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Résumé

Cette these est consacrée a la construction d’actions géométriques sur des espaces
a courbure négative ou nulle. Une premiere partie étudie les groupes de Dyer,
qui généralisent les groupes de Coxeter et les groupes d’Artin a angles droits.
Nous démontrons que ces groupes sont des sous-groupes distingués d’indice fini de
groupes de Coxeter. Nous construisons ensuite des actions géométriques de groupes
de Dyer sur des complexes euclidiens par morceaux, qui étendent les actions de
groupes de Coxeter sur les complexes de Davis-Moussong et les actions de groupes
d’Artin & angles droits sur les complexes de Salvetti. Les complexes euclidiens par
morceaux construits sont CAT(0). La seconde partie de cette these est consacrée
aux complexes simpliciaux systoliques. Nous donnons une réponse a la question
suivante : soit G un groupe avec présentation finie (S | R). Quelles sont des
conditions nécessaires et suffisantes sur S pour que le complexe de drapeaux du
graphe de Cayley de G soit systolique? Nous appliquons notre résultat aux groupes
de Garside et aux groupes d’Artin.

Abstract

This thesis addresses the construction of geometric group actions on spaces of
non-positive curvature. In a first part we study Dyer groups, which generalize
Coxeter groups and right-angled Artin groups. We show that Dyer groups are
finite index subgroups of Coxeter groups. We then construct geometric actions
of Dyer groups on piecewise Euclidian cell complexes, which extend actions of
Coxeter groups on Davis-Moussong complexes and of right-angled Artin groups
on Salvetti complexes. The constructed complexes are CAT(0). The second part
of this thesis is devoted to systolic simplicial complexes. We answer the following
question: let G be a group with finite presentation (S | R). What are necessary
and sufficient conditions on S that ensure systolicity of the flag complex of the
Cayley graph? We apply our result to Garside groups and Artin groups.
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Introduction

One approach to the study of discrete groups is the construction of properly
discontinuous and cocompact actions by isometries on locally compact spaces with
interesting geometric properties. We will be focusing on proper metric spaces with
non-positive curvature. A classical notion of curvature is the sectional curvature
of a Riemannian manifold. Alexandrov generalized the Riemannian curvature
notion to metric spaces. Gromov popularized this notion unter the name CAT(k)-
inequality, in honour of Cartan, Alexandrov and Topogonov. A presentation of
the properties of CAT(k) spaces and of groups acting on them can be found in
[BH99]. CAT(0) cube complexes have been a subject of a particular interest in
this context. In [JS06], Januszkiewicz and Swiatkowski introduced systolicity as
a non-positive curvature criterion for simplicial complexes. Other notions of non-
positive curvature have attracted attention recently such as weakly modular graphs
[CCHO20], Helly graphs [HO21] or injective metric spaces [Lanl3]. However the
work in this thesis focuses in a first part on the construction of geometric actions
of Dyer groups on CAT(0) spaces and in a second part on the construction of
geometric actions of Garside groups on systolic complexes.

Let X be a geodesic metric space. A geodesic triangle 7" in X consists of
the union of three points z,y,2z € X, its vertices, and three geodesic segments
[z,9y], [y, 2] and [z, 2] joining them. A geodesic triangle T in the Euclidean plane
R? with vertices 7,7,z € R? satisfying d(7,y) = d(z,y), d(y,Z) = d(y,2) and
d(z,z) = d(x,z), is called a comparison triangle for 7. A point p € [Z,7] is a
comparison point for p € [z,y| if d(p,T) = d(p,z). Comparison points on [7,Z]
and [z, z| are defined similarly. The triangle 7" satisfies the CAT(0) inequality if
for all p,q € T and all comparison points p,g € T we have d(p,q) < d(p,q). The
geodesic metric space X is said to be CAT(0) if all geodesic triangles satisfy the
CAT(0) inequality. In Chapter [1] we will also define CAT (k) spaces for any real
number k. The other curvature related notion of interest in this thesis are systolic
complexes. A simplicial complex X is systolic if it is simply connected and the
link of every vertex is 6-large, where 6-large means it is a flag complex and all
cycles of length 4 or 5 have diagonals. More generally one can consider k-systolic
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complexes for any k£ € N. A group G is said to be CAT(0), resp. systolic, if it
acts geometrically on a proper CAT(0) space, resp. a proper systolic complex.
However the two notions are not equivalent, as we will see in Section [L.3]

The first class of groups studied in this thesis are Dyer groups. In his study of
reflection subgroups of Coxeter groups [Dye90], Dyer introduces a family of groups
which contains both Coxeter groups and graph products of cyclic groups. A close
study of [Dye90] also implies that this class of groups, which we call Dyer groups,
has the same solution to the word problem as Coxeter groups, given by Tits [Tit69],
and graph products of cyclic groups, given by Green [Gre90]. Similarly to Coxeter
groups and right-angled Artin groups, the presentation of a Dyer group can be
encoded in a graph. Consider a simplicial graph I" with set of vertices V = V(I)
and set of edges E = E(I'), a vertex labeling f : V' — NsyU{oo} and an edge
labeling m : E — Nsy. We say that the triple (I, f,m) is a Dyer graph if for every
edge e = {v,w} with f(v) > 3 we have m(e) = 2. The associated Dyer group
D = D(T', f,m) is given by the following presentation

D= (z,veV |zl =e if f(v) # oo,
[Ty, Tulm(e) = [Tus Tom(e) for all e = {u,v} € E),

where [a,b]y = aba ... for any a,b € D, k € N and we denote the identity with e.

