for every n € N we denote by A™ (rather than

by |A™|) the geometric realization of the standard simplex. Let us fix an integer
N > 0 and, for every n < N, let M,, = ((xfi))', We denote by oj;: A" — AN,
w=1,...,M,, all possible linear isomorphisms of A™ onto an n-face of AN. We
then define the submulticomplex

Ky C K(IK| x AN)

as follows: the class of a singular simplex p: A" — |K| x AN belongs to Ky if
and only if m o p = o)} for some p = 1,..., M, where m: |K| x AN — AN is the
projection on the second factor. Observe that, if mop = o7}, then p is automatically
injective on vertices, so it lies indeed in (| K| x AN).

We will construct the required (partial) chain map ¢*: Cy(K) — Cy(|K]|) as
the composition of two chain maps

0*: CP=N(K) — CP<N(Ky), A CP<N(Ky) — <N (K]) .

We first describe the map A*. To every singular simplex 7: A™ — |K|, one can

associate the average of the simplices A, C K, w=1-- M, = ((]]\\;f}l))!!, where

A, is such that the following diagram commutes

|K| x AN

(here 7 denotes the projection on the first factor). By dualizing this definition, one
then obtains the map A*. More formally, we define A, : C.(|K]|) — C«(Kn) to be
the R-linear chain map such that

1
n(T) = — T><0'Ll, 7(€o),0,(€0)), - (T(€n),0,(en ,
An(r) = 3 X (07 (7(e0), 03 (o)), - (7(en): 0 (en))

where 7 X o denotes the equivalence class of 7 x o7i: A™ — |K| x AN. We then
define A™ as the dual map of A,. Observe that A, does not increase the ¢!-norm
of chains, so A™ does not increase the £>°-norm of cochains.

Let us now turn to the construction of #*. The natural projection |[IC(|K| x
AN)| = | K| x AN restricts to a map |Ky| — |K| x AN. By taking the composition
of this map with the projection onto | K|, we thus have a map

folKn| = |K].

Observe that f is very far from being simplicial, so it does not induce any map
on simplicial (co)homology. However, by making use of the completeness of K (and
of the peculiar definition of K ~) we will now show that f is homotopic to a non-
degenerate simplicial map f: Ky — K. To this aim we exploit Proposition BTl
which applies to maps that are injective on the set of vertices of any simplex of the
domain.
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Every vertex of K can be described as a pair (z,7), where z € |K| and i is a
vertex of AN, Tt readily follows that two vertices of Ky are joined by a 1-simplex
if and only if their second components are distinct. We then define an equivalence
relation on the set of vertices of K ~ as follows:

(.’II,’L) ~ (y,]) if and only if ¢ :_7 i

Thus, (x,1) is equivalent to (y,) if and only if there is no 1-simplex joining (z, 1)
and (y, 7). )

We can now define f as follows. Since |K| is path connected and has infinitely
many vertices, thanks to the homotopy extension property for CW complexes we
can homotope f to a map f: |[Kx| — | K| sending all the vertices which lie in the
same equivalence class to the same vertex of K, with the additional requirement that
two distinct equivalence classes are sent to different vertices of K. By construction,
if B C V(f(N) is the set of vertices of some simplex of Ky, then f|B is injective.
Therefore, Proposition B.11] allows us to homotope f to a non-degenerate simplicial
map

FrlKn| = |K]|
without subdividing the domain. We then define

0 CP<N(K) — OP=N(Ky)

as the map induced by f on bounded cochains. Observe that 6* is norm non-
increasing in every degree, so the composition

= Ao 0" CPN(K) — CP=N(|K|)

is norm non-increasing. In order to conclude we are now left to show that both
compositions ¢* o ¥* and ¥* o ¢* induce the identity on bounded cohomology.

Let us first analyze the map H]'(¢*) o H]'(¢*), which, by construction, is given
by the composition

(4.1)
Hy' (™)

Hp(|K]) —2) men

8% Hy (A7) n
Hy' (K y) ————— H}'(|K]) .

i (K)
Let us denote by ®*: C;(|Ky|) — C; (Ky) the natural map from singular cochains

to simplicial cochains, which is constructed for K in the very same way as it is
for K. o
Since 6* is induced by the (simplicial) map f: Ky — K, the diagram

HP(6%) ~
Hy (K) - H} (Kn)
HZ‘(¢*)T TH;‘(@*)
Hy(IK]) HP (| Kn|)

Hy (f*)
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commutes. Now homotopic maps induce the same morphism on singular bounded
cohomology, so also the diagram

HP (6%) .
Hj (K) ————— H} ()
Hz?(df’)T THZ‘(‘I’*)
H(|K]) — e Hy (1K x)

commutes, and the composition described in (&I]) coincides with the composition

Hy (") Hy' (®7) Hy' (A7)

H(|K]) Hy(|Ky|) ———— H}(Ky) ———— H}'(IK]) .

Now it is immediate to check that the composition f,o®.0A.: C,(|K]|) = Cr(|K|)
is equal to the identity, and this concludes the proof that H'(¢*) o H['(¢*) is the
identity of Hy (| K|).

Let us now deal with the map H[(¢*) o HJ'(¢*), which is obtained by taking
the map induced in bounded cohomology by the dual of the composition

Cu(K) —2> OL(|K|) 2> O (B n) —2> O (K) .

We first define a submulticomplex Z of Ky as follows: a simplex T X o of Ky
belongs to Z if and only if the singular simplex 7: A® — | K| is a characteristic map
for a simplex of K, i.e. if and only if it is of the form ¢.((n, (vo,...,v;)) for some
simplex 7 of K and some ordering (vo,...,v;) of the vertices of 7.

By definition, the composition A, o ¢, : C\(K) — C.(Ky) takes values into Z,
so the map H['(¢*) o H'(¢*) is induced by the composition

(4.2) O (K) —2 > O (K|) 2 0,(2) -2

C.(K)

as well (where we denote by the same symbol both 6, and its restriction to C\(Z)).
Observe now that the map f: |[Ky| — |K| restricts to a non-degenerate simpli-
cial map on |Z[: indeed, if 7 x 0} is such that 7 = ¢.((n, (vo,...,vi))), then
f(Txa};) = n. Recall now that the (geometric realizations of the) maps f and

f are homotopic, so also their restrictions to |Z| are. Since K is complete, the
maps f, f: |Z] — |K| are simplicially homotopic (see Lemma [BIT), hence the
maps
Hy (f%): Hy(K) — Hy(Z),  Hp(0%): Hy'(K) — Hp'(Z)
coincide (see Lemma [B.14). As a consequence, the map H}'(¢*) o Hy'(¢*) is also
induced by the composition
P A e
Cu(K) — CL(|K]) — Ci(2) — C.(K) .

It is immediate to check that this composition is the identity, and this concludes
the proof. O

The following result provides an important application of Theorem[Pl It implies
that one can compute the bounded cohomology of a good topological space just by
considering simplices with distinct vertices (in fact, the cochain complex C}f (IC(X))
of simplicial bounded cochains on K(X) may be isometrically identified with the
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complex obtained by dualizing the complex of singular chains involving only sim-
plices with distinct vertices). This apparently innocuous result is a fundamental
step towards Gromov’s proof of the Mapping Theorem (see also Remark E.7] for
a discussion of possible counterexamples to this result in the context of non-good
topological spaces).

THEOREM 4.5. Let X be a good space. Then the composition

" Hy(S) " Hy (o™) n
Hp(X) ————— H}(K(X)|) — Hy (K(X))
is an isometric isomorphism for every n € N.
PRoOF. The conclusion follows from Theorems [£.4] and O

REMARK 4.6. Theorem could be obtained even without exploiting the in-
variance of bounded cohomology with respect to weak homotopy equivalences. In
fact, the proof of the Isometry Lemma can be easily adapted to show directly
that the bounded cohomology of X is isometrically isomorphic to the simplicial
bounded cohomology of (X) via the natural map described above. We refer the
reader to [Morl8] for further details on this issue.

REMARK 4.7. It is worth mentioning that we do not expect Theorem to
hold for any topological space. If this were the case, then we would be able to
prove the following striking result: If GG is a finitely presented group, then the
bounded cohomological dimension of G (with real coefficients) is finite. (To our
purposes, we can define the bounded cohomology of G as the singular bounded
cohomology of any aspherical CW complex with fundamental group isomorphic to
G. The fact that this definition is well posed readily descends from the fact that
homotopy equivalences induce isometric isomorphisms on bounded cohomology in
every degree.)

In fact, if G is a finitely presented group, then G = 71(Z) for some finite
topological space Z (indeed, it is easy to construct a finite simplicial complex with
fundamental group isomorphic to G, and every finite simplicial complex is weakly
homotopy equivalent to a finite topological space [McC66]). Moreover, by The-
orem [3] proved below we have Hy'(G) = HJ'(Z) for every n € N. However, if
m is the number of points of Z, then dimK(Z) = m — 1. Since the simplicial
bounded cohomology of K(Z) may be computed via alternating cochains, this im-
plies that H]'(K(Z)) = 0 for every n > m. Therefore, if H]'(K(Z)) were isomorphic
to H'(Z) = HJ'(G) for every n > m, then we could conclude that the bounded
cohomological dimension of G is finite.

If X is a non-good topological space for which Theorem fails, then either
H(X) is not isometrically isomorphic to H*(|C(X)]), or H{'(|K(X)]|) is not iso-
metrically isomorphic to Hy (K(X)) (or both). By Theorem [£74] in the first case
the natural projection S: [K(X)| — X would not be a weak homotopy equivalence.
Observe however that the hypothesis that X is good was used both in the proof that
(for good spaces) the natural projection is a weak homotopy equivalence, and in the
proof that (for good spaces) the simplicial and the singular bounded cohomology
of (X)) are isometrically isomorphic.

With a slight abuse, let us denote by S: |£(X)| — X the restriction of the
natural projection S: |K(X)| — X to |£(X)], and by ¢*: Ci (|L(X)]) = C§(L(X))
the usual restriction of singular cochains to simplicial cochains.
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THEOREM 4.8. Let X be a good space. Then the composition

. HP(S) H} (6) \
Hy'(X) : Hy (|£(X)]) — Hy' (£(X))
is an isometric isomorphism for every n € N.
PrOOF. The conclusion follows from Theorem [£.4] and Corollary O

Let us mention another corollary of Theorem

COROLLARY 4.9. Let f: L — K be a simplicial map between complete and
large multicomplexes. Suppose that the geometric realization of f is a homotopy
equivalence. Then

Hy (f): Hy (K) — Hy' (L)

is an isometric isomorphism.

Proor. It suffices to consider the following commutative diagram

e HUAD
Hy (|K|) = Hp(|L])

|

Hy (K) Hy (L)

and observe that the vertical arrows are isometric isomorphisms by Theorem [2]
while the top horizontal arrow is an isometric isomorphism because |f]| is a homo-
topy equivalence. (I

—_
Hy (f)

When f: L — K and its homotopy inverse g: K — L are both non-degenerate,
then the previous corollary directly follows from the Homotopy Lemma [3.17, which
ensures that f o g and go f are simplicially homotopic to the identity of L and of
K, respectively.

4.3. Amenable Groups of Simplicial Automorphisms

We have seen in Sections B.4] and that to every good space X there are
associated a complete multicomplex (X ), a minimal complete multicomplex £(X)
and a minimal, complete and aspherical multicomplex A(X). Moreover, £(X) is a
retract (hence, a quotient) of K(X), and A(X) is a quotient of £(X). In this section
we will prove that A(X) is in fact obtained from £(X) by taking the quotient
with respect to an interesting simplicial action on £(X). As far as the induced
action on cochains of bounded degree is concerned, this action turns out to be
equivalent to the action by an amenable group. Since amenable groups are invisible
to bounded cohomology, this fact will be the key ingredient to prove Gromov’s
Mapping Theorem, which (in a simplified version) asserts that any continuous map
which induces an isomorphism on fundamental groups also induces an isometry on
singular bounded cohomology (see Theorem [3 proved below). Even if our strategy
follows [Gro82 Section 3.3], our definitions sometimes differ from Gromov’s (see
e.g. Remark [LTT]), and many of our proofs are not even sketched in Gromov’s paper.

As usual, we will not use distinct symbols for a simplicial map between multi-
complexes and the induced map on geometric realizations. By simplicial action of a
group on a multicomplex K we will understand a representation of a group into the
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group of simplicial automorphisms of K (or, equivalently, into the group of home-
omorphisms of |K| induced by simplicial maps). We are now ready to introduce
some groups that will play an important role in the sequel.

DEFINITION 4.10. Let K be a multicomplex. Then, we define ' := T'(K) to
be the group of all simplicial automorphisms that are homotopic to the identity
relative to the O-skeleton.

Moreover, for every ¢ > 1 we define the subgroup

i ={g9€l|glx: =1dg:} .

REMARK 4.11. Gromov’s definition of the groups I' and I'; is slightly different
from ours: in [Gro82l page 59], elements of I' (hence of the T';) are not required
to be homotopic to the identity relative to K° (while they are still required to be
homotopic to the identity). However, without our further assumptions we are not
able to prove Lemma [.I7 hence Corollary :20] which states that the quotient
I’y /T; is amenable for every ¢ € N. Indeed, Lemma .17 is false even if elements
of T are required to fix K° and to be homotopic to the identity, possibly without
being homotopic to the identity relative to K° (see Remark [0.26 and Lemma [1.28)).

The amenability of 'y /T; is a key ingredient in the proof of Theorem 23] on
which Gromov’s Mapping Theorem [B] is based.

Of course, for every ¢ > 1 the subgroup T'; is normal in I'. Recall that, if Ag is
an (¢ + 1)-simplex of K, then w(Ag) the set of all (i + 1)-simplices compatible with
Ag. The following important result shows that the groups I'; act as transitively as
possible on (i + 1)-simplices.

LEMMA 4.12. Let K be a complete and minimal multicomplex. Let ¢ > 1, let
us fix an arbitrary (i + 1)-simplex Ao, and let A € w(Ag). Let F be a facet of Ag
(i.e. a codimension-1 face of Ag). Then, there exists an element g € T'; such that
the following conditions hold: g(Ag) = A, and g(A") = A’ for every m-simplex A,
m > 1, which does not contain F'.

PrOOF. Let fy: Ag — A be a linear isomorphism which keeps fixed the vertices
of Ag (hence, the whole boundary of Ag). Then, keeping fixed the i-skeleton of K,
we can extend fo to a map f: K' UAg — K which sends K% U Ag isomorphically
to K*UA. Let now K’ be the submulticomplex of K* obtained by removing from
K the (internal part of the) i-simplex F. We first prove that f is homotopic to
the inclusion map KU Ay < K relative to K'.

Let vy be the vertex of Ay opposite to F, and denote by Affl the simplicial
horn obtained by removing the internal parts of F and of Ag from Ag. Then [AjT|
is a strong deformation retract of |Ag|. We denote by HA0: |Ag| x [0,1] — |Ag| the
homotopy realizing the strong deformation retraction. Observe now that, being A
and A, compatible, |[AjT| is contained in |A| too. Moreover, arguing in the same
way as for Ag, we can construct a homotopy (relative to |[Aj™|) HA: |A] x [0,1] —
|A| between the identity and a retraction of |A| onto |[AjT!|. We can define the
desired homotopy h between f and the inclusion to be the following one:

h: |K'U Ao x I — |K|
x 1f$€|K1\A0|,
h(z,t) = § HA(x,2t) ifte[0,3] andz e Ag,
HAw,2—2t) ifte[5,1] andze Ag.
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This proves that f is homotopic to the inclusion map K*UAg — K relative to K.

Observe now that the inclusion i: |[K* U Ag| < |K| extends to the identity
map Id|g|. Then, by the Homotopy Extension Property for CW-pairs [Hat02l,
Proposition 0.16], applied to the pair (|K|,|K®U Ag|), we know that there exists
a homotopy H: |K| x I — |K| extending h. Let f; = H(-,1): |K| — |K]|, and
let K” be the submulticomplex of K obtained by removing from K the i-simplex
F and all the simplices containing F. By looking at the explicit description of
H given in [Hat02, Proposition 0.16], one realizes that H may be assumed to
be constant on K”. In particular, f; is equal to the identity on K”, hence it is
simplicial on K" UAy. Since K is complete, we can now invoke Proposition [3.11] to
homotope f; (relative to K” U Ag) to a non-degenerate simplicial map g: K — K
which coincides with fl on K" UAg. By construction, the map ¢ is homotopic to
the identity relative to K°, sends A to A1, and restricts to the identity on every
m-simplex of K not containing F, m > i.

In order to conclude the proof we are left to show that g is a simplicial automor-
phism. By construction, g restricts to a bijection of the 0-skeleton of K. Moreover,
being homotopic to the identity, it is a homotopy equivalence. Then the conclusion
follows from Proposition O

COROLLARY 4.13. Let K be a complete and minimal multicomplex. Then, two
(i+1)-simplices of K are compatible if and only if they lie in the same T;-orbit. In
other words, if Ag is any (i + 1)-simplex, then T'; acts transitively on w(Ap).

PROOF. By definition of I';, two (i + 1)-simplices lying in the same T';-orbit are
necessarily compatible, so the statement is an obvious consequence of Lemma [4. T2
O

In fact, we can strengthen the previous corollary as follows:

ProPOSITION 4.14. Take integers i,n > 1 such that n > i+ 1, let K be a
complete and minimal multicomplez, and let A, A" be two n-simplices of K. Then
A and A’ lie in the same T';-orbit if and only if they share the same i-skeleton.

PROOF. Let i > 1 be fixed. It is clear that if two simplices are I';-equivalent,
then they share the same i-skeleton, so we need to prove that n-simplices with the
same i-skeleton lie in the same I';-orbit.

Let ¢ > 1 be fixed. We prove by induction on n > ¢ + 1 the following slightly
stronger claim: if A, A’ are n-simplices sharing the same i-skeleton, and F is a fixed
facet of A, then there exists an element g € T'; such that the following conditions
hold:

(1) g(A) =A%

(2) let m > n and suppose that A” # A is an m-simplex of K such that
A" N A = F is a common facet of A and of A’ distinct from F; then g
restricts to the identity of A”.

If n =4+ 1, then A and A’ are compatible (i.e. they share the same set of
facets), so the conclusion readily follows from Lemma Let us now suppose
that the claim is true for a fixed n > i + 1, and take two (n + 1)-simplices A, A’
sharing the same i-skeleton. We fix an ordering vy, ..., v,41 of the vertices of A
such that F is the facet of A opposite to v, 1, and for every (n+1)-simplex A with
the same set of vertices as A we denote by @Z the facet of A opposite to v;. We
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also choose the ordering of the v; so that the facets shared by A and A’ come first:
in other words, we suppose that there exists 0 < jo < n + 1 such that 9;A = 9;A’
for 0 < j < jo, and 9;A # 9;A’ for jo < j < n (observe that we are not making
any assumption whether F is also a facet of A’ or not). Observe that, if jo = 0
(i.e. if A and A’ have no facet in common), then condition (2) automatically holds.
Otherwise, we denote by A” # A a generic m-simplex of K, m > n + 1, such that
A" NA = 9;A for some 0 < j < jo.

We construct elements g; € I';, j = 0,...,n such that go takes oA to GpA’,
g1 takes 91 (goA) to 01 A’ without affecting 9pgo(A) = JpA’, ga takes 02(g1goA) to
02 A" without affecting dog190(A) = dpA’ and d1g190(A) = 1A', and so on. For
j =0,...,50 — 1 we have ;A = 0;A’, and we simply set g; = Idx. The first
non-trivial transformation comes into play when settling the jo-th facet. Let us
now apply the inductive hypothesis by letting d;,A play the role of A, 9;,A’ the
role of A’, and 9;,A N 0j,4+1A the role of F. Then, there exists g;, € I'; such that
9io (050 Q) = 9, A" and 959, (A) = 9;A = 9;A' for every j < jo. Moreover, since
A" NA = 9;A, j < jo, the set A” N 9;,A is equal to a common facet of 9;,A
and of 9;,A’ distinct from 0;,A N 9j,+1A. Therefore, we may also assume that
gio (A7) = A”. We set Aj, = gjo(A) = gjogjo—1- - go(A).

Now we can proceed as above to send 9,414, to 9j,414/, without affecting
A" and 9;Aj, = 0;A’, 7 =0,...,jo: to this aim, we apply the inductive hypothesis
by letting 9;,+1A play the role of A, 9;,41A’ the role of A’ and 9,41 A N Jj 424
the role of F'. Hence, there exists gj,+1 € I'; such that gj,4+1(0j,+1A) = 0,414/,
8jgj0+1(A) = 8JA = 8jA/ for everyj < jo + 1, and gj0+1(A”) = A". We set
Ajot1 = Gjo+1(Djo) = Gio+1950 -+ - Jo(AD).

After n steps, we end up with an (n + 1)-simplex A,, = g, - - go(A) such that
0;A, = ;A for every j = 0,...,n, and g, ---go(A”) = A”. Observe that we
cannot transform 0,414, into 9,41A’ by following the same strategy as above,
since no facet of 0,414, can be moved without affecting 9;A,, for some j < n+ 1.
Anyway, by minimality of K, Lemma implies that the equality 0p,+14, =
On+1A’ must automatically hold. Therefore, A, is compatible with A’, so by
Lemma [L.T2] there exists gn4+1 € T, < T'; such that g,4+1(A,) = A’ and g, 41 fixes
every simplex of K not containing 0p,+14A,. We then have

A'=gni1---g90(A) .

Moreover, observe that A” cannot contain 0,114A,, because otherwise it would
contain the vertex v; for every j = 0,...,n, against the fact that A" N A = 9;A
for some j < jo < n+ 1. It follows that

A" = gn+1(A”) = gn+41- " gO(A//) .

This concludes the proof.
O

Recall from Section that the quotient of a multicomplex with respect to
a simplicial action which is trivial on the 0-skeleton is still a multicomplex. In
fact, Proposition £.14] shows that, at least when K is large, complete and minimal,
the quotient K /I'; just coincides with the aspherical multicomplex associated to K
introduced in Section
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COROLLARY 4.15. Let K be a large, complete and minimal multicomplex, and
let Th =T1(K). Let also A be the aspherical quotient of K. Then K /Ty is canoni-
cally isomorphic to A.

REMARK 4.16. As already mentioned in the introduction, it is very natural
to wonder whether Gromov’s Mapping Theorem could be proved by resorting to
the classical theory of simplicial sets, rather than to the quite exotic theory of
multicomplexes. Unfortunately, this seems very hard. A first issue regards the fact
that, in order to effectively exploit the action of I on the simplices of K(X) (or
of £(X)), we definitely need to be able to construct elements in I" which act on
some simplices of IC(X) as an orientation-reversing affine automorphism (see the
conclusion of the proof of the Vanishing Theorem [G] at the very end of Chapter [
or Corollary @.1T). To this aim, it is crucial that simplices of (X)) correspond to
singular simplices in X up to affine automorphisms, and this implies in turn that
simplices of K(X) must come with no orderings on their vertices. Due to this fact,
one could try to work with unordered simplicial sets, as described e.g. in [GraOlal
Gra01bl, [RT03]. However, also the fact that the simplices of C(X) have distinct
vertices plays a fundamental role in our arguments, as the following discussion
shows.

When working with a pointed (Kan) simplicial set (S, zg), the n-th homotopy
group of (|S|,zp) is usually studied via the analysis of spherical simplices, that
can be defined as follows: a simplex A of S is spherical if every face of A is the
degenerate (n — 1)-simplex supported on the singleton xy. In other words, A is
spherical if |0A| = {zo}, i.e. if the geometric realization of A induces a map of
pairs (JA],|0A]) = (]S, zp). Indeed, when S is Kan and minimal, the elements of
the n-th homotopy group of |S| bijectively correspond to the spherical simplices of
S based at xg (see e.g. [GI99] Section .11, page 60] and [May92] Definition 3.6]).

Recall now from Corollary 2.8 that K(X) (hence £(X)) may be identified with
a subcomplex of S(X). However, S(X) contains many more simplices than (X))
and L£(X): for example, in positive dimension spherical simplices cannot belong
to K(X). When we tried to adapt Gromov’s ideas to the context of simplicial
sets, this raised several difficulties that we were not able to overcome. Indeed,
let us choose a minimal Kan subcomplex M (X) of S(X) such that the inclusion
|IM(X)| = |S(X)] is a homotopy equivalence, and let 'Y be the group of simplicial
automorphisms of M (X) which are homotopic to the identity relative to the 0-
skeleton. Also let zg be a vertex of M(X) (which is also a point of X). Since
M(X) is Kan and minimal, the group 7, (|M(X)|,z0) = 7, (X, x0) is in bijection
with the set of spherical simplices of M(X) based at xo. Moreover, every element
of I'¥, being homotopic to the identity relative to xg, fixes every spherical simplex
based at x¢. This implies that no analogue of Corollary L. 13 or of Proposition [4.14]
can hold for the action of I'* on M(X). In particular, the projections of all the
spherical simplices of M(X) to the quotient M(X)/T'"® remain pairwise distinct.
Therefore, either M(X)/T° is not aspherical, or it is not minimal. In any case,
the realization of an aspherical simplicial set with the same fundamental group of
X as a quotient of M(X) by a simplicial action seems hard to achieve. This fact
represents a major difficulty in the approach to Gromov’s arguments via simplicial
sets rather than via multicomplexes.

As we will see (and is very well known), amenable groups are invisible to
bounded cohomology, so if I';y were amenable we could conclude that the bounded
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cohomology of a large, complete and aspherical multicomplex K should coincide
with the one of its aspherical quotient. However, I'; is mot amenable in general.
Nevertheless, we will now show that I'; /T; is solvable (hence, amenable) for every
i > 1. This will prove sufficient to show that the bounded cohomology of K co-
incides with the one of A in every degree smaller than ¢, hence in every degree,
thanks to the arbitrariness of i.

We begin with the following result, which establishes a relationship between the
action of T';_; on K and the description of 7;(|K|) via the use of special spheres.
Let ¢ > 2, and fix a set of representatives {A, }4cs for the action of I';_; on the
set of i-simplices of K. Also fix an ordering on the vertices of A, for every a € J,
and denote by p, the first vertex of A,. For every a € J and for every v € T';_
we can define a special sphere S% (v): (5%, s0) — (K, pa) by setting

SL(7) = 5 (Aa,v(Ad))
(see Definition B.8l for the definition of S'i(Al, Ay) for any pair Ay, Ag of compatible
i-simplices).

LEMMA 4.17. Let ¢ > 2. The map
bo: Tict > TlIK|pa)s  Ga(7) = [SL0)]

is a group homomorphism.

