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Abstract

New constructions in group homology allow us to manufacture high-
dimensional manifolds with controlled simplicial volume. We prove that
for every dimension bigger than 3 the set of simplicial volumes of ori-
entable closed connected manifolds is dense in R>o. In dimension 4 we
prove that every non-negative rational number is the simplicial volume of
some orientable closed connected 4-manifold. Our group theoretic results
relate stable commutator length to the I'-semi-norm of certain singular
homology classes in degree 2. The output of these results is translated
into manifold constructions using cross-products and Thom realisation.

1 Introduction

The simplicial volume ||M || of an orientable closed connected (occ) manifold M
is a homotopy invariant that captures the complexity of representing fundamen-
tal classes by singular cycles with real coefficients (see Section 2 for a precise def-
inition and basic terminology). Simplicial volume is known to be positive in the
presence of enough negative curvature [Gro82, Thu97, Y82, LS06] and known
to vanish in the presence of enough amenability [Gro82, Iva85, Yan82, BCL18].
Moreover, it provides a topological lower bound for the minimal Riemannian
volume (suitably normalised) in the case of smooth manifolds [Gro82].

Until now, for large dimensions d, very little was known about the precise
structure of the set SV(d) C Rx¢ of simplicial volumes of occ d-manifolds. The
set SV(d) is countable and closed under addition (Remark 2.3). However, the
set of simplicial volumes is fully understood only in dimensions 2 and 3 with
SV(2) = N[4] (Example 2.4) and SV(3) = N[M | M], where M ranges over
all complete finite-volume hyperbolic 3-manifolds with toroidal boundary and
where v > 0 is a constant (Example 2.5).

This reveals that there is a gap of simplicial volume in dimensions 2 and 3:
For d € {2,3} there is a constant Cgq > 0 such that the simplicial volume of an
occ d-manifold either vanishes or is at least Cy. It was an open question [Sam99,
p. 550] whether such a gap exists in higher dimensions. For example, until now
the lowest known simplicial volume of an occ 4-manifold has been 24 [BKO08]
(Example 2.6).

In the present paper, we show that dimensions 2 and 3 are the only dimen-
sions with such a gap.
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Theorem A (no-gap; Section 8.2). Let d > 4 be an integer. For every ¢ > 0
there is an orientable closed connected d-manifold M such that 0 < ||M]| <.
Hence, the set of simplicial volumes of orientable closed connected d-manifolds
is dense in R>g.

In dimension 4, we get the following refinement of Theorem A.

Theorem B (rational realisation; Section 8.3). For every q € Q> there is an
orientable closed connected 4-manifold M, with | M| = q.

Method

We first compute the {'-semi-norm of certain integral 2-classes in finitely pre-
sented groups by relating these semi-norms to stable commutator length.

To formulate this connection, we recall some definitions. For a group G and
a class a € Hy(G;R), the I'-semi-norm ||a||1 of « is the semi-norm induced
by the '-norm of chains in the singular chain complex of any model of BG
(Section 2.1). The class « is integral if it lies in the image under the change of
coeflicients map map induced by Z — R.

For an element g € [G, G] in the commutator subgroup of G, the commutator
length clg g of g is the minimal number of commutators in G needed to express g
as their product. The stable commutator length (scl) of g is the limit sclg g :=
lim,, s oo cl(g™) /n. Stable commutator length is now well-understood for many
classes of groups thanks largely to Calegari and others [Cal09a).

Theorem C (Corollary 6.16). Let G be a finitely presented group with
Hy(G;R) 20 and let g € [G,G) be an element of infinite order. Then there is a
finitely presented group D(G, g) and an integral class ag € Ho(D(G, g);R) such
that

llaglli = 8 - sclg g.

We apply Theorem C to the universal central extension E of Thompson’s
group T. Recall that T is the group of piecewise linear homeomorphisms of
the circle with dyadic breakpoints and whose slopes are integer powers of 2. In
Propostion 5.1, we show that the universal central extension E of T is a finitely
presented group with Ho(E;R) = 0 and that every non-negative rational number
may be realised by the stable commutator length of some element in F. Using
Theorem C this shows:

Theorem D (Corollary 6.17). For every ¢ € Q> there is a finitely presented
group G4 and an integral class ay € Ha(Gq;R) such that |aqlli = ¢. In partic-
ular, for every e > 0 there is a finitely presented group G and an integral class
ae € Hy(Ge;R) such that 0 < ||ae||r <e.

We can now take cross-products in homology to obtain integral classes in
degree greater than 3 with crude norm control. An application of a normed
version of Thom realisation (Theorem 8.1) proves Theorem A.

In dimension 4, we refine this construction by taking products with surfaces
and using an exact computation of the product norm. This generalises a result
of Bucher [BK08]. Theorem B will follow from these computations.

Theorem E (Corollary 7.2). Let G be a group, let « € Hy(G;R), and let
Iy be the fundamental group of the oriented closed connected surface ¥, of
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genus g > 2 with fundamental class [Sy]r € Ho(T'y;R). Then the I'-semi-norm
of a x [Eg]r € Ha(G x T'y;R) satisfies

o x [Bglell, =6-(g—1) - el

In particular, we establish the following connection between stable commu-
tator length and simplicial volume in dimension 4:

Theorem F (Corollary 8.3). Let G be a finitely presented group that satisfies
Hy(G;R) 2 0 and let g € [G,G] be an element in the commutator subgroup.
Then there is an orientable closed connected 4-manifold My with

| My =48 - sclg g.

Organisation of this article

Sections 2, 3, and 4 recall basic properties and known results on simplicial
volume, bounded cohomology and stable commutator length, respectively.

In Section 5 we compute scl on the universal central extension E of Thomp-
son’s group T' (Proposition 5.1). This will be used in Section 6 to construct in-
tegral 2-classes with controlled [!-semi-norms. There we also show Theorems C
and D.

In Section 7 we get the refinement for dimension 4 in group homology: We
compute the !'-semi-norm of cross-products of general 2-classes with certain
Euler-extremal 2-classes (Theorem 7.1). As a corollary we obtain Theorem E.

All manifolds constructed in this article will arise via a suitable version
of Thom’s realisation theorem in Section 8. This allows us to manufacture
manifolds with controlled simplicial volume and to prove Theorems A, B, and F.

A discussion of related problems may be found in Section 8.4.
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2 Simplicial volume

We recall the ['-semi-norm on homology and simplicial volume and establish
some notation. In particular, we collect basic properties related to classes in
degree 2.

2.1 The [*-semi-norm and simplicial volume

The notion of simplicial volume of manifolds is based on the I'-semi-norm on
singular homology. More precisely: Let X be a topological space and let d € N.
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Then the I'-semi-norm on Hy(X;R) is

[ 1l: Ha(X;R) = Rxo
o inf{lcl; | c € Ca(X;R), dc =0, [d] = a};

here, Cy4(X;R) is the singular chain module of X in degree d with R-coefficients
and | - |; denotes the [*-norm on C4(X;R) associated with the basis of singular
simplices. More generally, if A C X is a subspace, one can also consider the
relative I*-semi-norm on Hy(X, A;R) induced by the {!-semi-norm on Cy(X;R).

The [!-semi-norm is a functorial semi-norm in the sense of Gromov [Gro99,
p. 302]:

Remark 2.1. If f: X — Y is continuous, d € N, and o € Hy(X;R), then
[Ha(f;R) ()], < Nl

Definition 2.2 (simplicial volume [Gro82]). Let M be an oriented closed con-
nected d-dimensional manifold. Then the simplicial volume of M is defined
by

M} = ||[M]e]],,

where [M|gr € Hy(M;R) denotes the R-fundamental class of M.
More generally, if (M,0M) is an oriented compact connected d-manifold
with boundary, then one defines the relative simplicial volume of (M,0M) by

| M,0M]|| := H[M, aM]Rul,

where [M,0M]r € Ha(M,0M;R) denotes the relative R-fundamental class
of (M,0M).

Because the definition of simplicial volume is independent of the chosen
orientation, we will also speak of the simplicial volume of orientable manifolds.

On the one hand, simplicial volume clearly is a topological invariant of (ori-
entable) compact manifolds that is compatible with mapping degrees. On the
other hand, simplicial volume is related in a non-trivial way to Riemannian
volume, e.g., in the case of hyperbolic manifolds [Gro82, Thu97]. Therefore,
simplicial volume is a useful invariant in the study of rigidity properties of man-
ifolds.

Basic examples of simplicial volumes are listed in Examples 2.4, 2.5, and 2.6.
In addition to geometric arguments, a key tool for working with simplicial vol-
ume is bounded cohomology (see Proposition 3.4 below).

2.2 Simplicial volume in low dimensions and gaps

We collect the low-dimensional examples of simplicial volume as stated in the
introduction. Recall that for d € N we define SV(d) C R>( via

SV(d) := {||M|| | M is an orientable closed connected d-manifold }.

Remark 2.3. As there are only countably many homotopy types of orientable
closed connected (occ) manifolds [Mat65], the set SV(d) is countable for ev-
ery d € N.
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The set SV(d) is also closed under addition. For d > 3, this follows from
the additivity of simplicial volume under connected sums [Gro82][Fri17, Corol-
lary 7.7] and for d = 2 this follows from the explicit computation of SV(2) as
seen in Example 2.4.

Clearly, SV(0) = {1} (the only relevant manifold being a single point) and
SV(1) = {0} (the only manifold being the circle).

Example 2.4 (dimension 2). For an orientable closed connected surface X,
of genus g > 1 we have ||Sg]| = 2+ [x(Z,)| = 4 (g — 1) [Gro82, BP92|[Fril7,
Corollary 7.5]. Hence,

SV(2) ={0,4,8,...} = N[4].
We observe that the gap in simplicial volume of dimension 2 is 4.
Example 2.5 (dimension 3). We have [Gro82, Som81|[Fril7, Corollary 7.8]

vol(M)
v3

SV(3) = N[ ’ M is a complete hyperbolic 3-manifold

with toroidal boundary and finite volume

and where v is the maximal volume of an ideal simplex in H3. This shows that
there is a gap of simplicial volume in dimension 3, namely w/vs ~ 0.928...,
where w is the volume of the Weeks manifold [GMMO09]. Moreover, the set SV(3)
has countably many accumulation points (because the set of hypbolic volumes
has the order type w* [Thu97]).