So one can see thalg in particular Coxeter groups and right-angled Artin groups are
examples of Dyer groups. It is natural to ask the following question. Consider a
property P satisfied by both Coxeter groups and graph products of cyclic groups.
Do Dyer groups also satisfy P? There is extensive literature on Coxeter groups
as well as on right-angled Artin groups and graph products of cyclic groups. In
[DJOO] Davis and Januszkiewicz show that right-angled Artin groups are finite
index subgroups of right-angled Coxeter groups. For a right-angled Artin group
A, they give right-angled Coxeter groups W and W’ where W’ and A are both
finite index subgroups of W and moreover the cubical complexes corresponding to
A and W' are identical. Inspired by this work, we consider the following question:
Are Dyer groups finite index subgroups of Coxeter groups? Out of a Dyer graph
(T, f,m), we build a Dyer graph (A, g,n). By construction, we have g(v) = 2 for
all v € V(A), so D(A,g,n) is a Coxeter group, which we denote by W (A). We
prove the following statement.

Theorem (Theorem [3.1.8). We have W(A) = D(T, f,m) x¢ (Z/2Z)* for some
determined k € N and action € : (Z/27)F x D(T', f,m) — D(T, f,m).

The next corollary is a direct consequence.
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Corollary (Corollary |3.1.9). Fvery Dyer group is a finite index subgroup of some
Coxeter group.

This has many interesting consequences, among others it implies that Dyer
groups are CAT(0) [Dav08, Theorem 12.3.3], linear [Bou81I, Corollary 2], and
biautomatic [OP22]. This is the starting point for a more precise study of their
geometry. Coxeter groups are known to act geometrically by isometries on the
Davis-Moussong complex, right-angled Artin groups are known to act geometrically
by isometries on the Salvetti complex. Moreover graph products of cyclic groups
are known to be CAT(0) by [Genl7, Theorem 8.20]. The aim is to construct an
analog of the Davis-Moussong and Salvetti complexes for Dyer groups and by way
of the construction give a unified description of them. The piecewise Euclidean cell
complex ¥ associated with a Dyer group D is constructed as follows. One considers
an appropriate simple category without loops & and a complex of groups D(X).
The development C of ©(X') will then encode the necessary information in order
to build X.

Theorem (Theorem [3.2.22)). The cell complex ¥ is CAT(0).

The second class of groups studied here are Garside groups. They were intro-
duced by Dehornoy and Paris in [DP99] as a generalization of spherical Artin
groups. The Garside structure of a Garside group naturally gives a presentation
leading to a simplicial Cayley graph, we call this the Garside presentation of a
Garside group. So it is natural to ask when the flag complex of the Cayley graph
with respect to the Garside presentation is systolic. More generally, any group
endowed with a finite generating set acts geometrically on its Cayley graph. Can
we give conditions on a group presentation which ensure that the flag complex
of its Cayley graph is well-defined and systolic? We introduce the notion of a
restricted triangular presentation. We say that a presentation (S | R) of some
group G is a restricted triangular presentation if SNS™ =0, R = {a-b-c! |
a,b,c € S and abc™! = e in G} and for a,b,c € S abc € S implies ab,bc € S.
Note that the Garside presentation of a Garside group is a restricted triangular
presentation. We have the following result.

Theorem. (Theorem Consider a group G endowed with a finite generating
set S, where G has a finite restricted triangular presentation with respect to S.
Then the complex Flag(G, S) is a simply connected simplicial complex. It is systolic
if and only if the generating set S satisfies the following conditions:

1) If there exists u,w,a,b,c,d € S, u # w, a # d, with ua = wb € S and

ud = we € S, then there exists k € S such that w = uk or ua = udk or
u = wk or ud = uak.
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2) If there exist v,x,a,b,c,d € S, v # x, a # b, with bv = cx € S and
av = dx € S, then there exists k € S such that v = kx or av = kbv or
xr = kv or kav = bv.

3) If there exist u,v,x,b,c € S, v # x, withux € S, uv € S and vb = xc € S,
then there exists k € S such that k = uvb or v = zk or x = vk.

4) If there exist v,w,z,a,d € S, v # x, withvw € S, zw € S and de = av € S,
then there exists k € S such that k = avw or x = kv or v = kx.