PrOOF. Take elements 1,72 € I';_1. By exploiting the very definition of sum
in m;(| K|, pa) it is readily checked that

ba(1172) = [ (B0 192(80))| = [$(Aa,m(Ba))] + [5701(80) 1172(20)
= ¢a(m) + {”Yl o Si(Am”YQ(Aa))} .

Recall now that, as a map from |K]| to itself, every element of T';_; is homotopic to
the identity relative to the 0-skeleton of | K|, hence relative to p,. As a consequence
we have

7108 (B0, 2(80))] = [$'(Bas2(8a))| = dalr2) -
and this concludes the proof. ([l

The direct product of the homomorphisms ¢, defines a homomorphism

(b(l) iy — H 7Ti(|K|7po¢) .
acJ

LEMMA 4.18. Let K be a minimal multicomplex and let i > 2. Then ker ¢p(¥) =
T;.

PROOF. Notice that v € ker(¢,,) if and only if the special sphere S%(Aq, 7(Aq))
is homotopically trivial. By Lemma[B.G] this holds if and only if y(A,) is homotopic
to Ag, hence, by minimality of K, if and only if v(A,) = A,. This proves that the
kernel of ¢, coincides with the stabilizer of A, in I';_;. However, the kernel of ¢,
is obviously normal in I';_7, so it must coincide with the stabilizer of any simplex
in the orbit of A,. Since the union of the orbits of the A,, a € J, is just the set
of all i-simplices of K, we can conclude that

ker (qs(i)) = () ker(¢a) =T .

acJ
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O

Let ¢ > 2. Being the direct product of i-th homotopy groups, the group
[Ioc s mi(|K|,pa) is abelian. Therefore, from the previous lemma we immediately
deduce the following:

COROLLARY 4.19. Let K be minimal and let i > 2. Then the group T';_1/T; is
abelian.

COROLLARY 4.20. Let K be minimal. Then for every i > 2 the group T'1/T; is
solvable, hence amenable.

PROOF. We have

Moreover, for every j =1,...,i — 1 we have
Fj_l /1—‘1
IVt . T
Fj/rl J 1/ J o
which is abelian by Corollary [4.19 O

4.4. Bounded Cohomology is Determined by the Fundamental Group

As anticipated above, our next goal is to prove that, if K is large, complete
and minimal, then the quotient map K — K/I'1 on the aspherical quotient induces
an isometric isomorphism in bounded cohomology. We begin with the following
result, which concerns simplicial actions of amenable groups. Recall that, if G acts
simplicially on a multicomplex K, we denote by C; (K)¢ C C;(K) the subcomplex
of simplicial G-invariant bounded cochains.

THEOREM 4.21. Let G ~ K be a group action on a multicomplex K. For every
k € N, let G, denote the subgroup of G acting trivially on K*, and suppose that
the quotient G/Gy, is amenable for every k € N. Then, the inclusion

: CHK)Y < CF (K)
induces an isometric embedding
Hy (%) Hy (Cy(K)) — Hy(K) .
If we assume in addition that for every v € G the simplicial automorphism v: K —
K is simplicially homotopic to the identity, then the isometric embedding
Hy (%) Hy (Cy(K)) — Hy(K) .
is also surjective (i.e. it is an isometric isomorphism,).

PROOF. In order to prove the first statement of the theorem, it is sufficient to

construct, for every k € N, a norm non-increasing (partial) chain map
Al CHK) — CHK)Y, i<k,
such that A% 0% is the identity of Cj(K)% for every i < k.

Let k € N, and set G* = G/G; for every i < k. Let my: £>°(G*) — R be a left-
invariant mean on G*. For every i < k, the group G* = G/G; = (G/G)/(G:/Gk)
is a quotient of G*, so we may endow G* with the left-invariant mean m; induced
by my, (see e.g. [Fril7l Proposition 3.4]).
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The action of G; on C;(K) is trivial, so the quotient G* naturally acts on C;(K),
hence on C}(G). Therefore, if o is any algebraic simplex in C;(K) and ¢ € Ci(K),
then the map

G'—=R, y—o(y o)
is well defined and bounded, i.e. it lies in £°°(G*). We may thus set

A (¢)(0) = mi(y = (v 1)) ,

and extend A%(¢) to the whole C;(K) by linearity. The left-invariance of m; ensures
that A(¢) is G'-invariant, hence G-invariant. Moreover, for every ¢ € Cf(K) and
every algebraic i-simplex o we have

|AY(9)(0)] < sup [p(y ' 0)| < [|¢]loo
vyEG

so A? is norm non-increasing. Each A’ is linear by definition, while the fact that A?,
0 <i <k, is a (partial) chain map may be checked by using that, by construction,
the mean m; is the push-forward of the mean m;; under the quotient map G*+! —
G"® for every i < k (see again [Fril7, Proposition 3.4]). We are thus left to show
that A’ o ¢! is the identity of C}(K)Y, i.e. that, if ¢ is a G-invariant bounded i-
cochain, then A%(¢) = ¢. But this descends from the fact that the mean of a
constant function is equal to the unique value it takes.

In order to prove the second statement, for every v € G let us denote by
t2: Cp(K) — Cy(K) the map on bounded cochains induced by 7. Recall that,
if v: K — K is simplicially homotopic to the identity of K, then there exists an
algebraic homotopy 7 : Cy (K) — Oy~ '(K) such that
(4.3) N (L
and

1T} oo < Chn
for some universal constant only depending on the degree (see Remark B.15]). More-
over, the map 77} only depends on the behaviour of v on the (n — 1)-skeleton of
K.

Let now i < k, take ¢ € C{(K), and let o be an algebraic (i — 1)-simplex. Then
the map

G SR, e T (8)0)
is well defined and bounded (by the value C;||¢||), so we can define the real value
T'(9)(0) = mi—1(y = Ty (¢)(0)) -

Also observe that, thanks to the properties of means, |T*(¢)(c)| < Cil|¢||c, s0 by
extending linearly 7%(¢) over C;_1(K) we obtain an element T%(¢) € C;~*(K).

By evaluating equality (£3) on ¢ € C}j(K) and o € C;_;(K) as above we now
get

3 U T -1 (9))(0) + TJE1(8'(9))(0) = t1 -1 (¢)(0) =0 = ¢(y o) — 0.

Both the right and the left hand side only depend on the behaviour of v on K%, so
we can consider both sides as functions defined over G*, and by taking the average
with respect to m; of the right and of the left hand sides we then get

3 HT())(0) + TH(8'(9))(0) = A(¢)(0) — 0 .
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We have thus shown that the (partial) chain map A*: C{(K) — Ci(K), i < k, is
homotopic to the identity via a (partial) bounded homotopy. As a consequence,
the map induced by ¢* on bounded cohomology is surjective for every i < k, and
thanks to the arbitrariness of k£ this concludes the proof. (Il

COROLLARY 4.22. Let I' ~ X be a O-trivial action of an amenable group T’
on a multicomplex K, and let m: K — K/T be the corresponding projection (see
Section[LA). Then the map

Hi'(m): Hy (K/T) — Hp' (')

induced by m on bounded cohomology is an isometric embedding for every n € N. If
we assume in addition that every v € T' is simplicially homotopic to the identity,
then HJ' () is an isometric isomorphism.

ProoF. We have an obvious isometric chain isomorphism between the complex
CP(K/T) and the complex C*(K)', so the conclusion follows from Theorem FE21l
O

We are now ready to prove the main result of this section.

THEOREM 4.23. Let K be a large, complete and minimal multicomplezx, let A be
the aspherical quotient associated to K, and let m: K — A be the natural projection
of K to A. Then the induced maps

Hy'(m): Hy'(A) — Hy'(K) ,
Hy(m): Hy (|A]) — Hy'(|K])

are isometric isomorphisms for every n € N.

PRrROOF. By Theorem[Z it is sufficient to show that the map 7 induces isometric
isomorphisms in every degree on simplicial bounded cohomology.

Recall from Corollary that A is canonically isomorphic to the quotient
K/T'1. Moreover, there is an obvious isometric chain isomorphism between the
complex CJ'(A) = CP'(K/T1) and the complex CJ'(K)'*, and under this identi-
fication the projection 7 induces the inclusion Cj(K)' — Cj(K) on bounded
cochains. Finally, recall from Corollary [£.20] that the group I'y /T, is amenable for
every m € N, where I, is the subgroup of I';y acting trivially on K™. Moreover,
every element in I'; is homotopic to the identity, hence it is simplicially homotopic
to the identity thanks to the fact that K is large and complete (see Lemma B.17).
Therefore, the conclusion follows from Theorem [.27] O

Recall from Definition that to every good topological space there is canon-
ically associated a complete, minimal and aspherical multicomplex A(X). The fol-
lowing corollary shows that the bounded cohomology of X is isometrically isomor-
phic to the simplicial bounded cohomology of A(X). Since the simplicial bounded
cohomology of A(X) is isomorphic to the singular bounded cohomology of |A(X)],
and |A(X)| is an aspherical CW complex with the same fundamental group of
X, this already implies that the bounded cohomology of X only depends on the
fundamental group of X (see Theorem [ below for a precise formulation of this
statement).

COROLLARY 4.24. Let X be a good space. Then H['(X) is canonically isomet-
rically isomorphic to H (A(X)) for every n € N.
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PrROOF. On the one hand, Theorem shows that H{"(X) is isometrically
isomorphic to H*(K(X)). On the other hand, if r: K(X) — £(X) and 7: £L(X) —
A(X) are the retraction and the projection described in the previous chapter, then
Corollary and Theorem imply that both

Hy' (r): Hy (L(X)) = Hy' (K(X))
and
Hp (m): A(X) = L(X)

are isometric isomorphisms. The conclusion follows. O

As already observed, Corollary implies that the bounded cohomology of
a good space X only depends on its fundamental group. We provide a precise
formulation of this fact in the next result. In fact, as anticipated in the intro-
duction, building on the fact that weak homotopy equivalences induce isometric
isomorphisms in bounded cohomology, we may even get rid of the assumption that
the topological spaces we consider are good.

THEOREM Bl Let X and Y be path connected topological spaces, and let
f: X — Y be a map inducing an isomorphism on fundamental groups. Then
the map
Hy' (f): Hy(Y) — Hy'(X)
is an isometric isomorphism for every n € N.

PROOF. Let us first assume that X and Y are good. Then Proposition
implies that there exists a map L(f): |£(X)] — |£(Y)| such that the following
diagram commutes up to homotopy:

() —L 2y,
sxl lsy
X 7 Y

(in particular, the map L(f) induces an isomorphism on fundamental groups).
The vertical arrows of this diagram are weak homotopy equivalences, hence by
Theorem [£.3] we are reduced to show that the map

Hi' (L(f)): Hy (|£(Y)]) = H ([£(X)])

is an isometric isomorphism for every n € N.

Let us consider the aspherical multicomplexes A(X) and A(Y') associated to
L(X) and L(Y) respectively, and recall from Proposition B:33] that the projections
wx: |[L(X)| = |AX)| and 7y : [L(Y)| — |A(Y)| induce isomorphisms on funda-
mental groups. The general theory of Eilenberg-MacLane spaces provides a map
A(f): JA(X)| = JA(Y)| such that the following diagram commutes up to homo-

topy:
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From the commutativity (up to homotopy) of the diagram we deduce that A(f)
induces an isomorphism on fundamental groups. Since |A(X)| and | A(Y)| are as-
pherical CW complexes, this implies that A(f) is a homotopy equivalence, hence
it induces isometric isomorphisms on bounded cohomology in every degree. The
conclusion that also L(f) induces an isometric isomorphism on bounded cohomol-
ogy now follows from Theorem 23] which asserts that the vertical arrows induce
isometric isomorphisms on bounded cohomology.

This concludes the proof of the theorem under the assumption that X and Y
are good.

In the general case, let S(X) and S(Y') be the singular simplicial sets associated
to X and Y, respectively, and let S(f): |[S(X)| — |S(Y)| be the (simplicial) map
associated to f. If we denote by jx: [S(X)| = X, jy:|S(Y)| — Y the natural
projections, then jy o S(f) = f o jx. Moreover, jx and jy are weak homotopy
equivalences, hence they induce isometric isomorphisms on bounded cohomology in
every degree. Finally, S(f) induces an isomorphism on fundamental groups. Since
|S(X)| and |S(Y)| are good spaces, we may thus conclude that in the following
diagram

H(v) — 0y ()

Hz?(jY)l/ lHZL(jX)
H}(|S(Y H'(|S(X

5 (IS( )|)W p (IS(X)))

the vertical arrows and the bottom horizontal arrow are isometric isomorphisms.

Thus also the top horizontal arrow is an isometric isomorphism, and this concludes
the proof. O

In fact, a stronger result holds: a continuous map f: X — Y induces isometric
isomorphisms on bounded cohomology in every degree provided that the induced
map on fundamental groups is an epimorphism with amenable kernel. To this fact,
which is usually known as Gromov’s Mapping Theorem, will be devoted the next
chapter.

4.5. Multicomplexes and Relative Bounded Cohomology

In this section we briefly discuss how the theory developed so far could be
adapted to the relative case, in order to produce some tools for the study of the
simplicial volume of manifolds with boundary.

Let M be an oriented compact manifold with boundary, and let n = dim M.
It is well known that H, (M,dM;Z) is isomorphic to Z, and generated by a pre-
ferred element [M,0M]z, which is called the (integral) fundamental class of M.
As usual, one can define the (real) fundamental class [M,0M] € H,(M,0M;R) =
H,(M,0M) as the image of [M, 0M]z via the change of coefficients map H,, (M, IM;
H,(M,0M). The ¢*-norm on C, (M) descends to a seminorm (which is in fact a
norm) on Cy, (M, OM), which defines in turn a seminorm ||- ||y on H,(M,0M). The
simplicial volume of M is then defined by setting

[ M| = [[[M, oM]]x -

Just as in the closed case, there exist very few exact computations for the simplicial
volume of manifolds with boundary. We refer the reader e.g. to [FP10, BFP15]
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BEFP17] for some results and speculations on this topic. A variation of the sim-
plicial volume of compact manifolds with boundary, called ideal simplicial volume,
has been recently defined by the authors in [FM19]. While keeping the most im-
portant topological and geometric features of the classical simplicial volume, the
ideal simplicial volume should be a bit easier to compute exactly (at least, it is so
in some concrete examples).

Of course, in order to study the simplicial volume of manifolds with bound-
ary via the use of multicomplexes, the first step should consist in understanding
how to compute the relative bounded cohomology (or the £!-seminorm on singular
homology) of a pair of spaces in terms of the simplicial relative bounded cohomol-
ogy (or the #'-seminorm on simplicial homology) of a suitably defined (pair of)
multicomplex(es).

Probably the first question that arises in this context is whether Gromov’s and
Ivanov’s results on the coincidence of bounded cohomology of a space with the
bounded cohomology of its fundamental group may be extended to the relative
case. To this aim, some attempts were made to adapt Ivanov’s techniques also to
the study of the bounded cohomology of pairs of spaces. We now briefly describe
the results obtained via this strategy, which were proved in [Par03}, FP12| [Bla16]
(see also [BBFT14]).

Let us first focus on the easier case when the pair of spaces (X,Y) is such that
X and Y are both path connected, and the inclusion ¥ — X induces an injective
map on fundamental groups. In this case, to the pair (X,Y’) one can associate the
pair of groups (m1(X),m1(Y)), where m1(Y) may be considered as a subgroup of
m1(X). Under these assumptions, a straightforward application of the Five Lemma
shows that H]'(X,Y) is isomorphic to H}'(m(X),m1(Y)) (see [Par03, [FP12]).
However, some difficulties arise when trying to promote the isomorphism to an
isometry. In order to adapt the killing homotopy procedure described by Ivanov
to the relative case, some unpleasant (and conjecturally unnecessary) additional
hypothesis is needed (see [FP12] Remark 4.9]). Namely, Pagliantini and the first
author proved in [FP12| Theorem 1.8] that H;'(X,Y") is isometrically isomorphic to
H(m(X),m1(Y)) provided that the map 7, (Y") — m,(X) induced by the inclusion
is an isomorphism for every n > 2.

Some more care is needed when Y is not path connected (but still every path
connected component of Y is mj-injective in X). A suitable notion of bounded
cohomology for pairs (T',{H;};), where {H;}; is a family of subgroups of T', was
defined by Mineyev and Yaman in [MYO07] (see also [Fral8]). Building on this
definition (and on the theory of fundamental groupoids) Blank extended the results
of [FP12] to the case when Y is not necessarily path connected (but the inclusion
of every path connected component of Y in X still induces an injective map on
fundamental groups and an isomorphism on higher homotopy groups, see [Blal6l
Theorem 9.11] for a precise statement).

One can get rid of all these assumptions in the case when every component
of Y has an amenable fundamental group. In this case, it is proved in [BBF™14]
that the relative bounded cohomology H'(X,Y) is isometrically isomorphic to the
absolute bounded cohomology Hj'(X) for every n > 2, and from this fact one can
easily deduce that, if every path connected component of Y is mi-injective in X,
then HJ'(X,Y) is also isometrically isomorphic to the bounded cohomology of the
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corresponding pairs of groups (see also [KK15| for an alternative proof of this
result, which exploits multicomplexes).

It is worth noting that Gromov stated in [Gro82| a Relative Mapping Theorem
in which no hypothesis on the spaces involved appear. Namely, he stated the
following;:

THEOREM 4.25 ([Gro82| page 57]). Let f: (X,Y) — (X', Y’) be a map of pairs
which is bijective on the set of path connected components, i.e. it induces bijections
m0(X) = mo(X"), mo(Y) =2 mo(Y’). Furthermore, let f induce an isomorphism on
fundamental groups on every component of X and on every component of Y. Then
the induced map

H(f): HE(X',Y') = HJ(X,Y)
is an isometric isomorphism for every n € N.

(In fact, Gromov’s statement is more general, since it allows the map f to
induce epimorphisms with an amenable kernel on the fundamental groups of all
the components of X and Y.) Gromov asserts that Theorem may be proved
by adapting to the relative case his proof of the absolute Mapping Theorem. We
are quite optimistic about the possibility of exploiting the theory developed in this
paper to provide a detailed proof of Theorem 28] following Gromov’s suggestion.

For related results on relative bounded cohomology obtained via the theory of
multicomplexes, we refer the reader to [Kuel$].



CHAPTER 5

The Mapping Theorem

Gromov’s Mapping Theorem asserts that a continuous map between two topo-
logical spaces induces an isometric isomorphism in bounded cohomology provided
that the induced map on fundamental groups is a surjection with amenable kernel.
It was stated without any assumption on the spaces involved in [Gro82l Section
3.1]. A completely different proof of the Mapping Theorem was given by Ivanov
in [Iva87] for spaces that are homotopy equivalent to countable CW complexes.
Ivanov recently extended his result to any topological space in [Ival. Just as for the
proof that the bounded cohomology of simply connected spaces vanishes, Ivanov’s
argument exploits tools of homological algebra (see also the discussion at the be-
ginning of Chapter @]). On the contrary, our approach follows Gromov’s original
ideas, and it is based on the theory of multicomplexes.

We have seen in the previous chapter that, if f: X — Y is a map between path
connected topological spaces inducing an isomorphism on fundamental groups, then
the induced map H{'(f): H(Y) — HJ'(X) is an isometric isomorphism for every
n € N. As anticipated in the introduction, Gromov’s Mapping Theorem strengthens
this result as follows:

THEOREM [ (Gromov’s Mapping Theorem). Let X3, X5 be path connected
topological spaces, and let f: X; — X5 be a continuous map. Suppose that the
induced homomorphism f,: 7 (X;1) — 71 (X2) is an epimorphism with an amenable
kernel. Then, for every n € N the induced map HJ'(f): Hy(X2) — HJ}(X1) is an
isometric isomorphism.

As we did in the previous chapter, we will first prove Theorem [Bl under the
additional assumption that X; and X5 are good, and we will then deduce the general
case from the fact that weak homotopy equivalences induce isometric isomorphisms
on bounded cohomology.

5.1. The Group II(X, Xj)

Let us fix a path connected good topological space X. Recall from Defini-
tion that to X there is associated a complete, minimal and aspherical multi-
complex A(X). In order to prove the Mapping Theorem we need to introduce a
group action on A(X) which will prove useful also to other purposes.

DEFINITION 5.1. Let X be a subset of X. We define the set Q(X, X) as fol-
lows. An element of Q(X, Xj) is a family of paths {v,}.cx, satisfying the following
conditions:

(1) each 7y,: [0,1] — X is a continuous path such that v,(0) = z and v,(1) €
Xo;

67
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(2) for all but finitely many x € Xy, the path v, is constant (i.e. y,(t) = x
for every ¢ € [0,1]);
(3) the map
Xo—)Xo N x»—)’yx(l)

is a bijection of X, onto itself (which, by (2), is a permutation of X, with
finite support).

Therefore, an element of (X, X() can be considered as a path of maps I: Xg — X,
t € [0,1] such that ¢t — I;(xo) is continuous for every xy € Xy and constant for
all but finitely zg € Xy. Note however that the map Xy x [0,1] — X defined by
(20,t) = It(zo) need not be continuous if Xy is not discrete.

By definition, only a finite number of paths in a fixed element of Q(X, Xo)
is non-constant, so we will often describe an element of (X, Xy) just by listing
its non-constant elements. In other words, an element of Q(X, Xo) will be often
considered as a finite set of continuous paths v;: [0,1] = X, 4 =1,...,n, such that

(i) 7:(0) # 7;(0),7(1) # v;(1) for i # j;

(11) {71(0)7 T 77n(0)} = {’71(1)7 T 7’711(1)} C Xo.
There is an obvious multiplication in Q(X, Xj), given by the usual concatenation of
paths: we denote by I;+I] € Q(X, X) the family of paths obtained by concatenating
the paths in I; with the paths in I (where, as usual, paths in I; come before paths
in I}). With this multiplication, Q(X, Xy) is just a semigroup.

In order to obtain a group we consider the set II(X, X() of homotopy classes
of elements of Q(X, Xy), where two elements {7V, }zex,, {75 }eex, of Q(X, Xo) are
said to be homotopic if ~, is homotopic to 7., relative to the endpoints for every
x € Xo (in particular, v,(1) = 4,(1) for every z € Xy). It is now immediate to
check that the multiplication on Q(X, Xj) induces a multiplication on TI(X, Xj),
which endows TI(X, X) with the structure of a group. In order to avoid a heavier
notation, we will sometimes denote an element of II(X, Xy) just by specifying the
list of homotopically non-trivial paths {~1, - ,7,} in one of its representatives.

EXAMPLE 5.2. If Xy = {zo} is a single point, then II(X, Xo) = 71 (X, zg) is
the fundamental group of X with basepoint zg.

More in general, there exists an obvious injective homomorphism
P m(xX,2) <= O(X, Xo) .
xe Xo

Via this inclusion, henceforth we will consider @
II(X, Xo).

vc x, M (X, 7) as a subgroup of

5.2. The Action of II(X, X) on A(X)

Let X be a path connected good topological space. We are now going to
describe a simplicial action of II(X, X) on A(X) that will play an important role
in the proofs of the Mapping Theorem [b and of the Vanishing Theorem

Let us fix an element g € TI(X, X), and let {7, }zex be a representative of g.
Recall that the 1-skeleton of A(X) is canonically identified with the 1-skeleton of
the complete and minimal multicomplex £(X), whose set of vertices coincides with
X (considered as a set). In particular, the set of vertices of A(X) is canonically
identified with X. We observed in Proposition that every element of II(X, X)
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induces a permutation (with finite support) of X. Therefore, we can define the
action of g on the 0-skeleton of A(X) as the permutation induced by g on X.

Let now e be a 1-simplex of A(X), let vy, v1 be the vertices of e, and let us fix
an affine parametrization v.: [0,1] — |e| of |e|. If S: |[K(X)| — X is the natural
projection, then (after considering e as a simplex of £(X) C K(X)) we can take
the concatenation of paths 4’: [0,1] — X given by

'7I:'71;_01*(SO’7€)*7U1 )

where as usual we denote by y~! the path y~1(t) = (1 — ¢). Observe that
¥'(0) = v, (1) and /(1) = 74, (1), so the endpoints of 4’ coincide with the images
of the endpoints of e via the action of g on the 0-skeleton of A(X) (in particular,
they are distinct). Also recall that 1-simplices of £(X) (hence, of A(X)) bijectively
correspond to homotopy classes relative to endpoints of paths in X with distinct
endpoints (this readily follows from the very definition of £(X), together with the
fact that the natural projection |£(X)| — X is a weak homotopy equivalence).
Therefore, we can define g -+, as the homotopy class of 7’ relative to the endpoints.
It is easy to check that this definition does not depend on the numbering of the
vertices of e. Moreover, the action of g on the edges of A(X) indeed extends the
action on vertices, and for every g,¢" € II(X, X) the action of gg’ is equal to the
composition of the actions of ¢ and of ¢'.

Let us now extend the action of g on the whole of A(X). Let us first check that,
if v: A% — A(X) is a null-homotopic simplicial embedding (i.e. a null-homotopic
triangular loop), then g o v is also a null-homotopic triangular loop. To this end,
let us denote by ¢: A% — A(X) the simplicial embedding corresponding to g o 7.
Then, if {vg, v1,v2} = 7((A?)?) and e; is the edge of A(X) opposite to v; (with the
orientation induced by ), then by construction the projection So: of the triangular
loop g oy on X is freely homotopic to the loop

o= (75" * (S 09e) % 70y) * (Vo," % (S0 Yeq) * Vo) * (Vo' * (S0 Yey) * Yug)

hence t0 S o (Ye, * Yeg * Ve;) = S 0. But « is homotopically trivial, so also
S o OA? = X is homotopically trivial. By Proposition B.33, this implies that ¢
is null-homotopic in A(X), as claimed.

Observe now that Proposition implies that, if f: (A")! — A(X) is a
simplicial embedding of the 1-skeleton of A™, n > 2, such that the restriction of
f to each triangular loop is null-homotopic, then there exists a unique simplicial
embedding f: A" — A extending f. This result implies at once that the action
of g € TI(X, X) on A(X)! can be uniquely extended to a non-degenerate simpli-
cial map ¥(g): A(X) — A(X). The uniqueness of the extension also ensures that
¥(gg’) = Y(g9)v(g’) for every g,¢' € II(X, X). In particular, ¢(g) is an automor-
phism of A(X) for every g € II(X, X).

THEOREM 5.3. Let X be a good space, and let
Y: (X, X) = Aut(A(X))

be the action described above. Then (g) is simplicially homotopic to the identity
for every g € TI(X, X).

