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SUBGROUPS, HYPERBOLICITY AND COHOMOLOGICAL
DIMENSION FOR TOTALLY DISCONNECTED LOCALLY
COMPACT GROUPS

S. ARORA, I. CASTELLANO, G. COROB COOK, AND E. MARTINEZ-PEDROZA

ABSTRACT. This article is part of the program of studying large-scale geomet-
ric properties of totally disconnected locally compact groups, TDLC-groups,
by analogy with the theory for discrete groups. We provide a characterization
of hyperbolic TDLC-groups, in terms of homological isoperimetric inequali-
ties. This characterization is used to prove the main result of the article:
for hyperbolic TDLC-groups with rational discrete cohomological dimension
< 2, hyperbolicity is inherited by compactly presented closed subgroups. As a
consequence, every compactly presented closed subgroup of the automorphism
group Aut(X) of a negatively curved locally finite 2-dimensional building X is
a hyperbolic TDLC-group, whenever Aut(X) acts with finitely many orbits on
X . Examples where this result applies include hyperbolic Bourdon’s buildings.

We revisit the construction of small cancellation quotients of amalgamated
free products, and verify that it provides examples of hyperbolic TDLC-groups
of rational discrete cohomological dimension 2 when applied to amalgamated
products of profinite groups over open subgroups.

We raise the question of whether our main result can be extended to locally
compact hyperbolic groups if rational discrete cohomological dimension is re-
placed by asymptotic dimension. We prove that this is the case for discrete
groups and sketch an argument for TDLC-groups.

1. INTRODUCTION

A locally compact group G is said to be totally disconnected if the identity is its
own connected component. For an arbitrary locally compact group, the connected
component of the identity is always a closed normal subgroup with a totally discon-
nected quotient. Therefore, in principle, the study of locally compact groups can
be reduced to the study of the two subclasses formed by connected locally compact
groups and totally disconnected locally compact groups. By the celebrated solution
to Hilbert’s fifth problem, connected locally compact groups are inverse limits of
Lie groups. However, such a thorough understanding has not been achieved for the
totally disconnected counterpart.

Hereafter, we use TDLC-group as a shorthand for totally disconnected locally
compact group. The class of TDLC-groups has been a topic of interest in the last
three decades since the work of G. Willis [40], and of M. Burger and S. Mozes [11].

Large-scale properties of a TDLC-group G can be addressed by investigating a
family of quasi-isometric locally finite connected graphs which are known as Cayley-
Abels graphs of G; see § 3.1 for the definition and further details. Therefore, the
theory of TDLC-groups becomes amenable to many tools from geometric group
theory (see [4, 6, 35] for example) and the notion of hyperbolic group carries over
to the realm of TDLC-groups.

The motivation for this work is to gain a better understanding of the interac-
tion between the geometric properties of the TDLC-group G and its cohomological

Key words and phrases. hyperbolic groups, totally disconnected locally compact groups, ho-
mological finiteness, cohomological dimension 2, compactly presented.
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properties by analogy with the discrete case. An investigation of this type was
initiated in [17, 15] where the rational discrete cohomology for TDLC-groups has
been introduced and the authors have shown that many well-known properties that
hold for discrete groups can be transferred to the context of TDLC-groups (in some
cases after substantial work).

For a TDLC-group G, the representation theory used in [17] leans on the notion
of discrete Q[G]-module, that is a Q[G]-module M such that the action Gx M — M
is continuous when M carries the discrete topology. In the case that G is discrete,
any Q[G]-module is discrete. Because of the divisibility of Q, the abelian category
g|g)dis of discrete Q[G]-modules has enough projectives. As a consequence, the
notions of rational discrete cohomological dimension, denoted by c¢dg(G), and type
FP,, can be introduced for every TDLC-group G in the category g dis (see §2.3 for
the necessary background). This opens up the possibility of investigating TDLC-
groups by imposing some cohomological finiteness conditions.

The main result of this article is a subgroup theorem for hyperbolic TDLC-groups
of rational discrete cohomological dimension at most 2.

Theorem 1.1. Let G be a hyperbolic TDLC-group with cdg(G) < 2. Every com-
pactly presented closed subgroup H of G is hyperbolic.

This theorem generalizes the following two results for discrete groups:

e Finitely presented subgroups of hyperbolic groups of integral cohomological
dimension less than or equal to two are hyperbolic. This is a result of
Gersten [22, Theorem 5.4] which can be recovered as a consequence of the
inequality cdg(—) < cdz(—).

e Finitely presented subgroups of hyperbolic groups of rational cohomological
dimension less than or equal to two are hyperbolic. This is a recent result
in [3] which is the analogue of Theorem 1.1 in the discrete case.

We remark that Brady constructed an example of a discrete hyperbolic group of
integral cohomological dimension three that contains a finitely presented subgroup
that is not hyperbolic [9]. Hence the the dimensional bound on the results stated
above is sharp.

In the discrete case, a class of hyperbolic groups of rational cohomological di-
mension two is given by groups admitting finite presentations with certain small
cancellation conditions. This is also the case for TDLC-groups for small cancela-
tion quotiens of amalgamated products of profinite groups. We refer the reader to
Section 7 for details on the following result.

Theorem 1.2. Let Axc B be the amalgamated free product of the profinite groups
A, B over a common open subgroup C. Let R be a finite symmetrized subset of
A xc B that satisfies the C'(1/12) small cancellation condition. Then the quotient
G = (Ax¢c B)/{R)) is a hyperbolic TDLC-group with cdg(G) < 2.

In the framework of discrete groups, it is a result of Gersten that type FPy (over
Z) subgroups of hyperbolic groups of integral cohomological dimension at most two
are hyperbolic [22, Theorem 5.4]. We raise the following question:

Question 1. Does Theorem 1.1 remain true if H is of type FPo but not compactly
presented?

It is well known that if X is a locally finite simplicial complex then the group
of simplicial automorphisms Aut(X) endowed with the compact open topology is
a TDLC-group [13, Theorem 2.1]. If, in addition, X admits a CAT(—1) metric
and Aut(X) acts with finitely many orbits on X, then Aut(X) is a hyperbolic
TDLC-group with cdg(Aut(X)) < dim(X).
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Corollary 1.3. Let X be a locally finite 2-dimensional simplicial C AT (—1)-complez.
If Aut(X) acts with finitely many orbits on X, then every compactly presented closed
subgroup of Aut(X) is a hyperbolic TDLC-group.

A discrete version of Corollary 1.3 was proved in [26, Corollary 1.5] using com-
binatorial techniques. There are different sources of complexes X satisfying the
hypothesis of Corollary 1.3 and such that Aut(X) is a non-discrete TDLC-group.
For example:

e Bourdon’s building I, ;, p > 5 and ¢ > 3, is the unique simply connected
polyhedral 2-complex such that all 2-cells are right-angled hyperbolic p-
gons and the link of each vertex is the complete bipartite graph K, ,. These
complexes were introduced by Bourdon [8]. The natural metric on I, 4 is
CAT(-1) and Aut(I,,) is non-discrete.

e For an integer k and a finite graph L, a (k, L)-complex is a simply connected
2-dimensional polyhedral complex such that all 2-dimensional faces are k-
gons and the link of every vertex is isomorphic to the graph L. A result of
Swiatkowski [38, Main Theorem (1)] provides sufficient conditions on the
graph L guaranteeing that if k£ > 4 then Aut(X) is a non-discrete group for
any (k, L)-complex X. It is a consequence of Gromov’s link condition, that
a (k, L)-complex admits a C AT (—1)-structure for any k sufficiently large.