5) If there exist u,v,w,x € S, v # x, u # w, with wv € S, wx € S, uv € S
and ux € S, then there exists k € S such that w = ku or x = vk or u = kw
orv =xk.

Moreover, this implies that G is a systolic group.

An important class of examples are the following Garside groups. Consider the

following definitions. Let x,...,x, be n letters and let m be a positive integer.
We define
prod(zy,...,xT,;m) = 129 ... T2 Ty . . .
m

and prod(zy,...,z,;0) = e. Consider the group
Gnm = (x1,..., 2, |prod(zy,...,T,;m) = prod(zs, ..., Ty, x1;m) = ...
= prod(z,, 1, ..., Ty_1;m)).
Consider the following set of generators
Snm = {prod(x;,...,xitn; k) |1 <i<n,1 <k <m}CGQG,
where we consider all indices modulo n. Moreover let
Ay =prod(zy, ..., xhm) € Gy .

By Theorem [1.2.5] Flag(Gpm, Snm) is systolic. Applying Theorem to the
Garside presentation of a Garside group gives the following characterization.

Theorem. (Theorem|4.53.10}) Let G be a Garside group of finite type. Then G has a
systolic Garside presentation if and only if G = (¥i_1 G, m,) [ (Dnim; = Bnym, Vi, J)
for some positive integers p,ni,...,ny, and mq, ..., my.

We also apply Theorem to Artin groups. In order to state the next
result, we require a few definitions. An orientation on a simplicial graph I" is an
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Q2 as

Y

ai - ay

Figure 1: a misdirected 4-cycle

assignment o(e) for each edge e € E(I") where o(e) is a set of one or two endpoints
of e. An edge with both endpoints assigned is bioriented. The startpoint i(e) is an
assignment of one or two startpoints of e. If o(e) consists of one point, i(e) consists
of one point such that e = (i(e),o(e)), if o(e) consists of two points then so does
i(e). So the startpoint i(e) is consistent with the choice of o(e). We say that a
cycle v is directed if for each v € v there is exactly one edge e € v with v € o(e).
A cycle is undirected if it is not directed. We say that a 4-cycle v = (ay, as, as, a4)
is misdirected if ay € o(ay,as),as € 0(az,as),as € o(as,ay) and ay € o(ay, ay), see
Figure [I}
Given a finite labeled simplicial graph I', the Artin group associated with I" is
given by
Ar = (50,0 €V | [sp5wS0 - |, = [SwSuSw -+,

for all edges e = (v, w) with label m,),

where as above [zyz...], = zyx... for k € N.
——
k

Theorem. (Theorem Let T' be a simplicial graph, with edges labeled by
numbers > 2 and with an orientation o such that an edge is bioriented if and only
if it has label 2. Assume that every 3-cycle is directed and no 4-cycle is misdirected.
Let Ar be the Artin group associated with I'. Then there exists a presentation of
Ar which is systolic.

This manuscript is structured as follows. Chapter (1| is dedicated to the two
notions of non-positive curvature we will consider. We define the more general
notions of CAT(k) spaces for k € R and k-systolic simplicial complexes for
k € N. We then concentrate on CAT(0) spaces and systolic complexes and mention
some important results as well as examples. We finally compare the two notions.
Indeed the geometric realization of a two-dimensional equilateral triangle complex
is known to be CAT(0) if and only if the simplicial complex is systolic. We present
known counter-examples to such a statement in higher dimensions. In Chapter [2]
we provide necessary background on simple categories without loop (scwols) and
complexes of groups. We also present the contruction of actions of Coxeter groups
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on their Davis-Moussong complexes, as well as actions of right-angled Artin groups
on their Salvetti complexes. Chapter [3|is devoted to Dyer groups. We first recall
the definition and show Theorem B.1.8 mentioned above. Then we construct a cell
complex ¥ associated with any given Dyer group, generalizing the Davis-Moussong
complex. In Chapter [d] we go back to simplicial non-positive curvature and show
Theorems [£.2.5], [4.3.10] and [£.3.21]




Chapter 1

Non-positive curvature

In this chapter we recall definitions and properties of CAT(0) spaces and systolic
complexes, the two notions of non-positive curvature considered in this thesis.
In Section , we define CAT(0) spaces and give some of their properties. We
also present Moussong’s Lemma [I.1.16, which is an essential tool to show that
a piecewise Euclidean cell complex is CAT(0). In Section [1.2] we define systolic
complexes, mention important properties and give some examples. In Section [1.3]
we compare those two notions of non-positive curvature. In particular we present
examples given by Januszkiewicz and Swigtkowski showing that for a simplicial
complex endowed with the standard metric these two notions are not equivalent.