PROOF. Since A(X) is an aspherical CW complex, from the general theory
of Eilenberg-MacLane spaces we know that ¢ (g) is topologically homotopic to the
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identity provided that it induces the identity on m(JA(X)|,z0) for some zo €
|A(X)]| (see for instance [Whi78| Theorem 7.2] or [Hat02| Proposition 1B.9]).

Without loss of generality we may assume that X is path connected and con-
tains at least two points, so that A(X) is large. In particular, if g = {v;}zex,
then there exist two points xg,x1 € X such that v,, is constant for ¢ = 0,1. This
implies that 1 (g) acts as the identity on every edge of A(X) having x¢, z1 as end-
points. Since A(X) is complete, we know that every element of 7 (| A(X)],zo)
may be represented by a pair of edges with endpoints zg,x; (see Theorem [B9).
Therefore, ¥(g) acts as the identity on 1 (|A(X)[, z0), and this proves that 1(g) is
topologically homotopic to the identity.

Finally, the Homotopy Lemma BI7 implies that any automorphism of A(X)
which is topologically homotopic to the identity is also simplicially homotopic to
the identity. O

We now concentrate our attention on the action on A(X) of the subgroup
Doex m(X,z) of TI(X, X). To this aim we first fix some notation. For every
x € X we set G, = m (X, x). Let us fix a basepoint T € X, let G = Gz and let N
be a normal subgroup of G. It is well known that, for every = € X, there exists an
isomorphism G = GG, which is canonical up to conjugacy. Since NN is normal, this
implies that for every x € X there exists a well-defined isomorphic image N, of N
in Gy (so that Nz = N). We then set

N=N..
reX
In particular, G= DPoex Go = Brex m(X, ).

Recall that the natural projections |£(X)| — X, |[£L(X)] — |A(X)| induce
isomorphisms on fundamental groups, so for every z € X there exists a canonical
identification between 7 (X, z) and 71 (|A(X)|, z) (where we denote by z € |A(X)|
the vertex of A(X) corresponding to ). Therefore, for every x € X we will denote
by N, also the subgroup of 71 (]A(X)|,z) corresponding to N, < m(X,z). For
brevity, we will also say that a loop v: S — |A(X)] is in N if it is freely homotopic
to a representative of an element in N, for some (and hence, every) vertex x of
A(X). Using that N is normal it is readily seen that a loop v: S* — |A(X)] is
in N if and only if for every p € S! with v(p) € A(X)° the induced pointed map
v: (S8',p) = (JA(X)|,v(p)) defines an element in N, ;).

If g is an element of N, then 9(g): A(X) — A(X) restricts to the identity
of the O-skeleton of A(X). In other words, the action of N on A(X) is 0-trivial
according to the terminology introduced in Section In particular, the quotient
A(X)/ N admits a natural structure of multicomplex. Moreover, the set of vertices
of A(X)/ N is canonically identified with the set of vertices of A(X), hence with
X. We denote by 7: A(X) — A(X)/N the (simplicial) quotient map.

We are now going to prove that the (geometric realization) of the multicomplex
A(X)/N is a K(G/N,1)-space. We begin with the following:

LEMMA 5.4. Let e, e’ be edges of A(X) such that there exists g € N such that
g-e=¢€' (in particular, e and €' share the same endpoints xg,x1). Then, for every
go € Ny, there exists a unique element g1 € Ny, such that

(90,91) - e=¢€".
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PRrROOF. Let 5:[0,1] — X (resp. #': [0,1] — X) be the path associated to e
(resp. to €’) such that 8(0) = zg, B(1) = z1 (resp. 5'(0) = zg, B'(1) = x1), and let
ap be a representative of go. Let also aq: [0,1] — X be a loop based at z1, and
denote by g; the class of oy in 71 (X, 21). Then (go,g1) - e = €’ if and only if the
paths ag 1% B % oy and B’ are homotopic in X relative to the endpoints, i.e. if and
only if

B PxagtxBran

defines the trivial element of 7y (X, z1). This condition holds if and only if
g1 = loa] = [B7" x ag * f] in my (X, 21)
and this concludes the proof. (I

LEMMA 5.5. Let e, e’ be edges of A(X) sharing the same endpoints and denote
by e x €’ the loop obtained as one of the possible concatenations of e and e’. Then
w(e) =7(e') if and only if ex e’ is in N.

PROOF. Let z,x1 be the endpoints of e and €’. Let also 3 (resp. §’) be a path
with values in X in the class of e (resp. €’) and such that 5(0) = xo, B8(1) = =1
(resp. B8'(0) = xg, (1) = x1). By definition, m(e) = 7(e’) if and only if the exists
an element {v;}rex € N such that the path Yol * B % 7z, is homotopic relative to
the endpoints to 3, or, equivalently, the path 7;01 * B, *(B) ! is null-homotopic
relative to xg. It is readily seen that this is in turn equivalent to the fact that the
class of the path 8 (8')~! is in INV,,, and this concludes the proof. O

LEMMA 5.6. Let v,v" be pointed non-degenerate simplicial paths in A(X) of
the same length, i.e. let v, : (S,v0) — (A(X),x0) be non-degenerate simplicial
maps, where S is a multicomplex homeomorphic to S'. If oy =mo~', then (the
geometric realization of ) ¥ x v~ lies in Ng,.

PROOF. Let us fix a circular ordering v, ...,v,—1 on the vertices of S. Since
moy = mo~' and the projection 7 induces an identification between the 0-skeleton
of A(X) and the O-skeleton of the quotient, we can set x; = vy(v;) = v'(v;). For
every i =0,...,n—11let e; = v([v;,vi11]) (vesp. e; = v'([vi, vit1])), where we take
indices mod n. Let us also orient e; and e} from x; to z;41.

By Lemmal[5.5 for every ¢ =0,...,n — 1 the loop €] x e,
i =0,...,n—1 also the loop

s in N, so for every

o :eo*el*...*ei,l*(e;*e;l)*e;_ll *...*eal
is in N. But the concatenation
Qo * Q1 % ... % Qp—1

defines the same element of 1 (|A(X)|,z¢) as the loop 7/ *y~!. This concludes the
proof. O

LEMMA 5.7. Let v be a triangular loop in A(X), i.e. a simplicial embed-
ding v: 0A? — A(X), and suppose that 7 oy bounds a 2-dimensional simplex
of A(X)/N. Then v is in N.

PrOOF. By definition, the hypothesis implies that there exists a triangular
loop 7': OA% — A(X) which bounds a 2-dimensional simplex of A(X) and is such
that 7 o4’ = 7 o . By Lemma [5.6) we now obtain that v * (7/)~! is in N. But +/
is homotopically trivial in |A(X)|, so v is in N. O
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We are now ready to compute the fundamental group of |A(X)/N].

PROPOSITION 5.8. Let zg be a vertex of A(X). Then the projection w: A(X) —
A(X)/N induces an epimorphism

e 1 (JAX)], 0) = mi(JAX)/N|, 20)

with kernel
kerm, = Ny, .

In particular, 7 (|A(X)/]V|, xo) is canonically isomorphic to w1 (X, x0) /Ny, = G/N.

PROOF. The fact that 7, is surjective easily follows from the fact that each ele-
ment of 71 (| A(X)/N|, zo) is represented by a simplicial loop contained in A(X)/N,
toghether with the fact that each such simplicial loop lifts to a simplicial loop in
A(X).

Let now g € N,,. Since A(X) is large and complete, by Theorem we have
g = [¢/ xe71], where e and €’ are two edges of A(X) with endpoints zg,z; (and
x1 is some vertex of A(X) distinct from zg). By Lemma 5.5 we have 7(e) = w(e’),
and this implies at once that g lies in the kernel of 7.

On the other hand, let now g be an element in ker 7,. We may suppose that g
is represented by a non-degenerate simplicial loop v: (S,vg) — (A(X), o), where
S is a multicomplex homeomorphic to S'. The combinatorial description of the
fundamental group of simplicial complexes obviously applies also to multicomplexes,
so from the fact that 4/ = 7o~ is null-homotopic in [A(X)/N| we deduce that there
exists a finite sequence of non-degenerate simplicial loops 7(, ..., 7, ..., 7. = 7
such that v is the constant path at xo and ;. is obtained from 7] via one of the
following moves:

(1) removal from 7/ of a subpath of the form e x e~!, where e is an edge of
A(X)/N, or viceversa;

(2) if eg,e1, ez are the edges of a 2-simplex of A(X)/N, replacement of a
subpath of 4/ of the form e * e; with the remaining edge es (endowed
with the obvious orientation), or viceversa.

Let us now prove that for every i = 0,..., k, there exists a lift «; of 4} to A(X)
such that a; belongs to N,,. We argue by induction on i =0,...,k, the case 1 =0
being obvious. So suppose that 7, lifts to a loop «; in Ny, .

If v{,, is obtained from ~; by adding a subpath of the form e x e~ !, then we
can simply add to o; a subpath of the form f % f~!, where f is an edge lifting e,
thus obtaining a lift «;11 of ;. still lying in N,,. Let us now suppose that v/,
is obtained from 7/ by removing a subpath of the form e x e~!, and let f; * f> be
the subpath of «; which lifts e xe~!. We obviously have 7(f;) = 7(f2) = e, so from
Lemma we deduce that fi * fy is a loop in N. Therefore, we can remove the
path f1 * fo from a4, thus obtaining a lift o;41 of 7;,; still lying in Ny,. A similar
argument (using now Lemma [5.7) describes how to construct a lift of 77, in Ny,
from a lift of ~; in N, when 7;,, is obtained from ~; via a move of type (2).

We have thus shown that our loop m oy =+’ =, lifts to a loop 7 in N,,. By
construction we have m oy = w07, so Lemma ensures that the concatenation
v*7%~ ! also lies in N,. Therefore, 7 lies in N, too, which concludes the proof. [

We are now ready to prove the following:
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THEOREM 5.9. The multicomplex A(X)/]V is complete, minimal and aspheri-
cal. Therefore, the CW complex |A(X)/N| is a K(G/N,1)-space.

PROOF. We prove that A(X)/ N satisfies the conditions described in Proposi-
tion [3.30) which we recall here for the convenience of the reader:

(1) For every pair of distinct vertices z, z; of A(X)/N and every continuous
path v: [0,1] — |A(X)/N| with v(0) = zo, (1) = =z, there exists a
unique simplicial embedding 7': A! — A(X)/ N which is homotopic to v
relative to the endpoints.

(2) Let n > 2, let (A™)! be the 1-skeleton of A™ and let f: (A™): — A(X)/N
be a simplicial embedding such that the restriction of f to each triangular
loop is null-homotopic. Then there exists a unique simplicial embedding
F: A" = A(X)/N extending f.

So let g, z1 and v be as in (1). Using that the map
e T (JAX)], 20) = mi(JAX)/N|, o)

is surjective it is not difficult to show that there exists a path 7: [0,1] — |A(X)]
such that ¥(0) = zg, ¥(1) = z;1 and -, o7 lie in the same homotopy class relative to
the endpoints. By completeness of A(X), there exists an edge e of A(X) homotopic
to 7 relative to the endpoints, and by construction the simplex 7(e) provides an
edge of A(X)/N which is homotopic to 7 relative to the endpoints.

Suppose now that e, e’ are homotopic edges of A(X)/]V with endpoints xq, z1,
and let €,¢ be edges of A(X) such that 7n(€) = e, (') = €. Since e, e’ are
homotopic, if we orient €, ¢’ from xq to x1, then the projection 7o (¢’ *e~1) is null-
homotopic. By Proposition 5.8 this implies that &’ *e~! lies in N, so by Lemma[5.5]
mw(e') = w(€), i.e. e = €’. This concludes the proof of (1).

Let now f: (A")! — A(X)/N be as in (2). We fix an ordering vy, .. . , v, of the
vertices of A", and we set z; = f(v;). We also denote by e; ; the edge f([vs,v;]),
oriented from z; to ;. We first fix an arbitrary lift €; ;41 C A(X) of €;;41 for
every ¢ = 0,...,n — 1. Then for every i < j we define €; ; as the unique edge of
A(X) homotopic relative to the endpoints to the concatenation €; ;41 * ... % €51 ;
(such an edge exists and is unique by completeness an minimality of A(X)). We
also define f: (A™)! — A(X) by setting f([vi,v]) = €, for every i < j. We
now prove that 7 o f = f. In fact, for every ¢ < j we show by induction on k
that 7o f([vi,v]) = f([vi,vx]) for every k = i+ 1,...,j. The claim holds by
construction for k = i + 1. Assume that it holds for a fixed i +1 < k < j and
consider the edge f([vi,Vk+1]) = € k+1. By hypothesis v = €; i, * €k g1 * E;,iH is
a null-homotopic loop in A(X). Thus, 7 o« is also null-homotopic. This implies
that m(€;, * €g k1) = €k * ek k+1 is a path homotopic to 7(€; k+1) relative to
its endpoints. Since A(X)/N satisfies (1), the concatenation €ik * €k k+1 can be
homotoped relative to its endpoints only to the 1-simplex e; ;41 and so 7(€; k+1)
must coincide with e, 11. This proves that 7o f([vi, vg+1)) = f([vi, ve+1]), whence
the claim. Now by construction, the restriction of fto each triangular loop is null-
homotopic in A(X), so by Proposition B30 (applied to A(X)) there exists a unique
simplicial embedding h: A" — A(X) extending f. The composition f = 7o h
provides the desired extension of f to a simplicial embedding of A™ into A(X)/N.
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In order to show that the extension is unique, let f/: A" — A(X)/ N be an
arbitrary extension of f, and observe that 7/ = moh’ for some embedding h': A™ —
A(X). Let e} ; = h'([vi,v5]), and observe that the argument above shows that h
(resp. ') is uniquely determined by the edges €; ;11 (resp. €} ;,,), i =0,...,n— 1.
Therefore, if g € N is such that g(e;i11) = € i1 for every i = 0,...,n — 1, then
h' = g o h, whence f/ =nmoh/ =7moh = f, which concludes the proof.

We are thus left to find an element g € N is such that g(e;;41) = €4y for

every i = 0,...,n — 1. Since m(e;+1) = ﬂ'(e;)i_ﬂ), for every ¢ the edges e; ;41 and
€iip1 are N-equivalent. By repeatedly using Lemma 5.4 (with gy = 1 when i = 1),
we can then find elements g; € N,,, ¢ = 1,...,n, such that the following conditions
hold:

i
g1 €0,1 = €1,

(91,92) - €12 = €] o,

(gn—lugn) "ln—1,n = 621—1,71 :

Let now g = (91,--.,9n) € N = @.cx Ne- By construction we have g -e; ;41 =
€;iy1 for every i = 0,...,n, and this concludes the proof. O

REMARK 5.10. The arguments developed in this section apply more in general
to any complete, minimal and aspherical multicomplex A. Indeed, if A is such a
multicomplex and N is a normal subgroup of G = 71 (| 4], zo) for some vertex zg €

~

V(A) of A, then one can define as above a subgroup N of @, cy-(4) m1(|A4],v). This

group naturally acts via simplicial isomorphisms on A, and the quotient A/ Nisa
minimal, complete and aspherical multicomplex with fundamental group isomorphic

to G/N.

5.3. Proof of Gromov’s Mapping Theorem

We are now ready to conclude the proof of Gromov’s Mapping Theorem
Let f: X7 — X5 be a continuous map between path connected topological spaces,
and suppose that the map induces an epimorphism f,: m1(X7) — 71(X2) with an
amenable kernel.

Let us first observe that it is sufficient to consider the case when X7, Xs are
good topological spaces. In fact, if S(X;) is the simplicial set associated to X; and
jit |S(X;)| = X; is the natural projection, then the map f induces a (simplicial)
map S(f): |S(X1)] — |S(X2)| such that j» o S(f) = f o j1. Since j; and jo are
weak homotopy equivalences, also the map S(f) induces an empimorphism with
an amenable kernel on fundamental groups. Moreover, thanks to Theorem [4.3] the
vertical arrows of the commutative diagram

n Hy (S(f)) N
HM|S(X2)|) — HP(IS(X1)])
HZ?(JQ)T Hgl(jl)T

Hy' (f)
H}M(X>) - Hp (Xy)
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are isometric isomorphisms for every n € N. Thus, up to replacing X; with S(X;)
for i = 1,2, we may assume that X; and X3 are good.

Recall from Proposition[Z9 that there exists a continuous map K (f): |[K(X1)| —
|IC(X32)| such that the following diagram commutes up to homotopy:

)] 2L ()|

sx, l ls&
f

X5 Xy .

(Sx; denotes the natural projection of [K(X;)| onto X;). Recall from Corollary [14]
that the maps Sx, and Sx, induce isometric isomorphisms on bounded cohomology.
Moreover, homotopic maps induce the same morphism on bounded cohomology, so
it is sufficient to show that the map K (f) induces an isometric isomorphism on sin-
gular bounded cohomology. Let 7; = m; or;: |[K(X;)| — |A(X;)| be the canonical
projection of K(X;) on its aspherical quotient, and recall that 7; induces an iso-
morphism on fundamental groups for i = 1,2 (see Theorems and B.37)). Using
the asphericity of | A(X2)| we can construct a map A(f): |A(X1)| — |A(Xz2)| which
(under the identifications 71 (|JIC(X;)|) = 71 (|A(X;)])) induces the same morphism
as K(f) on fundamental groups. The general theory of Eilenberg-MacLane spaces
now ensures that the diagram

(x| L 1e(xs)|

- |

|A(X1)] A |A(X2)]

commutes up to homotopy (see e.g. [Hat02] Proposition 1B.9]). Moreover, we know
from Theorem 423 that the projections 7;, i = 1,2, induce isometric isomorphisms
on bounded cohomology, so we are left to show that A(f) induces an isometric
isomorphism on bounded cohomology. Let now N < 71(X1) be the kernel of the

map f,: 7 (X1) — m1(X3), and denote by 7: |A(X,)| — |A(X1)/N| the projection
introduced above. Under the identifications m1 (X1) = m1 (|K(X1)])) = m1 (JA(X1)]),
we have

N 2= ker (m,: mi(JA(X1)]) = m(JAX1)/N]))
N =ker (A(f).: m(JAX1)]) = m(JAX2)]) -
Since both |A(X3)| and |A(X;)/N| are aspherical, we can then construct a ho-

motopy equivalence h: |A(X1)/N| — |A(X3)| such that the following diagram
commutes up to homotopy

A A ACX)]
\ /
LA(X,)/ N

Recall now from Theorem [5.3) that for every g € N the action of g on |A(X;)| is ho-
motopic to the identity. Therefore, a straightforward application of Corollary [4.22]
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implies that the map 7 induces an isometric isomorphism on bounded cohomology.
Since homotopy equivalences always induce isometric isomorphisms on bounded
cohomology, the same is true also for h, whence for A(f). This concludes the proof
of Gromov’s Mapping Theorem.



CHAPTER 6

The Vanishing Theorem

The Vanishing Theorem establishes a criterion for the vanishing of the compar-
ison map (whence of the simplicial volume, when applied to compact manifolds),
in terms of amenable covers of the space. Just as the Mapping Theorem, it was
stated by Gromov in [Gro82] without any assumption on the topology of the space
involved, and proved (with a slightly different formulation, see Remark [6.3]) by
Ivanov in [Iva87] (for countable CW complexes) and in [Ival (in the general case).

6.1. Amenable Covers, the Nerve Theorem and the Vanishing Theorem

We first introduce the fundamental notion of amenable subset of a given topo-
logical space.

DEFINITION 6.1. Let X be a topological space and let i: Y < X be the
inclusion of a subset Y of X. Then Y is amenable (in X) if for every path-connected
component Y’ of Y the image of i.: m1(Y’) — m1(X) is an amenable subgroup of
™ (X)

Let us now fix a topological space X and let U = {U;}icr be a cover of X,

i.e. suppose that U; C X for every i € I and that X = (J,c; U;. We say that the

cover is open if each U; is open in X, and amenable if each U; is amenable in X.
The multiplicity of U is defined by

mult(U) =sup{n|Ii1,...,in €[, ip #igx for h# k, Uy N...NU;, # 0}
€ NU{oo} .
To any cover U = {U,};er of X there is associated a simplicial complex N (i),

called the nerve of the cover, which is defined as follows: the set of vertices of N (U)
is I, and n + 1 elements i, . .., 4, of I span a simplex of N(I) if and only if

Uo,N...NU;, #0.

By definition, mult(i/) = 1 + dim N(U). As usual, we denote by H"(N(U)) the
simplicial cohomology of N with real coefficients.

Suppose now that X is paracompact, and let ® = {p;}icr be a partition of
unity subordinate to the cover ¢/. Then the map

for X = INUW)|,  falw) =) @i(w)-i
iel
is well defined and continuous. Moreover, if ® is another partition of unity subor-
dinate to U, then for every ¢ € [0, 1] the convex combination

tf<p + (1 —t)fqy X — |N(u>|

7
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is well defined. As a consequence, fg and fg are homotopic, and they induce the
same map

g H*(INU)]) = H"(X)
in singular cohomology.

This chapter is devoted to the proof of the following two results, the first of
which was anticipated in the introduction. We refer the reader to Remark for
a brief discussion of similar statements that are already available in the literature.
Recall that a topological space is triangulable if it is homeomorphic to the geometric
realization of a simplicial complex.

THEOREM 6.2 (Nerve Theorem). Let X be a triangulable space and let U be an
amenable open cover of X. Also suppose that, for every finite subset Iy C I, the
intersection ;<. Ui is path connected (possibly empty). Then for everyn € N there
exists a map O™ : HP(X) — H"(N(U)) such that the following diagram commutes:

H(X) - H"(X)

| -

HM(NU)) ————— H™(NU)]) .

In particular, under the hypothesis of Theorem 6.2 if n > mult(lf), then the
comparison map ¢": HJ'(X) — H™(X) vanishes. In fact, the same conclusion holds

even without any assumption on the topological space X or on the connectedness
of the U;:

THEOREM [6] (Vanishing Theorem). Let X be a topological space and let U be
an amenable open cover of X. Then for every n > mult(U) (or, equivalently, for
every n > dim N(U)) the comparison map

" H} (X) - H"(X)
vanishes.

REMARK 6.3. Theorem [6lis originally due to Gromov [Gro82l page 40], while
Theorem [6.2] was proved (in a slightly different version) by Ivanov in [Iva87, The-
orem 6.2] and in [Ival Theorem 9.1] (with weaker hypotheses than ours on the
topology of X). Ivanov’s argument is completely different from ours, and it is
based on the use of a variation of the Mayer—Vietoris double complex for singular
cohomology. As a consequence, it is not clear at first sight whether the factoring
map H"(|NU)|) — H™(X) decribed by Ivanov coincides with the canonical map
£" introduced here. Our Theorem [6.2] suggests that this should indeed be the case,
and a complete proof of this fact may be found in [FM].

No assumption on the connectedness of finite intersections of elements of U
appears in Theorem [G] hence one may wonder whether this requirement could be
removed from the hypotheses of Theorem The following example shows that
this is not the case. Indeed, let X be a finite simplicial complex of dimension n.
One can construct an amenable cover Y = {Uy, ..., U,} by requiring that, for every
1=0,...,n, the set U; is the disjoint union of contractible open neighbourhoods of
the interiors of the i-simplices of X, chosen in such a way that U; N X7 = () for every
j < i. This cover is obviously amenable, and N (i) is isomorphic to the n-simplex
A™. Therefore, H (][N (U)|) = 0 for every i > 0, and if Theorem[6.2 were true for the
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cover U, then we would conclude that the comparison map H}(X) — H*(X) is null
for every ¢ > 0, which is clearly false in general. Be aware that the assumption that
finite intersections of elements of U be connected seems to be missing in [Iva87,
Theorem 6.2], [Ival, Theorem 9.1].

Via duality, Theorem [0 implies the vanishing of the simplicial volume for closed
manifolds admitting amenable covers of small multiplicity:

COROLLARY[7l Let X be a topological space admitting an open amenable cover
of multiplicity m, and let n > m. Then
lefli =0
for every @ € H,(X). In particular, if M is a closed oriented manifold admitting
an open amenable cover U such that mult({/) < dim M, then

[M]=0.
PROOF. Just combine Theorem [6] and Corollary 4.2 O

We will strengthen the second statement of the previous corollary in Section[7.3]
In fact, in Theorem [I3] we will show that, if M is a closed oriented manifold admit-
ting an open amenable cover U such that mult(/) < dim M, then M is ¢*-invisible
(see Definition [TH]). This implies in particular that ||M|| = 0.

6.2. Amenable Subgroups of II(X, X) and their Action on A(X)

Before going into the proofs of the Vanishing Theorem and the Nerve Theorem,
we need to collect some preliminary results. We refer the reader to Section [B.1] for
the definition of the group II(X, Xj), where X is any subset of X.

DEFINITION 6.4. For any set X, we denote by &g,(X) the group of permu-
tations of X with finite support, i.e. the subgroup of the symmetric group &(X)
given by those permutations which fix all but finitely many elements of X.

The following proposition readily follows from the definitions.

PROPOSITION 6.5. Let X be a topological space and let Xo C X be any subset.
Then, there exists an exact sequence of groups

11— @, x, m(X,2) —= TI(X, Xo) —> Sgn(Xo) ,

ze Xo

where the homomorphism ¢: II(X, Xo) — Gan(Xo) associates to the class of an
element {7 }zex, € QUX, Xo) the permutation x — v, (1).
If Xy is contained in a path connected component of X, then the map

o: TI(X, Xo) = Gan(Xo)

is surjective, so the sequence above may be extended to a short exact sequence

1—— @, ¢ m(X,z) — I(X, Xo) —> Ggn(Xo) — 1.

xze Xo

If V CU C X, then the inclusion (U, V) < (X, X) induces a group homomor-
phism II(U, V) — II(X, X ), which is injective if and only if every path connected
component of U intersecting V' is mi-injective in X. In what follows a lot of atten-
tion will be payed to the image of this homomorphism, which we denote henceforth
by IIx (U, V). Of course, since II(X, X) acts on A(X), also IIx (U, V) does.
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LEMMA 6.6. Let U be an amenable subset of X, and take any subset V- C U.
Then, the subgroup IIx (U, V) < II(X, X) is amenable.

PRrOOF. Recall that every element g € II(X, X) induces a permutation with
finite support ¢(g) € San(X). It is then easy to check that the exact sequence of
Proposition [6.5 induces the exact sequence

1= P In(m (U,y) » m(X,9) L Ix (U, V) S San(V),
yeV

where j is the obvious inclusion (the map ¢ is surjective if and only if V' is contained
in a path connected component of U).