Example 2.6 (dimension 4). The smallest known Riemannian volume vol(M)
of an occ hyperbolic 4-manifold is 64-72 /3 [CMO05]. In view of the computation of
the simplicial volume of hyperbolic manifolds [Gro82, Thu97][Fri17, Chapter 7.3]
this means that the smallest known simplicial volume of a hyperbolic occ 4-

64-72

manifold is € [700,800] where v, is the maximal volume of an ideal 4-

3-vq
simplex in H*.
If 34, ¥p are orientable closed connected surfaces of genus g, h > 1, respec-
tively, then Bucher [BK08] showed that [|$g x X[ = 2 - [|S,]| - |4 Hence,
|IX2 x Xa]] = 24. This has been the smallest known non-trival simplicial volume
of a 4-manifold. More general surface bundles over surfaces do not yield lower
estimates [HK01, Buc09]. Also the recent computations/estimates for mapping
tori in dimension 4 [BN20] do not produce improved gap bounds.

2.3 The /'-semi-norm in degree 2

As classes in degree 2 will play an important role in our constructions, we collect
some basic properties concerning the I'-semi-norm in degree 2.

Proposition 2.7 (I!-semi-norm in degree 2; [CL15, Proposition 2.4]). Let X
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be a topological space and let o« € Ho(X;R). Then

k
lally = inf{z la;] - 126l ' keN,ai,...,a; € R\ {0},
j=1
Y1) -+ X(k) orientable closed connected surfaces,
f1:80) = X, ..o, fi: By = X continuous

k
with Zaj . Hg(fj;R)[E(j)]R =« mn HQ(X;R)}.

j=1

Remark 2.8. Let X be a path-connected topological space, let o € Ho(X;Z),
and let agp € Ho(X;R) be the image of a under the change of coefficients map
Z — R. Then the description of ||ag||; from Proposition 2.7 simplifies as follows:
We have

fosth = g AP A0 D)
ez [n(f, D) uxes@  In(f, D)
where X(«) is the class of all pairs (f,X) consisting of an orientable closed
connected surface ¥ of genus g(¥) > 1 and a continuous map f: ¥ — X
with Hy(f;Z)[Z] = n(f, %) - @ in Ho(X;Z) for some integer n(f, %) € Z.

In Section 6, we will relate I'-semi-norms of relative classes in degree 2 to
filling invariants and stable commutator length.

2.4 Simplicial volume of products

We recall basic results on {'-semi-norms of homological cross-products.

Proposition 2.9. Let X, Y be topological spaces, let m,n € N, and let o €
H,,(X;R), 8 € H,(Y;R). Then the cross-product o X 8 € Hppyn(X X Y;R)
satisfies

m-+n

amwwm<axmh<( )MMhMBL

m
Proof. The lower estimate follows from the duality principle (Proposition 3.4)
and an explicit description of the cohomological cross-product (in bounded co-
homology), the upper estimate follows from an explicit description of the ho-
mological cross-product [Gro82][BP92, Theorem F.2.5] (this classical argument
works also for general homology classes, not only for fundamental classes of
manifolds). O

However, in general, it seems to be a hard problem to compute the exact
values of [*-semi-norms of products. One of the few known cases are products
of two orientable closed connected surfaces, whose simplicial volumes have been
computed by Bucher:

Theorem 2.10 ([BKO08, Corollary 3]). Let X4, X}, be orientable closed connected
surfaces of genus g,h € N>q. Then

3
129 x Ball = 5 - [IZgll - [[Zall = 24 - (g = 1) - (A~ 1).
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We will generalise this theorem in Section 7. For now, let us note that in
combination with the description of the I!'-semi-norm in degree 2 in terms of
surfaces, we obtain the following general, improved, upper bound:

Corollary 2.11. Let X and Y be path-connected topological spaces and let
a € Hy(X;R), 8 € Ho(Y;R). Then

3
llax Blly < 5 - lledlx - 1Bl

Proof. We use the description of ||«||; and ||3]|1 from Proposition 2.7. Let

k m

a=> a;-Hy(f;;R)[Ele and 8= b;- Ha(g;; R)[[j]e

i=1 j=1

be surface presentations of o and  as in Proposition 2.7. Then
Hy(fi x 953 R)[Ea) x Uiyl = Ha(fi; R)[E(i)]r x Hz(g;; R) [,

and so a X 8 = Zle doieyai - by - Ha(fi x g5 R)[X(i) x I(j)|r. Therefore, by
applying the triangle inequality, functoriality (Remark 2.1), and Theorem 2.10,
we have

Ma-
NE

oo x Bl < lai| - [bj] - Ha(fi x g5;R)[Xqy x Il j)]r

s
Il
—

<.
Il
Ja

3
lajl 165 - 5 - 1B |- [Tl

e
M=

i=1j5=1
3 & .
i=1 J=1

By Proposition 2.7, taking the infimum over all such surface presentations of «
and 3, we obtain ||a x 8|1 <3/2-||a|l1 - 1181 O

3 Bounded cohomology

Bounded cohomology of discrete groups and topological spaces was first sys-
tematically studied by Gromov [Gro82]. Gromov established the fundamen-
tal properties of bounded cohomology using so-called multicomplexes. Later,
Ivanov developed a more algebraic framework via resolutions [Iva85, Ival7].

The reference to this introduction is the recent book by Frigerio [Fril7].
Having applications to stable commutator length and the I'-semi-norm in mind
we will only define bounded cohomology for trivial real and integer coeflicients.

Sections 3.1, 3.2 and 3.3 discuss the (relationships between) bounded coho-
mology of groups and topological spaces. In Section 3.4 we state the duality
principle, which allows us to compute the I semi-norm. In Section 3.6 we define
the Euler class.
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3.1 Bounded cohomology of groups

Let V be R or Z and let G be a group. We will define the bounded cohomology
H]'(G;V) of G using the homogeneous resolution. There is also an inhomoge-
neous resolution, which is useful in low dimensions. We use this resolution only
in Section 5 for central extensions and refer to the literature [Fril7, Chapter 1.7]
for the definition.

Let C™(G;V) := map(G™*1, V) be the set of set-theoretic maps from G"*!
to V. The group G acts on C™(G; V) via g-¢(go,...,9n) = ¢(g - g90,...,97*-
gn). We denote by C™(G; V)% the subset of elements in C™(G;V) that are
invariant under this action. Let || - || be the [*°-norm on C™(G;V) and let
CPH(G; V) be the corresponding subspaces of bounded functions.

Define the simplicial coboundary maps §": C"(G;V) — C"TY(G; V) via

n+1
6n(a)(907 s 7g’ﬂ+1) = Z(_l)l : a(QO) DRI ag\ia e agn"rl)
i=0
where a(go, ..., Ji,---,9n+1) means that the i-th coordinate is omitted. Then

™ restricts to a map CP/(G; V) — Cp ™ (G; V). The cohomology of the cochain
complex (C*(G;V)%,48°%) is the group cohomology of G with coefficients in V
and denoted by H®(G;V). Similarly, the cohomology of the cochain com-
plex (CP(G;V)Y,6%) is the bounded cohomology of G with coefficients in V
and denoted by Hp(G;V). The embedding C?(G;R) — C*(G;R) induces a
map c*: H(G;V) — H*(G; V), the comparison map.

Bounded cohomology carries additional structure, the semi-norm induced
by || - [ For an element o € H'(G; V), we set

o]l == inf{[|Bllc | B € CP(G;V), 6"B =0, [8] =a € H}(G:V)}.

Bounded cohomology is functorial in both the group and the coefficients.

3.2 Bounded cohomology of spaces

Let X be a topological space and let S, (X) be the set of singular n-simplices
in X. Moreover, let C™"(X;V) be the set of maps from S,(X) to V. For an
element o € C"(X; V) we set

|| oo := sup{|a(0)| | o€ Sn(X)} € [0, o0]

and let CJ'(X;V) C C™(X;V) be the subset of elements that are bounded
with respect to this norm. Let ": C7(X;V) — CP"'(X;V) be the restric-
tion of the singular coboundary map to bounded cochains. Then the bounded
cohomology HY (X; V') of X with coefficients in V is the cohomology of the com-
plex (CP(X;V),0°) and denoted by HP(X;V). For o € H'(X; V') we define

lallee = inf{[|Bll | B € Cy(X;V), 8"B =0,[8] = a € Hy(X;V)}

and observe that || - ||« is a semi-norm on H'(X; V). The bounded cohomology
of spaces is also functorial in both spaces and coefficients.
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3.3 Relationship between bounded cohomology of groups
and spaces

Analogously to ordinary group cohomology, bounded cohomology of groups may
also be computed using classifying spaces (and thus, we will freely switch be-
tween these descriptions).

Theorem 3.1 ([Fril7, Theorem 5.5]). Let X be a model of the classifying
space BG of the group G. Then Hp(X;R) is canonically isometrically iso-
morphic to Hy (G;R).

Remarkably, this statement holds true much more generally: every topolog-
ical space with the correct fundamental group can be used to compute bounded
cohomology of groups; moreover, bounded cohomology ignores amenable ker-
nels [Gro82]:

Theorem 3.2 ([Fril7, Theorem 5.8][Ival7]). Let X be a path-connected space.
Then Hp (X;R) is canonically isometrically isomorphic to Hp (m1(X);R).

Theorem 3.3 (mapping theorem [Fril7, Corollary 5.11|[Ival7]). Let f: X — Y
be a continuous map between path-connected topological spaces. If the induced
homomorphism w1 (f): m(X) — 71 (Y) is surjective and has amenable kernel,
then HY (f;R): Hy(Y;R) — Hp (X;R) is an isometric isomorphism.

3.4 Duality

Bounded cohomology of groups and spaces may be used to compute the ['-semi-
norm of homology classes. For what follows, let (-,-): H{'(X;V) x H,(X;V) —
V' be the map given by evaluation of cochains on chains.

Proposition 3.4 (duality principle [Fril7, Lemma 6.1]). Let X be a topological
space and let o € H, (X;R). Then

lally = sup{(8, @) | B € Hy'(X;R), [|Blloc <1}.
Moreover, the supremum is achieved.

Cocycles 5 € CJ'(X,R) that satisfy ||5]lcc =1 and ([8], o) = ||a||1 are called
extremal for .

Corollary 3.5 (mapping theorem for the [!-semi-norm). Let f: X — Y be a
continuous map between path-connected topological spaces. If the induced homo-
morphism w1 (f): m(X) — m(Y) is surjective and has amenable kernel, then
Ho(f;R): Ho(X;R) — Ho(Y;R) is isometric with respect to the I*-semi-norm.