1.1 CAT(0) spaces

Definition 1.1.1. Let (X, d) be a metric space. A geodesic segment, or simply a
geodesic, from x € X to y € X is the image of an isometric embedding ¢ from an
interval [0, /] C R to X such that ¢(0) = x and ¢(¢) = y. We also call ¢ the length
of the geodesic. A metric space (X, d) is geodesic if any two points x,y € X can
be joined by a geodesic.

Let k € R. In order to define CAT(k) spaces, we first need to introduce the
model space M?, which denotes the (unique up to isometry) simply connected,
complete, Riemannian 2-manifold of constant curvature x. More concretely, if
k = 0, we define M? to be the Euclidean plane R?. If k > 0, we define M2 to
be the 2-sphere S? with its metric rescaled so that its curvature is &, i.e. it is the
sphere of radius 1/y/k. If k < 0, we define M? to be the real hyperbolic plane H?
with its metric rescaled, i.e. distances are multiplied by 1/v/—x. Let D, be the
diameter of M,, so it is equal to 7//k if Kk > 0 and 400 otherwise.

9
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Definition 1.1.2. A geodesic triangle T in X consists of the union of three points
x,y,z € X, its vertices, and three geodesic segments [z, y], [y, z] and [z, 2] joining
them. The perimeter of T is d(z,y) + d(y,z) + d(z, 2z). A geodesic triangle T in
M? with vertices 7,7,z € M? satisfying d(z,y) = d(z,y), d(y,%z) = d(y, z) and
d(z,z) = d(z,z2), is called a comparison triangle for T. Such a triangle always
exists, if d(z,y) + d(y,z) + d(z, 2) < 2D,. A point p € [T, 7] is a comparison point
for p € [x,y] if d(p,T) = d(p, x). Comparison points on [, z] and [z, z] are defined
similarly.

Definition 1.1.3. Let X be a metric space and k € R. Let T be a geodesic
triangle in X with perimeter less than 2D,. Let T be a comparison triangle in
M?. The triangle T satisfies the CAT(r) inequality if for all p,q € T and all
comparison points p,g € T, we have d(p,q) < d(p,q).

Definition 1.1.4. For x < 0, a geodesic metric space X is said to be CAT (k) if
every geodesic triangle satisfies the CAT (k) inequality. If x > 0, a D,-geodesic
space X is said to be CAT (k) if every geodesic triangle of perimeter less than 2D,
satisfies the CAT (k) inequality. (Here D,-geodesic means that all pairs of points
x,y € X with d(z,y) < D, are joined by a geodesic.) A metric space X is said to
be of curvature < k if it is locally a CAT(k) space, i.e. if for every z € X there
exists 7, > 0 such that the ball B, (z), endowed with the induced metric, is a
CAT(k) space. A discrete group G is CAT(k) if it acts properly discontinuously
and cocompactly on a proper CAT(k) space.

Ezample 1.1.5. Convex subsets of CAT(0) spaces are CAT(0). If X and Y are
CAT(0) spaces, then the product space X x Y endowed with the ¢ metric is
CAT(0).

Example 1.1.6. In Chapter 2] Sections and we will present the Davis-
Moussong complex associated to a Coxeter group and the Salvetti complex asso-
ciated to a right-angled Artin group, which are both examples of CAT(0) spaces.

Let us state some fundamental results about CAT (k) spaces.

Proposition 1.1.7. ([BH99, Proposition 11.1.4]) Let X be a CAT (k) space. Then
there is a unique geodesic segment joining each pair of points x,y € X provided
that d(x,y) < D, and this geodesic segment varies continuously with its endpoints.
Moreover the balls of radius less than D, are contractible.

Corollary 1.1.8. ([BH99, Corollary 11.1.5]) For k < 0, any CAT(k) space is
contractible, in particular it is simply connected and all of its homotopy groups are
trivial.
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Theorem 1.1.9. ([BH99, Cartan-Hadamard Theorem I1.4.1]) Let X be a complete
connected metric space and £ < 0. If X is of curvature < &, then any universal
cover X of X is a CAT (k) space.

Some notable properties of CAT(0) groups are mentioned in the next two
theorems.

Theorem 1.1.10. ([Dav08, Theorem I.4.1.]) Suppose G is a CAT(0) group. Then

1. There is a model for EG (the universal space for proper G-actions) with
EG/G compact.

2. The group G 1is finitely presented.

3. There are only finitely many conjugacy classes of finite subgroups in G.
4. We have cdg(G) < oo.

5. The cohomology space H*(G;Q) is finite dimensional.

6. The Word and Conjugacy Problems for G are solvable.

7. Any abelian subgroup of G is finitely generated.

8. Any virtually solvable subgroup of G is virtually abelian.

Theorem 1.1.11. ([Dav08, Bruhat-Tits Fized Point Theorem 1.2.11.]) Let G be
a group of isometries of a CAT(0) space X. If G is compact (or more generally if
G has a bounded orbit on X ), then G has a fized point on X.

As we will be constructing a Euclidean polyhedral complex in Chapter [3] we
give some criteria for recognizing when such a complex is CAT(0).