In order to prove Theorem 1.1, we follow ideas from Gersten [22]. We introduce
the concept of weak n-dimensional linear isoperimetric inequality for TDLC-groups,
which is a homological analogue in higher dimensions of linear isoperimetric inequal-
ities. Profinite groups are characterized as TDLC-groups satisfying the weak 0-
dimensional linear isoperimetric inequality: see Section 4. The weak 1-dimensional
linear isoperimetric inequality is called from here on the weak linear isoperimetric
inequality. The following result generalizes for TDLC-groups a well-known charac-
terization of hyperbolicity in the discrete case [22, Theorem 3.1].

Theorem 1.4. A compactly generated TDLC-group G is hyperbolic if and only if
G is compactly presented and satisfies the weak linear isoperimetric inequality.

The property of satisfying the weak n-dimensional linear isoperimetric inequality
is inherited by closed subgroups under some cohomological finiteness conditions.

Theorem 1.5. Let G be a TDLC-group of type FPo, with cdg(G) = n + 1 that
satisfies the weak n-dimensional linear isoperimetric inequality. Then every closed
subgroup H of G of type FP,, 11 satisfies the weak n-dimensional linear isoperimetric
inequality.

The major part of the paper is devoted to the proof of Theorem 1.5. Our strategy
borrows ideas from [3, 22, 27]. Some remarks:

e In the case that G is discrete, Theorem 1.5 is a consequence of [3, Theorem
1.7].

e The arguments in [3], where the authors replace some topological tech-
niques from [22, 27] with algebraic counterparts, carry over the TDLC case
only under the stronger assumption that the subgroup H is open, see Re-
mark 5.2.

e Currently, for TDLC-groups, there is no well studied notion of n-dimensional
homological Dehn function as the definitions available in the discrete case,
see for example [2, 27]. In contrast to the arguments in [3], we avoid the
use of these objects and provide a more straight forward argument.

It is a simple verification that Theorem 1.1 follows by Theorems 1.5 and 1.4.
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Proof of the Theorem 1.1. Since G is hyperbolic, Theorem 1.4 implies that G sati-
sfies the weak linear isoperimetric inequality. By Theorem 1.5, H also satisfies
the weak linear isoperimetric inequality. We can then apply Theorem 1.4 again to
conclude the proof. O

Locally compact hyperbolic groups. The monograph [18] by de Cornulier and
de la Harpe laid out the foundations of the study of locally compact groups from the
perspective of geometric group theory. In this context, a locally compact group is
hyperbolic if it has a continuous proper cocompact isometric action on some proper
geodesic hyperbolic metric space [14]; this generalizes the classical definition in the
discrete case as well as the definition in the class of totally disconnected locally
compact groups used in the present article. By analogy with the discrete case,
the asymptotic dimension provides a quasi-isometry invariant of locally compact
compactly generated groups. The question below suggests a posible generalization
of Theorem 1.1 for the larger class of locally compact hyperbolic groups.

Question 2. Let G be a locally compact hyperbolic group such that asdim G < 2.
Are compactly presented subgroups of G hyperbolic?

We conclude the introduction of the article by verifying that the the above ques-
tion has a positive answer for discrete hyperbolic groups. The argument provides a
blueprint to answer the question in the positive in class of hyperbolic TDLC-groups
using Theorem 1.1.

Theorem 1.6. Let G be a discrete hyperbolic group such that asdim G < 2. Then
every finitely presented subgroup of G is hyperbolic.

Proof. The main result of [3] states that if cdgG < 2, then any finitely presented
subgroup of GG is hyperbolic. Therefore it is enough to verify the inequality

cdoG < asdim G.

This inequality relies on important work of Buyalo and Bedeva [12] and Bestvina
and Mess [7] as explained below.

It is a result of Buyalo and Lebedeva, [12, Theorem 6.4], that the asymptotic
dimension of every cobounded, hyperbolic, proper, geodesic metric space X equals
the topological dimension of its boundary at infinity plus 1,

asdim X = dim 0, X + 1.

On the other hand, for a compact metrizable space Y, there is a notion of
cohomological dimension dimgr Y over a ring R. It is known that if dimY < oo
then

dimg Y <dimz Y = dimY,
see [7] for definitions and references.
Let 0, G denote the Gromov boundary of G. Recall that 0,,G is a compact

metrizable space with finite topological dimension, see for example [29]. It follows
that

dimg 9o G < dim 05, G.
The work of Bestvina and Mess [7, Corollary 1.4] implies that if cdgG < oo then
(1.1) cdgG = dimg 0o.G + 1.

Since discrete hyperbolic groups admit finite dimensional models for the universal
space for proper actions (Rips complexes with large parameter, see [33] or [28)]), it
follows that cdgG < oco. Therefore cdgG < asdim G.
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Remark 1.7. We expect a positive answer to Question 2 for hyperbolic TDLC-
groups. Indeed, to obtain a positive answer it is enough to verify the following
statement generalizing work of Bestvina and Mess [7, Corollary 1.4]:

- Let G be a hyperbolic TDLC-group. If cdgG < oo then cdgG = dimg 0..G + 1,
where cdgG is the rational discrete cohomological dimension.

Then the proof of Theorem 1.6 works in the TDLC case by using Theorem 1.1 and
that hyperbolic TDLC-groups have finite rational discrete cohomological dimension,
see Proposition 3.7. An attempt to generalize the work of Bestvina and Mess in [7]
for TDLC-groups is currently work in progress by the second author, F.W. Pasini
and T. Weigel. In the generality of locally compact groups, the authors are not
aware of a cohomology theory for locally compact groups that allow to persuade
the techniques of this article.

Organization. Preliminary definitions regarding TDLC-groups and rational dis-
crete modules are given in Section 2. Then Section 3 consists of definitions and
some preliminary results on Cayley-Abels graphs, compact presentability and hy-
perbolicity for TDLC-groups. Section 4 introduces the weak n-dimensional linear
isoperimetric inequality. Section 5 is devoted to the proof of Theorem 1.5. Finally,
Section 6 relates hyperbolicity and the weak linear isoperimetric inequality and
contains the proof of Theorem 1.4.
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ture Algebriche” ATE-2016-0045. G.C.C. was supported by ERC grant 336983 and
Basque government grant I'T974-16. E.M.P. acknowledges funding by the Natural
Sciences and Engineering Research Council of Canada, NSERC.

2. TDLC-GROUPS AND RATIONAL DISCRETE GG-MODULES

Throughout this section G always denotes a TDLC-group. Note that a TDLC-
group is Hausdorff. Discrete groups are TDLC-groups. Profinite groups are pre-
cisely compact TDLC-groups [37, Proposition 0]. A fundamental result about the
structure of TDLC-groups is known as van Dantzig’s Theorem:

Theorem 2.1 (van Dantzig’s Theorem, [39]). The family of all compact open
subgroups of a TDLC-group G forms a neighbourhood system of the identity element.

Note that every Hausdorff topological group admitting such a local basis is neces-
sarily TDLC. Hence the conclusion of van Dantzig’s Theorem characterizes TDLC-
groups in the class of Hausdorff topological groups.

For example, the non-Archimedean local fields Q, and F,((¢)) admit, respec-
tively, the following local basis at the identity element:

(1) {p"Zy | n € N}, where Z, = {z € Q, | |z| < 1} = {x € Q, | |z| < p} is
compact and open;
(2) {t"F,[[t] | n € N}, where the norm is defined by g=° (/).