Proof. We only need to combine the duality principle (Proposition 3.4) with the
mapping theorem in bounded cohomology (Theorem 3.3). O

3.5 Alternating cochains

Recall that V' denotes R or Z and let a € C}'(G; V') be a bounded homogeneous
cochain. We say that « is alternating, if for every gg,...,9, € G and every
permutation o € S,,;1 we have that

a(ga’(O)> s 790’(77.)) = Sigl'l(O') : a(QO? B ugn)
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Every (bounded) cochain o € CJ'(G; R) has an associated alternating (bounded)
cochain alt"(«) defined via

alt"(a)(go, - -+, gn) = T Z sign(a) - a(go(0)s - - > Go(n))-
(n+1)!

oESn4+1

Observe that ||alt” (@)]co < ||a]|oc- The subcomplex of alternating cochains is

denoted by Cy',;(G; V). It is well-known that one can compute real bounded

cohomology using alternating cochains:

Proposition 3.6 ([Fril7, Proposition 4.26]). Let G be a group. The com-
plex C3 1.(G,R) isometrically computes the bounded cohomology with real coef-
ﬁcients’. Moreover, for every a € CJ'(G,R) the cocycle alty («) represents the
same class as o in H'(G;R).

3.6 Euler class and the orientation cocycle

We describe the Euler class associated to a circle action. For details we refer to
the literature [BFH16, Ghy87].

For three points x1,r2, 23 € S on the circle let Or(zy, 22, 23) € {—1,0,1}
be the (respective) circular order. The group Homeo™ (S!) of orientation pre-
serving homeomorphisms on the circle preserves Or € CZ(S;Z) C C?*(SY,Z)
and satisfies a (homogeneous) cocycle condition. Hence, Or induces a (bounded)
cocycle on Homeo™ (S'): For £ € S!, the map

(91,92, 93) = Or(g1.£, 92.€, 93.8)

is a cocycle in CZ(Homeo'(S1);Z) and the bounded cohomology class is in-
dependent of the choice of the point £. It turns out that this class is divisible
by 2, i.e., there is a cocycle Eu € CZ(Homeo™ (S*); Z), called Euler cocycle, with
—2 - [Eu] = [Or] in HZ(Homeo™ (S');Z).

Remark 3.7. Let H := Homeo™ (S'). For Euler classes (and the orientation
cocycle) we will use the following notation: Capital letters (Eu) denote cocycles
and lower case letters (eu) denote classes. The classes e’ € H?(H;Z), eu® €
H?(H;R), eu” € H?(H;Z) and euj € HZ(H;R) are the ones represented by
Eu in the corresponding cohomology groups. If a group G acts on the circle
by p: G — Homeo™ (S'), and « is a class or a cocycle defined on Homeo™ (S*)
then p*a will be the pullback of o via p. If I' < Homeo™ (S') is a subgroup of
Homeo™ (S1), then we will denote the restriction of a class or a cocycle a to T
by Ta. Hence, for example, Feu]}} € H, g (T'; R) denotes the restriction of the real
bounded Euler class to I'.

Let G be a group with a circle action p: G — Homeo™ (S'). Then p*eu” €
H?(G;Z) is called the Euler class associated to the action p. The Euler class
induces a central extension

1 7 G G 1

of G by Z, the associated Fuler extension G. This group has the following
explicit description. It is the group defined on the set Z x G with multiplication
(z,9)-(2',¢)=(z+ 2 +p*Eu(l,9,9-¢'),9-¢'). Euler extensions are useful for
constructing groups with controlled stable commutator length; see Section 5.
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We note that p*Or™ is extremal (in the sense of Proposition 3.4) for surface
groups:

Example 3.8. Let g € N>, and let ¥, be an oriented closed connected sur-
face of genus g € N>o. Recall that ||[¥,]r|1 = ||X4]| = 49 — 4, where [¥y]r €
H5(T'y;Z) denotes the fundamental class and I'y = 7m1(X,). Then I'y induces
an action on its boundary. By identifying o', = S', we obtain a circle ac-
tion p: 'y — Homeo™ (S1) and

(Ip"Or%, [Zglr) = —2- (p"eull, [Sgla) = ~2- x(Sg) = 4-g — 4 = |,

ie., p*Or € CE(T'y;R) is an extremal cocycle for the fundamental class [Sy]g.
Indeed, it is the renormalised volume cocycle of ideal simplices in H?; see [BK0S)].

4 Stable commutator length

In recent years the topic of stable commutator length (scl) has seen a vast
developemet thanks largely to Calegari and his coauthors [Cal09a]. In this
section, we will only give a brief overview of scl. The definition and basic
properties will be given in Section 4.1. A useful tool to compute scl is Bavard’s
duality theorem, described in Section 4.2. We discuss examples and general
properties of scl in Section 4.3.

4.1 Definition and basic properties

For a group G let G’ be its commutator subgroup. The commutator length clg g
of an element g € G’ is defined as

clgg = min{n eEN ’ E|$17-~~yzn:y1:-~~7ynEG 9= [«%'172/1] T [xﬂvyn]}’

where [z,y] := xyx~'y~!. The stable commutator length of g in G is defined as

1 n
sclg g ;== lim M
n— 00 n
If g1,...,9m € G are such that g1 --- g, € G', we will call g1 + - + g, & chain
and define the corresponding (stable) commutator length on chains by

ca(gr +- 4+ gm) = mineaclg(tlgltfl . ~tmgmt;n1), and

t1,etm
_cg(gp o+ gh
sclg(gr 4+ -+ gm) = lim c(gi g )

n— 00 n

If ¢: G — H is a group homomorphism, then sclg g > scly ¢(g) for all g €
G’; the analogous result holds for chains. In particular, scl is invariant under
automorphisms, whence under conjugation. Thus, scl on single chains agrees
with the usual definition of stable commutator length.

Stable commutator length has the following geometric interpretation: If X
is a connected topological space and v: S' — X is a loop, then the stable
commutator length of the associated element [y] € m1(X) measures the least
complexity of the surface needed to bound v (we will not use this interpretation
in this paper). In Section 6.2, we will describe yet another interpretation of scl,
namely as a topological stable-filling invariant.
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4.2 Bavard’s duality theorem and bounded cohomology

Let G be a group. A map ¢: G — R is called a quasimorphism if there is a
constant C' > 0 such that

Ygnea |0(g) +d(h) —olg-h)| < C.

The smallest such C' is called the defect of ¢ and is denoted by D(¢). A quasi-
morphism ¢ is homogeneous if in addition we have that ¢(¢g") = n - ¢(g) for all
g € G, n € Z. Every quasimorphism ¢: G — R is in bounded distance to a
unique homogeneous quasimorphism ¢: G — R, defined by setting

_ . ¢ e

3(g) = lm 29

n—oo N

for every g € G. Moreover, it is well-known that D(¢) < 2 - D(¢) [Cal09a,
Lemma 2.58]. Analogously to the duality principle (Proposition 3.4) we may
compute scl using homogeneous quasimorphisms:

Theorem 4.1 (Bavard’s duality theorem [Bav9l]). Let G be a group and let
g€ G'. Then
[9(9)l
sclg g = sup ———,
s 2-D(¢)
where the supremum is taken over all homogeneous quasimorphisms ¢: G — R.
Moreover, this supremum is achieved by an extremal quasimorphism.

Remark 4.2. (Homogeneous) quasimorphisms are intimately related to second
bounded real cohomology. Using the inhomogeneous resolution, it can be seen
that the kernel of ¢Z: H?(G;R) — H?(G;R) corresponds to the space of ho-
mogeneous quasimorphisms modulo Hom(G,R). It follows then from Bavard’s
dualtiy theorem that the comparison map ¢ : HZ(G;R) — H?(G;R) is injective
if and only if sclg vanishes on G.

It is well known that H?(G;R) vanishes if G is abelian [Gro82]. Thus every
homogeneous quasimorphism on an abelian group is an honest homomorphism.

4.3 Examples

We collect some known results for stable commutator length.

In Sections 6 and 8 we will promote scl in a finitely presented group G to
the simplicial volume of manifolds in higher dimension. For this we need to
assert that Ho(G;R) vanishes. Thus, we will have a particular emphasis on this
condition in the examples.

4.3.1 Vanishing

An element g € G’ may satisfy that sclg g = 0 for “trivial” reasons, such as if
g is torsion or if g is conjugate to its inverse. There are many classes of groups
where — besides these trivial reasons — stable commutator length vanishes on the
whole group. Recall that this is equivalent to the injectivity of the comparison
map c%: H}(G;R) — H?(G;R). Examples include:

e amenable groups: This follows from the vanishing of H?(G;R) for every
amenable group G by a result of Trauber [Gro82],
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e irreducible lattices in semisimple Lie groups of rank at least 2 [BM02], and

e subgroups of the group PL™(I) of piecewise linear transformations of the
interval [Cal07].

4.3.2 Non-abelian free groups

In contrast, Duncan and Howie [DH91] showed that every element g € F' \ {e}
in the commutator subgroup of a non-abelian free group F' satisfies sclp g > 1/2.
In a sequence of papers [Cal09b, Call1] Calegari showed that stable commutator
length is rational in free groups and that every rational number mod 1 is realised
as the stable commutator length of some element in the free group. Moreover,
he gave an explicit, polynomial time algorithm to compute stable commutator
length in free groups. This revealed a surprising distribution of those values.
We note that these results generalise to free products of cyclic groups [Wall3]
and that all these groups G satisfy Ha(G;R) = 0.

4.3.3 Gaps and groups of non-positive curvature

A group G has a gap in scl if there is a constant C' > 0 such that for every
group element g, we have sclg g > C unless sclg g = 0 for “trivial” reasons such
as torsion or if g is conjugate to its inverse.

In the previous example, we already have seen that non-abelian free groups
have a gap in stable commutator length of 1/2. This result has recently been gen-
eralised to right-angled Artin groups [Heul9b]. Many classes of non-positively
curved groups have a gap in scl, though this gap may not be uniform in the
whole class of groups. Prominent examples include hyperbolic groups [CF10],
mapping class groups [BBF16], free products of torsion-free groups [Chel8] and
amalgamated free products [CFL16, Heul9b, CH19].

4.3.4 Hyperelliptic mapping class groups

Let g € N, let « € M, be the mapping class of a hyperelliptic involution of the
orientable closed connected surface ¥, of genus g, and let

Hy={zeMy|v-z- " =2} M,

be the hyperelliptic mapping class group of ¥4. The group H, is finitely pre-
sented [BHT71] and satisfies Ho(H4;R) = 0 [Kaw97, Corollary 3.3][BC91, The-
orem 1.1][BCPO1]. We now let g > 2. Let t € H, be a Dehn twist about a
t-invariant non-separating curve on ;. Then we have

1 1

0 ——  <scly t< :
1-(2g+1) =M =970 g+ 3+ 1/g)

the first estimate is a computation by Monden [Monl2, Theorem 1.2] (simi-
lar estimates also appear in the work of Endo and Kotschick [EKO01, proof of
Corollary 8]), the second estimate is due to Calegari, Monden, Sato [CMS14,
Theorem 1.7].
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5 The universal central extension of Thompson’s
group T'

Thompson’s group T was introduced in 1965 by Richard Thompson as the first
example of an infinite but finitely presented simple group. It is the subgroup
of PL(S') which maps dyadic rationals to dyadic rationals, with dyadic break-
points and where each derivative — if defined — is an integer power of 2 (here,
we identify R/Z = S') [CFP96).