Definition 1.1.12. Let K be a Euclidean polyhedral complex. Let v be a vertex
in K. The link complex Lk(v, K) of v in K is the set of directions at v. It is
naturally endowed with a piecewise spherical simplicial cell structure.

Definition 1.1.13. An M,-polyhedral complex K satisfies the link condition if
for every vertex v € K the link complex Lk(v, K) is a CAT(1) space.

Theorem 1.1.14. ([BH99, Theorem 11.5.4]) Let K be an M,-polyhedral complex
with only finitely many isometry types of cells. If k < 0, the following conditions
are equivalent:

1. K is a CAT(k) space.
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2. K is uniquely geodesic.
3. K satisfies the link condition and contains no isometrically embedded circles.
4. K is simply connected and satisfies the link condition.
I frk > 0 then the following conditions are equivalent:
1. K is a CAT(k) space.
2. K is (m/\/k)-uniquely geodesic.

3. K satisfies the link condition and contains no isometrically embedded circles

of length less than 27 /+/k.

The main tool used to check the link condition for Euclidean cell complexes is
Moussong’s Lemma.

Definition 1.1.15. A simplicial complex L with a piecewise spherical structure
has simplices of size > 7/2 if each of its edges has length > 7/2. Such a simplicial
complex is a metric flag complex if the following condition holds. Suppose the set

{vo, ..., v} is a set of pairwise adjacent vertices of L. Put ¢;; = cos(d(v;,v;)).
Then {vy,...,v;} spans a simplex if and only if the matrix (¢;;)o<; j<k is positive
definite.

Lemma 1.1.16 (Moussong’s Lemma [Dav08] Lemma 1.7.4.). Suppose L is a
piecewise spherical simplicial cell complex in which all cells are simplices of size
> /2. Then L is CAT(1) if and only if it is a metric flag complex.

Remark 1.1.17. Let K be a simplicial complex endowed with a piecewise Euclidean
metric. Then the link Lk(v, K) of any vertex v is a piecewise spherical simplicial
complex but not all simplices in Lk(v, K) are of size > w/2. So we cannot apply
Moussong’s Lemma directly to such a setting.

For cube complexes, this characterization was given earlier by Gromov.

Corollary 1.1.18. ([Dav08, Corollary 1.6.3.]) A piecewise Euclidean cubical
complex X is nonpositively curved if and only if the link of each of its vertices
is a metric flag complez.

In Chapter (3, we will be studying the link complex in the future piecewise
Euclidean cell complex Y. We will need the notion of spherical joins, which we
define here.
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Definition 1.1.19. [Dav0§|[Appendix I] The spherical join of two metric spaces
(X,d,) and (Y.d,) is X xY = (X xY x [0,pi/2])/ ~, where ~ is defined by:
(z,y,0) ~ (2/,y,0') whenever § =60’ =0and x = 2" or 0 =60 =1 and y = ¢/.
We define a metric dX on X by dX(z,2’') = min{r,dx(x,2")} and a metric d*
on Y by d¥(y,y') = min{r,dy(y,y’)}.We denote the image of (z,y,0) in X xY
by cos(f)x + sin(f)y. The distance d between points z = cos(f)x + sin(f)y and
2! = cos(0)z’ 4 sin(@')y’ is defined by requiring it to be at most 7 and satisfying
cos(d(z, 2')) = cos(6) cos(8) cos(dX (z,2")) + sin(0) sin(0") cos(dX (y,)).

The following result is important to understand iterated joins.

Lemma 1.1.20. Let (X, dx), (Y, dy) be metric spaces. Then the product of Eucli-
dean cones Coneg(X) x Coney(Y') endowed with the product metric is isometric
with Coney(X xY).

1.2 Systolic complexes

For simplicial complexes, Januszkiewicz and Swiatkowski introduced a notion of
non-positive curvature inspired by the characterizations of CAT(0) cube complexes.

Definition 1.2.1. Let X, Y be simplicial complexes. We denote its k-skeleton by
X&) Then X© is the set of vertices of X. The subcomplex spanned by A ¢ X©
is the largest subcomplex of X which has A as its set of vertices. For a simplex
o € X we can define its link in X, Lk(o,X)={r € X |tNo =0 and TUc € X}.
The join X xY of X and Y is the simplicial complex, whose simplicies are the
disjoint union of simplices in X and Y so X xY ={cU7|oc€ X, 7€ Y}.

Remark 1.2.2. Let X,Y be simplicial complexes. If X and Y are each endowed
with a piecewise spherical structure, their simplicial join X x Y will carry the
piecewise spherical struture of the spherical join given in Definition [[.1.19 In
particular the distance between two vertices v € X C X xY andyeY C X %Y
is w/2. Moreover using Lemma [1.1.20] one can see that the iterated spherical
join I, X; of piecewise spherical simplicial complexes X;, i € {1,...,n} is a well
defined piecewise spherical simplicial complex. Its combinatorial structure is given
by the (combinatorial) join 7, X; defined in [1.2.1] Denote with d; the metric on
X;. The distance d between two vertices u, v in x7_; X; is d(u, v) = max{n, d;(u,v)}
if u,v € X; for some i € {1,...,n} and d(u,v) = 7/2 otherwise.