2.1. Rational discrete G-modules. Let Q denote the field of rational numbers,
and let gjgmod be the category of abstract left Q[G]-modules and their homomor-
phisms. A left Q[G]-module M is said to be discrete if the stabilizer

Gmn={9€G|g-m=m},
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of each element m € M is an open subgroup of G. Equivalently, the action G x
M — M is continuous when M carries the discrete topology. The full subcategory
of gjgymod whose objects are discrete Q[G]-modules is denoted by gigdis. It
was shown in [17] that gjg)dis is an abelian category with enough injectives and
projectives.

2.2. Permutation Q[G]-modules in (g dis. Let Q2 be a non-empty left G-set.
For w € Q let G, denote the pointwise stabilizer. The G-set 2 is called discrete
if all pointwise stabilizers are open subgroups of G, and 2 is called proper if all
pointwise stabilizers are open and compact.

The Q-vector space Q[f2] - freely spanned by a discrete G-set ) - carries a
canonical structure of discrete left Q[G]-module called the discrete permutation
Q[G]-module induced by .

Note that a discrete permutation Q[G]-module in g dis is a coproduct

o) = [] Qie/a.l,

wER

in g[gydis, where R is a set of representatives of the G-orbits in €, and Q is a
discrete G-set.

A proper permutation Q[G]-module is a discrete Q[G]-module of the form Q[]
where (2 is a proper G-set.

A proper permutation Q[GJ]-module is a projective object in ggdis; see [17].
The arguments of this article rely on the following characterization of projective
objects in g[gjdis, a non-trivial result that in particular relies on Maschke’s the-
orem on irreducible representations of finite groups, and Serre’s results on Galois
cohomology.

Proposition 2.2 ([17, Corollary 3.3]). Let G be a TDLC-group. A discrete Q[G]-
module M is projective in g|g)dis if, and only if, M is a direct summand of a proper
permutation Q[G]-module in g dis.

Throughout the article, we only consider resolutions consisting of discrete per-
mutation Q[G]-modules, and we refer to this type of resolutions as permutation
resolutions in g|gdis. Analogously, a resolution that consists only of proper per-
mutation modules is called a proper permutation resolution in ggjdis. When the
category is clear from the context, we will omit the term “in g dis”.

2.3. Rational discrete homological finiteness. Following [17], we say that a
TDLC-group G is of type FP,, (n € N) if there exists a partial proper permutation
resolution in g dis

(2.1) Q] — Q[2n—] Q€] Q 0

of the trivial discrete Q[G]-module Q of finite type, i.e., every discrete left G-set
Q; is finite modulo G or equivalently Q[€;] is finitely generated. Type FP,, in
this paper will always mean over QQ, though the definition generalizes to finite type
proper permutation resolutions over discrete rings other than Q, where the proper
permutation modules are no longer projective in general — see for example [16]. The
group G is of type FP if it is FP,, for every n € N. Notice that having type FPq
is an empty condition for a TDLC-group G. On the other hand, having type FP;
is equivalent to be compactly generated (see [17, Proposition 5.3]) and compact
presentation implies type FPs.

The rational discrete cohomological dimension of G, c¢dg(G) € NU {0}, is de-
fined to be the minimum n such that the trivial discrete Q[G]-module @ admits a



projective resolution

On

(2.2) 0 P, Po_1 o Py Q 0

in g|gjdis of length n. The rational discrete cohomological dimension reflects struc-
tural information on a TDLC-group G. For example, G is profinite if and only if
cdo(G) = 0.
By composing the notions above, one says that G is of type FP if

(i) G is of type FP,, and

(ii) Cd@(G) =d < 0.
For a TDLC-group G of type F'P, the trivial left Q[G]-module Q possesses a pro-
jective resolution (P, ) which is finitely generated and concentrated in degrees 0
to d. Tt is not known whether (P,, d,) can be assumed to be a proper permutation
resolution of finite length.

2.4. Restriction of scalars. Let H be a closed subgroup of the TDLC-group G.
It follows that H is a TDLC-group and in particular the category g(gdis is well
defined. The restriction of scalars from Q[G]-modules to Q[H]-modules preserves
discretness. In other words there is a well defined restriction functor

(2.3) resyr(_): o[edis — g dis,

obtained by restriction of scalars via the natural map Q[H] < Q[G]. The restriction
is an exact functor which maps projectives to projectives. Indeed, for every proper
permutation Q[G]-module Q[Q)], the discrete Q[H]-module res%(Q[Q]) is still a
proper permutation module in ggdis. To simplify notation, for a discrete Q[G]-

module M, we may write M for res$ (M) when the meaning is clear.

3. CAYLEY-ABELS GRAPHS, COMPACT PRESENTABILITY AND HYPERBOLICITY

3.1. Compactly generated TDLC-groups and Cayley-Abels graphs. In
this article a graph is a 1-dimensional simplicial complex, hence graphs are undi-
rected, without loops, and without multiple edges between the same pair of vertices.

A locally compact group is said to be compactly generated if there exists a com-
pact subset that algebraically generates the whole group.

Proposition 3.1. [30, Theorem 2.2] A TDLC-group G is compactly generated if
and only if it acts vertex transitively with compact open vertex stabilizers on a locally
finite connected graph T.

A graph with a G-action as in the proposition above is called a Cayley-Abels
graph for G. In [30] these graphs are referred to as rough Cayley graphs but the
notion of Cayley-Abels graph traces back to Abels [1].

As soon as the compactly generated TDLC-group G is non-discrete, the G-action
on a Cayley-Abels graph is never free. That is to say, the action always has non-
trivial vertex stabilizers . Nevertheless, these large but compact stabilizers play
an important role in the study of the cohomology of G: they give rise to proper
permutation Q[G]-modules.

A consequence of van Dantzig’s Theorem is the following.

Proposition 3.2. For a TDLC-group G the following statements are equivalent:

(1) G is compactly generated.

(2) There exists a compact open subgroup K of G and a finite subset S of G
such that K U S generates G algebraically.

(8) There exists a finite graph of profinite groups (A, A) with a single vertex,
together with a continuous open surjective homomorphism ¢: m (A, A, Z) —
G such that ¢|a, is injective for all v € V(A).
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Proof. Note that if C is a compact set generating G and K is a compact open
subgroup of G then there a finite subset S C G such that the collection of left
cosets {sK|s € S} covers C. Hence, by van Dantzig’s Theorem, (1) implies (2). To
show that (2) implies (3), consider the graph of groups with a single vertex and an
edge for each element of S. The vertex group is K, and each edge group is K N K*
with morphisms the inclusion and conjugation by s: see [17, Proposition 5.10, proof
of (a)]. That (3) implies (1) is immediate since G is a quotient of the compactly
generated TDLC-group 71 (4, A, Z). O

Note that in the terminology of the third statement of the above proposition,
a Cayley-Abels graph for G can be obtained by considering the quotient of the
(topological realisation as a 1-dimensional simplicial complex of the) universal tree
of (A, A) by the kernel of ¢.

3.2. Quasi-isometry for TDLC-groups and Hyperbolicity. The edge-path
metric on a Cayley-Abels graph I" of a TDLC-group G induces a left-invariant
pseudo-metric on G, by pulling back the metric of the G-orbit of a vertex of I'. In
the following proposition, we denote this pseudo-metric by distr.

Following [18], an action of a topological group G on a (pseudo-) metric space
X is geometric if it satisfies:

(Isometric) The action is by isometries;

(Cobounded) There is ' C X of finite diameter such that |J,cq gF = X;
(Locally bounded) For every g € G and bounded subset B C X there is a
neighborhood V of g in G such that V' B is bounded in X; and
(Metrically proper) The subset {g € G: distx(z,gz) < R} is relatively
compact in X for all z € X and R > 0.