Every finitely generated subgroup of &g, (V) is finite, hence amenable. Since
locally amenable groups are amenable, this implies that Gg, (V) is itself amenable.
Moreover, being a direct sum of amenable groups, also the group

@ Im(m (U, y) — T (Xv y))
yeV

is amenable. We have thus described IIx (U, V) as an extension of an amenable
group by an amenable group, and this concludes the proof. O

Let now X be a topological space admitting a triangulation 7, i.e. assume that
X is equal to the geometric realization |T'| of a simplicial complex T'. For every
vertex v of T', the closed star of v in T is defined as the subcomplex of T" containing
all the simplices containing v (and all their faces). By suitably subdividing T we
may suppose that the following condition holds (see for instance [Mun84| Theo-
rem 16.4]): for every vertex v of T there exists i(v) € I such that the closed star of
v in T is contained in the element U, of the cover (of course, the choice of i(v)
may be non-unique).

For every ¢ € I we set

Vi={veV(@)|i(v)=1i}.
By construction we have V; C U;. Let us now set

r=@uxw.,v).
iel
The direct sum of amenable groups is amenable, so Lemma implies that T" is
amenable. Also observe that, if ¢ # j, then V; # Vj, so elements in IIx(U;, V;)
commute with elements in IIx(U;,V;). As a consequence, the group I' naturally
sits in II(X, X) as a subgroup, and acts on A(X).

We will now construct a copy of T inside the multicomplex A(X). The mul-
ticomplex K(X) contains a submulticomplex K7 (X) 2 T whose simplices are the
equivalence classes of the affine parametrizations of simplices of 7. When construct-
ing the submulticomplex £(X) of K£(X), one needs to choose a representative for
every homotopy class (relative to the boundary) of simplices of KX(X) (see the proof
of Theorem B.23)). Of course, we may choose the simplices of Kr(X) as representa-
tives of their homotopy classes, thus obtaining K7 (X) C £(X). Now it is obvious
that the quotient map £(X) — A(X) is injective on Kp(X). As a consequence, we
can realize T 2 Kp(X) as a submulticomplex of A(X).

Recall that classes in HJ'(X) may be represented by simplicial cocycles on
A(X). More precisely, if m: K£(X) — A(X) is the composition of the retraction
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K(X) — L£(X) with the projection £(X) — A(X), and S: |[K(X)| — X is the
natural projection, then the composition

Hi (S) Hy (6")

Hy(X) Hy (IK(X))) Hy' (K(X))

and the map HJ'(r): H'(A(X)) — H*(K(X)) are isometric isomorphisms for every
n € N (see Theorems and B3T). In order to save words, henceforth we will
denote by

¥ H(AX) = Hi (X)
the isometric isomorphism obtained by composing Hj (7) with (Hj (¢*)o Hj (S))™ .

LEMMA 6.7. Let z € C'(A(X)) be a bounded cocycle which vanishes on Cp(T') C
Cn(A(X)). Then
"(P™([2])) =0 in H™(X) .

PrROOF. The inclusion T' — A(X) induces a restriction map r*: H; (A(X)) —
Hy(T). It is easy to check that the diagram

HP(A(X)) “— H;(T) "~ H™(T)

|- |

Hy(X) < H"(X)

1R

is commutative (the vertical arrow on the right is the usual isomorphism between
the simplicial cohomology of T' and the singular cohomology of |T| = X). Of
course, if z € CJ'(A(X)) vanishes on C,,(T), then 7" (z) = 0, and this concludes the
proof. O

6.3. Proof of the Vanishing Theorem

Let us first suppose that X is homeomorphic to the geometric realization of a
simplicial complex T'. We keep the notation of the previous section, we suppose that
mult(i) = m, and we take a bounded class o« € H*(X). Since U*: H'(A(X)) —
H}'(X) is an isomorphism, we have a = U*(f) for some 8 € Hp(A(X)). By
Lemma [6.7] it suffices to show that S admits a representative that vanishes on
every algebraic n-simplex of C,, (T') C C, (A(X)).

Let now z € CJ'(A(X)) be an alternating cocycle representing 5. Recall that
we have an action of the amenable group I" on A(X) via simplicial automorphisms
that are homotopic to the identity. By Theorem [£21] we may suppose that z
is I'-invariant. Therefore, after possibly alternating it, we can assume that z €

C(AX)) e
Let (s, (xo,...,zn)) be an algebraic simplex in Cy,(T) C C,, (A(X)). If xp = a,
for some h # k, then z(s, (zg, ..., 2,)) = 0 because z il alternating, and we are done.

We may thus suppose zp, # xx for h # k, and denote by epy the edge of s joining
xp with g, h,k = 0,...,n. Since n > m = mult(U), there exist h,k € {0,...,n},
h # k, such that i(xy) = i(xy), i.e. both zj, and z) belong to the same V;. Now the
closed stars of xj, and of zj in T" are contained in U; by the assumptions on U, so the
edge epy of A(X) (which, since A(X)! = £(X)?, is also an edge of £L(X) C K(X))
projects via the map S: |[K(X)| — X onto (the image of) a path ~: [0,1] — U;
such that (0) = xp, v(1) = 2. Let us now consider the element g = {v,y"'} €
IIx(U;,V;) < T'. It is immediate to check that g -s = s. Moreover, g -z, = g,
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g-xx = xp, and g - x; = x; for every | # h,k. As a consequence, from the fact
that z is alternating we obtain z(s, (zo,...,2n)) = —2(g - (s, (o, ..., 2y))), while
from the fact that z is T-invariant we get z(s, (zo,...,zn)) = 2(g- (s, (€0, ..., Zn))).
This shows that z(s, (zo,...,z,)) = 0, and concludes the proof of the Vanishing
Theorem [6] under the assumption that X is triangulable.

Let now X be any topological space, and denote by S(X) the singular sim-
plicial set associated to X. Since the second barycentric subdivision of §(X) is a
simplicial complex, Theorem [G holds for |S(X)|. Therefore, in order to conclude
that Theorem [6l holds for X it is sufficient to prove the following claims: if X admits
an amenable cover of multiplicity m, then also |S(X)| admits an amenable cover
of multiplicity m; if the comparison map ¢”: H*(|S(X)|) - H"(|S(X)|) vanishes,
then also the comparison map ¢": HJ(X) — H"(X) vanishes.

Let j: |S(X)| — X be the natural projection. If ¢ is a open cover of X, then
j7U = {j7Y(U), U € U} is an open cover of |S(X)| such that mult(j~'U) =
mult(Uf). Moreover, the map j: |S(X)| — X induces an isomorphism on funda-
mental groups, so if Z is a path connected component of j~1(U) for some U € U,
then from the commutative diagram

T—ﬂ&f)l
U X

we deduce that the image of 71 (Z) in 71(]JS(X)|) is isomorphic to a subgroup of the
image of m1(U) in 71(X). In particular, the cover j~!U is amenable if ¢ is. This
proves the first claim.

The diagram

Hp(X) —S— H"(X)
Hy' (3) H™(5)
HP(IS(X)]) ——= H(|S(X)))

commutes. The map j is a weak homotopy equivalence, thus Theorem [4.3] ensures
that Hj'(j) is an isometric isomorphism. It is a classical result that also H™(j)
is an isomorphism (see e.g. [Hat02 Proposition 4.21]). Therefore, the compari-
son map c¢": H*(X) — H"(X) vanishes if and only if also the comparison map
" H(|IS(X)|) = H™(|S(X)|) vanishes. This proves the second claim, thus con-
cluding the proof of Theorem [f] for any topological space.

6.4. Proof of the Nerve Theorem

Let us now come back to the case when X = |T| is the geometric realization
of a simplicial complex T'. Let U be as in the statement of Theorem [6.2] and keep
the notation from the previous sections.

Let us first construct the required map ©": H'(X) — H"(NU)). f U is
a locally finite refinement of U, then we have a natural map r: NU') — N(U).
Moreover, from a partition of unity ®' relative to U’ we may construct a partition
of unity ® relative to U, such that the map fo: X — N(U) associated to @ is equal
to r o fe. As a consequence, up to replacing U with U’, we may assume that U is
locally finite.
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Using again that U is locally finite, up to subdividing 7" we may suppose
that V; # 0 for every i € I. Recall that there exists an isometric isomorphism
U*: Hf(A(X)) = H; (X), and that the bounded cohomology of A(X) is computed
by the complex of I'-invariant (alternating) cochains, where I' = €, ; IIx (U;, V;)
as above. Therefore, in order to define ©*: H; (X) — H*(N(U)) it is sufficient to
construct a chain map Q*: Cy (A(X))L, — C*(N(U)).

Thus, let z € CJ*(A(X))L, and take an algebraic n-simplex (i, . . . , i, ) of N(U)
(recall that N(U) is a simplicial complex with I as set of vertices). If there exist
0 <j < h <n with i; = 45, then we simply set Q"(2)(io,...,%n) = 0. Otherwise,
by definition of nerve of a cover we have ﬂ?:o Us; # 0, hence we may choose
a point ¢ € ﬂ;;o Ui,. Moreover, for every j = 0,...,n we may choose a point
vy; € Vi;. Since U;; is path connected, for every j = 0,...,n, there exists a path
a;: [0,1] = Uy, such that a;(0) = v;;, oj(1) = ¢. For 0 < j < h < n we then
set ajn = a; * a; 0,1 — Ui; UUs,. Since the v;; are pairwise distinct, by
definition of £(X) there exists a unique oriented 1-simplex in £(X) which projects
onto a path in X that is homotopic to «j, relative to the endpoints. We denote
by e;n € L(X)' = A(X)! this simplex. It readily follows from the definitions
that for every 0 < j < h < k < n the loop ojp * opr * aj_kl is null-homotopic in
X. By Proposition [3:33] this implies that the concatenation of oriented simplices
€jn * € * ej_k1 is null-homotopic in [A(X)|. As a consequence, Proposition
ensures that there exists a unique n-simplex s of A(X) whose 1-skeleton is given
by the union of the e;,. We then set

Q"(2)(igy - -+ in) = 2((s, (ig,---,vi,))) -

We need to show that Q"(z) is well defined, i.e. that different choices for the
point ¢, for the points v;,,...,v;, and for the paths ay,...,a, lead to the same
value for z((s, (viy,--.,v;,))). Indeed, let ¢ € U, let v, € V;; for every
Jj=0,...,n, and let o} [0,1] = U;; be a path with a}(0) = v; , o;(1) = ¢'. For
0<j<h<mnset oy =ajx*(a,)":[0,1] = U; UU;. Finally, let ¢, be the
1-simplex of A(X) corresponding to o}, and let s’ be the n-simplex of A(X) whose
1-skeleton is given by the e’

Since (;_, Ui, is path connected, we can choose a path §: [0,1] — ;_, Uj;
such that 8(0) = ¢, 8(1) = ¢'. For every i =0, ...,n, let now v; = o * 3 * (ag)_l.
By construction, the path ; joins v;; with véj and is supported in U;;. Therefore,
if we set g; = {v;} if v;; = vj, and g; = {v;, 7;1} if vi; # vj,, then g; is
an element of II(U;;,V;;). Using that i; # iy if j # h, we can thus define the
element g = ®7_,9; € I, and it is immediate to check that g - e;.h = e;p, for every
0 < j < h <n. Since simplices in A(X) are determined by their 1-skeleton (see
Proposition B:30), this implies g- s’ = s. Since z is T-invariant, this implies in turn
that z((s, (Vig,---,vi,,))) = 2((s', (W} ,..., v} ))), i.e. Q"(z) is well defined.

For later reference we observe tflat, if (;, (o, -+, 0n)) € Cp(T) C Cp(A(X)) is
an algebraic n-simplex such that v; € Vi, for every j =0,...,n, then
(6.1) Q"(2)(t0y -+ in) = 2((s, (Vo, - - ., 0n))) -
Indeed, if i; = ij for some j # h, then by definition Q"(z)(io,...,%,) = 0, while
z((s, (vo,-..,vn))) = 0 because z is alternating and I'-invariant (see the proof of

Theorem [6). Otherwise, our assumptions on the fineness of T imply that s is
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supported in m?:o Ui,. This easily implies that s may be obtained as a simplex of
A(X) associated to the (n + 1)-tuple (ig,...,i,) via the construction above, and
the conclusion follows.

Once we know that Q*: Cy(A(X))L, — C*(N(U)) is well defined, it is easy
to show that it is indeed a chain map: the fact that Q"(z)(0(io,...,int1)) =
(Q™(02)) (%0, - - - yint1) readily follows from the definitions if i; # 5, for every 0 <
j < h <n+1, and from the fact that z is alternating and I'-invariant if ¢; = 45, for
some j # h.

We are now left to show that the diagram

n

(62) Hy(X) —— > H"(X)
- -
HY(N(U) — e HM(N@)))

commutes, where H*(¢*) denotes the classical isomorphism between the simplicial
cohomology of T and the singular cohomology of |T| = X.

Let f: X — |N(U)| be the unique simplicial map that sends every vertex v € V;
of T' to the vertex i of N(U) (this map indeed exists thanks to the assumption that T'
is sufficiently fine). Observe that f is the map associated to the partition of unity
® = {p;}ier defined as follows: ¢;: X — R is the unique map which, on every
simplex of T, affinely extends the characteristic function xy, of V;. Therefore,
8™ = H"(f) for every n € N.

Let us take an element ¢ € H(X). As above, after identifying H'(X) with
H]'(A(X)), we can choose an alternating I'-invariant representative z € CJ'(A(X))
of p. If ¢ € C,(T) is a simplicial cycle (which defines also a singular cycle in C,, (X)
and a simplicial cycle in Cy,(A(X)), still denoted by ¢), then we have

(6:3) (8" o H"(¢") 0O")(¢), [c]) = (H"(¢") 0 ©") (), Hn(f)([c])) -

Since f: |[N(U)| — X is simplicial, the chain C,(f)(c) is itself simplicial, hence
(by identifying as usual simplicial chains/classes with the corresponding singular
chains/classes)

(6.4) (H"(¢") 0 ©") (), Hn(f)(Ic])) = (0" (), Hn(f)([c])) ,
and, putting together (G.3) and (6.4,
((B" 0 H™(¢") 0 ©")(0), [c]) = (©" (), Hn (f)([c])) -

Let us now look more closely at the right hand side of the last equality. Since
0" (p) = [Q"(2)], we have

(0" (), Hn(f)([c])) = (" (2), Cu(f)(€)) -
Moreover, one easily checks that, since " ([z]) = ¢, we have
(6.5) (z,0) = ("(9),[c]) -

Now, if (s, (vo,...,vn)) is an algebraic simplex in C,(T), where v; € V;, for every
7 =0,...,n, then

<Qn(z)7 Cn(f)(sv (UOa ce ,’Un))> = <Qn(z)a (i07 s 7Zn)> = <Za (Sa (1)0, s ,’Un))> )
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where the first equality is due to the definition of f, and the second one to Equa-
tion (6.1). Thus

(8" o H"(¢") 0 ©") (), [c]) = (Q"(2), Cu(f)(€)) = (2, ¢) = (" (p), [c]) ,
where the last equality is due to ([G5). We have thus shown that the coclasses
(B"oH™(¢™)oO™)(¢) and ¢ (¢p) coincide on every simplicial class in H,, (T'). Thanks
to the Universal Coefficient Theorem and to the canonical isomorphism H™(T') =
H™(|T|) = H™(X), this implies that these coclasses coincide, i.e. the diagram (G.2])
commutes. This concludes the proof of Theorem
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CHAPTER 7

Finiteness and Vanishing Theorems
for Locally Finite Homology

The third part of this work is devoted to the study of the simplicial volume of
open manifolds. The main results we prove are Gromov’s Vanishing and Finiteness
Theorems for locally finite homology, which provide useful criteria for the finiteness
or the vanishing of the simplicial volume of open manifolds. As the name suggests,
the Vanishing and the Finiteness Theorems for locally finite homology are very
close in spirit to Theorem B and just as Theorem [ they are based on the study of
spaces which admit special covers of small multiplicity. The main ingredient of the
proof is local diffusion of chains, that was introduced by Gromov in [Gro82| (see
also [KK15 [Str]).

Other results on the vanishing and/or the finiteness of the simplicial volume
were obtained e.g. in [L6h08) [LS09a]. In particular, Léh provides in [LSh08]| a
complete criterion for the finiteness of the simplicial volume of tame open manifolds,
in terms of the so-called ¢! -invisibility of the boundary components of the manifolds
(see Definition and Theorem [[7)). As a by-product of our results, by comparing
the Finiteness Theorem [I0 with Theorem [T7] we obtain a new sufficient condition
for a closed manifold to be ¢!-invisible (see Theorem [[3).

7.1. The Simplicial Volume of Open Manifolds

A manifold is open if it is connected, non-compact and without boundary. If
M is an open manifold and n = dim M, then H,(M,R) = 0 for every ring with
unity R, so in order to define the simplicial volume for open manifolds we need to
introduce locally finite homology.

DEFINITION 7.1. Let X be a topological space, and let S,,(X) denote the set
of singular simplices with values in X. A subset A C S, (X) is locally finite if any
compact set K C X intersects the image of only finitely many singular simplices of
A.

Following [Loh07, Chapter 5.1], a (possibly infinite) singular n-chain on X
(with coefficients in the ring with unity R) is a formal sum > ¢ (x) @o0, Where
a, is an element of R. We say that such a chain is locally finite if the set {o €
Sn(X)|a, # 0} is locally finite, and we denote by C(X; R) the R-module of locally
finite chains on X.

The R-linear extension of the usual boundary operator sends locally finite
chains to locally finite chains, so it makes sense to define the locally finite homology
HY(X; R) of X as the homology of the complex C¥(X; R).

Henceforth we denote the vector spaces CY(X;R) and HY(X;R) simply by
C¥(X) and HY(X).

89
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As in the case of finite chains, C¥(X) is endowed with the ¢!-norm defined by

Z a0l = Z las| € [0,+400]

G'ESn(X) 1 O'ESn(X)

(which may now take the value +00). This norm induces an ¢!-seminorm (with
values in [0, +oc]) on H¥(X), which will still be denoted by || - ||1.

It is a standard result of algebraic topology (see for instance [Lo6h07, Theo-
rem 5.4]) that, if X is an n-dimensional oriented open manifold, then H(X;Z) = 7
is generated by a preferred element [X]z € HY(X;Z), called the fundamental class
of X. Under the obvious change of coefficients homomorphism HY¥(X;Z) — HY(X),
the element [X]z is taken to the real fundamental class [X] € H¥(X) of X.

The simplicial volume of X is then defined as follows.

DEFINITION 7.2. Let X be an oriented open n-manifold. The simplicial volume
of X is

1X| = [[X]|l1 = inf{||c|1 | ¢ € CH(X) is a fundamental cycle of X} € [0, +o0].

It is straightforward to realize that when X is compact we recover the definition
of the classical simplicial volume.

7.2. Statement of the Main Results

Let X be a connected non-compact space.

DEFINITION 7.3. A subset U of X is large if its complement in X is relatively
compact. In particular, a large set U C X must contain all the ends of X.

DEFINITION 7.4. A sequence of subsets {U,} en of X is said to be amenable
at infinity if there exists a sequence {W;},en of large open subsets of X such that
the following conditions hold:

(1) the family {W;};en is locally finite;
(2) U; Cc W; for every j;
(3) there exists j € N such that U; is an amenable subset of W; for every
Jj=7-
By (1) and (2), any sequence of subsets which is amenable at infinity is necessarily
locally finite.

We now state the main results of the third part of this paper.

THEOREM [d (Vanishing Theorem for locally finite homology). Let X be a
connected non-compact triangulable topological space. Let U = {U;}jen be an
amenable open cover of X such that each U; is relatively compact in X. Also
suppose that the sequence {U;};en is amenable at infinity. Then for every k >
mult(U) and every h € H}(X) we have

[2fly =0

THEOREM [I0] (Finiteness Theorem). Let X be a connected non-compact trian-
gulable topological space. Let W be a large open subset of X, and let i = {U,}jen
be an open cover of W such that each Uj is relatively compact in X. Also suppose
that the sequence {U,} ey is amenable at infinity (in particular, U is locally finite
in X). Then for every k > mult(i) and every h € H}(X) we have

|l < +oo.
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In this paper we prove Theorems [ and [I0l only for triangulable spaces. We be-
lieve that these results should hold for any topological space, but due to the amount
of technicalities already involved in their proofs we prefer to confine ourselves to
the context of triangulable spaces, which certainly suffices for many interesting
applications.

The following corollaries provide the main applications of Theorems [0 and
to the simplicial volume of open manifolds.

COROLLARY [Tl Let M be an oriented open triangulable manifold of dimension
m and let Y = {U,};en be an amenable open cover of M such that each U; is
relatively compact in M. Also suppose that the sequence {U,};en is amenable at
infinity, and that mult(l/) < m. Then

[M] =0

COROLLARY [I2] Let M be an oriented open triangulable manifold of dimension
m. Let W be a large open subset of M, and let U = {U,}en be an open cover of
W such that each Uj; is relatively compact in M. Also suppose that the sequence
{U,}jen is amenable at infinity (in particular, U is locally finite in M), and that
mult(U) < m. Then

M| < +oo.

7.3. ('-Homology and Invisibility

As mentioned above, Loh described in [L6h08] a necessary and sufficient con-
dition for a tame manifold M to have finite simplicial volume. In order to describe
Loh’s criterion we first need to introduce ¢'-homology.

Let X be a topological space. The space C%(X) of ¢!-chains on X is the
metric completion of C,(X) with respect to the £!-norm. More concretely, an
element ¢ € C1(X) is a formal sum

c= E A0

€S (X)

Z lay| < 400,

UESn(X)

such that

where S, (X) is the set of singular simplices with values in X, and a, € R for
every o € S,(X). The boundary operator d,,: Cy,(X) — Cp—1(X) is continuous
with respect to the /!-norm, hence it induces a boundary operator (still denoted by
the same symbol) 9,,: C%(X) — C* | (X). The £'-homology H!(X) is then the
homology of the complex C*!(X). The inclusion of complexes C,(X) — C4(X)
induces a map c.: H,(X) = HA(X).

DEFINITION 7.5 ([L6hO8]). Let M be a closed orientable n-manifold with real
fundamental class [M] € H,,(M). Then M is ¢! -invisible if
cn([M])) =0 in H(X) .

If M is closed and non-orientable, then M is ¢!-invisible if its orientable double
covering is so, and if M is compact, without boundary and disconnected, then it is
¢-invisible if every connected component of M is so.
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DEFINITION 7.6. An open topological manifold X is tame if it is homeomorphic
to the internal part of a compact manifold with boundary.

The following result provides a complete characterization of tame manifolds
having a finite simplicial volume:

THEOREM 7.7 ([LEhO08]). Let M = int(M), where M is a compact manifold
with boundary. Then |M|| < 400 if and only if OM is ¢*-invisible.

Loh describes in [LGh08] several families of ¢!-invisible manifolds. For example,
If p: M — B is a fibration of oriented, closed, connected manifolds whose fiber F'
is also an oriented, closed, connected manifold of non-zero dimension and if 71 (F')
is amenable, then M is ¢!-invisible (see [Loh08, Example 6.7]). As anticipated in
the introduction, here we strengthen this result as follows:

THEOREM [I3l Let M be a closed oriented triangulable n-dimensional manifold
admitting an amenable cover U such that mult(i/) < n. Then M is ¢ -invisible.

ProOF. If M is non-orientable, then the pull-back of ¢/ defines an amenable
cover U of the orientable double covering M of M such that mult(U) = mult(Z/).
Therefore, we may suppose that M is oriented.

Of course we may suppose that U = {Uy, ..., U} is finite. Following [LS09al,
Theorem 5.3], we now construct an amenable cover U’ of M x R satisfying the
hypothesis of the Theorem[@land such that mult(U4’) = mult({/)+1. Let us consider
locally finite open covers Ry, ..., Ry of the real line R with the following properties:
each set in any R; is a bounded interval; mult(R;) = 2 for every i = 1,...,k;
mult(R; UR;) = 3 for every 1 <14 < j < k (the existence of such covers is observed
in [LS09a, Theorem 5.3]). Then, let us set

L{’:{UixVa|Ui€L{, Vo €R;, izl,...,k}.

Using that mult(U’) = mult(Ud) + 1 (see [LS09a, Theorem 5.3] or the proof
of Theorem [IT.8 below), it is straightforward to check that the cover U’ satisfies
the hypothesis of Corollary 1l (with M replaced by M x R). Therefore we have
|M x R|| = 0. But M x R = int(M x [0, 1]), hence from Loh’s Theorem [[.7] we
deduce that the manifold (M x [0,1]) = M U M is {*-invisible. Thus M itself is
0l-invisible, as desired. O

It is maybe worth mentioning that ¢!-invisibility is a very interesting but a
bit elusive notion. It is easy to show that the simplicial volume of any closed
¢ -invisible manifold vanishes. Thus, Theorem [[3 strengthens the second state-
ment of Corollary [ Moreover, the property of being ¢!-invisible is closed under
amenable gluings [L6h08]. However, it is still not known whether the vanishing of
the simplicial volume is sufficient to ensure ¢!-invisibility for closed manifolds.

Using the techniques developed in this paper, Theorem has been recently
generalized by the first author in [Fri]: namely, it is now known that, if X is
a topological space admitting an amenable open cover of multiplicity k, then for
every n > k and every a € H,(X), the image of o in HY (X) vanishes.



CHAPTER 8

Diffusion of Chains

Diffusion of chains is a technique introduced by Gromov in [Gro82]. It has then
been exploited for the study of the simplicial volume e.g. in [KK15 [Str]. Gromov
himself proposed a slightly different approach to diffusion in [Gro0Q9], which was
then developed by Alpert [AK16l, [AIp16]. In this work we resort to the original
definition of diffusion, which perfectly fits with our purposes.

In presence of suitable actions by amenable groups, diffusion allows to decrease
the ¢-norm of cycles without altering their homology class. In this paper we
mainly concentrate on diffusion of locally finite chains, which as far as the authors
know is the only technique available to prove Theorems [0 and [0l Diffusion of
ordinary singular chains (and its applications) may be recovered as a special case
of the theory for locally finite chains. In fact, we prefer to deal first with the case of
diffusion of ordinary chains (which applies for example to the study of the simplicial
volume of compact manifolds), in order to describe the main ideas behind the use of
diffusion without begin forced to work in a very technical context. More precisely,
following Gromov, in Section B3] we will illustrate how diffusion of finite chains
may be exploited to obtain a new proof of (a special case of) Corollary [l The
applications of local diffusion of locally finite chains will be discussed in the next
chapters.

8.1. Diffusion Operators

Let I' be a group acting on a set A. For every function f: A — R we denote
by supp(f) the support of f, i.e. the set

supp(f) = {z € A[f(x) # 0},

and we denote by £o(A) the set of real functions on A with finite support. For every
f € €o(A) we denote by

£l =" £ ()|

TEA
the ¢!-norm of f.
If 1 is a probability measure on I" with (at most) countable support, then we
will often consider i as a non-negative function p: I' — R such that >° - pu(g) = 1.
Let us now fix a probability measure g on I' with finite support.