Definition 1.2.3. The simplicial complex X is a flag complex if any set of pairwise
adjacent vertices spans a simplex in X.
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Remark 1.2.4. A flag complex X is uniquely determined by its 1-skeleton. Moreover
the link of a vertex v € X is the subcomplex spanned the set of vertices adjacent
to v.

Definition 1.2.5. Let X be a simplicial complex. A cycle in X is the image of
a simplicial map f : S — X from a triangulation of the 1-sphere to X. If f is
injective, the cycle is said to be embedded. Let v be an embedded cycle in X. The
length || of v is the number of edges of v. We say that v is a |y|-cycle. A diagonal
of v is an edge that connects two nonconsecutive vertices of v. An embedded cycle
is diagonal-free if there are no edges between nonconsecutive vertices. We say that
two vertices v and w are adjacent if there exists an edge between v and w, we then
write v ~ w. For every k € N, a simplicial complex is k-large, if it is flag and every
embedded cycle v with 4 < |y| < k has a diagonal.

Definition 1.2.6. A simplicial complex X is systolic if it is connected, simply
connected and if the links of all vertices in X are 6-large. A group G is called
systolic if it acts cocompactly and properly by simplicial automorphisms on a
systolic complex X. (Properly means that X is locally finite and for each compact
subcomplex K C X the set of g € G such that g(K)NK # () is finite.) If the links
of all vertices of X are additionally k—large with & > 6, we call it (and the group)
k—systolic.

Remark 1.2.7. Januszkiewicz's and Swiatkowski’s original definition given in [J 806]
of a k-systolic complex required that the links of all simplices be k-large. Moreover
by [JS06, Proposition 1.4] a k-systolic complex with k > 6 is k-large.

Let us consider some examples of systolic complexes and groups.

Ezample 1.2.8. (JJS06, Example 1.8.]) The triangulation of the Euclidean plane
by equilateral triangles is systolic. The triangulation of the hyperbolic plane by
equilateral triangles with angles 2w /m, m > 7 is m-systolic. The triangulation of
the 2-sphere is never k-large, for any k& > 6.

Remark 1.2.9. By [JS07, Corollary 6.4], there is no systolic simplicial subdivision
of R™ for n > 2. In particular there are no systolic flats of dimension strictly
greater than 2.

Remark 1.2.10. Note that the Cayley 2-complex of {a,b, A | A = ab, A = ba) = 7>
is simplicially isomorphic to the triangulation of the Euclidean plane by equilateral
triangles. In particular it is systolic. In Chapter |4 we will investigate the following
question: When is the flag complex of a Cayley graph systolic?

Ezample 1.2.11. By [EP13], the product of two free groups F,, x F,,, n,m > 2 is
systolic. More generally Elsner and Przytycki show that the fundamental group of
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a compact nonpositively curved VH-complex is systolic. In particular any right-
angled Artin group with bipartite defining graph is systolic.

Let us state some results about systolic complexes and groups.

Theorem 1.2.12. [J§06, Theorem 4.1.1] Any finite dimensional systolic complex
is contractible.

Theorem 1.2.13. [JS06, Theorem 13.1] Let G be a systolic group. Then G is
biautomatic. In particular, this implies the solvability of the Word Problem and of
the Conjugacy Problem and a quadratic Dehn function.

Remark 1.2.14. In [HO20], Huang and Osajda show that Artin groups of almost
large type are systolic and hence biautomatic by Theorem [1.2.13] In [HR21], Holt
and Rees describe a slightly simpler variant of the biautomatic structure.

Lemma 1.2.15. [Zad1/] Finitely presented subgroups of systolic groups are systolic.

Theorem 1.2.16. [OP18, Proposition 5.6] The centraliser of an infinite order
element in a systolic group is commensurable with I, X Z, where I, is the free
group on n generators for some n > 0.

Theorem 1.2.17. ([HO20, Theorem 2.2]) Solvable subgroups of systolic groups
are either virtually cyclic or virtually Z2.

Remark 1.2.18. Lemma [1.2.15[ together with Remark implies that if G is a
group with Z3 < G, then G is not systolic.

1.3 CAT(0) versus Systolic

We discuss the relationship between the CAT(0) and the k-systolic conditions. For
a two-dimensional simplicial complex the connection between the CAT(0) and the
systolic conditions is clear.

Lemma 1.3.1. The geometric realization of a two-dimensional equilateral triangle
complex X is CAT(0) if and only if the simplicial complex is systolic.