Stable commutator length on Thompsons’s group T vanishes [Cal09a, Chap-
ter 5], but interesting values for stable commutator length arise on the central
extensions of T and its generalisations associated to the Euler class [Zhu08] (for
the definition of the Euler extension, see Section 3.6).

In this section, we extend these results about stable commutator length on
these extensions to the universal central extension E of T'. For a perfect group G
the universal central extension G is the unique group that is a Schur covering
group of G. It satisfies that Hy(G;Z) = 0 and H2(G;Z) = 0 and there is an
explicit construction of G in terms of G and H?(G;Z) (which we recall during
the proof of Proposition 5.1).

Proposition 5.1. The universal central extension E of Thompson’s group T is
finitely presented and satisfies that H1(E;Z) = 0 = Ho(E;Z). For every non-
negative rational number ¢ € Qx¢, there is an element e, € E with sclgeq = q.

In Section 5.1, we recall results of Zhuang [Zhu08], which describe stable
commutator length on the central extension T of T associated to the Euler class.
Using information on the (bounded) 2-cohomology of Thompson’s group T" (Sec-
tion 5.2), we reduce stable commutator length on F to stable commutator length

on T and show Proposition 5.1 (Section 5.3).

5.1 The Euler central extension of Thompson’s group T

We recall the connection between stable commutator length and rotation num-
ber. This connection has been established by Barge and Ghys [BG88] and has
been used by Zhuang [Zhu08] to construct finitely presented groups with tran-
scendental stable commutator length.

Theorem 5.2 ([BG88, Zhu08)). Let T be the central extension of Thompson’s
group T associated to the Euler class Ten” € H*(T;Z). Then there is a homo-
geneous quasimorphism rot: T >R of defect 1, called rotation number, that
generates the space of homogeneous quasimorphisms. Hence, for allt € T,

The rotation number is well studied and has a geometric meaning [BFH16].
Hence, one obtains the full spectrum of stable commutator length for 7.

Corollary 5.3 ([Cal09a]). Let T be the central extension of Thompson’s group T
by the Buler class. Then the image of stable commutator length on T is Q>¢.

Proof. Ghys and Sergiescu [GS87] showed that the rotation number on T is
rational. Moreover, it is well known that every rational number is realised as



5 The universal central extension of Thompson's group T 15

such a rotation number. To see this observe that for every integer n € N there
is an element ¢, € T with a periodic orbit of size n that cyclically permutes
the elements of this orbit. An appropriate lift ¢, of this element to T will
satisfy rotf, = 1/n. By taking powers of such elements we may realise every
rational as a rotation number in 7. O

However, Ghys and Sergiescu [GS87] showed that Hy(T;Z) = Z. Thus, we

cannot apply Theorem C to the group T.

5.2 (Bounded) 2-cohomology of Thompson’s group 7'

The cohomology of Thompson’s group 1T° was computed by Ghys and Sergi-
escu [GS87]. Ghys and Sergiescu showed that the 2-cohomology H?(T;Z) is
generated by the Euler class Teu? (see Section 3.6) and another class «, which
has the following combinatorial description.

For a function ¢: S! — R that admits limits on both sides at every point
in S, let ¢(z) be the right and let ¢(x_) be the left limit at € S. In this
case, set A¢(z) := ¢(x4) — ¢(x—). Moreover, for an element u € T we denote
by u!.(z) the right derivative of u at € S1, i.e., ul(z) = u'(z4).

Definition 5.4 (discrete Godbillon-Vey cocycle [GS87, Theorem E]). The dis-
crete Godbillon-Vey cocycle gv: T x T — 7Z is defined as

gv(uv) = Y

zeS?T

logs (v);. log, (u o v);. (z)
Alogy(v);  Alogy(uowv);

r

where the (finite) sum runs over all z € S* that are breakpoints of v, u or uow.

The map gv is an inhomogeneous cocycle. In this section only we will use
inhomogeneous cocycles as they are better to work with in the context of cen-
tral extensions; the precise definition can for instance be found in Frigerio’s
book [Fril7, Chapter 1.7].

Theorem 5.5 ([GS87, Corollary C, Theorem E|). Thompson’s group T sat-
isfies that H*(T;7) = 7. @ 7. Free generators are the Euler class Teu” and a
class . This class satisfies that 2-a = [gv] € H(G;Z), where gV is the discrete
Godbillon-Vey cocycle (Definition 5.4).

For what follows we will also need to compute the bounded cohomology of T’
in degree 2.

Proposition 5.6. The class « € H*(T;7Z) from Theorem 5.5 cannot be repre-
sented by a bounded cocycle, i.e., a is not in the image of the comparison map
HZ(T;Z) — H?*(T;Z). In particular, we have that

HE(T;R) =R,
generated by the Euler class.

Proof. Note that it is enough to show the unboundedness statement for [gv] as
2 - a = [gV] (Theorem 5.5). We will show the proposition by evaluating gv on

the subgroup Z2 = (a,b)7 C T, where a and b are the elements depicted in
Figure 1.
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7
s>t
31
4
1 1
2 2
3T
8
1_
8
1 1 1 1 1 1
1 5 7 11 1
2 8 8 8 4 2

Figure 1: The generators a (left) and b (right).

Claim 5.7. The cocycle gv restricts on {(a,b)r to a cocycle representing a non-
trivial element of H*(Z*,7) = Z.

Proof of Claim 5.7. This claim is implicitly stated in the work of Ghys and
Sergiescu [GS87, proof of Lemma 4.6]. For the convenience of the reader we
provide an explicit proof here.

Observe that (i,4') — gv(a’,a’) is a (inhomogeneous) 2-cocycle on Z. Since
H2(Z;7) = 0, we see that there is a function f: Z — Z such that gv(a’,a’) =
f@)+ f(@') — f(i+4) for all i,7’ € Z. Similarly, we see that there is a function
g: Z — 7 such that gv(b/,b7") = g(4) + g(j') — g(j + j'). Observe that we have

0 0

logy(a’)!.  logy(ai™i')!
go(a’) ga( ) () = ’O 0’ =0

Alogy(a'),  Alogy(a™*");

for any x € [0,1/2) and that

log, (a'),  logy(a* ) | ) o) |i i)
Alog,(a’);,  Alogy(a™*™), BAREY
This way we see that
i ; Cg (i i log, (at)!, log, (a %)
fO+ f@) = fli+4i) =gv(a’,a") = Z g2(a’) 8o ) (x)

Alogz(ai)l A10g2(ai+i/);

x€(1/2,1] r
_ oy | R o by )
- ing\/ i+i pi+g'
we(1/2,1) AIOgQ(a b )r AIOgQ(a v )r

for all 4, 4,4',j’ € Z. Similarly, we see that

>

z€(0,1/2)

- >

2€(0,1/2)

IOgQ(bj); 10gz(bj+j/)l

T

)+ 9(7") — g(j +5) = g7, b |
9(5) +9(") — 9(i + ') =&/, V) Alogy (b)), Alogy(bF7);,

()

logy(a’s);  logy (a7 H7"),

Alog,(a't’)! A logQ(ai+i/bj+j/)’T ().
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We moreover calculate

logy(a'b);  logy(a™ BT |y ] (i +1')
Alogy(a't),  Alogy(al W+ ) |7 T (i =) i+ =5 =7)
i
jJ'

Putting the above calculations together, we can now compute the restriction
of gv to (a,b)r. For all i,5,4',j' € Z we see that

logy(a’b);  logy(a™'b/ "),

av(a't,a' b)) = o R
B Y) = D | N logy (@b, Alogy(a b+, @)

reS!
_ ; ; + 60 fo((ir ), (7', 7)) + 0 g0 (3, ), (7, 37)),

where fo(i,7) := f(i) and go(4,7) := g(j). Hence, evaluating gv on a funda-
mental cycle shows that gv restricted to (a,b)r represents twice a generator
of H?(Z?;Z) = 7. This proves Claim 5.7. O

It is well-known that non-trivial elements of H?(Z?;Z) cannot be represented
by a bounded cocycle (Z? is amenable). Hence, also [gv] cannot be represented
by a bounded cocycle, which proves the first part of Proposition 5.6.

Stable commutator length vanishes on T' (Example 4.3.1) and so the compar-
ison map c%: HZ(T;R) — H?(T;R) is injective (Remark 4.2). We now assume
for a contradiction that A-Teu® + p-a € H?(T;R) lies in the image of the com-
parison map c&: HZ(T;R) — H?(T;R) and pu # 0. As Teu® is bounded and
(a,b)r is amenable, Teu® restricts to a trivial class on (a, b)7. Thus A-Teu®+p-a
restricts to 4 - o on (a,b)r and generates H?(Z?;R) (by Claim 5.7). This is a
contradiction as these classes are not bounded. Hence, the only classes in the
image of ¢ are multiples of Teu®. We conclude that

HZ(T;R) >R,

generated by the Euler class. This completes the proof of Proposition 5.6. [

5.3 Proof of Proposition 5.1

We will now prove Proposition 5.1 by explicitly computing the quasimorphisms
on F and then invoking Bavard’s duality theorem. We note that there is an
alternative proof using diagrams by applying Gromov’s mapping theorem. A
variation of this may be found in the forthcoming paper [HL19b, Section 3.3].

Proof of Proposition 5.1. As E arises as a group extension of finitely presented
groups it is itself finitely presented. The group T is simple [CFP96] and thus
in particular perfect. The universal central extension E of a perfect group T
always satisfies that Hy(F;Z) =2 0= Hy(F;Z) [Wei94, Chapter 6.9].

It remains to show that every rational number g € QQ is the stable commu-
tator length of some element ¢, € E. For this note that £ may be explicitly
described as the group on the set Z? x T with multiplication

i i’ ’ i+z”+TEu(t,t’)) ./)
()0 ((5)-#) = (555505 ) 2 1):
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where T Eu (resp. A) is an inhomogeneous cocycle representing Teu? € H?(T;Z)
(resp. a € H?(T;7Z)). Similarly T' may be described as the set Z x T with group
multiplication (i,t) x (i',t') — (i + 4 +T Bu(t,t'),t - t').

Claim 5.8. For every (ig,tg) € T, we have that sclz (i, to) = SC]E((%)) ,to).

Proof of Claim 5.8. The homomorphism x: E — T defined by k: ( ) , )
(i,t) shows by monotonicity of scl that sclE((ig) ,to) > sclz n((lg) ,to) =
sclz(ig, to). We now prove the converse inequality.