DEFINITION 8.1. The diffusion operator associated to u is the R-linear map
wx: Lo(A) = Lo(A)
defined by
f@) e (nx @) =Y p) iy ).

yel'

93
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(The fact that supp(u * f) is finite easily follows from the fact that supp(f) and
supp(y) are.)

An easy computation shows that || f|[1 < ||f||1 for every f € £o(A). We are
interested in establishing much stronger inequalities under some additional condi-
tions (among them, the amenability of the group I'). To this aim we introduce the
following definition (see [Gro82, Section 4.2, page 60]).

DEFINITION 8.2. Given an element ¢ € I', we define the derivative of p at ¢
by setting

Dop(y) = pulyp) — () -

Moreover, given a subset ¢ of I', we set

[Depul| = sup | Dopl| -
pe

If ® is a subset of I', then we denote by ®~! the set {y~! € I'|vy € ®}.

PROPOSITION 8.3. Let f € lo(A) and let o € T'. Let @ C T be a finite subset
of I' such that ® - o 2 supp(f). Then for any probability measure y on I" we have

s fli<| > F@)|+ 1Da-ull - 1S
z€ supp(f)
Proor. The map
¢: T = A, q(y) =720

induces a push-forward operator:

g Lo(D) = Lo(A), (g9)@) = > g(7),

which is easily seen to be norm non-increasing.

Let us now construct a function g € ¢o(T") such that supp(g) C ® and ¢.(g) = f.
To this aim, for every x € supp(f) we choose v, € ® such that v, (z¢) = x, and we
set g(v) = f(z) if v = v, for some x € A (of course, if such an = € A exists, it is
unique), and ¢g(y) = 0 otherwise. It is now obvious that ¢.(g) = f and supp(g) C P.
Also observe that

(8.1) S| =| > @) gl =1

xel’ z€ supp(f)

After endowing I with the action given by left translations, we can let u act
also on £o(I"), thus defining an operator

wx: Lo(T) — £o(T) .

It is not difficult to show that g.(u * g) = p * (g«g), i.e. that diffusion commutes
with the push-forward operator g.. This implies in particular that

e fllv = Nl * (g=9)ll = llgs (e * gl < [lpe * gl -
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Now the conclusion follows from the following inequality:

gl =>" Zu(k)g(/\‘lv)’

yeI' X\ell

=> 1> u(w\)g(xl)‘

vET AET

=3 - Y e

yel' XeT xe’rl

<3 Sl - u)] - lan D+ | 2 um\ X s

YET AeT yeT AeT

S IDaullg T+ D 90|

AEP-T xel

1Da-plllgl + | 3 9]

ael

IN

= Dsulll i+ )]

A€ supp(f)

where the last equality is due to (8], the inequality between the third and the
fourth lines is due to the fact that

I PICESIEDS (M(V)‘ ZQ(A_I)D = | X ue|- [ X o0
vel XeT ~ET Al

vyel' \el

and the equality between the fourth and fifth lines is due to the fact that ¢ is
supported on ®.
O

In order to exploit the previous lemma we need to construct probability mea-
sures on I with a small derivative. This can be done under the assumption that I"
is amenable:

PROPOSITION 8.4 (|[Pat88, Theorem 4.4]). Let I' be an amenable group. Let
® be a finite subset of I' and take € > 0. Then there exists a probability measure
on I' with finite support such that

| Dol < .

ProOOF. By [Pat88| Theorem 4.4], there exists a probability measure p/ on I’
(possibly with infinite support) such that

9
|Das' < <

Since 4 is a probability measure, there exists a finite subset I'g C T" such that
D= Wy =1--
Y€To

Let p be the probability measure defined by

#}g) ifye Ty
0 ifﬁ/g F@

p(y) =
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An easy computation shows that

13
ln=#l <201 =D) < 3,
so for every ¢ € ® we have
Do) = lu(ye) — u(v)]
~el’
= () = 1 (ve) + 1 (v) — i () + ' (7) — (7))
~el’
< nlve) = 1 ()l + > 1 (vp) = W (N + D 11 () = ()]
yer ~er ~er
<2l =i + [ Dop/lls < €
This concludes the proof. (Il

We can now put together the previous results to prove the following:

COROLLARY 8.5. LetI' be an amenable group acting transitively on a set A, let
S C A be finite, and let € > 0 be given. Then there exists a probability measure y on
T with finite support such that for every f € £o(A) with supp(f) C S the following
inequality holds:

s fll < | D2 s @)+ 180

ze S

PRrROOF. Since I' acts transitively, we can choose an element zy € S and a finite
subset ® of I' such that

SQ(I)IO

We can then apply Proposition B4l to the finite subset ®~! of T, thus obtaining a
probability measure p on I' with finite support such that

|Dg-apil < =
Now Proposition gives
s fll < | D2 @)+ 1Damssall - 111 < |32 7@ + 2111
rzc S resS
O

COROLLARY 8.6. Let I' be an amenable group acting transitively on a set A,
and take an element f € lo(A). Then for every n > 0 there exists a probability
measure p on I' with finite support such that

s fll < |3 F@)| +

zeEA

PrOOF. Of course we may suppose f # 0. We then set ¢ = ”;’ and apply

fl

Corollary O
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REMARK 8.7. In [Gro82| page 61] it is stated that, if an amenable group I’
acts transitively on a set A, then for every finite set S and every € > 0 there exists
a probability measure with finite support such that

s Sl < | S fa)| +
resS
for every f € £o(A) with supp(f) € S. The following example shows that this
stronger formulation of Corollary B.6] cannot hold in general. Let A =T = Z act
on itself by translations, let S = {0,1} and and let f,,: Z — R be the map such
that f,(0) =n, fn(1) = —n and f,(m) =0 for m ¢ {0,1}. Since px is linear and
> wes fn(x) = 0 for every n, if the above inequality were true we would have

ne s full = s falls < |32 ful@)| + =<
€S

for every n € N, hence ||u* fi|1 = 0 and p * f1(x) = 0 for every « € Z. However,
px fi(x) =32, cpp(m) fi(x —m) = p(x) — p(z — 1), so in order for pu* f1 to vanish
we should have that p is constant, against the fact that p is a probability measure
on an infinite set.

This shows that the measure p provided by Corollary necessarily depends
on f.

8.2. Locally Finite Actions and Diffusion

Let us fix an action I' ~ A of a group I" on a set A, and let us suppose that
the number of the orbits of the action is countable. We denote by A; C A, s € N,
the orbits of the action.

DEFINITION 8.8. A function f: A — R is locally finite if supp(f) N Ay is finite
for every s € N, i.e. if f|a, € lo(A;) for every s € N. We denote by 1f(A) the set of
locally finite functions on A.

DEFINITION 8.9. The support supp(I' ~ A) of the action I' ~ A is defined by
setting

supp(’ ~A)={r € A|Iye€ Tsuchthat y-z #z} CA.

DEFINITION 8.10. The action I' ~ A is locally finite (relatively to the family of
subgroups {I's}sen) if there exist subgroups I's < T', s € N such that the following
conditions hold:

(1) T acts transitively on A, for every s € N;
(2) the actions of the groups I'y are asymptotically disjoint, i.e. for every s € N
there exists k(s) € N such that

(As Usupp(T's ~ A)) Nsupp(T'y ~ A) =0 for every s" > k(s).
We are now ready to introduce the notion of local diffusion operator. Suppose

that the action I' ~ A is locally finite relatively to the sequence of subgroups
{Fs}sen <T.

LEMMA 8.11. Let f: A — R be any function, and let p be a finitely supported
probability measure on I'. Then the map

prfi =R, (uxf)@) =Y uy)f(y ')
~el’
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is well defined. Moreover, if f € If(A) then ux f € If(A), and for every s € N we

have
S wxfa)=> fl@)

rEN, TEA,
(e f)laull <

PROOF. Since p has finite support, the sum Z’YEF wu(y)f(y~tx) is always finite,
and this shows that p * f is indeed well defined. Moreover, it readily follows from
the definition that supp(p * f) C supp(u) - supp(f), which implies that p * f is
locally finite, if f is so.

Suppose now that f € If(A). Since Ay is a T'-orbit we readily have

D (mxD@)= 3 > uly

€ A z€A; veT

=> > (!

yel'ze Ay

SN ) f(x)

yeT z€ Ag

Su | D> f)

~eT € Ag

= > fl@)

z€ Ay

This proves the equality in the statement. For the inequality between the ¢'-norms
we compute

Sl N@ =3 [ S umra )] < 3 Y ulia )

TEANg z€EAs ~€l z€Ag yeD
= uly) (Z If(y~ )| ) S I fladlh = 1f1adh -
~el’ TEAg ~el’

O

For every s € N let us be a probability measure on I' such that the support of
s is finite and contained in T's. For ease of notation we set T = {ps}sen.

Take an element f € If(A). We inductively define the sequence of maps fs: A —
A, s € N, by setting

fi=p1xf, fs=ps* fs_1 forevery s €N

(see Lemma [BIT)). We claim that the value fs(x) does not depend on s for large s.
Indeed, for every « € A there exists s € N such that € A;. Since the actions of the
Iy are asymptotically disjoint, there exists k(s) € N such that v -z = x for every
Y € Ugsk(s) I's- As a consequence, for every s > k(s) we have (ps * for—1)(2) =
fs—1(x). We have thus shown that

(8.2) fs(x) = fus(x) for every z € Ay, s" > k(s) .
This shows in particular that by setting

(7)) = lim fie) (= fio(@) if 2 € A)
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we obtain a well-defined map 7w * f: A — R.

Let us now show that the function 7z f is locally finite. By (8.2)), it is sufficient
to show that supp(fx(s)) N As is finite for every s € N. However, this readily follows
from Lemma [BTT] since the function f ) is obtained from f by applying a finite
number of convolutions with finitely supported measures.

DEFINITION 8.12. The map
e (A) = U(A), fepaxf
just introduced is called the local diffusion operator associated to .
We will exploit (local) diffusion operators to construct (locally finite) chains

with small £'-norm. To this aim we need to extend Corollary .6l to the context we
are interested in. Henceforth we fix a local diffusion operator i+ as above.

LEMMA 8.13. For every f € IflA) and every s € N we have

S @x @)= > f),

ze A, z€Ag

1+ Hlall < [ flall -

PRrROOF. For every = € A; we have

ok fx) = pugs) * - % pa x ()

so the conclusion readily follows from Lemma B.1T1 O

PROPOSITION 8.14. Let I' ~ A be a locally finite action, let f € If(A) and
suppose that there exists 5 € N such that the following conditions hold:
(1) ZmeAs f(x) =0 for every s > §;
(2) the group T's is amenable for every s > 3.
Then, for any arbitrary sequence {es}s>5 of positive numbers, there is a local dif-
fusion operator Tix such that

(7 f)lacll < es

for every s > 5.

PROOF. For every s < § we arbitrarily choose a probability measure pus on I"
whose support is finite and contained in I'y, and we set as usual f; = p; * p;—1 *
...k pp * f for every ¢ < §.

We will now prove inductively that for every s > § there exists a finitely
supported measure pg on I' such that supp(us) C I's and

(s * fsmn)laslln < es

where fs_1 = g1 % fls—2 % ... % g * f.

Let us just consider the base case s = § of the induction, the inductive step
being identical. The map fs—1 is locally finite, so its restriction to Az has finite
support. Our assumptions imply that I's is amenable, hence we can apply Corollary
to the action I's ~ Az and to the function fz_1|a,, thus getting a finitely
supported probability measure pt on I's such that

(8.3) e fsmladlh es+ | 3 fsa(@)]

rE€AF
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Our assumptions imply that > ., f(z) = 0; moreover, by construction fs_1 =
Hs_1%s_o%. ..k [, so LemmaBI1]implies that Zme/\g fs—1(z) = 0. Therefore,
from (83) we deduce that

s # (fs—ala)llh < es -

If we denote by us the unique probability measure on I' obtained by extending p,
then we have

(s * fs—)laclln = [l * (fs-ala)ll < e

This proves the base case of the induction. The proof of the inductive step is
identical, and it is left to the reader.

Let us now set & = { s }sen, take s > § and let k(s) € N be such that I'; acts
trivially on Ay for every ¢ > k(s). Then by repeatedly applying Lemma BTT] we
obtain

As

(2= Placlle = [ fres)la,
= H(Mk(s) ke ok g X fs—1)|AS||l

< H(Ms * fS_1)|AsH1
<eg.

This concludes the proof. ([

8.3. A Toy Example

The local diffusion of chains is very useful to study the behaviour of the simpli-
cial volume of open manifolds. However, before applying local diffusion to locally
finite chains, for the sake of clarity we prefer to deal with the case of ordinary
singular chains (which is of use in studying the simplicial volume of closed man-
ifolds). We proved in Corollary [7 that, if X be a topological space admitting an
open amenable cover of multiplicity m, and if n > m, then

lafly =0

for every a € H,(X). In this section we provide a different proof of this result
under the additional hypothesis that X is aspherical. In order to avoid the need
to restrict to aspherical spaces we should introduce some more technicalities in our
argument. Since this section is only meant to illustrate the general ideas involving
diffusion of chains, we do not believe that treating the general case would be worth
the effort. Anyway, we point out that a proof via diffusion of chains of Corollary [l
in its full generality is now available in [Eri] (where it is proved the stronger fact
that, if X and « are as above, then the image of « in Hf;l (X) is null).

Let K be a multicomplex and let ©(k) be the set of all k-algebraic simplices
of K (see Section [[4]). There exists a natural isometric identification between the
space £o(©(k)) and the chain module Ci(K) (both endowed with their £}-norms),
which identifies an element f € £o(©(k)) with the simplicial chain }, g ) f(0) 0.
Therefore, if p is a probability measure on I' with finite support, the operator
pux: Lo(O(k)) — £o(©(k)) defines a diffusion operator on chains

px: Cp(K) — Cr(K) .
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An easy computation shows that, if ¢ = Zoe@(k) Gy - 0, then

pre= > | Y pMfyt o) o= (e .

ce©(k) \neT yer

The fundamental result of this section is the following:

THEOREM 8.15. Let K be a multicomplex, and suppose that there exists a group
T' of simplicial automorphisms of K which satisfies the following properties:

(i) T is amenable;
(ii) For any o = (A, (vo,...,vx)) € O(k) there exists an element v € T' such
that v -0 = (A, (Vr(0ys - - -, Vr(k))), where T is an odd permutation.
(iii) Every automorphism v € T is simplicially homotopic to the identity.
Then, for every o € Hy,(K) we have
lafly =0

PROOF. In order to (isometrically) compute the simplicial homology of K we
can restrict to considering chains that are alternating, in the following sense: if
c= Eag@(k) ag -0 € Cx(K) and 0 = (A, (vo,...,vk)), 0" = (A, (Vr(0)s -+ Vrk)))
are algebraic simplices which can be obtained one from the other via a permutation
7 of the vertices, then a, = &(7)a, (here e(7) = 1 denotes the sign of 7). In fact,
the linear operator alt,: Ci(K) — C,(K) such that

1

alt(A, (vo, ..., v)) = = Z (M)A, (Vr(0)s -+ Vr(k)))

is well defined and homotopic to the identity.

Therefore, if « is an element of Hy(K), we may suppose that a = [¢] for an
alternating simplicial cycle ¢ = 2069( ) Go O Since c is a finite linear combination
of simplices in ©(k), there exist I'-orbits ©(k)1,...,0(k)s for the action of I' on

O(k) such that
Cc = Z (&)
j=1

C; = E a0

c€O(k);

where

for every j =1,...,s.

We now look for a diffusion operator px: Ci(K) — Ci(K) such that ||uxc|1 < e
and [p * c] = [¢] in Hi(K). Unfortunately, to this end we cannot directly apply
Corollary because the action of T' is not transitive on ©(k). Therefore, rather
than a single diffusion operator, we will need to exploit a finite composition of
diffusion operators.

Let n = ¢/s. We inductively define probability measures p1, ..., pus satisfying
the following property: for every j =1,...,s and every 1 <¢ < j

(8.4) g * (pjm1 o (oo (1% i)l < mp -

Solet i = j = 1, and let f1 € £o(O(k)) be the function associated to c; (by
construction, f; is supported on ©(k)1). Since supp(fi) is finite and contained in a
single I'-orbit, there exist a finite subset ® of " and an algebraic simplex o1 € O(k);
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such that supp(f1) € ®-07. We can then apply Corollary B8 to f1 (now considered
as a function on O(k)1), thus obtaining a probability measure uq on I' with finite
support such that

(8.5) lar et =l < il < | Y0 Al@)|+n

o€ O(k)1

Recall now that ¢ is an alternating chain and that T satisfies property (ii), that
is for any algebraic simplex o = (A, (vo, ...,vx)) € O(k); there exists an element
v € T'such that v-0 = (A, (vr(0), - - -, Vr(x))), Where 7 is an odd permutation. This
easily implies that > (k), f1(0) = 0 which, together with (B.5)), gives

cEO
(8.6) 1 xeals <.
This settles the case j = 1.
Suppose now we have constructed probability measures pi, ..., satisfying

property (84), and let g = gy * (-1 * (... * (1 * fiy1))). It is readily seen
that supp(g) is finite and contained in ©(k);+1. Moreover, diffusion preserves the
alternation of chains, hence the finite chain associated to g is alternating. This
allows us to argue as above to obtain a probability measure ;11 on I' with finite
support such that ||p41 * g|l1 <7, which implies

e e (- (uakerp )l = s (o o (o fre)) e = lpaxgll <
Moreover, for every 1 < i <1, if ¢/ = p; * (1ti—1 * (... * (41 * ¢;))) then we know by
our inductive hypothesis that ||¢’||1 < 7, hence

T P G s R P P S | NP N

where the second-last inequality is due to the fact that diffusion is always norm
non-increasing. This proves the inductive step, hence inequality (84 for every
j=1,...;sand every 1 < < j.

We are now able to diffuse the chain ¢ by setting

¢ = s * (ps—1 % (-..x (1 %)) .
By ([84) we have

S

[hs * (us—l % (* (/m * ( cﬂ))))H1

Jj=1

Il = |
= Hilus * (us—l * (* (Ml *Cj)))Hl
< il [lies # (prsr (oo (1% ¢5))) ||,

<s-np<Le.

We are now left to prove that ¢’ is homologous to c¢. To this end we exploit our
assumption (iii), i.e. the fact that each simplicial automorphism v € T is homotopic
to the identity. Indeed, if i is any probability measure with finite support on I' and
z is any cycle in Ck(X), then px 2 =3 pu(y)(y-2) is a convex combination of
chains of the form « - z for suitable chosen elements of v € T'. Since each v € T" is
simplicially homotopic to the identity, this proves that u * z is a cycle homologous
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to z. An obvious inductive argument now shows that ¢’ = g (pe—1% (. . . % (1 %¢)))
is a cycle homologous to ¢, and this concludes the proof. O

COROLLARY 8.16. Let X be an aspherical triangulable space, and assume that
X admits an open amenable cover U such that mult(U) = m. Then, for every
n>m and every o € Hy(X) we have

lafly =0

In particular, if M is an aspherical triangulable closed oriented n-manifold admit-
ting an open amenable cover of multiplicity not bigger than n, then

[M]=0.

PROOF. Suppose that X is homeomorphic to the geometric realization of the
simplicial complex T, and let U = {U,} ;e s be an amenable open cover of X as in
the statement. As discussed in Chapter [6] using [Mun84. Theorem 16.4] we may
assume that the triangulation T of X is so fine that for every vertex v in T there
exists j(v) € J such that the closed star of v is entirely contained in the element
Ujy of U. For every j € J we set

Vi={veT"|jw) =j}.

Let us consider the singular multicomplex K(X) associated to X. As observed
e.g. in Section [6.3] we have a simplicial inclusion

1: T = K(X)

which realizes X = |T'| as a subset |7 (X)| C |K(X)]. Moreover, if S: [K(X)] = X
is the natural projection, then S o |l] = Idx. As already observed, we can choose
the minimal and complete multicomplex £(X) C KC(X) associated to K£(X) in such
a way that Kr(X) C L£(X). Moreover, since the natural projection is a weak
homotopy equivalence, the assumption that X is aspherical readily implies that
also K(X), hence £(X), is aspherical. Therefore, A(X) = L(X).

Take now an element o € H,, (X). Since the simplicial homology of T is canoni-

cally isomorphic to the singular homology of X, we may choose an alternating cycle
c € Cp(T) C Crh(A(X)) such that, if

¢x: Cu(A(X)) = CL(JAX)])
is the usual inclusion of simplicial chains into singular chains, then

Hy (Sn)(Hn(én)([c]) = a -

We now aim to prove that the element [¢] € H, (A(X)) satisfies ||[c]]]s = 0.
Indeed, since both H,(S,) and H,(¢,) are norm non-increasing, this would imply
that

el = [[Hn (Sn) (Hp(én) ([l < [[Hn(dn) (Dl < el =0,

whence the thesis.

To this end we would like to apply Theorem [ I5l Thus, we have to construct a
group I' of automorphisms of A(X) satisfying the conditions of TheoremB.T5l Such
a group has already been described in Chapter Bl Indeed, following the notations
introduced in Sections [5.1] and and recalling Theorem [5.3] there exists a group
homomorphism

P (X, X) = Aut(A(X)),
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such that for every element g € II(X, X) the automorphism v (g) is simplicially
homotopic to the identity.
Let
H=PuxU;,v))
jed
be the subgroup of II(X, X) introduced in Chapter [@] (where it was denoted by the
symbol I'). Since the cover U is amenable, Lemma [6.6] implies that H is amenable.
We set I' = ¢)(H). Being a homomorphic image of an amenable group, I' is itself
amenable. Moreover, by Theorem [£.3] every element of I' is simplicially homotopic
to the identity. In order to conclude we are left to check that I' satisfies condition
(ii) of Theorem However, as already showed in the proof of the Vanishing
Theorem [6] condition (ii) follows from the fact that mult(&/) < n. This concludes
the proof. O



CHAPTER 9

Admissible Submulticomplexes of K(X)

If X is a non-compact topological space, the singular multicomplex IC(X) or-
ganizes the family of all possible singular simplices (with distinct vertices) with
values in X. While being very useful to describe finite chains in X, the multi-
complex K(X) is not sufficiently sensitive to the structure of X as a non-compact
space in order to allow an effective study of locally finite chains. Therefore, fol-
lowing [Gro82] we introduce a suitable submulticomplex of C(X), whose simplices
have the following property: an infinite family of simplices of the submulticomplex
leaves every compact subset of X provided that the sets of vertices of the simplices
in the family do so.

9.1. (Strongly) Admissible Simplices and Admissible Maps

Henceforth we restrict to the setting of the Vanishing and the Finiteness The-
orems for locally finite homology. Namely, we suppose that X is a non-compact
connected topological space homeomorphic to the geometric realization of a sim-
plicial complex L. Moreover, U = {U,}en will be a locally finite open cover of
X such that each U; is relatively compact in X (these assumptions automatically
imply that L is locally finite).

We also assume that the cover {U;}en is amenable at infinity, i.e. that for each
j € N there exists a large set W; D U; such that

o the sequence {W;}, e is locally finite;
o for sufficiently large j € N, U; is an amenable subset of Wj.

REMARK 9.1. In the assumptions of the Finiteness Theorem, the sequence
U = {U,}en is not supposed to be a cover of the whole of X. Nevertheless, in the
very first step of the proof we will extend U to an actual cover U of X , and we
will then exploit the construction we are going to describe (which makes sense only
for a cover of X) working with U rather than with . This justifies our current
assumption that (J,cy U; = X.

Henceforth, we say that p € X is a vertex of X if it corresponds to a vertex of
L under the identification X = |L|. As we did in Chapter i, we may assume that
the triangulation L of X is so fine that the set of closed stars of vertices refines the
open cover given by the U; (cfr. [Mun84, Thm. 16.4]). We then fix a coloring
of the vertices of X adapted to the Uj, i.e. a partition {V;};es of the vertices of
X such that for every v € V; the closed star of v in L is entirely contained in Uj.
Since each Uj is relatively compact, the set V; is finite for every j € N.

As usual, we call vertices of a singular simplex o: |[A"| — X the images of
the vertices of A™ via o. In the sequel, we will be mainly interested in singular
simplices with vertices in the set of vertices of X.

105
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The following definitions play a fundamental role in the study of locally finite
chains via the theory of multicomplexes.

DEFINITION 9.2. Let K be a multicomplex. A continuous map f: |[K| — X is
admissible if the following conditions hold:

(1) f maps each vertex of K to a vertex of X;
(2) if o is an m-dimensional simplex of K with vertices wo,...,w, and
f(w;) € Vj;) for every i = 0,...,m, then

forc U wy,

jels(o)
where
Ji(0) = {4(0),...,5(m)} .
(This set may contain strictly less than (m + 1) indices, if j(i) = j(i’) for
some i #1i'.)

A singular simplex o: |[A"| — X is admissible if it is admissible when endowing
A™ with its natural structure of multicomplex (in particular, if a singular simplex is
admissible, then any of its faces is admissible too). For simplicity, if o is a singular
admissible n-simplex, then we denote by J(o) the set of colors of the vertices of o
(which, according to Definition[@.2] should be denoted by J,(A™)). By construction,
an infinite family of admissible simplices leaves every compact subset of X provided
that the set of vertices of the simplices in the family do so.

DEFINITION 9.3. Let K be a multicomplex and let f, g: |K| — X be admissible
maps. An admissible homotopy between f and g is an ordinary homotopy H: | K| x
[0,1] — X between f and g such that the following additional conditions hold:

(1) for every vertex v of K, the color of f(v) coincides with the color of g(v)
(hence, for every simplex o of K, the sets Jy(o) and J, (o) coincide);

(2) for every vertex v of K and every t € [0, 1], we have H(v,t) € U;, where
Jj is the color of f(v);

(3) for every simplex o of K,

H(olx 0,y | wi= U Wy

j€Js(0) j€Jg(0)

(4) there exists a finite subset V of the set of vertices of K such that, if A
is a simplex of K with no vertices in Vg, then H(x,t) = f(x) = g(x) for
every x € |A| (henceforth, when this condition holds we will say that the
homotopy H has bounded support).

If this is the case, we say that f and g are ad-homotopic. It is clear from the
definition that being ad-homotopic is an equivalence relation.