The following version of the Svarc-Milnor Lemma is a consequence of work by
Cornulier and de la Harpe on locally compact groups; see [18, Corollary 4.B.11 and
Theorem 4.C.5].

Proposition 3.3. Let G be a TDLC-group, let X be a geodesic (pseudo-) metric
space, and let x € X. Suppose there exists a geometric action of G on X. Then
there is a Cayley-Abels graph T’ for G such that the map between the pseudo-metric
spaces

(G,distr) — (X, distx), T gz
1S a quasi-isometry.
This proposition implies the following result from [30, Theorem 2.7].

Corollary 3.4. The Cayley-Abels graphs associated to a compactly generated TDLC-
group are all quasi-isometric to each other.

This quasi-isometric invariance of Cayley-Abels graphs allows us to define geo-
metric notions for compactly generated TDLC-groups such as ends, number of
ends or growth, by considering quasi-isometric invariants of a Cayley-Abels graph
associated to G.

Definition 3.1. A TDLC-group G is defined to be hyperbolic if G is compactly
generated and some (hence any) Cayley-Abels graph of G is hyperbolic.

For an equivalent definition of hyperbolic TDLC-group using (standard) Cayley
graphs over compact generating sets see [5] for details.



3.3. Compactly presented TDLC-groups. A locally compact group is said to
be compactly presented if it admits a presentation (K | R) where K is a compact
subset of G and there is a uniform bound on the length of the relations in R.
Observe that being compactly presented implies being compactly generated. There
are also an equivalent definition of compact presentation [17, § 5.8] based on van
Dantzig’s Theorem in the context of Proposition 3.2.

Corollary 3.5. [18] A TDLC-group G is compactly presented if and only if
(1) there exists a finite graph of profinite groups (A, A) with a single vertex
together with a continuous open surjective homomorphism ¢: m (A, A, Z) —
G such that ¢|a, is injective for all v € V(A), and
(2) the kernel of ¢ is finitely generated as a normal subgroup.

Proof. Note that the if direction is immediate since 71(A, A, Z) is compactly pre-
sented. Indeed, a group presentation of m (A, A, Z) has as generators the formal
union of the vertex group and a finite number of elements corresponding to the
edges of the graph. The set of relations consists of the multiplication table of the
vertex group and the HNN-relations; note that all these relations have length at
most four. Since the kernel of ¢ is finitely generated as a normal subgroup, it
follows that G is compactly presented.

For the only if direction, since G is compactly presented, in particular it is
compactly generated and hence there is a finite graph of profinite groups (A4, A)
with the required properties for (1). It remains to show that the kernel of ¢ is
finitely generated as a normal subgroup. By [17, Proposition 5.10(b)], ker(¢) is a
discrete subgroup of 71 (A, A, Z). Since 71(A, A, E) is compactly generated and G is
compactly presented, [18, Proposition 8.A.10(2)] implies that ker(¢) is compactly
generated as a normal subgroup; by discreteness it follows that ker(¢) is finitely
generated as a normal subgroup. U

Proposition 3.6. A TDLC-group G is compactly presented if and only if there
exists a simply connected cellular G-compler X with compact open cell stabilizers ,
finitely many G-orbits of cells of dimension at most 2, and such that elements of G
fizing a cell setwise fizes it pointwise (no inversions).

A G-complex with the properties stated in the above proposition is called a
topological model of G of type Fs.

Proof of Proposition 3.6. The equivalence of compact presentability and the exis-
tence of a topological model for Fy follows from standard arguments. That compact
presentability is a consequence of the existence of the topological model follows
directly from [10, 1.8, Theorem 8.10]; for compact presentability implying the exis-
tence of such a complex see for example [16, Proposition 3.4]. O

The following result is well known for discrete hyperbolic groups. The proof
in [10, III.T" Theorem 3.21] carries over for hyperbolic TDLC-groups by considering
the Rips complex on a Cayley-Abels graph instead of the standard Cayley graph.

Proposition 3.7. Let G be a hyperbolic TDLC-group. Then G acts on a simplicial
complexr X such that:

(1) X is finite dimensional, contractible and locally finite;

(2) G acts simplicially, cell stabilizers are compact open subgroups, and there
are finitely many G-orbits of cells.

(8) G acts transitively on the vertezx set of X.

In particular, the topological realization of the barycentric subdivision of X is a
topological model for Fo, and hence G is compactly presented.
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For a topological model X of G of type Fs, by standard techniques we may add
cells to kill higher homotopy, and get a contractible G-complex X’ on which G acts
simplicially with compact open stabilizers . Then the assumption on cell stabilizers
implies that the collection of i-cells of X’ is a proper G-set and hence C;(X’, Q)
is a proper permutation Q[G]-module. Since X’ is contractible, the augmented
chain complex (Co(X’,Q),0,) is a projective resolution of Q in gy dis and, since
X'?) = X®) has finitely many orbits of cells, the chain complex is finitely generated
in degrees 0, 1 and 2. In particular compactly presented TDLC-groups have type
FPQ in Q[G]dis

4. WEAK n-DIMENSIONAL ISOPERIMETRIC INEQUALITY

4.1. (Pseudo-)Norms on vector spaces. Given a vector space V over a subfield
F of the complex numbers, a pseudo-norm on V is a nonnegative-valued scalar
function ||—|| : V' — Ry with the following properties:

(N1) (Subadditivity) ||u + v|| < ||u|| + ||| for all u,v € V;
(N2) (Absolute Homogeneity) ||A-v]| = |A|||v||, for al A € F and v € V.

A pseudo-norm ||_|| on a vector space V is said to be a norm if it satisfies the
following additional property:
(N3) (Point-separation) |[v|| =0,v € V = v =0.

Let f: (V,]|—|ly) = (W,||—|ly-) be a linear function between pseudo-normed vector
spaces. We say that f is bounded if there exists a constant C' > 0 such that
£ (@)l < Cllvlly for all v € V. In such a case, we write |||, </ ||—||,, when
the constant C' is irrelevant. Two different norms ||| and ||_||" on V are said to
be equivalent, ||_|| ~ ||—||", if [|—|| = ||—||" =<' ||—|. From here on the relation <4
will be denoted as <.

4.2. {1-norm on permutation Q[G]-modules. Let Q[?] be a permutation Q[G]-
module. In particular, Q[Q] is a Q-vector space with linear basis 2. Therefore, the
nonnegative-valued function

Q
(41) 2 Q0 > Qs 3 o 3o,
weN weN
defines a norm on Q[2]. As usual, we shall refer to ||f\|? as the £1-norm on Q[Q].
Notice that Hin2 is G-equivariant.

Proposition 4.1. Let ¢: Q[Q] — Q[Q] be a morphism of finitely generated per-
mutation Q[G]-modules. Then \LH? =¢ Hf||§Z
Proof. This is a consequence of the G-invariance of the ¢1-norm and the fact that

the modules are finitely generated. Indeed, the morphism ¢ is described by a finite
matrix A = (a;;) with entries in Q[G]. Consider the ¢;-norm ||—||; on Q[G] and let

C = max ||a;;||. Then ||p(z)||¥ < C||z| for every z € Q[Q]. O
The above proposition will be used for discrete permutation modules over Q[G].