Let ¢: E — R be a homogeneous extremal quasimorphism to the element
(( %) ) , to). Then ¢ restricted to the centre of E is a homogeneous quasimorphism
on an abelian group, and thus a homomorphism; see Remark 4.2. Thus there
are constants Agy, Ax € R such that ¢((}),id) = Agu-i+Aa-j forall i,j € Z.

We will first show that Ay = 0. For every element z in the centre and an
element e € E, the group (z,e) generated by z and e is abelian and hence ¢
restricts to a homomorphism on (z, e) by again using Remark 4.2. Hence we have
#(z-e) = ¢(2) + ¢(e) for all z in the centre and e € E. We define A € C%(T;R)
as A(t,t") == 6'¢(((9).t),((§),t)) for all t,# € T. Then A is uniformly
bounded, because ¢ is a quasimorphism. We compute

At t)=6((3).8) +o((D).1) —o(((3).1) - (().1))
(

= 5 7/) L, /) >\Eu Eu ( ) )‘AA(t7t/)
for all t,¢’ € T and for ¢: T — R defined via ¢: t — ¢((9),¢). Thus
A -A =68 = —Agy T Eu—A

and hence Aa - A — 6'9 defines a bounded cocycle as the right hand side is
uniformly bounded. If Ay # 0, then this would imply that o may be represented
by a bounded cocycle, which would contradict Proposition 5.6. Thus Ax = 0.

Define a quasimorphism ¢z on T by setting ¢4(i,t) = ¢((§),t) and observe
that ¢z is homogeneous as well and that ¢z(io,t0) = ¢((%9),t0)). For all
i,1',7,5 € Z,t,t' € T we compute that

5o(((1)0), ((2):#)) = 8", t) = M Bu(t,#) = 6 6((, 1), (7,1))

and thus D(¢) = D(¢57).
Using Bavard’s duality theorem we compute

= (g, o) ¢ .
scl=(io, to) > %g(t;s) _ ¢(§f)<)¢)0) — selp((®) , to).

This proves the other inequality and thus finishes the proof of Claim 5.8. O

We may now finish the proof of Proposition 5.1. Every ¢ € Q>¢ is the stable

commutator length of some element ¢, € T by Corollary 5.3. Using Claim 5.8,
we may construct an element e, € E with sclg eq = sclpty = q. O
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6 Fillings

Stable commutator length can be interpreted as a homological filling norm (Sec-
tion 6.2). After recalling the basic notions and properties, we will use this in-
terpretation to compute the {!-semi-norm of classes related to decomposable
relators and thus prove Theorem C (Section 6.3). This will allow us to establish
the group-theoretic version of the no-gap theorem (Theorem D); for the proof of
theorem C and Theorem D, we will only need the filling norm in dimension 2, as
already considered by Bavard [Bav91] and Calegari [Cal09a, Chapter 2.5/2.6].
Moreover, we will explain how in the higher-dimensional case the simplicial
volume of manifolds can also be viewed as a filling norm (Section 6.4).

6.1 Stable filling norms
We first recall the stable filling norm for the bar complex. We will then extend

this notion to topological spaces and higher degrees. For a group G, the bar
complex C4(G;R) (computing He(G;R)) has the following form in low degrees:
We have C;(G;R) = R[G] and 9; = 0 as well as Co(G;R) = R[G]? and
d2: C2(G5R) = C1(G5R)
GxG>(g,h)—»g+h—g-h.
Moreover, the chain modules of Cy(G;R) are endowed with the /*-norm corre-
sponding to the bar bases.
Definition 6.1 ((stable) filling norm). Let G be a group.
o If ¢ € 9Cy(G;R), the filling norm of c is defined as

fillg ¢ := inf{|b]1 | b € C2(G;R), 9b=c}.

e Let m € Nandlet rq,...,7,, € G'. The stable filling norm of r1+-- -+,
is defined as

1
sillg(ry + - + 1) := lim — - fillg(rP 4 +77).

n—o00 N,

Notice that the limit in the definition of the stable filling norm indeed ex-
ists [Cal09a, p. 34].

For the generalisation to topological spaces, we replace group elements by
loops (or maps from simplicial spheres) and we replace taking powers of group
elements by composition with self-maps of spheres of the corresponding degree.

Definition 6.2 (topological (stable) filling norms). Let d € N, let X be a
topological space, and let o: OA? — X be continuous.

e If c € O(Cy(X;R)), the filling norm of ¢ is defined as
fillx ¢ :=inf{|b]1 | b € Ca(X;R), b= c}.
e The filling norm of o is then defined as
fillx o = filly ¢, = inf{|b1 | b € Ca(X;R), Ob=co},

where ¢, 1= Cyq_1(0;R)(0idpaa) € Cyq—1(X;R) is the canonical singular
cycle associated with o.
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e The stable filling norm of o is defined as

fill
sfilly o == lim LW
n—o00 n
where for n € N, we write w,,: 0A? — A for “the” standard self-map
of OA? =2 §4=1 of degree n and o[n] := 7 o w,.

e IfmeNandoy,...,0m: OA? — X are continuous maps, then we define
fillx(o1+ -+ o) :=fillx(co, + -+ ¢5,,)

1
sfillx (o1 + -+ 4+ 05) := lim — - filly (o1[n] + - - + o[n])

n—oo M

Remark 6.3 (existence of the stabilisation limit). The limits in the situation
of the definition above indeed exist: For notational convenience, we only prove
the existence in the case of sfillx o; the general case can be proved in the same
way (with additional indices). The argument is similar to the one for the stable
filling norm in the bar complex. The only complication is that, in order to
compare different “powers”, we will need to use the uniform boundary condition
for Cy(0A%L;R).

Because 7 (0A?) is amenable, there exists a constant K € R-( with the
following property [MMS85, FL19]: For every z € 9(Cq(0A%; R)) there is a b €
C4(0A% R) with

z=0b and |b); <K -|z|;.
If n,m € N, then the chains ¢, + ¢y, and ¢y, ,,, are homologous in the

complex Co(0A% R) (because degw, + degw,, = n +m = degwy,m). Thus,
there exists a chain by, ,, € C4(0A%R) such that

Cwpym = Cwp = Cwp = Obpand  |by i < K-3-(d+1).
Hence, for every continuous map o: A% — X we obtain

Coln+m] — Con] — Colm] = acd(a; R)(bn,m) and
|C’d(0;R)(bn7m)|1 <|bnmhh <K-3-(d+1),

and so
fillx o[n +m] < fillx on] +fillxy o[m] + K -3 - (d + 1).

Now elementary analysis shows that the limit lim,, o, 1/n-fillx o[n] does exist.

Remark 6.4 (change of the self-maps). The map w,, is only unique up to homo-
topy, but homotopic choices for w,, lead to the same stable filling norm; this can
be seen using the uniform boundary condition as in the proof of the existence
of the stable filling limits (Remark 6.3). Therefore, this ambiguity will be of no
consequence for us.

Remark 6.5 (change of the singular models). In the situation of Definition 6.2,
we could choose other singular cycle models of o than c,: If ¢’ € Cd,l(aAd; R)
is a fundamental cycle of A, if b € Cy(0A%;R) satisfies b’ = ¢/ — ¢, and if
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e = Cy_1(o;R)(¢), then
A
sfillx o = nhﬁrr;o - ~inf{[bl1 | b € C4(X;R), Ob = copn)}

= lim l . lnf{‘b + Cd(O'[’I’L],R))(b/)|1 | be Cd(XaR)v b = ca[n]}

n—00 N,

= lim 3-mf{|b\1 | be Ca(X;R), 9b=clp,}-

n—o00 N,

For the second equality, we use that |Cy(o[n]; R)(6')]1 < |V']; holds for all n € N
(so that the difference in norm is negligible when taking n — o).

Remark 6.6 (bar filling vs. topological filling). Let G be a group, let m € N,
and let r1,...,7, € G'. If X is a model of BG and o,...,0,,: 0A%? — X are
loops representing 71, ..., 7., respectively, then

sfillg(ry + -+ + 1) = sfillx (o1 + -+ + om)-

This can be seen as follows: The standard constructions produce chain
maps ¢: Ce(G;R) = Co(X;R) (choosing paths in X for each group element
and inductively filling the simplices) and 1: Co(X;R) — Co(G;R) (choosing a
set-theoretic fundamental domain D for the deck transformation action on X
and looking at the translates of D that contain the vertices of the lifted sim-
plices) with the following properties:

e oy =idc,(GRr);

® pot ~idg,(x;r) through a chain homotopy h that is bounded in every
degree,

o [lel <1and [l < 1.
The first and third conditions easily imply that
fillg(r1 + -+ + 1) <fillx(o1+ -+ om);
moreover, we have 1(o;[n]) = r} for all j € {1,...,m} and all n € N. Hence,
sillg(r1 + -+ + 7r4) < sfillx (o1 + -+ + o).
Conversely, if b € Co(G; R) satisfies 9b = ry + - - - 4+ 74, then
b:=p(b) + o1+ +0m)
satisfies

b = Op(b) + Oh(o1 + - + o)
=¢(0b) o1+ Fom — oo+ 4 om)
=p(rit+trp) ot ot om =it )
=01+t -+ 0m.

Thus, fillx (o1 + -+ + 0m) < [bl1 < [bl1 + ||h]| - m. Taking the infimum over all
such b results in

fillx (o1 + -+ om) <fillg(ry + - +rm) +[|A] -m.
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Passing to the stabilisation limit, we obtain

1
sfillx (o1 + -+ 0p) = lim — -fillx (o1[n] + - -+ + o [n])

n—oo N

1
< lim = (fillg(rf + -+ 7)) + |4l - m)

n—o00 N

1
= lim —-fillg(rP+---+7r])

n—oo N m

=sfillg(ri + -+ 1rm).

6.2 Stable commutator length as filling invariant

The fact that every commutator consists of four pieces has the following gener-
alisation in terms of filling norms:

Lemma 6.7 (scl as filling invariant). Let G be a group, let m € N, and let
T1,...,7m € G'. Then

1
sclg(ri 44 7m) = 1 sfillg (1 + -+ + 7).

Proof. In the case of a single relator, this observation goes back to Bavard [Bav91,
Proposition 3.2][Cal09a, Lemma 2.69]. Calegari extended this equality to the
case of linear combinations [Cal09a, Lemma 2.77]. O

Furthermore, as Calegari [Cal08b] puts it: “One can interpret stable com-
mutator length as the infimum of the L' norm (suitably normalized) on chains
representing a certain (relative) class in group homology.” We will prove this
statement in Corollary 6.9 as a special case of the following generalisation:

Proposition 6.8 (relative /'-semi-norm as filling invariant). Let Z be a CW-
complez, let m € N, d € N>o, let 0Z C Z be a subspace that is homeomorphic
to I1,, OAY and such that the inclusions oy, ...,0m: OA? = Z of the m com-
ponents of 0Z into Z are mwi-injective (this is automatic if d > 3).