Observe that, if the singular simplex ¢’ is obtained from the singular simplex
o by precomposition with an affine automorphism of the standard simplex, then o’
is admissible if and only if o is. Therefore, it makes sense to speak of admissible
simplices in K(X). Just as we did in the case of the singular multicomplex of a
topological space, we would like to define a suitable notion of completeness and
minimality for multicomplexes of admissible singular simplices. To this aim we
need to introduce a stronger notion of admissible homotopy for singular simplices.
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DEFINITION 9.4. Let 0,0’: |JA"| — X be admissible simplices. Then o is
strongly ad-homotopic to ¢ if it is homotopic to ¢’ via an admissible homotopy
H: |A™] x [0,1] — X such that H(z,t) = o(z) = o'(z) for every x € 9|A"|,
t €[0,1] (i.e. the homotopy is relative to the boundary). Of course, being strongly
ad-homotopic is an equivalence relation on the set of admissible singular simplices.
We also say that two admissible abstract simplices [o],[0”] of (X)) are strongly
ad-homotopic if they admit strongly ad-homotopic representatives.

9.2. Admissible Multicomplexes

Recall that K(X) comes with a natural projection S: |[K(X)| — X. In the
sequel we will sometimes denote simply by S the restriction of this map to any
subcomplex of |[K(X)].

DEFINITION 9.5. Let A be a submulticomplex of IC(X'). Then A is ad-complete
if the following condition holds: Let f: |[0A™| — |A| be a simplicial embedding, and
suppose that the composition S o f: |0A"| — X extends to an admissible simplex
o: |A" — X. Then the map f extends to a simplicial embedding f’: |A"| — |A]
such that S o f’ is admissible and strongly ad-homotopic to o. In other words,
A contains at least one element for every strong ad-homotopy class of admissible
simplices of IC(X) whose boundary lies in A.

The multicomplex A is ad-minimal if it contains at most one element for every
strong ad-homotopy class of admissible simplices of K(X).

Finally, we say that A is admissible if it is ad-complete, ad-minimal and all
simplices in A are admissible.

We are now going to define a canonical admissible submulticomplex AD,(X) C
K(X) associated to our fixed triangulation L of X. As observed in Section [6:2] the
multicomplex IC(X) contains a submulticomplex Kr(X) = L whose simplices are
the equivalence classes of the affine parametrizations of simplices of L. We will sim-
ply denote by L the submulticomplex Ky, (X)), thus realizing L as a submulticomplex
of K(X).

Despite all simplices in L are admissible, the submulticomplex L C K(X) is in
general very far from being ad-complete, hence admissible. However, it is possible
to enlarge L to an admissible submulticomplex of (X)), which will be denoted by
.ADL (X)

LEMMA 9.6. There exists an admissible multicomplez AD(X) C K(X) such
that L C ADp(X) and ADp(X)? = L°.

PROOF. We construct AD[(X) by induction on the dimension of its skeleta.
We first set ADp(X)? = LY, and we assume the (n — 1)-skeleton of AD(X) has
already been defined. We then consider the set of admissible simplices f: |A"| — X
whose restriction to the boundary of A™ lifts to a simplicial embedding 0A™ —
AD(X)" 1, and we add to ADL(X)" (the class of) one representative for each
strong ad-homotopy class of such admissible simplices. We also agree that simplices
in L are chosen as preferred representatives of their strong ad-homotopy classes.

It is now easy to check that the submulticomplex

ADL(X) = | ADL(X)"

satisfies all the conditions of the statement. O
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By construction, the restriction of the natural projection S: |[I(X)| — X to
ADp(X) is an admissible map. Also observe that this projection restricts to a
canonical bijection between the set of vertices of AD,(X) and the set of vertices of
X as a triangulated space. In the sequel, we will often denote by the same symbol
the vertices which correspond one to the other via this identification. In particular,
the coloring of the vertices of X naturally defines a coloring also of the vertices of
AD(X).

Recall from Chapter B that the homotopy groups of a complete and minimal
multicomplex are completely encoded by special spheres. The following proposition
shows that a similar result holds in the context of the ad-complete and ad-minimal
multicomplex ADp(X). If Ag is a k-simplex of AD,(X), then we denote by m(Ag)
the set of simplices of ADp(X) that are compatible with Ag (we refer the reader to
Definition [B.§] for the definitions of compatible simplices and special spheres, and
for the corresponding notation).

PROPOSITION 9.7. Let Ag be a k-simplex of ADL(X), k > 1. Also fix an
ordering on the vertices of Ag and denote by xg the minimal vertex of Ag. The
map

o:n(d) wm [ U Wiao| . 0(a) =5 ([$5a0.0)])
J€J(Ao)

is well defined and bijective.

PROOF. First observe that, for every A € m(A), the special sphere $¥(Ag, A)
is constructed from two admissible simplices with vertices in (J,¢ J(Ag) Vi There-

fore, the composition SoS¥(Ag, A) has indeed values in UjeJ(Ao) W;, and the map
© is well defined.

The proof of the fact that © is bijective is now analogous to the proof of
Theorem 3.9l Indeed, let us set for brevity W = jed(A0) W;, and let us denote by

t: AF — Ay the simplicial isomorphism between Ay and the southern hemisphere
AF of S* that preserves the ordering on vertices. In order to prove that © is
surjective, let us fix an element « € 7, (W, x0).

Arguing as in the proof of Theorem[3.9] we may suppose that « is represented by
a continuous map ¢': (|S*¥|, s0) — (W, z0) such that d'||ax| = S ot The restriction
of ¢’ to the northern hemisphere |AF | is now an admissible simplex, and g’ lajak| =
9'|a)ax| = Sotlgar| factors through a simplicial embedding of O|AF| into ADL(X).
By ad-completeness of ADp(X), there exists a simplicial embedding : |[A¥| —
|A1| onto a k-simplex Ay of ADL(X) such that S o ¢ is strongly ad-homotopic to
g'||ak|- By definition, the strongly admissible homotopy between S o1 and ¢'[|ak
takes place in W, and this readily implies that ©(A;) = « (see e.g. Lemma [B:6).
This proves the surjectivity of ©.

The fact that © is injective is now an easy consequence of the ad-minimality
of ADL(X): if ©(A;) = ©(Ay), then the map S o S¥(A;, Ag) is null homotopic
in W. Therefore, if ¢;: |A*| — |A;| is the affine isomorphism that preserves the
ordering on vertices, then by Lemma the singular simplices S o ¥; and S o ¥y
are homotopic relative to [0A*| within W, i.e. they are strongly ad-homotopic. By
ad-minimality of AD(X) we conclude that A; = Ag, hence © is injective. O
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9.3. Group Actions on the Admissible Multicomplex

We are now going to define an action of the direct sum of groups

@ H(Wj ) VJ)

JEN
on the 1-skeleton of ADpL(X). Recall from Section Bl that an element g €
(W}, V;) is given by (the homotopy classes) of a collection of paths {v;}scv,
with values in W; with the following properties: v,(0) = x and 7, (1) € V; for every
x € V;, and the map V; — V; given by x — 7, (1) defines a permutation of V.

As we did in the case of aspherical multicomplexes (cfr. Section [B.]), we begin
by defining an action of € ¢ y II(Wj, V;) on the 1-skeleton of ADp(X).

Let us fix an element g = (g;)jen of @ ;¢ (W, Vj), and choose a set of rep-
resentatives {7 }zcv, for every g; € II(W;, V) (this notation is not ambiguous be-
cause every z € AD(X)? belongs to exactly one of the V;). For every z € AD,(X)"
we then set g -« = v,(1). We have thus constructed an action of @, II(W;,V;)
on the O-skeleton of AD [ (X)°.

Let now e be a 1-simplex of AD(X) with vertices vy € Vi, v1 € V; (where
possibly ¢ = j). Let us fix an affine parametrization 7.: [0,1] — |e| of |e|, and set
Ye = S 079,. Let us consider the concatenation of paths v': [0,1] — X given by

JEN

V= Yo * Ve Yo
By construction +/(0) € V; and 7/(1) € V;. Moreover, the image of v’ is contained
in W; U Wj, hence +' is admissible. Finally, the strong ad-homotopy class of +'
is independent of the choice of the representatives vy, yu,. Since AD(X) is ad-
complete and ad-minimal, there exists a unique 1-simplex e’ of AD(X) which is
strongly ad-homotopic to (the class defined by) 7/, and we set g-e = €’. It is imme-
diate to check that this construction indeed defines an action of B,y IL(W;, Vj)
on AD(X).
For every j € N we have a natural group homomorphism

I(U;, V5) = TH(W;, V5).

As in the previous sections, we denote by the symbol Iy, (U;,V;) the image of
II(U;,V;) under this map. By restricting the action just described to the direct
sum of the Iy, (U;, V;) we obtain the following:

PROPOSITION 9.8. There exists a well-defined action of
@ w, Uy, V;)
JEN
on the 1-skeleton of ADr(X). In particular, this action induces a natural homo-
morphism
o: P, (U;,V;) — Aut(ADL (X)),
JEN
where Aut(ADL(X)') denotes the group of simplicial automorphisms of the 1-
skeleton of AD(X)'.

In fact, we are going to prove that an automorphism of ADy, (X ) arises from an

element in @,y Ilw, (U;, Vj) if and only if it is admissible in the following sense:
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DEFINITION 9.9. Let K, K’ be submulticomplexes of AD,(X), and let p: K —
K’ be a simplicial map. We say that ¢ is admissible if the map S||gjop: |K| — X
is ad-homotopic to S||x|: |[K| — X.

If K = K’ and ¢ is an automorphism, then we say that ¢ belongs to the group
of admissible automorphisms of K, which will be denoted by Aut op(K). (The fact
that admissible automorphisms indeed form a group is immediate.)

The following lemma readily implies that every admissible automorphism of
ADp(X)" is induced by an element of @y Iw;, (U;, V).

LEMMA 9.10. Let p € Autap(ADL(X)!), and let H be an admissible homo-
topy between S|iap, (x)| and S|jap, (x)| © . For every vertex v of ADL(X) let
Yo: [0,1] = X be defined by v, (t) = H(v,t). Then the elementy € @ ..y w, (U;,Vj)
defined by the (classes of ) the 7y, is such that ®(v) = .

JEN

PROOF. Since the homotopy H has bounded support, all but a finite number
of the v, are constant. Moreover, by definition of admissible homotopy, if v € V;
then +, is supported in U;. Therefore, the paths v, indeed define an element
7 € Djenllw;(Uj,V;). The fact that ®(y) = ¢ now readily follows from the
definitions. O

LEMMA 9.11. For everyy € @ ..y w, (U}, V;) we have ®(v) € Aut ap(ADL(X)").

jeN
PROOF. Let v be defined by the (classes of the) paths {7;}zev;, jen, and let
¢ = ®(y). We need to prove that the map S|j4p, (x)1| © ¢ is ad-homotopic to the
natural projection S||ADL (X))
By definition, if v € Vj is a vertex of X, then the path +, is supported in U;.
Therefore, the map

H: |AD(X)°| x I = X, H(v,t) = ,(t)

is an admissible homotopy between S||4p, (x)o] and S o @[jap, (x| = H(,1).

Let now e be a 1-simplex of AD(X)! with endpoints vg,v1. Let F.: [0,1] —
|ADL(X)!| be an affine parametrization of e and let 7. = S 0 5.. The homotopy
H may be extended to a homotopy H': |ADL(X)!| x I — X such that the path
~v.:[0,1] — X given by ~.(t) = H'(7.(t),1) is a reparametrization of the path
Voo * Ve * Yoy -

We already observed that such a path is admissible, and ¢(e) is in fact defined
as the unique 1-simplex of AD,(X)! lying in the same strong ad-homotopy class of
Yoo Lo %7, . As a consequence, we can simultaneously homotope (via an admissible
homotopy relative to the endpoints) each path of the form -, Lk e * ., into its
representative in ADL(X)!. By concatenating these homotopies with H’ we obtain
the desired admissible homotopy between S|j4p, (x)1| and S|jap, (x| © ». This
concludes the proof.

Putting together Lemmas [0.10] and 0.11] we get the following:

ProrosITION 9.12.

o | PTw, (U;,V)) | = Autap(ADL(X)") -
jeN
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We are now going to prove that every admissible automorphism of AD (X)?!
extends to an admissible automorphism of AD[,(X). A rather disappointing con-
sequence of the non-asphericity of (finite unions of) the W; is that such extension
need not be unique (see Remark [0.T6). We begin with the following:

LEMMA 9.13. Let K be any submulticomplex of ADL(X), let f: |ADL(X)| —
X be an admissible map and let

H': |K| % [0,1] » X

be an admissible homotopy such that H'(x,0) = f(x) for every x € |K|. Let also A
be the submulticomplex of ADL(X) such that a simplex A of ADL(X) belongs to A
if and only if H(x,t) = x for every x € |AN K| (in particular, if ANK =0, i.e. if
no vertex of A lies in K, then A C A).

Then H' may be extended to an admissible homotopy

H: |ADL(X)] = X
such that H(xz,0) = f(x) for every x € |[ADL(X)| and H(z,t) = x for every x € |A|.

PROOF. We claim that the standard proof of the homotopy extension property
for CW pairs (see e.g. [Hat02, Prop. 0.16]) already provides the required homotopy.
Indeed, if H: |ADL(X)| — X is the homotopy described in the reference, then for
every simplex o of AD(X) the inclusion

H(Jo| > [0,1]) € H(|da| x [0,1]) U f(lo])

holds. Moreover, if © € |A|, then H(z,t) = f(z) for every ¢ € [0,1]. This already
implies that H has bounded support, since H’ has bounded support.

Using these facts, it is not difficult to show by induction on the dimension
of simplices that H is admissible. Indeed, the fact that the restriction of H to
|ADL(X)|% is admissible is an immediate consequence of the description of the
behaviour of H on the vertices of ADL(X). Let us now suppose that the restriction
of H to |ADr(X)F| x [0, 1] is admissible, and let ¢ be a (k+ 1)-dimensional simplex
of ADL(X) with facets 7o, ...,7g+1. Then J(r;) C J(o) for every i =0,...,k + 1,
so thanks to our inductive hypothesis and to the admissibility of f we have

kt1
H(|o| x [0,1]) € H(|9o| x [0,1]) U f(lo]) = <U H{(|mi| x [0,1])> U f(lel)
i=0
k+1
- U U W; | U U W; | C U W; .
1=0 jeJ(rs) jeJ(0) jeJ(o)
This shows that the restriction of H to |ADL(X)**1| x [0,1] is admissible, thus
concluding the proof. O

Let ¢ be an element of Aut 4p(ADL(X)!), and recall that we aim at extend-
ing ¢ to an admissible automorphism of the whole of AD(X). Our strategy is
straightforward. By Lemma [I.13] the composition S|j4p, (x)1| © ¢ extends to an
admissible map f: |ADL(X)| — X that is ad-homotopic to S. Since f is admis-
sible, for every abstract k-dimensional simplex o in AD[(X), the restriction of f
to o is an admissible singular k-simplex, so we would be tempted to construct the
extension ¢ of ¢ by defining $(o) to be the class of f|,. Unfortunately, not ev-
ery admissible simplex is represented by an abstract simplex in the multicomplex
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ADp(X). The following proposition takes care of this issue by suitably modifying
f within its ad-homotopy class.

PROPOSITION 9.14. Let K, K’ be submulticomplexes of AD(X) each of which
contains ADL(X)!, and let ¢: K — K’ be an admissible isomorphism between K
and K'. Let also H: |K|x [0,1] = X be an admissible homotopy between S||x| and
S|k o, and let A be the submulticomplex of ADr(X) such that a k-dimensional
simplex A of AD(X) belongs to A if and only if H(x,t) = x for every x € |ANK].

Then, there exists an admissible automorphism @ € Autap(ADL(X)) extend-
ing @. Moreover, the maps S o @ and @ are ad-homotopic via a homotopy which is
constant on |A|.

PrROOF. We first prove the following claim: for every k > 1, there exist a
simplicial isomorphism ¢y : K U ADL(X)* — K'U ADL(X)* and an admissible
map fi: [ADL(X)| — X such that the following conditions hold:

(1) ¢1 = ¢ and f; is ad-homotopic to S relative to |Al;

(2) for every k> 1, S|jxruap, (x)%| © Pk = frl|kuaD, (x)*|

(3) for every k > 2, the map fi is ad-homotopic to fi_1 relative to |K U AU
ADp(X)*1; (in particular, f; is ad-homotopic to fi, hence to S, for
every k > 1).

We set 1 = ¢ and argue by induction on k£ > 1. When k£ = 1, our claim re-
duces to the existence of a map fi: |[ADL(X)| — X which extends S|jx/| o @1
and is ad-homotopic to S relative to |A|. We can then set f; = Hi(z,1), where
Hy: |ADL(X)|x][0,1] — X is a homotopy extending H as provided by Lemma[0.13l

We may thus suppose that maps fi,..., fx,¢1,..., 9k as described in the
claim exist, and we now need to construct frxi1: |[ADL(X)| = X and ¢r1: KU
ADL(X)k+1 — K'U ADL(X)k+1.

Let us first define the simplicial map ¢g+1 as follows. We require that the
restriction of @1 to K U ADL(X)F is equal to ¢f. Then, let o be a (k + 1)-
dimensional simplex of AD,(X), and let us fix an affine parametrization oc: A1 —
|o|. Since fy, is admissible, the singular simplex 3: AF1 — X defined by 8 = froa
is admissible. Moreover, since fi|jao| = S © Yk||a5|, We have B[jgar+t1| = (S oy o
@)|jpak+1, i.e. B is the composition of the natural projection S with a simplicial
embedding of IA*! into AD(X). Since AD(X) is ad-complete, this implies
that the class of § is strongly ad-homotopic to a simplex ¢’ of ADp(X). We then
set pr11(0) = o', Tt is immediate to check that o1 is indeed a simplicial map.
Moreover, if o is a simplex of KUAD (X)¥, then from the fact that S| |K'UADL (X)*|©
¢k = frlkuap, (x)» We deduce that the restriction of fi to o] already corresponds
to a simplex of K’ U ADr(X)*, and this readily implies that ¢y coincides with
or on K U ADL(X)F1. We will prove later that (5,1 is an isomorphism of K U
ADp(X)*1 onto K’ U ADp(X)FHL.

Let us now construct the required map fiy1: [ADL(X)| — X. By definition
of strong admissible homotopy between singular simplices, we can homotope 5 (via
an admissible homotopy relative to the boundary of |[A*+1]) to a singular simplex
whose class is equal to ¢’. By simultaneously taking into account all the (k 4 1)-
dimensional simplices of ADL(X) we thus get an admissible homotopy

Hj 1 |[KUADL(X)" x T — X
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between fi||xuap, (x)++1) and the map S|g/uap, (x)k+1] © Pr+1. We have already
observed that, if o is a simplex of K U ADr(X)¥, then the restriction of f; to
|o| corresponds to a simplex of K’ U AD(X)*. This implies that the homotopy
Hj_ , may be chosen to be constant on |o|. Moreover, if o is a simplex of A, then
fr and the restriction of S coincide on |o|, so again we may assume that Hj_
is constant on |o|. We may thus assume that the homotopy Hj_, is constant on
|KUAUADL(X)".
Thanks to Lemma we may extend Hj_ ; to an admissible homotopy

Hk-',-l: |ADL(X)| xI—X

relative to |K U A U AD(X)*| between fr and a map fri1: |[ADL(X)| — X
extending S o w41, and this concludes the construction of fj41.

In order to conclude the proof of the claim, we are now left to show that ¢g41
is an isomorphism of K U AD(X)**! onto K’ U ADL(X)*+1.

We already know that ¢ri1|gxuap, (x)» = @k is an isomorphism, so it suffices
to show that g1 induces a bijection on simplices of dimension k£ + 1. Let A be
such a simplex, and let w(A) be the set of simplices of AD,(X) that are compatible
with A. As usual, we fix an ordering on the vertices of A, and we denote by xg the
first vertex of A. We also set W = e W;. Observe that, since the simplices
of AD(X) are admissible, the composition of the natural projection S with any
special sphere constructed via simplices in 7(A) has values in W. Moreover, by
construction the coloring of the vertices of ¢i1(A) is the same as the coloring
of the vertices of A, so the same is true also for special spheres constructed via
simplices in 7(pk+1(A)), and also for the composition of fx1 with special spheres
constructed via simplices in m(A). We may thus consider the maps

O1: 1(A) = T 1 (W, x0) 01(A") =[S o SHH1(A, A,
Frgr: m(A) = T 1 (W, @41 (20)) Fie1 (D) = [fe1 0 SPHH(A, A
Os: m(pr+1(A)) = Tt (W prs1(20)),  ©2(A) =[S0 8% (1 (A), A)] .

We know from Proposition that both ©; and O, are bijective. Let us prove
that also Fi4+1 is. Indeed, since ©; is bijective, every element of w41 (W, zg) is
of the form [S o S¥+1(A, A")] for exactly one choice of A’ € m(A). Now fryq is
ad-homotopic to S, and this readily implies that, if we denote by Z the submul-
ticomplex of AD[(X) given by all the simplices of 7(A) and all their faces, the
restrictions fxi1|z): |Z] — W and SJz|: |[Z] — W are homotopic. As a conse-
quence, every element of 741 (W, @ri1(20)) is of the form [fry1 0 S¥H1(A, A")] for
exactly one choice of A’ € w(A), i.e. Fiy1 is bijective.
Let us now consider the map

Pp:m(A) = m(oni1(A)),  Pa(A) = pri1(A)

induced by ¢k11. By construction we have ®p = @;1 0 Fj41, so ®a is bijective.
Using this we can now prove that @41 is itself bijective. Take two (k+ 1)-simplices
Ay, A of ADL(X) such that wri1(A1) = @ry1(A2). Since @ri1|ap, (x)x = ¥k is
bijective, A1 and Ag are compatible, i.e. Ay € w(A1) and Pa, (A1) = Da, (A2).
Since ®a, is injective, we thus have A; = Ay. This shows that ¢4+ is injective.
Let now A’ be a given (k+1)-simplex of AD(X), and fix an affine parametriza-
tion : |[AFTY — |A'| of A’. Since i is an automorphism of ADL(X)*, we
may consider the simplicial embedding g: OA**! — ADp(X) defined by g =
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©n ' o Ylgari. We claim that the map S o g: [0A*+!| — X may be extended
to an admissible singular simplex defined on the whole of |[A*+1|. Indeed, if Hy is
an admissible homotopy between S and fi, then we can define a continuous map

G: (|J0AFM Y x [0,1]) U (JA* | x {1}) - X

by setting G(z,t) = Hy(g(x),t) if z € |[0A* 1| and G(z,1) = S(¢(x)) for every
r € |AFTY. After fixing an identification of (|OAFTY| x [0,1]) U (JAFL] x {1})
with |AFTY| itself (identifying the vertices of |[9A*+1| x {0} with the vertices of
|AFH1]) we may now consider G as an extension of g to |A**1|. Using that Hy
is an admissible homotopy, it is immediate to check that G is an admissible sim-
plex. By ad-completeness of ADy,(X), the map G is strongly ad-homotopic to a
singular simplex appearing in AD(X). As a consequence, there exists a simplex
A in ADp(X) such that A = ¢, '(OA’). Therefore, A’ € 7(pr11(A)). Now the
surjectivity of the map
Da: w(A) = w(orr1(A))

implies that A" = @11 (A”) for some A” € 7(A), and this concludes the proof of
the surjectivity of @gt1, whence of the claim.

Let us now conclude the proof of the proposition. Observe that from (2) and
(3) (or from the very construction of the yx) we have pii1||xuap, (x)x| = ¢ for
every k > 1. Therefore, there exist a well-defined simplicial automorphism

¢: ADL(X) = ADL(X)
such that @[ xuap, (x)k| = @x for every k > 1, and a well-defined continuous map
fiADL(X)] = X

such that ﬂ|ADL(X)k\ = fk||ADL(X)"| for every k > 1. 1\/IOI‘€OV€I‘7 since S|\ADL(X)’“| o
¢k = frljap, (x)¥| We also have
Sog=1,

so in order to conclude we only need to observe that f is ad-homotopic to S rel-
ative to |A|. We know that f; is ad-homotopic to S relative to |A|, and for every
k > 1 the map fx.; is ad-homotopic to fj relative to |A U ADr(X)*|. By suit-
ably concatenating the homotopies between fi and f;+1 one can then construct a
homotopy between fi; and f. The usual construction of this homotopy, which is
described e.g. in [Str1ll Proposition 11.2], also ensures that the homotopy between

f1 and fmay be chosen to be admissible and relative to |A], since the homotopies
between fj and fry1 are. O

COROLLARY 9.15. Every element of Autap(ADL (X)) extends to an element
of Autap(ADL(X)).

PROOF. Just apply the previous proposition with K = K’ = AD (X). O

REMARK 9.16. The extension ¢ of ¢ constructed in the previous proposition
need not be unique due to the non-asphericity of (finite unions of) the W;. Indeed,
the possible non-triviality of the higher homotopy groups of the W; implies that two
strongly ad-homotopic k-simplices may be joined by inequivalent admissible homo-
topies Hi, Hy relative to the boundary |0AF|. Here by inequivalent homotopies
we mean that there is no homotopy between H; and Hj relatively to |0AF| x I.
This clearly affects the construction of (g1, which, therefore, is not determined
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by ¢r. Things would be much easier in an aspherical context: any simplicial group
action on the 1-skeleton of a complete, minimal and aspherical multicomplex may
be canonically extended to an action on the whole multicomplex, as we described
in Section

Recall that we are identifying the fixed triangulation L of X with a submul-
ticomplex of AD(X). The following corollary should hold for every simplex of
ADp(X). However, to our purposes it is sufficient to establish it for simplices of L.

COROLLARY 9.17. Let A be a k-simplex of L C AD(X) with vertices vo, . . ., Vg,
let j; € N be the color of v; for everyi=0,...,k, and suppose that there exist dis-
tinct indices i1,i2 € {0,...,k} such that j;, = ji,. Then, there exists an element

¢ € Autap(ADL(X)) such that
<P(A) =A, @(vil) = Uiy @(viz) = Vi,
and @(v;) = v; for every i € {0,...,k}\ {i1,42}.