Proof. This follows from [BH99, Lemma I1.5.6] and [BH99, Proposition I1.5.25].
O]

In higher dimensions Januszkiewicz und Swiatkowski showed that the CAT(0)
and the systolic conditions are not equivalent. One can build simplicial complexes
of dimension n > 2 that are either systolic but not CAT(0) or CAT(0) but not
systolic.
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Ezample 1.3.2 (CAT(0) but not systolic). [JS06, Section 14] Let n € N. Let Y,, be
the simplicial join of an (n — 2)-dimensional simplex ¢ and a 1-dimensional cycle
consisting of 5 edges. The link Lk(o,Y},) is not 6-large so Y,, is not systolic. But
the dihedral angle 3, between two codimension 1 faces in the regular n-simplex
grows to m/2 as n goes to co. Moreover 3, > 27/5 for all n > 4. So Y,, is CAT(0)
but not systolic for all n > 4.

Ezample 1.3.3 (systolic but not CAT(0)). [JS06, Section 14] Let vy, vy, v3 be vertices
and ey, €9, e3 be 1-simplices. Let X be the simplicial cone over

(v1 % e1) U (e *xv2) U (vg*ea) U (e2 % v3) U (v3 * e3) U (e3 % vy).

Then X is 6-systolic but the link of the cone vertex contains a closed geodesic
of length < 27. Indeed in a regular Euclidean 3-simplex the angle a between a
2-face and a 1-face is less than 7/3. The construction can be extended to higher
dimensions. Let k > 6, n € N. Let X be the simplicial cone over U;cz/xz 0i * 0i11
where each o;, 1 < j < k is an n-dimensional simplex. Then X is k-systolic but

not CAT(0).

Remark 1.3.4. In [JS06, Theorem 16.1] Januszkiewicz and Swiatkowski show that
for k > 7%‘/5 -n+ 2, any k-systolic simplicial complex with dim(X) < n is CAT(0)
with respect to the standard piecewise Fuclidean metric. By considering n = 2,
we obtain k& > 34, hence this bound is clearly not optimal (by Lemma we
only need k > 6). The question whether a 6-systolic complex admits a piecewise
Euclidean metric for which it is CAT(0) remains open.

Remark 1.3.5. Besides the relationship between systolic complexes and CAT(0)
spaces, one can wonder about the relationship between systolic groups and CAT(0)
groups. Clearly CAT(0) does not imply systolic, as evidenced by the group Z3
which is CAT(0) but not systolic. The question whether systolic groups are CAT(0)
groups remains open.

Remark 1.3.6. Even though these two notions of non-positive curvature are not
equivalent, they share many properties. For example in [Els09] Elsner gives a
Systolic Flat Torus Theorem. In [Prz08] Przytycki gives a coarse fixed point result
for systolic complexes.



Chapter 2

Complexes of groups

As mentioned in the introduction, Chapter [3| will be devoted to the construction
of actions of Dyer groups on a Euclidean cell complex ¥ and the proof of its non-
positive curvature. We present the necessary background here. The construction
of ¥ uses simple categories without loops and complexes of groups, introduced by
Haefliger in [Hae91], [Haec92]. We also develop some specific examples, used later
on. These are presented in Section The construction in Chapter [3| aims to
generalize actions of Coxeter groups on the Davis-Moussong complex, presented
in Section [2.2] and actions of right-angled Artin groups on the Salvetti complex,
presented in Section The material presented here also appeared in [Soe22].

2.1 Complexes of groups

Small categories without loops (scwols) and complexes of groups were introduced
by Haefliger in [Hae91], [Hae92]. Based on [BH99], we would like to recall some
notions about scwols and complexes of groups, as we do not assume the reader to
be familiar with these constructions. We hope to give all necessary definitions and
results, details can be found in [BH99].

A small category without loops (scwol) X consists of a set V(X), called the
vertex set of X and a set E(X), called the set of edges of X'. Additionally two
maps i : E(X) —» V(X) and t : E(X) — V(X) are given. We call i(«) the
initial vertex of @ € E(X) and t(a) the terminal vertex of o € E(X). The set
E®(X) denotes the pairs (a, ) € E(X) x E(X) with i(a) = t(8). A third
map o : E®(X) — E(X) associates to each pair (o, 3) an edge af3, called their
composition. These sets and maps need to satisfy the following conditions:

1. for all (o, 8) € E®, we have i(a3) = i(3) and t(af) = t(a),

17
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2. for all o, 8,7y € E(X), if i(a) = t(B) and i(5) = t(7), then (af)y = a(B7),
3. for each a € E(X) we have i(a) # t(a).

A subscwol X’ of X is given by subsets V(X') C V(X) and F(X') C E(X) such
that if a € E(X’), then i(a),t(a) € V(X'), and if o, 8 € E(X') with i(a) = ()
then aff € E(X').

Ezample 2.1.1. To any poset (P, <) we can associate a scwol X' where the set
of vertices is P and the set of edges are pairs (a,b) € P x P such that b < a,
t((a,b)) = a and i((a,b)) = b.