4.3. Filling pseudo-norms on discrete Q[G]-modules. Let M be a finitely
generated discrete Q[G]-module. Since gjgjdis has enough projectives, there exists
a finitely generated proper permutation Q[G]-module Q[2] mapping onto M, that

o
is, Q[)] - M and G acts on  with compact open stabilizers and finitely many
orbits. The filling pseudo-norm ||—||; on M induced by O is defined as

(4.2) Imlly = inf{[lz]} | = € Q[ B(w) = m}.
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One easily verifies that |||, is subadditive and absolutely homogeneous. Note that
Q
(4.3) I—llp =% 1-117-

It is an observation that an ¢;-norm on a finitely generated discrete permutation
G-module Q[Q] is equivalent to a filling norm.

Proposition 4.2. Morphisms between finitely generated discrete Q[G]-modules are
bounded with respect to filling pseudo-norms.

Proof. Let f: M — N be a morphism of finitely generated discrete Q[G]-modules.
Since M and N are both finitely generated in ggdis, there exist morphisms

81 a2
Q[21] - M and Q[22] = N such that each Q[€);] is a finitely generated proper
permutation module. By the universal property of Q[2;] as a projective object,
there is ¢: Q[Q1] — Q[€22] such that the following diagram commutes:

For any m € M and any € > 0, let x, € Q[Q4] such that d;(x,,) = m and
lzmll =2 [Im]ly, +e. Since f(m) = a(¢(wm)), one has

Q
Ifm)lla, =% lgl@m)lly” by (4.3),
<0 @ by Proposition 4.1,
=% |im,, +e.

Since ¢ is arbitrary, we deduce |||, =/ ||, O

By considering the identity function on a finitely generated discrete Q[G]-module
M, the previous proposition implies:

Corollary 4.3. Let G be a TDLC-group. Any two filling pseudo-norms on a finitely
generated discrete Q[G]-module M are equivalent.

In particular, all the filling pseudo-norms on a finitely generated proper permu-
tation Q[G]-module Q[Q] are equivalent to ||f||512, and therefore they are all norms.

The former implies that each finitely generated discrete Q[G]-module M admits
a unique filling pseudo-norm up to equivalence. Therefore, by abuse of notation,
we denote by ||—||,, any filling pseudo-norm of M and we refer to ||—||,, as the
filling pseudo-norm of M.

4.4. Undistorted submodules. Let M be a discrete Q[G]-module with a norm
|—|l and let N be a finitely generated discrete Q[G]-submodule of M. Then N is
said to be undistorted with respect to ||—|| if the restriction of ||| to N is equivalent
to a filling norm on N. In the case that M is finitely generated and NV is undistorted
with respect to the filling norm |||, we shall simply say that N is undistorted in
M.

We note that in general it is not the case that finitely generated submodules of
M are undistorted; we refer the reader to Section 6 for counter-examples.

Proposition 4.4. Let G be a TDLC-group. The filling pseudo-norm ||—||p of a
finitely generated projective discrete Q[G]-module P is a norm. Moreover, if P is
a direct summand of a finitely generated proper permutation module Q[Q)], then P
is undistorted in Q[Q].
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Proof. Let Q[ be a finitely generated proper permutation module such that P is
a direct summand of Q[€?]; see Proposition 2.2. Let ¢: P — Q[] be the inclusion
and let 7: Q[Q] — P be the projection such that w o+ = idp. Proposition 4.2
implies ||f||512 = |=l|p and ||—||p =7 ||f\|§2 on P. The former inequality implies

that ||| 5 is a norm, and both of them imply that |||/, ~ ||f\|§2 on P. O

More generally, this argument shows that a direct summand of any finitely gen-
erated discrete Q[G]-module, with the filling norm, is undistorted.

We conclude the section with a technical result about bounded morphisms that
will be used later and relies on the proof of the previous proposition.

Proposition 4.5. Let G be a TDLC-group and H a closed subgroup of G. Let
M be a finitely generated and projective Q[G]-module in g dis with filling norm
|—||n;- Regard M as a Q[H]|-module via restriction, and suppose that N is a finitely
generated direct summand of M in ggdis. Then N is an undistorted Q[H]-module
of M with respect to the norm ||—||,,.

Proof. The Q[H]-module N is projective since the restriction of M is projective
and hence N is a direct summand of a projective Q[H]-module.

By Proposition 4.4, M can be assumed to be a finitely generated proper permu-
tation Q[G]-module Q[?]. Note that the restriction of Q[?] is a proper permutation
Q[H]-module.

Since N is finitely generated, there exists an H-subset ¥ of € such that 3/H is
finite and N is a Q[H]-submodule of Q[X]. Since N and Q[X] are direct summands
of Q[?] as Q[H]-modules, it follows that N is a direct summand of the finitely
generated proper permutation Q[H]-module Q[X].

Proposition 4.4 implies that the pseudo-norm |||y is a norm and ||_|| 5y ~ Hf||1E
on N. Since HleZ = ||f||§2 on Q[X], it follows that |||y ~ ||f||§2 on the elements
of N. g

4.5. Weak n-dimensional linear isoperimetric inequality. Let G be a TDLC-
group of type FP, 1. Then there exists a partial proper permutation resolution

(44)  Q2urr] > QU] s - Q] > Q2] ——> Q@ 0
of finite type, i.e. it consists of finitely generated discrete Q[G]-modules. We say
that G satisfies the weak n-dimensional linear isoperimetric inequality if ker(d,,) is
an undistorted submodule of Q[2,]. The special case for n = 1 is referred as the
weak linear isoperimetric inequality.

Note that, by Proposition 4.2, ||_| ? = | —llker(a,) Where 21 ker(9,) — Q[€,]
is the inclusion. Hence, the weak n-dimensional linear isoperimetric inequality is
equivalent to the existence of a constant C' > 0 such that || —||e.5,) < C ||f||§2" on
ker(9,,).

The proof of the following proposition is an adaption of the proof of [27, Theorem
3.5] that we have included for the reader’s convenience.

Proposition 4.6. For a TDLC-group G of type FP,, 1, the property of satisfying
the weak linear n-dimensional isoperimetric inequality is independent of the choice
of the proper permutation resolution of finite type in g dis.

Proof. Let (Q[Q4],9;), (Q[A;], ;) be a pair of proper permutation resolutions of Q
which contain finitely generated modules for degrees ¢ = 0,...,n + 1. Suppose G
satisfies the weak n-dimensional linear isoperimetric inequality with respect to the
resolution (Q[A], d;). Hence there is C' > 0 such that

An
(4.5) ||$err(5n) <Clly™-
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for all z € ker(d,,).

Since any two projective resolutions of Q are chain homotopy equivalent, there
exist chain maps f: (Q[Q],9;) — (Q[As],d;)) and g: (Q[A;],d;) — (Q[€], 9;), and
a 1-differential h: (Q[€2;], 9;) — (Q[€2], 9;) such that
(4.6) Oig10h; +hi_100;=g;o f; —Id.

Diagrammatically, one has

(4.7) oo — Q[ 1] T;@[Q”] —— Q1] —— -

On
frna1 H\Qn+l fn|l9n fn-1 lT gn—1

QM) = QA = QA ] — -

Since gn11, fn and h, are morphisms between finitely generated discrete Q[G]-
modules, Proposition 4.2 applies and, therefore, the constant C' defined above can
be assumed to satisfy:

(D1) [lgnra (VI < C [Ny, for all A € QAn4]:

(D2) [[fa(@)[ly" < C Jlw]l™, for all w € Q[Q,]; and

(D3) [[hn(w)[[T" < C w[", for all w € Q[2,].

We prove below that that there is a constant D > 0 such that for any o € ker(9,)
and € >0

ledlker(,) < Dy + De.
Then it follows that G satisfies the weak n-dimensional linear isoperimetric inequal-
ity with respect to the resolution (Q[€2;], 9;) by letting ¢ — 0.