PRrOOF. Without loss of generality we may suppose i1 = 0, i = 1. Recall that
the closed stars of vg and vy in L are contained in Uj, = Uj,. As a consequence, if we
denote by e;; the edge of A joining v; and v;, and by €;; the affine parametrization
of e;; starting at v; and ending at v;, then the paths v = Soe€p: [0,1] — X,
v = Soéi: [0,1] = X take values in Uj,. Therefore, we can define an element
9 = (95) € DjenUw; (U, V;) as follows: gj, = {Vug, Vo1 }, and g; = 1 for every
J # Jo-

Since S(A) C Uj,, for every i1,i2,i3 € {0,...,k} the paths S o (Viyi, * Visis)
and S 07;,,, are strongly ad-homotopic. This implies that the element

®(g) € Autap(ADL(X)")

acts on the 1-skeleton of A in such a way that ®(g)(vg) = v1, ®(g)(v1) = vg, and
®(g)(v;) = vj for every j € {2,...,k}. Let us denote by 1 € Aut(A UADL (X))
the unique simplicial extension of ®(g) to A U ADL(X)! sending A to A. Using
that the whole of S(]Al) is contained in U}, for every ¢ = 0,..., k, it is easy to check
that ¢; is admissible.

Now Proposition (applied to K = K’ = AU AD(X)!) ensures that ¢,
can be extended to the desired automorphism ¢ € Aut 4p(ADL(X)). O

Our final purpose is the study of locally finite chains in X, and to this aim the
multicomplex ADp, (X) seems to be too large (for example, Theorem [[0.7 would not
hold with AD’ (X) — see the definition below — replaced by AD(X)). Following
Gromov [Gro82| Section 4.2, page 63], we single out a suitable smaller submul-
ticomplex of ADL(X), namely the smallest submulticomplex of ADL(X) which
contains L and is left invariant by the action of Autap(ADL(X)).

DEFINITION 9.18. Henceforth we denote by AD7(X) the submulticomplex of
AD(X) which is defined as follows:

AD) (X) = U o(L) .
CPEAutAD(.A'DL(X))

The fact that AD' (X) is indeed a multicomplex is straightforward, and by construc-
tion the group Autap(ADL(X)) acts on AD (X) via simplicial automorphisms.
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9.4. Amenable Subgroups of Autap(AD} (X))

Our proofs of the Finiteness and the Vanishing Theorem for locally finite homol-
ogy make an essential use of the diffusion of chains that we described in Section B2
For technical reasons, we need to distinguish the group Autp(ADL (X)) from the
group given by the restriction of elements of Autap(ADL(X)) to AD’ (X), which
will be denoted henceforth by the symbol I (by construction this group is a sub-
group of Autap(ADY(X))).

Our next goal is the construction of a suitable family of subgroups of I" with
respect to which the action of I' on the simplices of AD’ (X) is locally finite. In
order to exploit the full power of diffusion of chains, we are also interested in
studying when these subgroups are amenable.

Let us fix an open set U; € U, and let us set

JG) = 1{j € J|U;NU5 £} .

Since Us is relatively compact and the family {U;}jen is locally finite, the set J(j)
is finite.

DEFINITION 9.19. For every j € N we denote by AG) the subcomplex of
AD (X) givgn by all the simplices of AD (X) having no vertices in |J ies) Vi-
We define I'U) to be the subgroup of T' given by all the elements ¢ € I" such that
S| apy, (x) © ¢ is ad-homotopic to S|4p; (x) relative to AG)

REMARK 9.20. Gromov’s definition of the groups ra is slightly different from
ours: according to [Gro82l page 63], for an element ¢ € T to lie in o) it is
sufficient that ¢ restricts to the identity of AU). There is no apparent reason why
this condition should imply that S o ¢ is ad-homotopic to S relative to AW, With
this definition of T'¥) we are not able to prove the fundamental Theorem (@33 on
which the proof of the Vanishing and the Finiteness Theorems for locally finite
homology are heavily based.

Recall that, if A is a simplex of AD’ (X), then J(A) is the set of colors of the
vertices of A.

LEMMA 9.21. Let A be a simplex of AD(X). If j € J(A), then J(A) C J(j).

PrOOF. If A lies in L, then the statement readily follows from the fact that the
cover of X given by the closed stars of the vertices of L refines the cover {U;};en.
In order to conclude it is now sufficient to observe that every simplex of AD’ (X)
lies in the T-orbit of a simplex of L, and T' acts on AD' (X) by color-preserving
automorphisms. (I

The following result shows that the groups @ act transitively on certain I'-
orbits of simplices in AD (X).

THEOREM 9.22. Let A be a k-dimensional simplex of ADY(X) such that at
least one verter of A lies in Vs, and let ¢ € I'. Then there exists ¢ € TW such
that ©'|a = ¢|a.

PROOF. Recall that AD (X) is a union of Aut 4 p (AD(X))-orbits in ADL(X).
Therefore, it suffices to construct an element ¢’ € Autap(ADL(X)) such that

(1) #'la =ela;
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(i) S|ap,(x) o ¢’ is ad-homotopic to S|p, (x) relative to AU).

By definition of ', there exists an admissible homotopy H: |AD’ (X)|x[0,1] —
X between S| ap (x) and S|ap; (x) © ¢. Let us now consider the following family
of paths: if v € ;¢ ;3 V), then 7,(t) = H(v, ) for every ¢ € [0,1]; if v is any other
vertex of AD(X), then 7, (t) = v for every ¢ € [0,1]. By Lemma [0.10] the (classes
of the) paths {7, }vev define an element v of @,y Hw, (U;, V;).

Observe now that the action of ®(y) on A is determined by the paths ~,, as
v varies among the vertices of A. Therefore, since J(A) C J(j) (see Lemma @.21)),
Lemma[0.I0limplies that ®(-y) and ¢ coincide on the 1-skeleton of A. If A’ = ¢(A),
K = AUAD(X)! and K’ = A'UADL(X)! we may thus define 1 : K — K’ as the
unique simplicial isomorphism which coincides with ®(y) on AD(X)* and with ¢
on A. It is clear from the proof of Lemma that S|jx/| o @1 is ad-homotopic
to S||k| via a homotopy H; which coincides with H on |A] x [0, 1] and is constant
on AU). Hence, the simplicial isomorphism ¢; is admissible. We can now apply
Proposition to extend ¢1 to an automorphism ¢’ € Autap(ADL(X)) such
that S o ¢’ is ad-homotopic to ¢’ relative to AY), and this concludes the proof. [

Recall that in order to exploit diffusion of chains we need to look for actions
by amenable subgroups. To this aim we fix j € N and we make the following:

Assumption: U; is amenable in W; for every j € J(j).

Under this assumption, we would like to prove that the group I'¥) is amenable.
Recall that L is locally finite. Therefore, the maximal dimension of the simplices of
L having at least one vertex in jes) Vi is equal to a natural number N € N (of
course, this number may depend on j). Since each simplex of AD' (X) is obtained
from a simplex of L via a translation by a color-preserving automorphism, also the
dimension of any simplex of AD7 (X) having at least one vertex in |J jesq) Vi is at
most N. B

Let l"l(-J ) be the normal subgroup of I'¥) pointwise fixing the i-skeleton AD) (X))
of AD,(X). The following result reduces the amenability of ') to the amenability
of the quotients TV /T i =1,... N 1.

LEMMA 9.23. Suppose that the quotient

01,
is amenable for everyi=1,...,N — 1. Then '@ is amenable.

PROOF. Since the dimension of any simplex of AD’ (X) having at least one

vertex in J eI V; is at most N and ') acts as the identity on simplices with

no vertices in (J;¢ ;) V;, we have I‘%) = {1}. The extension of an amenable group
by an amenable group is amenable, so an easy inductive argument based on the
analysis of the short exact sequences

119 1P 519/ 51910 51,

i=1,...,N —1, implies that T/ /T? =T is amenable.
Let us now consider the restriction map

R:TY — Autyp(AD} (X)) .
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The kernel of R is equal to the amenable group I‘gj ), so in order to conclude it is
sufficient to prove that also the image of R is amenable.

By definition, if ¢ belongs to I‘G), then S|AD’L(X) o ¢ is ad-homotopic to
S| AD/), (x) via a homotopy which is constant on every vertex of X not belonging
to Uje,(j) Vi- By Lemma 010 this implies that the restriction of ¢ to AD' (X)!
coincides with the restriction to AD’ (X)! of an element in

o | € 0w, (U;,V)) | € Autap(ADL(X)") .
J€I()
Therefore, the group R(FG)) is isomorphic to a subgroup of a quotient of @jeJ(E) w, (U;, V).
Now Lemma ensures that each Iy, (U;,V;), j € J(j), is amenable, and the

product of a finite number of amenable groups is amenable. Since a subgroup of a

quotient of an amenable group is amenable, this concludes the proof.
O

We are now reduced to studying the amenability of the group I‘Ej ) / l"l(-i)l for
t=1,---,N—1, and this will require some work. Let us fixi € {1,..., N —1}. For
every simplex A of AD’ (X) we denote by V(A) the set of vertices of A. Recall that
the group I'Y) acts as the identity on any simplex having no vertices in U eI ) V;.

We need to understand the action of I'¥) on the remaining simplices, and we are
thus lead to the following definition:

©={A|Aisan (i + 1) — simplex of AD7 (X) s.t. J(A)NJ(j) # 0}

={AJAisan (i + 1) — simplex of AD (X) s.t. V(A)N U Vi #0
J€I ()

Recall that I' leaves invariant each Vj, hence it acts on ©. Let us say that two
simplices A1, Ay € O are equivalent if they share the same vertex set, i.e.if V(A;) =
V(Agz). Since L is locally finite and each Vj is finite, the set © contains a finite
number of simplices of L. Using that the action of I' preserves the coloring of
vertices, one can observe that © is the union of the I'-orbits of this finite number of
simplices, and this implies in turn (using again that the action of I' preserves the
coloring of vertices) that there exists a finite subset F' of the set of vertices of X
such that V(A) C F for every A € ©. As a consequence, the number of equivalence
classes of simplices in © is finite. We denote by ©1, ..., 0 these classes, and for
every k =1,...,h we choose a representative Ay of O.

For every k = 1,...,h, let us now fix a vertex p, € V(Ay) such that py €
U eI V;. We will soon deal with special spheres obtained from simplices in O.
Therefore, for every k = 1,..., h we fix an ordering on V(Ay) with minimal element
pk- In this way, the set of vertices of every A € O is endowed with an ordering such
that equivalent simplices are endowed with the same ordering on vertices.

DEFINITION 9.24. For every k = 1,--- , h, we denote by A} the submulticom-
plex of AD} (X) which contains all the (i + 1)-simplices of Oy, together with their
faces.

DEFINITION 9.25. Let o be a simplex in ©. Then we define the map

D, Fz('j)/rz('i)l — miy1 (| Al pr)
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| (6] = [$(.0(0)]
where S(o, p(0)) denotes the special sphere in Aj as in Definition B8 The defini-
tion is well posed: if o € Oy, the simplices o and ¢(o) lie in A} ; moreover, since ¢

fixes the i-skeleton, they may indeed be glued to define a special sphere. Finally, if
@
veli”
019,
For every k=1,...,h let

and ¢ € 1"1(-1)1, then p(@(0)) = ¢(0), so D, is well defined on the quotient

wWe= | Wi,
JEV(Ak)

and observe that by construction we have S(|A;|) C Wy. Therefore, if we denote

by Si: |Af| — W), the restriction of S, then for every o € O we can consider the
composition

V,: ng)/l—‘gi)l — Tit+1 (kapk)v U, = (Sk)* od, .
We finally set

h h
vl @ P niaWenn), =P P v .
k=10€ Oy k=10€ O
REMARK 9.26. The map ¥ introduced in the definition above is not a group
homomorphism. A very similar map was shown to be a group homomorphism in
Lemma [£171 However, in that context we were restricting our attention only to
simplicial automorphisms homotopic to the identity relatively to the 0-skeleton (see

Definition [£10]). Here elements in FZ(-J ) are probably homotopic to the identity. We
know that their composition with the projection S is homotopic to S itself, but
this homotopy cannot be relative to the 0-skeleton, and this causes some technical
issues that we need to take into account. The study of the behaviour of the map ¥
with respect to the group structures of its domain and of its target is carried out
in Proposition

LEMMA 9.27. The map V¥ is injective.

PROOF. Let 1,02 € 1"1(-]) be such that U([p1]) = U([¢2]). We need to show
that the restrictions of ¢ and of g to AD’ (X)™! coincide. Let o be an (i + 1)-
simplex of AD}(X). If 0 ¢ ©, then since p; € TU) for i = 1,2 we have that
¢v1(0) = @2(0) = 0. We may thus suppose that o € 0y for some k € {1,...,h}.
From ¥, (p1) = ¥, (p2) we deduce that

(S0 S(0,01(0)] = [S © S0, 2(0)] in i1 (Wi, pi) -

By Lemma [3:6] we thus have that So¢;(c) is homotopic to Sops(o) in W, relative
to AL, By definition, this means that the simplices o1 (o) and @2 (o) are strongly
ad-homotopic. But ¢1(0) and ¢3(o) are simplices of the multicomplex AD[(X),
which is ad-minimal, so ¢1(0) = p2(0), and this concludes the proof. O

Recall now that, if (Y,yo) is a pointed topological space, then for every n > 1
there is an action m1 (Y, yo) ~ (Y, 30) of the fundamental group of Y on the n-th
homotopy group of Y such that, for every v € 71 (Y, yo), the action by ~ is a group
automorphism of 7, (Y, yo) (see e.g. [Spa66, Chapter 7]).

The following lemma is proved in [Spa66, Theorem 14, page 386]:
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LEMMA 9.28. Let (Z, z) and (Y, yo) be pointed topological spaces, let f,g: Z —
Y be homotopic maps such that f(z0) = g(z0) = yo, and let H: Z x [0,1] —
Y be a homotopy such that H(-,0) = f and H(-,1) = g. Let n > 1, and let
fusgs: ™ (Z,20) = (Y, y0) be the maps induced by f,g, respectively. Then we
have

fola) =7 g«(a)
for every o € mp(Z, 20), where v € w1 (Y, yo) is the class of the loop t — H(xo,t).

Let now H! be a subgroup of 71(Y,yo) and H? be a subgroup of m, (Y, yo).
Then we denote by Aut g1 (H?) the following group of automorphisms of H?:

Autg (H?) = {f € Aut(H?) | Iy € H' s.t. f(h) =~-h Vh € H*} .
It is immediate to check that Auty:(H?) is indeed a group.

For every k = 1,..., hlet ji € N be such that p € Vj},, and let H} be the i image
of m(Uj,,pk) in wl(Wk,pk) under the map induced by the inclusion U;, — Wk,
and H? < 41 (Wk,pk) be the image of m;+1(|Af|, px) under the map induced by
the projection Sy = S 4: |-

LEMMA 9.29. For every k =1,...,h, the group AutH; (H?) is amenable.

PROOF. Recall that the image of m(Uj,,px) in w1 (W), ,pr) is amenable, so

from the inclusions U;, C W;, C W, we deduce that H 4, being the quotient of an
amenable group, is amenable. But Autz: (H, 2) is a quotient of a subgroup of H}

(namely, of the subgroup given by those elements which restrict to automorphisms
of H}), whence the conclusion. 0

From Lemma we deduce the following:
LEMMA 9.30. For every k =1,...,h, there exists a homomorphism
we: T T = Aty (HE)
such that
(Sk)x 0 0w = wi([g]) © (Sk)

I‘ZG) , where

for every ¢ €

(Sk)wt mipr (AR, Pe) = Tt Whspi) @t miga (JAR] pe) = Tipa (AR i)
are the maps induced by Sy = S|IAZ\ and by ¢ on homotopy groups.

PRrROOF. Take ¢ € FZ(-j ), By definition of FZ(-j ), there exists an admissible homo-
topy H: |AD’ (X)| x[0,1] — X between Soy and S. By definition of admissibility,
this homotopy restricts to a homotopy H': |Af| x [0,1] — Wy between S, o ol)az|
and Sk, so Lemma [0.28] implies that, if v is the class of the loop 5(t) = H(pk,t),
then for every a € m;1(]Af|, pr) we have

(9-1) (Sk)«(px(a)) =7+ ((Sk)+(a)) -

Equation (@) shows that the action of  leaves H? invariant, thus restricting to
a homomorphism of H? into itself. Being the restriction of an automorphism of

7ri+1(/V[7k,pk), this homomorphism is injective, and by replacing a with ¢, !(a) in
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Equation (@) it is easily seen that this homomorphism is also surjective. In other
words, the action of y on H} restricts to an element ¢(y) € Aut g1 (Hf) such that

(9.2) (Sk)x 0 0u = ¥(p) 0 (Sk) -

Observe that Equation ([@2]) implies that ¢(p) is completely determined by ¢ (recall
that by definition the domain of 1(¢) is equal to the image of (Sk).). Using this it is

immediate to check that the map v: I‘l(-j ) Aut H} (H,%) is a group homomorphism.

In order to conclude, it is sufficient to observe that, if ¢ € I‘g)l, then ¢ restricts

to the identity of A} (whose dimension, by definition, is equal to ¢ + 1). This
implies that () is the identity, hence the homomorphism v induces the desired

homomorphism wy, on 1"1(-3) / l"l(i)l. U

The following proposition provides a precise description of the fact that the
maps ¥, : FZ(-J ) /I‘Ei)l — Ti+1(Wg, px) introduced above are not group homomor-
phisms.

PROPOSITION 9.31. Let 0 € O. Then for every ¢1,p2 € I‘g)/l"l(i)l we have
Vo (pr102) = Wolpr) + wilp1) (Yo (p2)) -

PROOF. The proof is very similar to the argument for Lemma[£17 Indeed, by
definition of sum in ;11 (W, px) and by Lemma [0.30 we have

Yo(pr92) = [Sk 0 S0, 0102(0))| = [ Sk 0 8(0,01(0))] + [ Sk 0 S(1(0), pr102(0)
(S0 p108(0,02(0))]
(S1)- ((e1)- ([$(0, 02(0))]))

=U,(p1) +
=U,(p1) +
= Wo(i1) +wrl(er) ((Sk)- ([$(0,02(0))]))
=V, (1) + wi(e1)(To(p2)) -

0(901

0(901

d

PROPOSITION 9.32. Let ¢ € {1,...,N — 1}. Then the group I‘g)/l"l(i)l is
amenable.

PROOF. Let

h h

w:l"z(-])/l"z(-i_)lﬁ@AutHé(Hz), w:@wk .
k=1 k=1

The product of a finite number of amenable groups is amenable, so we know from

Lemma that the image of w is amenable. Therefore, in order to conclude

it is sufficient to show that also the kernel K = kerw is amenable. However, by

Proposition the restriction

h
U|g: K — @ @ 7Ti+1(/V[7k,po)

k=10c€ O

is now a group homomorphism. We know from Lemma [0.27 that ¥|x is injective,
so K is in fact isomorphic to the image of ¥|x, which is abelian (hence amenable)
since 7 > 1. O
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We can finally state the main result of this section:

THEOREM 9.33. Let j € N, and suppose that U; is amenable in W; for every
j € J(j). Then the group ') is amenable.

PRrROOF. The conclusion follows from Lemma [9.23] and Proposition [9.32] O



CHAPTER 10

Diffusion of Locally Finite Chains
on the Admissible Multicomplex

Let K be a multicomplex. Then the chain complex of locally finite sums of sim-
plices of K gives rise to the locally finite homology of K. More precisely, recall that
an (algebraic) n-simplex over K is a pair (A, (vg, ..., v,)), where A is a simplex of
K with vertices {vg,...,v,} (in particular, the dimension of the geometric simplex
A is smaller than or equal to n). As usual, when this does not cause any confusion,
we simply call simplices both the geometric and the algebraic ones. We say that
a family Q of algebraic n-dimensional simplices of K is locally finite if for every
vertex v of K the number of elements of 2 having v as a vertex is finite. (It is an
easy exercise to check that € is locally finite if and only if the geometric realizations
of the corresponding geometric simplices define a locally finite family of subsets of
|K|.) A locally finite (simplicial) n-chain on K (with coefficients in R) is a possibly
infinite formal sum a0, where €2 is a locally finite family of n-simplices of
K, and a, is an element of R for every o € Q. It is easy to check that the set
CY¥(K; R) of locally finite chains is an R-module, and that the obvious extension of
the usual boundary operator sends locally finite chains to locally finite chains, so
it makes sense to define the locally finite homology H(K; R) as the homology of
the complex CY(K; R). As usual, we simply denote by HY(K) (resp. CY(K)) the
module HY(K;R) (resp. CY(K;R)).

We have recalled in Theorem [L.TT] that the simplicial homology of a multicom-
plex is canonically isomorphic to the singular homology of its geometric realization.
The same result holds true for locally finite homology. More precisely, let

¢ C(K; R) — CY(|K|; R)

be the R-linear chain map sending every algebraic simplex (o, (v, . . .,v,)) € C¥(K; R)
to the singular simplex

An—>|K|, (to,...,tn)’—)(U,tovo+...+...tnvn).

The following result may be easily deduced from [Spa93|, Theorem 7.4]. Indeed,
the assumption that K be locally finite is probably unnecessary (but it does not
conflict with our purposes).

THEOREM 10.1. For any locally finite multicomplex K, the homomorphism
HI(K) — HY(|K|)
induced by ¢« is an isomorphism in every degree.

Just as for ordinary homology, one may also restrict to considering chains that
are alternating, in the following sense: if ¢ = ) ., ao, - 0 is a locally finite chain,
and o = (A, (vo,...,vk)), ' = (A, (vr(0), - - -, Vr(k))) are algebraic simplices which

123
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can be obtained one from the other via a permutation 7 of the vertices, then
a, = (T)a, (here (1) = £1 denotes the sign of 7). Indeed, the linear operator
alt,: C¥(K) — C¥(K) such that

1

alt(A, (1}0, .. .,Uk)) = (k + 1)'

> (DA, (Vo) Vr(i)))

T€6k+1

is well defined and homotopic to the identity.

10.1. An Important Locally Finite Action

Let us now come to the context we are interested in. We keep notation from the
previous chapter, i.e. we denote by X the geometric realization of a locally finite
simplicial complex L, and by ADy(X) and AD} (X) the multicomplexes described
there. Also recall that the construction of AD(X) and AD7 (X) is based on fixed
locally finite open covers {U; }ien and {W; }ien such that U; € W; and W; is large
for every ¢ € N. Finally, let ' < Autap(AD7 (X)) be the group described at the
beginning of Section

LEMMA 10.2. Let Q be a family of algebraic n-simplices in AD’ (X). Then Q
is locally finite if and only if the family of singular simplices

{So(¢n(0))]o €}
is locally finite in X.

PROOF. Suppose first that € is locally finite, and let Z be a compact subset
of X. Since the W; are locally finite, the set ' = {j € N|Z NW; # 0} is finite.
Let us take an element o € , and denote by o’ the geometric simplex of AD’ (X)
corresponding to the algebraic simplex o.

Using that ¢’ is admissible, we deduce that

0#£S(o'hnzec| | wW|nz,
j€J(0’)

hence J(o’) N F # (). We have thus shown that any simplex o € € such that the
image of S o (¢,(0)) intersects Z has at least one vertex in the finite set {J;cp V;.
By definition of locally finiteness for simplicial chains, this readily implies that the
number of simplices o €  such that the image of S o (¢, (0)) intersects Z is finite,
and this proves that the family {S o (¢,,(0)) |0 € Q} is locally finite in X.

On the other hand, if the family {So (¢, (0))| o € Q} is locally finite in X, then
every vertex of X appears in a finite number of simplices of the form S o (¢, (0)),
o € ), which means that Q is locally finite. O

Lemma [[0.2] implies that the composition S, o ¢, : CE(AD} (X)) — CH(X) is
well defined, and it induces a map

P.: HY(AD) (X)) —» HY(X) .

Our next aim is to prove that the action of I" over the set of algebraic simplices
of AD’ (X) is locally finite according to Definition

Let us fix a natural number k with 0 < &k < N. We denote by A(k) the set
of algebraic k-simplices of AD’ (X). For every (jo,...,jr) € NFT1 we denote by
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(k) the set of algebraic simplices whose vertex set coloring is equal
k), 1.e. we set

Ao,y = 100, (vo, ..., vx)) € A(k) |vs € V;, Vi=0,... k}.

We also denote by C(k) the subset of N*+1 given by those (k+ 1)-tuples (jo, - - - , jk)
for which A, ;) # 0.

A(j())"'wjk)
to (.]07 SRR

<. 1N
=

LEMMA 10.3. Let jo € N be fived. Then, the set of (k + 1)-tuples of C(k) which

contain jo is finite.

PrOOF. It is sufficient to show that the set of (k + 1)-tuples of C(k) of the
form (Jo, j1,-- -, Jx) is finite. So, suppose (jo,j1,---,jk) € C(k). Then, there exists
a k-simplex o of AD’, (X) such that {jo, j1,-..,jk} = J(o). By Lemma 021} from
Jjo € J(o) we deduce that j; € J(o) C J(jo) for every i = 1,...,k. Since J(jo) is
finite, this concludes the proof. O

LEMMA 10.4. For every (jo,...,jr) € C(k), the group T' acts on A, .. 5.)-
Moreover, the set A(j,. .. j,.) is partitioned into finitely many I'-orbits, whose number
will be denoted by M (jo, - .-, jk)-

PROOF. Every element of I' acts on the 0-skeleton of AD’; (X) by color-preserving
automorphisms, and this implies that I' acts on A(j, ... ;). Since every Vj is finite,
there exists a finite set F' of vertices of X such that all the vertices of any simplex in
Agjo.....jn) are contained in F. Thus A, .. ;) contains a finite number of simplices
of L. Since every simplex of AD’ (X) is I'-equivalent to a simplex in L, this implies
in turn that the number of the I'-orbits contained in A(j,, .. ;) is finite. ([

COROLLARY 10.5. The action T' ~ A(k) has countably many orbits.
DEFINITION 10.6. We denote by

{Al(.jow“Jk)}i:17-~-;M(j07~-~,jk)
the orbits of the action I' ~ A(k).

We are now going to prove that for every k € N the action I' ~ A(k) is locally
finite. To this end, for every (jo,...,jx) € C(k) and everyi € {1,..., M (jo,...,jk)}
we need to choose a subgroup sz07... oy of Autap (AD’ (X)). Indeed, it is sufficient
to set

Tljoy gy =T,
where T'U0) denotes the group described in Definition With this choice, we
have the following;:

THEOREM 10.7. The action T' ~ A(k) is locally finite.