1. If B € Hy(Z,0Z;R) with 0 = [0Z]r, then
1811 > sfillz (a1 + - - - + o).

2. If the connecting homomorphism 0: Hq(Z,0Z;R) — Hy_1(0Z;R) is an
isomorphism and if 8 € Hy(Z,0Z;R) is the class with 08 = [0Z]r, then

18|y = sfillz (01 + - - - + o).

Proof. We first show the estimate sfillz(c1 + -+ 4+ 0,,) < ||8]]1: Clearly, the
group 7 (0A?) is amenable; because o1, . . ., 0,, are mi-injective, the equivalence
theorem [Gro82][BBFT14, Corollary 6] ensures that for every ¢ € R-q there
exists a relative cycle ¢ € Cy(Z;R) representing 8 in Hy(Z,0Z;R) with

el < I8l +¢ and |9l <. (1)

Moreover, because the fundamental group of the m components of 0Z are
amenable, there exists a constant K € R+ implementing the uniform boundary
condition [MM85]: For every z € 9(Cy(0Z;R)) there is a b € Cy(0Z;R) with

z=0b and |b); < K -|z|;.
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Let € € Ry, let ¢ be a relative cycle as in (1), and let n € N with n > 1/e.
Then 2z := dc — 1/n - (Coyn) + -+ + Copn)) € Ca—1(0Z;R) is a boundary (both
summands are fundamental cycles of 3Z). Hence, there exists a b € C4(0Z;R)
with

1
Ob=0c = — - (Co\n +++ + Cq,um)  and

1 d+1
bl < K - [0 = (Corpu + -+ + Coia) =)

<K- (e +m
1
<K-(1+m-(d+1))-e
The chain n - (¢ — b) € C4(Z;R) then witnesses that

1
—n-le—bl1 =]c—by
n

1Bl +e+ K- (1+m-(d+1)) e

IN

% . ﬁllz(O’l[n] +--+ U’m[n])

A

Taking first n — oo and then e — 0 shows that sfillz (o1 + -+ + o) < |81

Conversely, we will now prove that ||3]|; < sfillz(o1 + -+ + 04,) under the
additional assumption that 0: Hqy(Z,0Z;R) — Hy_1(0Z;R) is an isomorphism:
Let n € Nyg and let b € Cq(Z;R) with 0b = ¢4, () ++ - -+ ¢4, [n)- In particular, b
is a relative cycle for (Z,0Z); moreover, 1/n-b represents 5 (because 9(1/n-b) =
1/n - (Coyn) + -+ o, [n)) is a fundamental cycle of 7). Hence,

1
1811 < = - bl

Taking first the infimum over all such b and then n — oo yields the desired
estimate ||B||1 < sfillz(o1 + -+ + o).

O

Corollary 6.9 (scl as relative I'-semi-norm). Let G be a group with Ha(G;R) =2
0, let meN, letry,...,m, € G’ be elements of infinite order, and let X be a
model of BG. Let

Z:=XU,. (H St [o, 1])

=X Ul o) on 1L, 8* x (0) (]_[ St [o, 1])
m

be the mapping cylinder associated with (loops v1,...,7, in X representing) the
elements rq,...,7m, and let 8Z =[], S* x {1} C Z. Then there exists a
unique relative homology class B € Ho(Z,0Z;R) whose boundary class 98 is the
fundamental class of [],, S*; the class B satisfies

18Ik =4 -sclg(ri + -+ 7m).

Proof. The long exact homology sequence of the pair (Z,0Z) shows that the
connecting homomorphism 9: Hy(Z,0Z;R) — H1(0Z;R) is an isomorphism
(by hypothesis, Ha(Z;R) = Hy(X;R) = H3(G;R) 22 0, and the inclusion 07 —

Z induces the trivial homomorphism on Hi( - ; R) because r1, ..., 7, are in the
commutator subgroup of ). This shows the existence of 3.
Because r1,...,7, € G’ all have infinite order, the corresponding inclu-

sions o1, ...,0m: O0A% — Z of the components of Z into Z are m;-injective.
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Applying Proposition 6.8 (using S* = 9A?), we obtain
1Bll1 = sfillz (a1 + - - + o).
In combination with Remark 6.6 and Lemma 6.7, this shows that
1Bll1 = sfillpsy(r1 + -+ +7rm) =4 -sclg(ry + - + 7). O

Corollary 6.10 (scl as relative I'-semi-norm; free groups). Let S be a set, let
meN, letry,...,rym € F(S) be non-trivial, let

2:=(\/8") Uno (115" % [0,1])
s m
:: <\S/ Sl) ULIm, 5 on L1, 5" x {0} (],;[ St [o, ﬂ)

be the mapping cylinder associated with (loops 1, ...,y representing) ri, ..., 'm,
and let 07 :=1],, S* x {1} C Z. Moreover, let B € Ho(Z,0Z;R) be the relative
homology class whose boundary class 0f is the fundamental class of 11, St
Then

18Ik =4 -sclg(r1 + -+ 7m).

Proof. Clearly, \/4S* is a model of BF(S) and H2(F(S);R) = 0. Therefore,
we can apply Corollary 6.9. O

6.3 Decomposable relators

The filling view allows us to compute the ['-semi-norm for certain classes in
degree 2 associated to “decomposable relators” in terms of stable commutator
length. Let us first describe these homology classes:

Setup 6.11 (decomposable relators I). Let G; and G2 be groups that sat-
isfy Ho(G1;R) 20 and Ha(G2;R) 20 and let r1 € GY, o € G4 be elements of
infinite order. We then consider the glued group

D(G1,Ga,11,72) := (G1 % G2)/(r1 - 12)" = G4 %z Go,

where the amalgamation homomorphisms Z — G and Z — G4 are given by rq
and ry ! respectively.

Associated with this situation, there is a canonical homology class a €
Hy(D(G1,G2,m1,72);R): Let X; and X5 be classifying spaces for G and G,
respectively. We consider the cylinder spaces

Z =Xy Ur1 on St x {0} (Sl X [07 1])

Z2 = X2 U'r'g on S* x {0} (Sl X [07 1])
for the relators r; and ro, respectively. Then
P =71 U )~z 22

is a CW-complex such that the canonical maps Z; — P and Zs — P induce an
isomorphism m (P) & D(G1, Ga,r1,12) =: G.
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Let 31 € Ha(Z1,S' x {1};R) and By € Ha(Z2, S x {1};R) be the relative
classes whose boundaries are fundamental classes of S* x {1} (corresponding to
the relators r1 and rq, respectively). Moreover, let & € Ha(P;R) be the class
obtained by glueing 8; and 2. Then, we define a € Hy(G;R) as the image
of @ under the classifying map P — BG (which is induced by the canonical
maps Z; — P and Zy — P).

Remark 6.12 (integrality of the canonical class). In the situation of Setup 6.11,
the canonical homology class « is integral: It suffices to show that & € Ho(P;R)
is integral. Comparing the long exact sequences of (Z1,97Z;) with Z- and R-co-
efficients shows that 81 € Ho(Z1,0Z1;R) is an integral class. Analogously, 2
is integral. Thus, also the glued class « is integral.

Setup 6.13 (decomposable relators IT). Let G be a group with H>(G1;R) =20
and let 71,792 € G be elements of infinite order. We then consider the group

T(Gy1,r1,r2) == (Gr*(t))/(r1 - t-rg-t7)7,

where ¢ is a fresh generator of (t) = Z.
Also here, there is a canonical homology class a € Hy(T(Gy,7r1,72);R),
which is defined as follows: Let X; be a model of BG; and let

Z = X1 Uy, py (ST x [0,1] 1S x [0,1])

be the cylinder space associated with r1 and ro. Let 5 € Ho(Z,0Z;R) be the rel-
ative “fundamental” class as in Corollary 6.9. Glueing the two cylindrical ends
of Z by an orientation reversing homeomorphism leads to a CW-complex P such
that 71 (P) =2 T(G1,71,72) =: G in the obvious way (the additional generator ¢
corresponds to the loop {1} x ([0,1] Us~s [0,1]) in the looped cylinder. Let
a € Hy(P;R) be the class obtained by glueing £ to itself via the cylinder. Then
we define a € H3(G;R) as the image of & under the classifying map P — BG
(which is induced by the canonical map X; — P and the cylinder loop).

Theorem 6.14 (decomposable relators). Let Gy be a group with Hy(G1;R) = 0
and let 11 € G be an element of infinite order.

1. Let Gy also be a group with Hy(Go;R) 22 0, let ro € G be an element
of infinite order, and let « € Ha(D(G1,Ga,71,72);R) be the canonical
homology class (Setup 6.11). Then

1
lals =4 - (sclg, 71 +sclg, r2) =4 - (SC]GI*GQ (ry-rg) — 5)

2. Letro € Gy be an element of infinite order, let « € Ho(T(G1,71,72);R) be
the canonical class (Setup 6.13), and lett be the fresh letter in T(G1,71,72).
Then

1
lafly =4 -sclg, (1 +12) = 4- (Sclcl*<t>(n eyt - 5)'

Proof. In both cases, we will use that the stable commutator length and the
canonical CW-complexes of decomposable relators can be expressed in terms of
the stable commutator lengths and cylinder complexes of the sub-relators.
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Ad 1. Tt is known that [Cal09a, Proposition 2.99]

sclg,xa, (11 - 72) = sclg, 1 + sclg, 72 + 3
We will now show that ||a||; equals 4 - (sclg, 71 + sclg, 72). In the following, we
will use the notation from Setup 6.11. By construction, we have

a = Hy(c;R)(a),

where ¢: P — BD(G1,Ga,7r1,72) is the classifying map of P. The mapping
theorem (Corollary 3.5) shows that ||«||y = ||&||1. Therefore, it suffices to
compute [|&/|;.

Because 71 and 75 have infinite order, the inclusions of S' x {1} into Z;
and Zs, respectively, are mi-injective. As 71(S! x {1}) = Z is amenable, the
amenable glueing theorem [BBFT14, Section 6] shows that

lalle = 1Bl + 1 Ball1;

the proofs of Bucher et al. carry over from the manifold case to this setting,
because they established the necessary tools in bounded cohomology in this full
generality. Moreover, we know that (Corollary 6.9)

IB1lli =4 -sclg, 1 and ||B2]]1 =4 -sclg, 7.

Putting it all together, we obtain |laljy = ||a|1 = 4 - (sclg, 1 + sclg, 72), as
claimed.