Let o € ker(d,) and € > 0. By the diagram (4.7), it follows that f,(a) €
ker(d,,) = On+1(Q[An+1]). Since Q[A,,+1] is finitely generated, we can consider the
filling-norm [|—[,,(5,, to be induced by &,,41. Therefore, by the definition of the
filling norm || ||y, (s, there is 3 € Q[A;11] such that 6,41(8) = fn(a) and

Ant1
(4.8) 18127+ < 1 £a(@) s, + €
By evaluating « in Equation 4.6, we can write
(4.9) o = gn(fn(@)) = Ony1(hn(a))

= gn(0n+1(8)) — Ont1(hn(a))
= Ont1 (gn+1(B) — ha(a)) .

Hence

laller@,) < lgn+1(8) — ()| S+ by (4.9) and definition of filling norm
< llgnsa (B + (@)l
< C’HﬁH/l\"Jrl + Cla|$" by inequalities (D1) and (D3)
< C[[fa(@)llkex(s,) + Ce+Cllafli'™ by inequality (4.8)
< C¥| (@)t + Cllal$ + Ce by inequality (4.5)
< C3la||f + Cllal|P + Ce by inequality (D2). O

4.6. Weak 0-Dimensional Linear Isoperimetric Inequality and Profinite
Groups. As previously mentioned, a group is profinite if and only if it is a compact
TDLC-group [37, Proposition 0]. The following statement is a simple application
of the definitions of this section.
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Proposition 4.7. Let G be a TDLC-group. Then G is compact if and only if
it is compactly generated and satisfies a weak 0-dimensional linear isoperimetric
inequality.

The only if direction of the proposition is immediate. Indeed, if G is a compact
TDLC-group, then the trivial G-module Q is projective in g[gjdis. In this case,
one can read the weak 0-dimensional isoperimetric inequality from the resolution
0-Q—-0Q—0.

For the rest of the section, suppose that G is a TDLC-group satisfying a weak
0-dimensional linear isoperimetric inequality. Let I be a Cayley-Abels graph of G,
let dist be the combinatorial path metric on the set of vertices V of I', and let F
denote the set of edges of I'. In order to prove that G is profinite, it is enough to
show that V is finite.

Choose an orientation for each edge of I' and consider the augmented rational
cellular chain complex of T,

Q[E] > Q[V] 5 Q — 0.

Since T" is Cayley-Abels graph, this is a partial proper permutation resolution.

Following ideas in [19], define a partial order < on Q[E] as follows. For v, u €
QIE], v = Y cptee and p = > . see, then v < p if and only if ¢2 < t.s, for
every e € E. Observe that if v < u then ||u[|¥ = ||u — v|F + ||v||F; in particular
lv||€ < ||ullf. An element v € Q[E] is called integral if t, € Z for each e. Define
analogously < on Q[V].

Lemma 4.8. Suppose that p € Q[E] is integral and 6(p) = m(v—u) where u,v € V
and m is a positive integer. Then there is an integral element v € Q[E] such that
S(v)=v—u and v < p and ||v||¥ > dist(u,v).

Sketch of the proof. Suppose p = Y . sce. Consider a directed multigraph =
(multiple edges between distinct vertices are allowed) with vertex set V' and such
that for each e € E if s, > 0 then there are |s.| edges from a to b where d(e) = b—a;
and if s, < 0 then there are |s.| from b to a. The degree sum formula for directed
graphs implies that u and v are in the same connected component of =. It is an
exercise to show that there is a directed path v from w to v in = that can be assumed
to be injective on vertices. The path 7 induces an element v € Q[E] such that if
v=7> .cptee thent, = £1 and v < u. Moreover v induces a path in T' from u to
v and hence ||v||F > dist(u,v). O

Suppose, for a contradiction, that V' is an infinite set. Fix vg € V. For every
n € N, let v, € V such that dist(vg,v,) > n. Note that such a vertex v,, always
exists since I' is locally finite and connected. Let o, = v, — vy and observe that
oy € ker(e) and [|a, ||} = 2. We will show that [ [|kere) = n for every n, and
hence G cannot satisfy a weak 0O-dimensional linear isoperimetric inequality. Fix
neN,and let p =3 psce € Q[E] such that §(u) = o, = vp, — vo.Then there is
m € N such that my is integral. Since é(mu) = m(v, —vg), Lemma 4.8 implies that
there is v1 € Q[E] such that §(v1) = v, — v and v1 < mp and ||v||; > dist(vg, vy,).
Let p1 = mp — v1 and note that py is integral, 6(pu1) = (m — 1)(v, — vg), and

Il = Nl |+ loallF >l | + dist(vo, va).

An induction argument on m then proves that ||mpu|/ > m dist(vo, v,,) and hence
llwl|¥ > dist(vg,v,). Since p was an arbitrary element such that §(u) = au, it
follows tha that ||, ||kers > dist(vo, vs) > n.
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5. PROOF OF SUBGROUP THEOREM

The proof of the theorem relies on the following lemma. Let G be a TDLC-group
of type FP,, and H a closed subgroup of G of type FP,,.

Lemma 5.1. There are partial proper permutation resolutions

Q[0] 2 Q1] = -+ — Q[Qp] — Q — 0,

8’”
Q. = QEh—1]— = Q] —-Q—0
of Q in gmdis and g|gdis respectively, satisfying the following properties.

(1) Qo,...,Qy, are finitely generated H -sets;

(2) Xo,...,%5, are finitely generated G-sets;

(8) restricting the G-action on each ¥; to H, Q; is an H-subset of ¥; via
Li: Qz — Zi;

(4) the diagram

On

ker(8,,) Q2] e Q[€] Q 0
i Qi) i@po}
ker(8,) QBn] 2 Q[Zg] 2~ Q 0

of Q[H]-modules commutes;
(5) coker(ker(d,) — ker(9y,)) is a projective Q[H]-module.

Proof. Take a partial proper permutation resolution

Q[En] 2 Q[Sn_1] = - — Q[E] » Q =0

of Q in g|gdis. We construct the required resolution

On
Q] = Q[Qp-1] = -+ = Q] -Q—0
in g[)dis by induction on n. So suppose we have already constructed a diagram

Ker(8n_1) —— Q1] s - = Q[2] = Q —— 0

SR TR
On—1

ker(a7z—1)4>(@[ n— I}HH@EO H(@4>0

satisfying the conditions for n — 1 (this is trivial for the base case n = 0).

Write ¢ for the induced map ker(d,,—1) — ker(d,,—1); by hypothesis, there is a map
7 : ker(Op—1) — ker(d,—1) such that ¢ is the identity on ker(d,—_1). Since H has
type FP,,, ker(d,,—1) is finitely generated; pick a finite generating set x1, ...,z and
pick a preimage y; of each element z; in Q[X,,], via the map Q[X,,] On, ker(9,_1) =
ker(d,—1). Each y; is a finite sum Zj‘zl a;j04; with a;; € ¥, and a;; € Q. Now
let Q,, be the (finitely generated) H-subset of ¥, generated by the c;;. We get an
induced map 79,Q[t,] : Q[,] — ker(d,—1) extending the commutative diagram
as required; it only remains to check condition 5.
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To see this, consider the following commutative diagram in gzdis

0 0 0
0 —> ker(d,) Q] — 2> ker(8p_1) — 0
. Q[Ln] L
0 — ker(d,) Q[Zn] — 2 > ker(dp_1) — 0

0 —— coker (') — coker(Q|[t,,]) — coker(t) — 0

0 0 0.