PROOF. We need to prove that the conditions described in Definition B.I0] are

satisfied. Theorem [@.22] ensures that szo .ju) acts transitively on Aéjo ..jn)» hence

we are left to show that the actions of the Féjo e jy) BT asymptotically disjoint. To
this aim, let us consider an algebraic k-simplex o C A(k), and suppose that either

o belongs to Aéjo . juy» OF 0 is not fixed by some element in Féjo .. juy (or both).
In any case we have J(o) N J(jo) # 0, and thanks to Lemma [0.27]
Joyc |J J06)-

J€J (o)
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As a consequence, there exists a finite set F' of vertices of X, which only depends
on jo, such that all the vertices of o are contained in F'. This easily implies that
only a finite number of I'’) may act non-trivially on o. Now the conclusion follows
from the fact that, for any fixed j € N, there exists only a finite number of groups
leg(, ) which are equal to I') (see Lemma [[0.3). O

10.2. Locally Finite Functions versus Locally Finite Chains

Just as we did in Section83] we now need to translate chains into functions, and
viceversa. The following formula describes a tautological correspondence between
(possibly non-locally finite) k-dimensional chains on AD’ (X) and (possibly non-
locally finite) real valued functions on A(k):

fiAk) >R +— Z flo)-o.
ceA(k)
Recall that A(k) is partitioned into the I'-orbits AZ('J.0 _____ inys (Jos -5 k) € C(),
i=1,...,M(o,...,Jr). A function f: A(k) — R will be said to be locally finite if
it is locally finite with respect to this partition (see Definition R.J]).

PROPOSITION 10.8. Let f: A(k) — R. Then

felfA(k) = flo) o € CHADL(X)) .
oeA(k)

PROOF. Recall that, for every (jo,...,jx) € C(k), the set A . ;) is the union
of a finite number of T'-orbits (see Lemma[I04]). Therefore, f € If(A(k)) if and only
if supp(f) N Agjo,....5,) is finite for every (jo,...,jr) € C(k). By Lemma 0.3 this
is in turn equivalent to the fact that, for any given jo € N, if C(k, jo) denotes the
subset of C(k) given by those (k + 1)-tuples that contain jg, then

supp(f) N U Ao,.jn)

(Jo,d15--3k ) EC(K,J0)

is finite. Since the number of vertices of AD7, (X) colored by jo is finite, we have
thus shown that f € If(A(k)) if and only if, for every vertex v of AD (X), the set of
simplices in supp(f) having v as a vertex is finite. But this is exactly the definition
of local finiteness for the chain }, ) f(0) - 0. O

Let us now discuss how diffusion of functions translates into the context of
(locally finite) chains. To this aim, we fix an arbitrary ordering Ag, s € N, on the
orbits A(; .. as (jo,...,jx) varies in C(k) and 7 in {1,..., M(jp, o Jk)}. Of
course, we fix the corresponding ordering also on the subgroups szo,...,jk)’ which
will be denoted by I'y, s € N. For every s € N we choose a probability measure p
on I' with finite support contained in I'y, and as usual we denote by i the collection

{MS}SEN' If

c= flo)o
oeA(k)

is a locally finite k-dimensional chain on AD’ (X), then we set

Cs = s * (phs—1 % (.. x (1 x¢)...))
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where we are identifying locally finite chains with locally finite functions on A(k)
thanks to Proposition [[0.8l For example, we have

C1

pre= Y (> mMfG o) |

ceA(k) \~eT

Y mWfe)y-o)

oceA(k)vel

> () (y-e)

yel

(where we denote by v - ¢ the image of ¢ under the obvious action of v € I' on
CI(AD) (X)).

The following important result shows that diffusion with respect to the I'g
does not alter the homology class of the push-forward via the natural projection
S. Recall that we have a natural map P,: HY(AD) (X)) — HY(X) induced by the
composition S, o ¢.: CH(AD] (X)) — CH(X).

PROPOSITION 10.9. Let ¢ € C,if(AD/L(X)) be a locally finite alternating cycle.
Then

Pu([e]) = Pu([fi  c])
in HY(X).

PROOF. Let us set ¢g = ¢, and for every s € N set ¢y = s * (ps—1 * (- .. % (1 *
¢)...)). Observe that, since ¢ is alternating, every ¢, is also alternating.

Let us now fix s > 1. Recall that I'y =T, . = T'Uo) for some jo = jo(s) €
N. We then set

we=UU U w.
JE€J(Jo) i€J(4)

We first observe that the /V[Z are locally finite. In order to prove this fact, since
the W; are locally finite, it is sufficient to show that, for every ¢ € N, we have
i € Ujeso(s)) J(4) only for a finite number of indices s € N. However, this easily
follows from Lemma [I0.4] (and the finiteness of J(k) for every k € N).

We now claim that S.(¢.(cs)) — Si(ds(cs—1)) = Obs, where bs is a finite chain
supported in /V[Z. As observed above, we have

Cs = ZMS(V)(V ) Cs—l) = Z /145(7)('7 : Cs—l) >

~el’ yels

hence c¢; is a convex combination of elements of the form ~y-cs_1, for suitable chosen
elements v € I';. Therefore, in order to prove the claim it is sufficient to show that,
for every v € Iy, there exists a finite chain b, supported in WS and such that
S (¢* (’7 : Cs—l)) — S ((b* (Cs—l)) = 0bs.

Let us take an element v € T, let H: |AD} (X)| x [0,1] — X be an admissible
homotopy between S| AD/,(x) © 7 and S| Ap), (x) which is constant on every sim-
plex having no vertex colored by an element of J(jo), and let Ty : CH(AD (X)) —
CL 1 (X) be the algebraic homotopy obtained by composing the map ¢y : C{(AD7 (X)) —
CH(|AD,(X)|) with the usual algebraic homotopy associated to H. We denote by
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) the subset of A(k) given by the algebraic simplices with at least one vertex col-
ored by an index in J(jo), and we set Q" = A(k)\ Q. We also set ¢s_1 = cor +cqr,

where
Cqy = g as0 , Cqrr = E g0 .

oeqy oeq
Let us now describe how the homotopy operator T} acts on simplices in Q”. If
o = (A, (vg,...,vr)) belongs to Q”, then by definition of I'y we have v -0 = 0.
Moreover, H(z,t) = S(x) for every = € |A|, t € [0,1]. This readily implies that
k
Tk(U) = ZSO (¢k(A7 (’an ey Uiy Uy ov 77}/@)))
i=0

is a degenerate singular simplex. But cs;_; is alternating, hence also cq~ is so.
Putting together these facts we easily obtain Ty (cqr) = 0.

On the other hand, if o = (A, (vg,...,vx)) belongs to Q, then the colors of
all the vertices of o lie in ;¢ ;(;,)J(j) (see Lemma [0.2T). As a consequence,

H(|A] x [0,1]) C W,. Moreover, since c,_; is locally finite, the chain ¢ is finite.

As a consequence, the chain by = Ti(cqs) is finite and supported in WS. This
concludes the proof of the claim, since

Su(@a (7 - Co-1)) — Su(@u(co—1)) = D(Ti(cs—1)) = O(Tx(car)) = b, .

It is now straightforward to conclude the proof of the proposition. Since the /V[75
are locally finite, the chain b = > b, is locally finite. Moreover, it readily follows
from the definitions that S, (¢.(Z*c)) — S«(¢«(c)) = b, whence the conclusion. O

10.3. Proof of the Vanishing Theorem for Locally Finite Homology

Let us briefly recall the setting of Theorem [ We denote by X be a connected
non-compact triangulable topological space. The space X is endowed with locally
finite open covers U = {U;}ien, W = {W,}ien such that each U; is relatively
compact in X. Moreover:

(1) each U;, i € N, is amenable in X;
(2) each W;, i € N, is large;
(3) U; C W, for every i € N, and there exists j € N such that U; is amenable
in W; for every i > 7;
(4) the multiplicity of the cover U is equal to m.
We are going to prove that, for every k > m and every h € H}(X), we have

[Pl =0

First observe that, after replacing W; with X for a finite number of indices, we
may assume that U; is amenable in W; for every i € N.

Let k > m, and fix a class @ € HJ(X). Since X is homeomorphic to the
geometric realization of a locally finite simplicial complex L, Theorem [I0.1l implies
that there exists a locally finite simplicial cycle

ce C(L;R) c CY(AD (X);R)

such that [S«(¢.(c))] = «a, where S is the restriction of the natural projection.
Moreover, we may assume that c is alternating.
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Let T' be the group introduced in Section [@.4] and denote by Ag and T’y the
T-orbits in A(k) and the subgroups of I' described in Section[[0.2] respectively. The
following result exploits the fact that the multiplicity of U is not bigger than k.

LEMMA 10.10. Let ¢ = Eae/\(k) ay - o be as above. Then

Zag:()

g€,
for every s € N.

PROOF. Let us take an algebraic simplex o = (A, (vg,...,v;)) € Ag, and for
every i =0,...,k let j; be the color of v;. Since k > m, there exist distinct indices
i1,i2 € {0,...,k} such that j;, = j;,. Let o’ be obtained from o by switching v;,
and vj,, ie. let o' = (A, (vg,...,v})), where v], = v, v;, = v, an vj = v; if
j ¢ {i1,12}. Corollary @I7 ensures that ¢’ € A;. Moreover, since ¢ is alternating,
we have a,» = —a,. This shows that the simplices of As appearing in ¢ may be
partitioned in pairs, in such a way that the sum of the coeflicients of the simplices

of each pair vanishes. This concludes the proof. O

We are now ready to conclude the proof of the Theorem [0 Let ¢ > 0 be fixed,
and for every s € N let us set ¢, = 27 1e. Also denote by f: A(k) — R the
locally finite function associated to the locally finite cycle ¢ (see Proposition [[0.]).
By Theorem 033 our assumptions on the covers {U,;};en, {Wi}ien ensure that
every I's is amenable. Together with Lemma [I0.10] this implies that we can apply
Proposition [814] to construct a local diffusion operator m«: 1f(A(k)) — (A(k))
such that

whence

17 fla.lh <es=2"°"le,
o0 o0
Hﬁ*flhzleﬁ*f 1§227571€:5.
s=0 s=0

Since the £*-norm of a locally finite function on A(k) coincides with the /!-norm
of the associated locally finite chain, this implies that

As

el <e.
Moreover, by Proposition [10.9] we have
a = P.([c]) = P([pxc]) ,
and the map P,: HI(AD' (X)) — H(X) does not increase the £!-norm of chains.
We can thus conclude that
lelly = [P([m DIl < [F*clly <e .

Since ¢ is arbitrary, this concludes the proof of Theorem

10.4. Proof of the Finiteness Theorem

The proof of the Finiteness Theorem is completely analogous to the proof of
the Vanishing Theorem for locally finite homology. Let W and U = {U;};en be as
in the statement of Theorem [0l By definition, there exists a sequence of large sets
W = {W, }ien such that U; C W; for every i € N.

Let K = X\ W. Since W is large, K is compact. Let U_; be a relatively
compact open neighbourhood of K in X, and let U=UU {U-1} ={U;}i>—1. By
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construction, Uis a locally finite open cover of X by relatively compact sets. We
set W_1 = X and W = {W;}i>_1, so that each W;, ¢ > —1 is large, and U; C W;
for every i > —1. We consider the admissible multicomplex AD’ (X) associated to
the covers U , w just constructed.

Let us denote by Z}|W the restriction of I/ to W, i.e. the open cover of W defined
by Ulw = {U; " W}ier, where I = {i > —1|W N U; # 0}.

Let m = mult(i/). We claim that, up to replacing W with a smaller large set,
we may assume that mult(Z/A{ lw) < m. Indeed, since U_; is relatively compact,
there exists jo € N such that U; N U_; = § for every j > jo. We may then set
W =U;>j, Ui, and it is now clear that mult(U|y) < mult(U) = m.

Let k > m, and let us fix a class o € H}f(X). As above, we may take an
alternating locally finite simplicial cycle

c € CY(L) € C\(ADL(X))

such that [S.(¢x(c))] = a, where S is the restriction of the natural projection. We
have the following;:

LEMMA 10.11. Let ¢ =}, cx () @o - 0. Then there exists s’ € N such that

Zag:()

g€,

for every s > s,

PRrROOF. Since W is large and the cover U is locally finite, there exists jo € N
such that U; C W for every j > jo. By Lemmas and [I0.4] there exists ' € N
such that, if s > s, then the colors of all the vertices of the algebraic simplices of
As are not smaller than jo.

Since mult(|y ) < m, this implies that, if s > &, then every simplex of A, has
two distinct vertices of the same color. The conclusion follows just as in the proof
of Lemma O

Let us denote by f: A(k) — R the locally finite function associated to the
locally finite cycle ¢. By Theorem [B.33] our assumptions on the sequences {U; }ien,
{W;}ien ensure that there exists s” € N such that T's is amenable for every s > s”.

Let 5 = max{s’,s”}. We can now apply Proposition BT to construct a local
diffusion operator mx: If(A(k)) — If(A(k)) such that

7 flalh < e =27""le
for every s > 5. Thus, if M = Zj;(l) I(Z = f)|a.]l1, then

As

3

scly=lm*fllh =Y lm*flafh <M+Y 27" <M+1.

s=0 s=35

Thanks to Proposition [[0.9] we can now conclude that
el < [[Pe([Eschly < [[m*cly <M +1.
This concludes the proof of the Finiteness Theorem [0



CHAPTER 11

Some Results on the Simplicial Volume
of Open Manifolds

In this section we provide some applications of the Vanishing and the Finiteness
Theorems for locally finite homology. In particular, we show that the simplicial
volume of the cartesian product of three tame open PL manifolds always vanishes
(recall from Definition that an open topological manifold X is tame if it is
homeomorphic to the internal part of a compact manifold with boundary, and see
below for the definition of PL manifold).

11.1. PL Manifolds

In this section we restrict our attention to PL manifolds, which define a special
subclass of triangulable manifolds. For a much broader overview on PL topology
we refer the reader to [Whi61), [Zee63), [Sta68, [RS82].

DEFINITION 11.1. A combinatorial n-manifold is a simplicial complex of dimen-
sion n with the property that the link (i.e. the boundary of the closed star) of every
vertex is combinatorially equivalent to an (n — 1)-sphere (i.e. it has a subdivision
which is isomorphic to a subdivision of the boundary of the standard simplex).

DEFINITION 11.2. A topological manifold without boundary X is a PL mani-
fold if it admits a piecewise linear structure. Thanks to [RS82] Exercise 2.21(i)],
a topological manifold is PL if and only if it is homeomorphic to the geometric
realization of a combinatorial n-manifold.

A well-known result of Whitehead [Whi40] ensures that any smooth (indeed,
piecewise smooth) manifold is a PL manifold.

REMARK 11.3. One may be tempted to assume that all topological triangulable
manifolds without boundary are in fact PL manifolds. However, in dimension n > 5,
there exist examples of triangulable manifolds which do not admit any PL structure.
We refer the reader to the survey [Rud16]| for such examples.

By working in the PL category we are allowed to exploit the useful notion of
regular neighbourhood:

DEFINITION 11.4. Let K be a simplicial complex and let L be a subcomplex
of K. Let L"”, K" be the second barycentric subdivisions of L, K, respectively, and
observe that L"” C K". The closed regular neighbourhood of L in K is the union of
all the closed simplices of K" which meet L (and of their faces). It will be denoted
by the symbol N(L, K).

Similarly, the open regular neighbourhood of L in K, which will be denoted by
O(L, K), is the union of all the open simplices in K" whose closures meet L"”.
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Equivalently, the open (resp. closed) regular neighbourhood of L in K is the
union of all the open (resp. closed) stars in K" of the vertices of L.

The following fundamental result of Whitehead states that any open PL man-
ifold X is homeomorphic to the open regular neighbourhood of a codimension-1
subcomplex of X.

THEOREM 11.5 ([Whi61l Lemma 2.1]). Let X be an open PL n-manifold home-
omorphic to the geometric realization of a combinatorial n-manifold K. Then, there
exists an (n — 1)-dimensional subcompler L C K such that X is homeomorphic to
the open regular neighbourhood O(L, K) of L in K. If X is tame, then the subcom-
plex L may be chosen to be finite.

11.2. Locally Coamenable Subcomplexes

Let us now fix an n-dimensional PL. manifold X, suppose that X is homeo-
morphic to the geometric realization of a simplicial complex K, and let P be a
subcomplex of K. For every vertex v of P”, we denote by EZ (resp. B?) the closed
star (resp. open star) of v in X" so that

NP X)= | J B,, oPrXx)z (] B}

ve P ve P

(here and henceforth, for ease of notation we will denote subcomplexes of K (and
their subdivisions) and their geometric realizations (which are subsets of X) with
the same symbol). We will also denote by S?~! the link of v in K" (which coincides
with the topological boundary of EZ in X, and is therefore homeomorphic to an
(n — 1)-dimensional sphere). The following definition will play a fundamental role
in the sequel.

DEFINITION 11.6. Let P be a subcomplex of K. Then P is locally coamenable
(in K or in X) if the following conditions hold: dim P < dim K — 2 = n — 2, and
for every vertex v of P” the group

m (S (PN SyTY)
is amenable.

ExampLE 11.7. If the codimension of P C K is at least 3, then P is locally
coamenable. Indeed, for every vertex v of P”, the subset PN S"~t = P’ n S"~!
is a subcomplex of S”~! of codimension at least 3, and this readily implies that
m (SPL\ (PN SP~1)) is trivial, hence amenable.

The following theorems provide criteria for the vanishing or the finiteness of
the simplicial volume of the open regular neighbourhood of a locally coamenable
subcomplex of K.

THEOREM 11.8. Let X = |K| be a tame open n-dimensional PL manifold, let
P C K be a finite and locally coamenable subcomplex of K, and let i > 2 + dim P.
Then

[[2fly =0
for every h € Hilf(O(P, K)).
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PROOF. Our proof is based on a construction inspired by [LS09al Theorem
5.3]. Let us set m = dim P + 1, and let U/ be the open cover of O(P, K) given
by the family {B"}, as v varies in the set (P")? of vertices of P”. We denote
by U|p the restriction of the cover U to P, i.e. the open cover of P given by the
family {B)) N P | B}y € U}. Since P is finite, the open covers U and U|p are finite.
Moreover, it is readily seen that, for every vertex v of P”, the set B N P is the
open star of v in P”. This readily implies that mult(U|p) = m.

We claim that also mult(d) = m. Of course mult(d) > mult(U|p) = m.
Suppose now that By, N By, N---NBy | # (), where the v; are vertices of P”. Then
there exists a simplex o of K" whose set of vertices is equal to {vy, -+ , vy }. Since
P" is a full subcomplex of K", the simplex ¢ also belongs to P”’. Thus the internal
part of ¢ is contained in (By, NP)N(By, NP)N---N(By N P). This implies that
m’ < mult(U|p) = m, hence mult(Y) < m and mult(U4) = m.

Our next goal is the construction of an open cover of O(P, K) of multiplicity
m+ 1 =2+ dim P satisfying the hypothesis of Theorem [l To this aim we would
like to refine the open cover U into an open cover of O(P, K) by relatively compact
sets, while keeping some control on the multiplicity.

Let us consider locally finite open covers R, v € P”, of the real line R satisfying
the following properties: each set in any R, is a bounded interval; mult(R,) = 2
for every v € P”; mult(R, U R,,) = 3 for every v # w € P”. The fact that such
open covers indeed exist is observed in [LS09al Theorem 5.3].

Let now f: O(P,K) — R be a proper map, and define a new cover of O(P, K)
as follows:

U ={Bynf (W) ve (P")°, WeR,} .

We check that the open cover U’ satisfies the hypothesis of Theorem [ (where we
replace X by O(P, K)).

Using that each R, is a locally finite cover of R one easily shows that U’ is
locally finite. In addition, since f is a proper map and the elements of the R, are
bounded, every open set of U’ is relatively compact in O(P, K).

Let us prove that mult(U4’) < m+1. By contradiction, suppose that there exists
a collection {Uq,...,Un42} C U’ of m+ 2 distinct sets such that ﬂ?:;z U; # 0. Let
v; € (P")? be such that U; = By, N f~1(W) for some W € R,,. Since mult(if) = m,
at least one of the following possibilities must hold: there exist distinct indices
i,7,k € {1,...,m+2} such that v; = vj; = vy; or there exist distinct indices ¢, 7, k, h
such that v; = v; and vy = vy,. The first case contradicts mult(R,,) = 2, while the
second one is not compatible with mult(R,, U Ry, ) = 3. Thus mult(U/') < m + 1.

The cover U’ of O(P, K) is amenable, because for every v € (P")°, W € R, the
inclusion of B? N f~1(W) into O(P, K) factors through B, which is contractible.

Let us now prove that ¢’ is amenable at infinity. For every 0 < r < 1 and every
vertex v of P”, we denote by B, (r) the closed ball of O(P, K) of radius r centered
at v, i.e. the set of points in B} whose barycentric coordinate with respect to v is
not smaller than 1 — r. For every ¢ € N, ¢ > 1, we set

—n 1
K,=PU - =
(Ym0
ve(P)0

(the subcomplex P is automatically contained in the union of balls of radius 1 —
1/i provided that ¢ > n). It is readily seen that the family {K;},>1 provides an
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exhaustion of O(P, K) by compact sets. Therefore, if we set Z; = O(P,K) \ K,
then each Z; is large in O(P, K), and the family {Z;};>1 is locally finite. Let us
now arbitrarily order the elements of U’ (which are countable) by setting U’ =
{Fs}sen. Since U’ is locally finite, only a finite number of elements of U’ intersect
K. Therefore, there exists sg € N such that, for every s > sg, the set Fy is
contained in Z; for some ¢ € N. Let i(s) = max{i| Fs C Z;} (for every s > so, this
maximum exists since (),~; Z; = 0), and for every s > sg set W, = Z;(,). In order
to prove that the cover U’ is amenable at infinity it is sufficient to show that the
family {Ws}s>s, is locally finite, and that for every s > s the set Fy is amenable
in Ws.

Since {Z;}i>1 is locally finite, the local finiteness of {Ws}s>s, readily follows
from the fact that the map s — i(s) is finite-to-one. In fact, if this were not the case,
then for some ¢ > 1 there would be an infinite number of elements of U’ intersecting
Z; \ Zit1, which is relatively compact in O(P, K). This would contradict the local
finiteness of U’. We have thus proved that the family {W}s>s, is locally finite.
Let us now fix s > s9. By construction, Fy C W; (in particular, Fs N P = ), and
Fy=Brnf~1(W) for some v € (P")°, W € R,. This implies that Fj is contained
in the set G = B\ (Bl N K5).

We claim that G has an amenable fundamental group. Since the inclusion of Fj
into Wy factors through G, this proves that Fy is amenable in Wy, thus concluding
the proof that U’ is amenable at infinity. In order to prove the claim, observe that
G is a deformation retract of BI \ (B” N P), which in turn is homotopy equivalent
to B, \ (B, NP), hence to S*~1\ (S~ N P). The claim now follows from the local
amenability of P in K. We have thus proved that ¢’ is amenable at infinity.

Now the conclusion follows by applying Theorem [@to O(P, K) with respect to
the open cover U’. O

THEOREM 11.9. Let X = |K| be a compact n-dimensional PL manifold, and
let P C K be a locally coamenable sucomplex of K. Assume that i > 2 + dim P.
Then

||h||1 < +00
for every h € HY(X \ P).

PROOF. Let us concentrate our attention on the open manifold X \ P. Since
X is compact, the open set W = O(P,K) \ P is large in X \ P. We would like
to obtain an open cover of W satisfying the hypothesis of the Finiteness Theorem
M0 To this end, we slightly modify the construction provided in the proof of the
previous theorem.

Let U = {B} },c (pr) be the open cover of O(P, K) given by the open stars
of the vertices of P”. We have seen in the proof of Theorem [IT.§ that mult(i/) =
1+ dim P. By setting U’ = {B! \ P | Bl} € U}, we restrict i to an open covering
U’ of W such that mult(4’) = mult(f) = 1 + dim P.

Let us now refine U’ as follows. We consider the family of open covers {R, } ,¢ (pyo
of R described in the proof of Theorem [[T.8 Let f: X \ P — R be a proper map,
and consider the refinement of U’ given by

U = {(BE\P)NfHA) | A€ Rutoe(pryo -
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Using that f is proper, one easily checks that every element of U” is relatively
compact in X'\ P. Moreover, the family 4" is locally finite in X \ P, and mult(U") <
2 + dim P (for all these facts, see again the proof of Theorem [[T.]]).

Let us prove that " is amenable at infinity. We inductively define O! =
O(P,K), 0? = O(P,0") and 07 = O(P, 077 1) for every j € N. This construction
provides a decreasing sequence of open regular neighbourhoods of P becoming
thinner and thinner. For every j € N we set

Zj =0\ P.
By construction, Z; = O\ P = W, and Z; is large for every j € N. Moreover,
the family {Z;};en is locally finite in X \ P. The open cover U is countable,
hence we can arbitrarily order it by setting U” = {Fs}sen. Just as in the proof of
Theorem [[T.§ for every j € N we can define the maximum integer s(j) such that
F, C Z;, and the family {W;}sen turns out to be locally finite in X \ P.

Finally, by arguing as in the proof of Theorem one proves that Fj is
an amenable subset of W; for every s € N. We can then apply the Finiteness
Theorem [I0 to conclude the proof. O

11.3. The Simplicial Volume of the Product of Three Open Manifolds

One of the most striking applications of the Theorem is the following
result, which ensures that the simplicial volume of the product of three tame open
manifolds necessarily vanishes. As mentioned in the introduction, there exist no
examples of open manifolds X, Xs for which the simplicial volume || X7 x Xs|| is
known to be positive and finite.

THEOREM [I4l Let Xi, X5, X3 be tame open oriented PL manifolds of positive
dimension. Then
||X1 X XQ X X3|| =0.

PROOF. Let n; = dim X;, i = 1,2,3. By Theorem[I1.5we know that each X is
homeomorphic to the open regular neighbourhood O(P;, X;) of a finite subpolyhe-
dron P; C X; such that dim P; = n; —1. The product P; x P X P3 naturally embeds
as a subpolyhedron in the product X7 x X5 X X3, and it is readily seen that the reg-
ular neighbourhood O(P; x Py x P35, X7 X X5 X X3) is homeomorphic to the product
O(Pl,Xl) X O(PQ,XQ) X O(Pg, Xg) Let nown = dlle X X2 X X3 =n1+n2+ns.
The codimension of P, X P, x P3 in X7 x X5 x X3 is equal to 3, so by Ex-
ample [T P, x P> x P3 is locally coamenable in X; x X5 x X3. Therefore,
the Theorem [[T.§ implies that, if ¢ > 2 + dim(P; x P» x P3) = n — 1 and
h € HYO(P, x Py x P35, X1 x X2 x X3)), then ||h||; = 0. Now the conclusion
follows from the fact that, as observed above, X; x Xs x X3 is homeomorphic to
O(P1XP2XP3,X1XX2XX3). O

REMARK 11.10. The proof of the previous corollary shows in fact a bit more:
if X = X3 x Xy x X3 is the product of three tame open manifolds of positive
dimension and n = dim X, then the ¢!-seminorm vanishes both on HX¥(X) and on
Hyy 4 (X).
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