Ad 2. We argue in a similar way as in the first part: In this situation, it is
known that [Cal09a, Theorem 2.101]

sclgy sy (r1 -t 12 t7Y =sclg, (11 +12) + %
We will now use the notation from Setup 6.13. The classifying map c: P —
BT(G1,71,7r2) maps & to the canonical class a € Hy(G;R) and the mapping
theorem (Corollary 3.5) shows that |||y = ||a|1.
Because r; and 75 have infinite order, we can again use the amenable glueing
theorem to deduce that

el = 118l
Moreover, Corollary 6.9 shows that

1Blly = 4 - sclg, (r1 +72).
Therefore, we obtain ||a||; = ||a1]|1 = 4 - sclg, (r1 + 2). O

In the case that G; and G5 are free groups, statements of this type are also
contained in arguments of Calegari [Cal08a, p. 2004].

Unfortunately, there does not seem to be an easy way to remove the con-
dition H3(G1;R) 2 0 in Theorem 6.14: Without this condition, we have too
much ambiguity in the proof of Proposition 6.8 to ensure integrality and norm
control simultaneously.
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6.4 Simplicial volume as filling invariant

We mention that also simplicial volume of higher-dimensional manifolds admits
a description as a filling invariant (this result will not be used in the rest of the

paper):

Theorem 6.15 (simplicial volume as filling invariant). Let d € N>, let M be
an orientable closed connected d-manifold, let T: A® — M be an embedding of
the standard d-simplex into M (i.e., T is a homeomorphism onto its image), let
A:=7(AY C M, and let 0 := T|gpa: OAY — M.

1. Then ||M \ A°, 0A| = sfillyp o 0.
2. If d > 3, then |[M|| = sfillyp\ a0 0.
8. Ifd=2 and M % S?, then | M|| = sfillyp po 0 — 2.

Proof. Ad 1. This is a special case of Proposition 6.8: We consider Z := M\ A°.
The map o: AT — M\ A° = Z is mi-injective (if d > 3, then 71 (0A?) is trivial;
if d = 2, this holds by the classification of surfaces and the assumption M 2 S2).
In view of Poincaré duality, the hypothesis on Hy(Z,0Z;R) is satisfied. We
therefore can apply Proposition 6.8 to obtain

12,02 = ||[2,82]z||, = sfill; o.

Ad 2. In view of the first part, it suffices to show that || M|| = ||[M \ A°,0A]|.
The amenable glueing theorem for simplicial volume [Gro82, BBF+14, FM18§]
shows that

1M = |\ A OA| + [|A?, 047

(because d > 3, both inclusions 0A — M \ A° and 0A — A are mi-injective).
Moreover, ||A4, dA9Y|| = 0 [Gro82]. Hence, we obtain |[M| = |[M \ A°,dA|.
Ad 3. Again, in view of the first part, it suffices to show that ||M| =
[|M\ A° OA|| — 2. In this, two-dimensional, case, this equality follows from the
classification of compact surfaces and the computation of the (relative) simplicial
volume of compact surfaces in terms of their genus [Gro82, Thu97]. O

6.5 Proof of Theorems C and D

Theorem C is a special case of Theorem 6.14 with the decomposable relators
of Setup 6.11. Let G be a group that satisfies Ho(G;R) = 0 and let € G’ be
an element of infinite order. Then we define the double D(G,r) of G and r by
setting

D(Gv ’I“) = D(Gv Ga T 7") = (Gleft * Gright)/("nleft . rright><]7

where Glegt and Ghighe are isomorphic copies of G and ryight € Gright, Tieft €
Glety are the elements corresponding to r € G. Observe that if G is finitely
presented, then so is D(G,r). As in Setup 6.11 there is a canonical integral
class a € Hy(D(G,7); R).

Corollary 6.16 (Theorem C). Let G be a group with Ha(G;R) = 0 and let
r € G’ be of infinite order. Then the canonical integral class o € Ho(D(G,7); R)
satisfies

lal]y = 8 - sclg 7.
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Proof. This is an immediate corollary of Theorem 6.14 (1). O

Applying Theorem C to the universal central extension E of Thompson’s
group T', we deduce Theorem D:

Corollary 6.17 (Theorem D). For every g € Qxg, there is a finitely presented
group G, and an integral class ag € Ho(Ggq;R) such that ||oyll1 = ¢. In par-
ticular, for every e > 0 there is a finitely presented group G and an integral
class ae € Ha(Ge;R) such that 0 < a1 < e.

Proof. Let ¢ € Q>¢. For ¢ = 0 we can take the zero class of the trivial group
(or any integral 2-class in any finitely presented amenable group).

For ¢ > 0, let 7, € E be an element in the universal central extension E of
Thompson’s group T with sclg 7, = ¢/8. Proposition 5.1 asserts that such an
element exists, that E is finitely presented and that Ho(E;Z) = 0 and hence
Hy(E;R) = 0. As sclgrq > 0 the element ry € E has infinite order.

Let G, := D(E,rq) be the double and let a; € Ha(Gg; R) be the associated
integral 2-class. Theorem C shows that

lagllh =8 -sclgry = q.

We note that one can prove the second part of Theorem D also via previously
known examples of stable commutator length (Example 4.3.4). O

7 The [!-semi-norm of products with surfaces:
Proof of Theorem E

Bucher [BKO08] computed the simplicial volume of the product of two surfaces
(see Theorem 2.10). We will use her techniques to generalise this statement to
the product of more general 2-classes. This will allow us to construct integral
4-classes whose ['-semi-norm can be expressed in terms of the {!-semi-norm of
2-classes. Theorem E will be a corollary (Corollary 7.2) of these constructions.

Theorem 7.1. Let G and T be groups, let « € Ha(G;R), and § € Ho(T;R).
Furthermore, let p: T — Homeo™ (S') be a circle action of T'. Assume further-
more that p*Or € CZ(T;R) is an extremal cocycle for B; see Section 3.6. Then
the class a x 8 € Hy(G x T';R) satisfies

3
llae > Bl = 5 - lledlx - 151

Theorem 7.1 is a strict generalisation of Bucher’s result [BK08] and our
proof follows the outline of Bucher’s work. Recall that for g > 2 we denote
the oriented closed connected surface of genus g by ¥, its fundamental group
by T'y, and its fundamental class by [¥,]r € H2(X4R) = Hy(T'y;R). Fix a
hyperbolic structure on %, and let p: I'; — Homeo™ (S!) be the corresponding
action on the boundary dI'y & S1. The cocycle p*Or € CZ(I'y; R) is extremal
to [X4]r (see Section 3.6) and satisfies

(Ip"0x), [Zgx) = ISl =49 — 4.

Therefore, we obtain the following immediate corollary to Theorem 7.1:
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Corollary 7.2 (Theorem E). Let g > 2, let G be a group, let a € Hy(G;R)
and let Ty and [E4lr € Ho(I'g;R) be as above. Then the class o X [E4]r €
Hy(G x T'y;R) satisfies

3
loox Zglall, = 5 - el - [Zll = 6+ (g = 1) - [l

Proof of Theorem 7.1. In this proof, all cocycles will be given in the homoge-
neous resolution. The upper bound holds for all classes in degree 2 (Corol-
lary 2.11). For the lower bound we will use duality (Proposition 3.4):

Let Torf := [p*Or]® = —2 . Teul € HZ(T;R) be the orientation class for the
given action p: I' — Homeo™ (S'). Moreover, let w € C2(G;R) be an extremal
cocycle for a € Ho(G;R) in the homogeneous resolution; see Proposition 3.4.
By possibly replacing w by altg(w)7 we may assume that w is alternating; see
Section 3.5. By assumption, ||w|/s < 1 and

(Wl ) = llally and (Tory,B) = |B]]:-

The cross-product w x p*Or € C#(G x T;R) of w and p*Or is defined via

w x p*Or: ((g1,7)s---,(95,75)) + w(g1,92,93) - p*Or(v3,74,75)

and satisfies

(lwx p"Or,a x B) = [lalls - 18]
This recovers the estimate ||«||1 - ||8]l1 < ||@ x 8|1 as seen in Proposition 2.9.

Claim 7.3. Let © := alt; (w x p*Or) be the associated alternating cocycle of w x
p*Or; see Section 3.5. Then ||0|« < 2/3.

Once Claim 7.3 is established, we can argue as follows: Recall that © and
w x p*Or represent the same class in H;}(G x I'; R) by Proposition 3.6. Hence,
(©,ax B) = [|alli - |B8]1. Moreover by the claim we have that ||2 -6/ < 1 and
by duality we conclude that 2 - ||a[|; - [|8][1 < [l x B]|;. Putting both estimates
together, we will obtain

3
5 lledls 1Bl = lle < Blls,

as claimed in Theorem 7.1. To complete the proof, it thus only remains to show
Claim 7.3. O

Proof of Claim 7.3. We will follow the outline of Bucher’s proof [BK08, Proposi-
tion 7], quoting parts of the proof verbatim. Let go,...,g4 € G and 7o,...,74 €
I'. Moreover, let £ € S! be a point to define Or and set z; := p(v;).€ for
all i € {0,...,4}. We will give upper bounds to |©((go,Y0),---,(g4,74))| in
different cases. By construction,

@((907 Y0)s-- -5 (94, 74))

may be written as

1 .
@ : Z SlgD(O’) : w(ga’(O)?ga'(l)vga'(Q)) . OI'(LL'O(2)7 Ty (3), 1'0(4)), (2)
g€Ss
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where Or is the orientation; see Section 3.6. Every permutation o € S5 may
be written uniquely as o = (0 12 3 4)¥ o v, where k € {0,...,4} and v € Ss
is a permutation with v(2) = 0. Using that both Or and w are alternating we
obtain that

4
1
@((90770)%"7(‘94774 - % ZA (3)
k=0
where

A(k) = w(gr0)s 97 (1) 9r(2)) - Or(Z 10y, T7(3), Tr(4))
+ w(gr(0): 9r(3)> 9r(a)) - Or(Tr(0), (1), Tr(2))
— w(gr(0), 97(1), 9r(3)) - Or (- 0),1?7(2),937 1))
— w(Gr(0), Ir(2)s 9r(a)) - Or(Tr(0)> T7(1)> Tr(3))
+ w(9r(0)s 9r(1)s 9r(4)) - Or(Z7(0), Tr(2), Tr(3))
+ w(gr(0)5 9r(2)> 97(3)) - Or(7(0), (1), Tr(a))

for 7= (0 1 2 3 4)*. Observe also that we may assume that the z; are cyclically
ordered, as © is alternating.