Note that the diagram consists of exact rows and exact columns. Since Q[Q4] is a
direct summand of Q[£5] in g(zdis, it follows that each coker(Q[i,]) is projective;
coker(t) is projective by hypothesis. Then exactness of the bottom row implies that
coker(¢") is projective. O

Remark 5.2. In gjgdis, it is possible to develop a homological mapping cylin-
der argument analogous to [3, Proposition 4.1] that yields a similar conclusion to
Lemma 5.1 but only for open subgroups of G. This argument was developed in a
preliminary version of this article.

Proof of Theorem 1.5. Since G and H have type FP,,, we may use the partial proper
permutation resolutions described in Lemma 5.1; we keep the notation from there.
Because G has type FP, 1 and cdg(G) = n + 1, ker(9,,) is finitely generated (in
gg)dis) and projective; because H has type FP,y; and coker(s) is projective,
ker(d,) is a finitely generated (in gzjdis) summand of ker(d,). So:

(1) [ <llker(srry ~ l—ller(og) on the elements of ker(5,!), by Proposition 4.5;
H G
(2) ||fH§Z" ~ ||f||1z’ on the elements of Q[Q], because €, is a subset of 3,,;
G
(3) N—ller(acy ~ ||f||12“ on the elements of ker(95), because G satisfies the
weak n-dimensional linear isoperimetric inequality.
H

Therefore || ||ier(sz) ~ \LH?" on the elements of ker(6%), i.e. H satisfies the weak
n-dimensional isoperimetric inequality. O

6. WEAK LINEAR ISOPERIMETRIC INEQUALITY AND HYPERBOLICITY

The notion of linear isoperimetric inequality was used to characterise discrete
hyperbolic groups by Gersten [21]. Different generalizations of Gersten’s result
have been presented by various authors; see for example [25], [34] and [27]. In
particular, Manning and Groves [25] reformulated Gersten’s argument to provide a
homological characterization of simply connected hyperbolic 2-complexes by means
of a homological isoperimetric inequality. Here we use results from [25] to provide
an analogue characterization of hyperbolic TDLC-groups.

Let X be a complex with i-skeleton denoted by X (9. Consider the cellular chain
complex (Co(X,Q),0s) of X with rational coefficients. Each vector space C;(X,Q)
is Q-spanned by the collection of i-cells o of X. An i-chain « is a formal linear
combination ) .y ro0 where 75 € Q. The £;-norm on C;(X, Q) is defined as

lal™* = Iral,
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where || denotes the absolute value function on Q.

Definition 6.1 ( [25, Definition 2.18] Combinatorial path). Let X be a complex.
Suppose T is an interval with a cellular structure. A combinatorial path I — X
is a cellular path sending 1-cells to either 1-cells or 0-cells. A combinatorial loop
is a combinatorial path with equal endpoints.

From here on, to simplify notation, the 1-chain induced by a combinatorial loop
c in X is denoted by c as well.

Definition 6.2 ([25, Definition 2.28] Linear Homological isoperimetric inequality).
Let X be a simply connected complex. We say that X satisfies the linear homological
isoperimetric inequality if there is a constant K > 0 such that for any combinatorial
loop ¢ in X there is some o € Co(X, Q) with O(o) = ¢ satisfying

X,2 X,1
(6.1) [oll7" < Kllefl7

Definition 6.3. Let G be a compactly presented TDLC-group. There exists a
simply connected G-complex X with compact open cell stabilizers, the 2-skeleton
X®) s compact modulo G, the G-action is cellular and an element in G firing a
cell setwise fizes it already pointwise. The group G satisfies the linear homological
isoperimetric inequality if X does.

The above definition is independent of the choice of X as a consequence of
Proposition 4.6, the fact that a compactly presented TDLC-group has type FPs,
and the following statement.

Proposition 6.1. Suppose G is a compactly presented TDLC-group and X is a
topological model of G of type Fo. Then G satisfies the weak linear isoperimetric
inequality if and only if X satisfies the linear homological isoperimetric inequality.

Proof. The augmented cellular chain complex (Ce(X,Q), ) of X is a proper par-
tial permutation resolution of Q of type FP5. The module C;(X,Q) is a proper

permutation module and we can take as its filling norm |||/, the ¢;-norm induced
by G-set of i-cells.
The weak linear isoperimetric inequality means that the filling norm |||, of

Z1(X,Q) is equivalent to the restriction of |||, to Z1(X,Q). Hence there is a
constant C' > 0 such that |||, < C|—|s, on Zi(X,Q). To prove the linear
homological isoperimetric inequality is enough consider non-trivial combinatorial
loops, the inequality is trivial otherwise. Let ¢ be a non-trivial combinatorial loop
and let pu € Co(X) such that Op = c and ||ul| ¢, < |lcll;, +1. In particular, |ullq, <
llell 7, +llell o, > since [[c]l o, is a positive integer. It follows that |[ullo, < (C+1) [|cl/o,
for any non-trivial combinatorial loop.

Conversely, suppose that X satisfies the linear homological isoperimetric inequal-
ity for a constant C. Let v € Z1(X, Q). Then the filling norm on v € Z1(X, Q) is
given by |||, = inf{[|ulls, : p € C2(X,Q),0n = ~v}. There is an integer m such
that m~ is an integer cycle. Then m~y = ¢; 4+ ¢ca + - - - + ¢ where each ¢; is a cycle
induced by a combinatorial loop, and [[m7[|o, = >_ |lcill,, see [23, Lemma A.2].
Then there are 2-cycles o; € C2(X, Q) such that do; = ¢; and |[|o;|, < Cleill ¢, -
It follows that

[mAllz, <

> o
i

Since both ||| ;, and |||, are homogeneous (see (N2) in Section 4), the previous
inequality implies that |||, < C'[|—||o, on Z1(X,Q). On the other hand, since
the inclusion Z1(X,Q) — C1(X, Q) is bounded, there is another constant C’ such

<Y loille, <€ licille, = Clmrle, -
Co 7 i
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that [|_||o, < C"||—|lz, on Z1(X,Q). Therefore the norms |||, and |||, are
equivalent on Z1(X, Q). O

Below we recall a characterization of hyperbolic simply connected 2-complexes
from [25].

Proposition 6.2. [25, Proposition 2.23, Lemma 2.29, Theorem 2.30 | Let X be a
simply connected 2-complex.

(1) If XM 4s hyperbolic, then X satisfies the linear homological isoperimetric
inequality.

(2) If there is a constant M such that the attaching map for each 2-cell in X
has length at most M, and X satisfies a linear homological isoperimetric
inequality; then X is hyperbolic.

Proof of Theorem 1.4. Let G be a compactly generated TDLC-group. Suppose
that G is hyperbolic. By Proposition 3.7, G is compactly presented and there is
a topological model X of G of type Fo. By Proposition 3.3, the 1-dimensional
complex X1 is quasi-isometric to a Cayley-Abels graph of G. It follows that X (1)
is hyperbolic. Hence, Propositions 6.1 and 6.2 imply that G satisfies the weak linear
isoperimetric inequality.

Conversely, suppose that G is compactly presented and satisfies the weak linear
isoperimetric inequality. Proposition 3.6 implies that there is a topological model X
of G of type Fy. By Proposition 6.1, X satisfies the linear homological isoperimetric
inequality. Since the G-action on the 2-skeleton X (?) has finitely many G-orbits
of 2-cells, there is a constant M such that the attaching map for each 2-cell in X
has length at most M. Then Proposition 6.2 implies that X () is hyperbolic. By
Proposition 3.3, the Cayley-Abels graphs of G are hyperbolic. (]

7. SMALL CANCELLATION QUOTIENTS OF AMALGAMATED PRODUCTS OF
PROFINITE GROUPS

This section relies on small cancellation theory over free products with amal-
gamation as developed in Lyndon-Schupp textbook [31, Chapter V, Section 11].
Before we state the main result of the section, we recall some of the terminology.