In what follows we will estimate the terms A(k), depending on the relative
position of the x;:

o All zg,..., x4 are distinct. As all Or-terms in A(k) equal 1 we have

( ) 9r(0)> 9r(1), 97 (2) +
9r(0)> 97(1), 9 (3)

w( ) 97(0): 97(3)» 9r(4)
—uw( ) —

+ w(gr(0)> Ir(1)> 9r(4))
= w( )
—w( )

w( )
w(g'r(O 9r(2)s 97 (4) )
(97(0)797(2) 97(3))
9r(2), 97(3)5 Ir(4) ( )
97(0)s (1), Ir(3) ( )

+w
+ w(gr ), 9r(1)> 97(2)
+w 9r(0): 9r(1): 9r(4)
for 7 = (0 1 2 3 4)*, where in the last equation we used that

0 = 0°w(gr(0) Gr(2)s Gr(3)> Gr(4))
= w(gr(z), 9r(3)s 97(4)) - W(QT(O), 97 (3)» 97(4))
+ w(gr(o), 97(2)397(4)) - W(gr(o), 97(2)797(3))

by the cocycle condition. In particular, we see that |A(k)| < 4 as [|w|eo <
1. Hence,

4
‘9((91771)>-~-7(9 iO z:: g

e Two of the x; are identical and the others are distinct. Without loss of gen-
erality assume that xo = z1. Observe that in this case Or(z;, zj, x) =0
whenever two of the x;, z;, zx, are equal to z or z1. We will estimate | A(k)|
in different cases:

— k = 0: Then A(0) = w(go,91,92) — w(go,91,93) + w(go,91,94) and
hence |A(0)] < 3.
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— k = 1: Then A(1) = w(g1,94,90) — w(g1,93,90) + w(g1,92,90) and
hence |A(1)] < 3.

— k =2: Then
A(2) = w(g2, 90, 1) — w(g2, 93, 90) — w(g2, 94, 91)
+ w(g2, 93, 91) + w(92, 94, go)-
By the cocycle condition, it follows that
0 = 6°w(g2, ga; 9o. 91)

= w(g4, 90, 91) — w(92, 90, 91) + w(g2, 94, 91) — w(g2, 94, go)-

Thereforev A(2) = w(g4vg()7gl) - w(QQvQSvgo) + w(927937gl) and so
[A(2)] < 3.

— k =3: Then
A(3) = w(93,94,90) + w(g37gl7g2) - w(g3ag4agl)
- w(g?ngOagQ) + w<g37g()7gl)
and hence |A(3)]| < 5.
— k =4: Then
A(4) = w(94, 90, 91) — w(ga; 9o, g2) — w(ga, 91, 93)
+ w(94, 90, 93) + w(9a, 91, 92)
and hence |A(4)] < 5.

Putting things together we see that

Bl =

4
’@((91771)w~~»(95775 S Z < 30 < 2/3.
k=0

e Three of the x; are identical, the other ones are different. As O is alternat-
ing we may assume that ro = 1 = 3. A permutation o € Sy for which
the Or(xg(g),xg(g),:rg(4)) term in Equation (2) is non-trivial has to map
exactly one of the elements in {2, 3,4} to one of the elements {0, 1,2}, and
has to map the remaining two elements of {2,3, 4} to {3,4}. We then have
two more choices for ¢(0) and o(1). We compute that the total number
of such permutations is 36. For all other permutations, the Or-term in
Equation (2) will vanish. We may then estimate

|@((90,’Yo)a (94, 74) | = ?;? = 13260 < ;

e Two pairs are identical and one element is different from these pairs. As-
sume without loss of generality that zo = z1, zo = z3. A permutation
o € S5 for which the Or(z, (), T (3), To(4))-term in Equation (2) is non-
trivial has to map each of {2, 3,4} to different sets {0, 1}, {2,3}, and {5}.
Moreover, there are two choices for the two elements that get mapped to
the sets with two elements. Again, there are two more choices for ¢(0)
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and o(1). We compute that there are a total of 48 such permutations. For
all other permutations the Or-term in Equation (2) will vanish. We may
then estimate

48 48 2

|©((90,70), - - -, (94,74))| < =10 <3

e If more than three of the x; are identical or if exactly three of the z;
are identical and the two remaining x; are identical, then the Or-term in
Equation (2) always vanishes and we get that

|@((90770), s (94,74))’ =0< %

In summary, in each case we have seen that

1©((90,70), -+ -5 (94, 74))| <

[SCI )

and hence ||| < Z. This finishes the proof of Claim 7.3 (and also the proof
of Theorem 7.1). O

8 Manufacturing manifolds with controlled sim-
plicial volumes

The computation of ¢!-semi-norms of 2-classes in group homology allows us to
construct manifolds with controlled simplicial volume.

This construction will involve a normed version of Thom’s realisation the-
orem, which we recall in Section 8.1. Theorem A is proven in Section 8.2 and
the theorems for dimension 4 (Theorems B and F) are proven in Section 8.3.
Finally, in Section 8.4 we discuss related problems and further research topics.

8.1 Thom’s realisation theorem

In order to turn classes in group homology into manifolds with controlled sim-
plicial volume, we will use the following normed version of Thom’s realisation
theorem:

Theorem 8.1 (normed Thom realisation). For each d € N>4, there exists a
constant K4g € Nsg with the following property: If G is a finitely presented
group (with model X of BG) and a € Hy(X;R) is an integral homology class,
then there is an oriented closed connected (smooth) d-manifold M, a continuous
map f: M — X and a number m € {1,..., K4} with

Hy(f;R) Mg =m-a and [[M] =m-|af:.
Moreover, one can choose K4 =1 and K5 = 1.

Proof. Everything except for the condition on the simplicial volume is contained
in Thom’s classical realisation theorems [NT07, Theorems I11.3, II1.4]. (Thom’s
original theorems apply to X because every singular homology class of X is
supported on a finite subcomplex; as G is finitely presented, we can choose the
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subcomplex in such a way that the inclusion into X induces a m1-isomorphism.)
One can then apply surgery to obtain a manifold representation of «, where
f+ M — X in addition is a mj-isomorphism [CL15, (proof of) Theorem 3.1]
(this will not touch the multiplier m). Therefore, the mapping theorem for the
[*-semi-norm (Corollary 3.5) shows that

1M = [[Ha(f; R)M]e ||, = lm - alls = m - [lo]). H

8.2 No gaps in higher dimensions: Proof of Theorem A

We promote the computations of /*-semi-norms in degree 2 to higher dimensions
using cross-products. The manifolds will then be provided by the normed Thom
realisation (Theorem 8.1).

Proof of Theorem A. Let d € N>4. We fix an oriented closed connected hyper-
bolic (d — 2)-manifold Ng; in particular, ||Ng4|| > 0. Moreover, let Ky € N be
the constant provided by Thom’s realisation theorem (Theorem 8.1).

Let € € R-g. By Theorem D, there exists a finitely presented group G and
an integral class o € Ho(G;R) with 0 < ||a|l1 < €. Let X be a model of BG.
Then the product class

o = ax [Nalr € Hi(X x Ng;R)

is integral and satisfies (by Proposition 2.9)
, d
0 <llafl - lINall < llo’lls < {, | - 1Vall - €.

The normed version of Thom’s realisation theorem (Theorem 8.1) provides
an orientable closed connected d-manifold M and a number m € {1,..., K4}
with

M} = m - [[a’[]:-

We conclude that J

0 Ml <
<l <

) . ||NdH . Kd - €.

As the constants on the right hand side just depend on d, this shows that there is
no gap at 0 in SV(d), the set of simplicial volumes of orientable closed connected
d-manifolds. By additivity (Remark 2.3), the set SV(d) is also dense in R>¢. [

8.3 Dimension 4: Proofs of Theorems B and F

In dimension 4, we have more control on the /!-norm of integral 4-classes in
group homology (Theorem E). This allows us to prove Theorems B and F.

Proposition 8.2. Let G be a finitely presented group and let o € Ho(G; R) be an
integral class. Then there exists an orientable closed connected 4-manifold M,
with

[Ma]l =6 - s
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Proof. We proceed as in the proof of Theorem A and consider the product class
o =ax [ZQ]R S H4(G X FQ,R)

of @ with the fundamental class [Ez]r of a surface of genus 2. Observe that o
is also integral. Then the normed Thom realisation (Theorem 8.1) shows that
there exists an orientable closed connected 4-manifold M, with || M| = [|&/]|1.
We now apply the norm computation from Corollary 7.2 and obtain

Mol =l v =6 [z O

Proof of Theorem B. We only need to combine Theorem D (which allows to
realise any non-negative rational number as {!-semi-norm of an integral 2-class
of a finitely presented group) with Proposition 8.2. O

Moreover, we can summarise the relation between stable commutator length
and simplicial volumes in dimension 4 as follows:

Corollary 8.3 (Theorem F, dimension 4, exact values via scl). Let G be a
finitely presented group with Ho(G;R) = 0 and let g € G’ be an element in
the commutator subgroup. Then there exists an orientable closed connected 4-
manifold M, with

| Mg|| =48 - sclg g.

Proof. We may assume without loss of generality that r has infinite order (oth-
erwise we can just take M = S%). We again consider the doubled group D(G, )
(as in Corollary 6.16) and the canonical homology class o € Hy(D(G,r);R),
which is integral (Remark 6.12); as G is finitely presented, also D(G, r) is finitely
presented. Applying Corollary 6.16 shows that

laf]y = 8 - sclg 7.

In combination with Proposition 8.2, we therefore obtain an orientable closed
connected 4-manifold M with

IM||=6-la|1 =48 -sclgr. O

Remark 8.4. The concrete example manifolds in the proof of Theorem B, in
general, might have different fundamental group; however, by construction, their
first Betti numbers are uniformly bounded: For each ¢ € QQ, we have

b1 (My; Q) < rkm(M,) =rkm (D(E,eq) X Fg) <2.rk E + 4.

8.4 Related problems

The techniques of this paper may be adopted to construct 4-manifolds with
transcendental simplicial volume. Theorem F reduces this problem to finding
an appropriate finitely presented group with transcendental stable commuta-
tor length. By constructing such groups explicitly, we could show that there
are 4-manifolds with arbitrarily small transcendental simplicial volume [HL19b,
Theorem A]. Moreover, we could also show that the set of simplicial volumes is
contained in the (countable) set RC=Z% of non-negative right-computable num-
bers [HL19b, Theorem BJ. It is unkown which real numbers arise as the stable
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commutator length of elements in the class of finitely presented groups. How-
ever, it is known [Heul9a] that for the class of recursively presented groups this
set is exactly RC=?,

Our techniques for manufacturing manifolds with controlled simplicial vol-
umes are based on group-theoretic methods and not on genuine manifold-geo-
metric constructions. One might wonder whether Theorem A also holds under
additional topological or geometric conditions such as asphericity or curvature
conditions.

Originally, we set out to study simplicial volume of one-relator groups and
its relation with stable commutator length. However, we then realised that some
of the techniques applied in a much broader context (with a weak homological
condition). We discuss a connection between the ['-semi-norm of the relator-
class in one-relator groups with the stable commutator length of the relator in
the free group in a separate article [HL19a].
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