Let A and B be groups, and let C' be a common subgroup. A reduced word" is
a sequence xj ...Ty,n > 0, of elements of A xc B such that

(1) Each z; belongs to one of the factors A or B.

(2) Successive ;, ;41 belong to different factors.

(3) If n > 1, no x; belongs to C.

(4) If n =1, then a1 # 1.
A sequence 1 ...x, is semi-reduced if it satisfies all the above items with (2) re-
placed by

(2’) The product of successive x;, x;+1 does not belong to C.

Every element of A xc B can be represented as the product of the elements in a
reduced word. Moreover, if x1...z,,n > 1 is a reduced word, then the product
x1--- Xy is not trivial in A xc B (see [31, Theorem 2.6]). A reduced word w =
T1...xT, is cyclically reduced if n = 1 or if x,, and z; are in different factors of
A xc B. The word w is weakly cyclically reduced if n =1 or if x,,z1 ¢ C.

A subset R of words in A x¢ B is symmetrized if r € R implies r is weakly
cyclically reduced and every weakly cyclically reduced conjugate of r*! is also in
R. A symmetrized subset R is finite if all elements represented by words in R
belong to a finite number of conjugacy classes in A x¢ B. Let R be a symmetrized

n [31, Section V Chapter 11] this is also called normal form.
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subset of Axc B. A word b is said to be a piece (relative to R) if there exist distinct
elements r1 and ro9 of R such that r; = be; and r9 = bey in semi-reduced form.

C’(A): If r € R has semi-reduced form r = be where b is a piece, then [b] < Alr].
Further, |r| > 1/A for all » € R.

Theorem 7.1. Let Axc B be the amalgamated free product of the profinite groups
A, B over a common open subgroup C. Let R be a finite symmetrized subset of
A xc B that satisfies the C'(1/12) small cancellation condition. Then the quotient
G = (Axc B)/{R)) is a hyperbolic TDLC-group with cdg(G) < 2.

Since the rational discrete cohomological dimension of a TDLC-group G is less
or equal to the geometric dimension of a contractible G-CW-complex acted on by
G with compact open stabilizers (see [16, Fact 2.7] for example), in order to prove
the theorem, we construct a contractible cellular 2-dimensional G-complex X with
compact open cell stabilizers, and such that its 1-skeleton is hyperbolic. The 1-
skeleton is obtained as a quotient of the Bass-Serre tree of A x¢ B, and then X is
obtained by pasting G-orbits of 2-cells in one to one correspondence with conjugacy
classes defined by R.

Recall that there exists a unique group topology on A xc B with the following
properties (see [18, Proposition 8.B.9] for example): the natural homomorphisms
A — Axc B, B — Ax¢c B, and C — Ax¢ B are topological isomorphisms onto open
subgroups of A xc B. Moreover, A x¢ B is a TDLC-group, and in particular, all
open subgroups of C form a local basis at the identity of compact open subgroups
of Ax¢c B.

Proof. Let T be the Bass-Serre tree of A x¢ B. Observe that T is locally finite,
the action of A x¢ B on T is cobounded and it has compact open stabilizers. In
particular, the action of Ax¢ B on T is geometric and hence A x¢ B is a hyperbolic
TDLC-group.

Let N denote the normal closure of R in A x¢ B. By Greendlinger’s lemma [31,
Ch. V. Theorem 11.2], the natural morphisms A — G and B — G are monomor-
phisms. It follows that the subgroup N does not intersect A, B and C. Thus the
action of IV on the tree T is free, and as a consequence N is discrete. Hence N is
closed in A x¢ B, and G is a TDLC-group.

Let XM denote the quotient graph T/N. Since N was acting freely and cellularly
on T, the quotient map p: T — X is a covering map. Since T is locally finite,
X is locally finite. Since the quotient map A x¢ B — G is open, the action of
Axc B on T induces an action of G on X which is cobounded and has compact
open stabilizers.

Let xp be a fixed vertex of T that we consider as the base point from now
on. Since T is simply connected, there is a natural isomorphism from N to the
fundamental group m (XM, p(x0)). Specifically, for each g € N, let ag be the
unique path in T' from z¢ to g.xzg. Let 74 = p o ay be the closed path in X
induced by «, based at p(zo). Thus, the isomorphism from N to 71 (X ™), p(x0)) is
defined by g — g.

We are ready to define X. For g € G and h € N, let g.y, be the translated
closed path without an initial point, i.e., these are cellular maps from S! — X.
Consider the G-set Q = {g.7, | € R,g € G} of closed paths in X(). Let X be
the G-complex obtained by attaching a 2-cell to X (M) for every closed path in Q. In
particular, the pointwise G-stabilizer of a 2-cell of X coincides with the pointwise
G-stabilizer of its boundary path and, therefore, compact and open. Then X is a
discrete G-complex of dimension 2. Observe that the natural isomorphism from N
to 71 (XM, p(wp)) implies that X is simply connected. Moreover, since R is finite,
X is a cobounded 2-dimensional discrete G-complex.



20 S. ARORA, 1. CASTELLANO, G. COROB COOK, AND E. MARTINEZ-PEDROZA

We observe that X is a C’(1/6) complex and in particular the one-skeleton of X
is a Gromov hyperbolic graph with respect to the path metric, this is a well known
consequence, see [24]. Let Ry and Ry be a pair of distinct 2-cells in X such that the
intersection of their boundaries contains an embedded path y. We can assume, by
translating by an element of G, that the base point of X is either the initial vertex
of v or the second vertex of 7. Let 7 be the sub-path of v with initial point the
base point of X; observe that |y| < |7'| + 1. Consider the boundary paths of Ry
and R, starting at the base point and oriented such that 4 is an initial sub-path
of both of them. Consider the lifts of the chosen boundary paths of R; and R in
the tree T starting from the base point. They intersect along the lifting of the path
~'. Let us call this path 4. Then the reduced word in A *c B corresponding to %
is a piece, and hence its length is bounded by 1—12|8Ri|, for i = 1,2. We have the
following inequality

< I 41= 3+ 1<~ |0Ri| + —|OR,], fori=1,2.
12 12
Hence X is a C’(1/6) complex.

We conclude that the complex X is contractible by using a well known argument
of Ol'shanskif [36]. By a remark of Gersten [20, Remark 3.2], if every spherical
diagram in X is reducible, then X has trivial second homotopy group, and therefore
X is contractible because it is simply connected. Let S — X be a spherical diagram,
and suppose that it is not reducible. Consider the dual graph ® to the cellular
structure of S, specifically ® is the graph whose vertices are the two cells of X
and there is an edge between two vertices for each connected component of the
intersection of the boundaries of the corresponding 2-cells. Observe that ® is planar.
Since X is a C’(1/6) complex, the boundary paths of 2-cells are embedded paths
and the intersection of the boundaries of any pair of 2-cells is connected, and hence
® is simplicial. Also since X is C’(1/6), every vertex of ® has degree at least
6. Since a finite planar simplicial graph has at least one vertex of degree at most
5, we have reached a contradiction and therefore the diagram S — X has to be
reducible. The above sketched argument can be found in [32, Proof of Theorem
6.3] in a different framework. O
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