Definition 2.1.2 (Product of scwols). Given two scwols X and ), their product
X x Y is the scwol defined as follows: V(X x V) = V(X) x V()) and

E(X xY) = (BE(X) x V) ] (E(X) x EQ) ] (V(X) x EQY)).

The maps i,t : E(X x)) — V(X x ) are defined by i(«, 5) = (i(«),i(f)) and
t(a, B) = (t(«), t(B)) (we consider i(v) = t(v) = v for any v € V(X)) UV (Y)) the
composition (a, ’)(8,5") = (af, /") whenever t(5,") = i(a,a’) (we consider
aff = a whenever a € E(X) U E(Y) and 8 = i(a) € V(X)UV(Y), and af = 8
whenever 5 € E(X)U E(Y) and a =t(p) € V(X)L V(D)).

Remark 2.1.3. Let [n] = {1,...,n}. One can inductively define the product of
n scwols X'y, ..., Xy,. Then the product X = Il;cp, X; is the scwol with vertices
V(X) = gV (X;) and edges E(X) = Uscpn,s20 (HlieseV (X)) X (Hies E(X5)) -
The maps i,t : E(X) — V(X) are defined by i(o) = i((®))jem) = (i(a;))jem
and t(a) = t((0)jem) = (t(a;))jem (we consider i(v) = t(v) = v for any vertex
v € ey V(X)) and the composition a8 = (a;) e (Bj)jem = (@j5;)jepm when-
ever defined.

Ezample 2.1.4. Consider a finite set S. Let P(S) be the set of all subsets of S.
Consider the poset (P(5), C) and its associated scwol Vg. Then Vg = Il,cg Viuy-
Moreover for any v € S the scwol Y{v}, also denoted by V,, has two vertices (0 and
{v} and a single edge e, with i(e,) = () and t(e,) = {v}.

Ezxample 2.1.5. Consider a finite set S. For v € S let Zy,, = Z, be the scwol
consisting of two vertices () and {v} and of two edges denoted (0, {v},() and
(0, {v}, {v}) with initial vertex i(0, {v},0) = i(0, {v}, {v}) = 0 and terminal vertex
t(0,{v},0) = t(0,{v}, {v}) = {v}. Let Zg = yes Zyy}. Note that V(Zg) = P(S)
and the edges can be described as E(Zg) = {(A,B,\) | AC BC S,A\C B\ A},
where i(A, B,\) = A and t(A, B,\) = B. This example seems artificial at this
point but will be quite useful later on, as the geometric realization of Zg is a torus
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TS and its fundamental group is Z°. Indeed in Chapter [3| we will be particularly
interested in the case where S is the vertex set of a complete Dyer graph I' for
which all vertices are labeled by oc.

A simple complex of groups G(X) = (G, 1,) over a scwol X is given by the
following data:

1. for each v € V(X), a group G, called the local group at v,

2. for each o € F(X) an injective homomorphism v, : Gia) = Gy(a), with the
following compatibility condition: ¥, = 1413 Wwhenever defined.

A simple complex of groups G(&X) = (G, 1,) over a scwol X is called inclusive
if it additionally satisfies the following condition: for each a € E(X) we have
Gi(a) < Gia) and ¥4 (g) = g for all g € Gj(,). We will only be considering simple
inclusive complexes of groups. These are restrictions on the more general definition
of complexes of groups which can be found in [BH99].

Definition 2.1.6. The product G(&X') x G()) of two simple complexes of groups
G(X) and G(Y) is the simple complex of groups over the scwol X x ) given by the
following data:

1. for each v = (v1,v2) € V(X x ), the local group G, = G,, X G,, is the
direct product of the corresponding local groups in G(X') and G()),

2. for each a = (ag,a0) € FE(X x)), the injective homomorphism is
Vo = Yo, X Vg, (if one index «; is a vertex, we set 1),, to be the identity on
Ga,)-

As G(X) and G(Y) are simple complexes of groups so is G(X') x G(}).

Similarly to the definition of products of scwols, this definition can be extended
to finite products of simple complexes of groups. The product Iy G(X;) of
simple complexes of groups G(X;), i € [n], is the simple complex of groups over
the scwol Il;g), X'; given by the following data:

1. for each v = (vs)icp) € V(Iligpn) X3), the local group G, = I G., is the
direct product of the corresponding local groups in G(X;),

2. for each o = ()i € E(Ilicpy X;), the injective homomorphism is
VYo = i, (if an index a; is a vertex, we set 1),, to be the identity

on G, ).
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We will now give fundamental examples of complexes of groups and products
of complexes of groups over the scwols introduced in Examples [2.1.4] and [2.1.5]

Example 2.1.7. We consider the scwols defined in Example [2.1.4] For every v € S
we choose a positive integer p,. Let C, be the finite cyclic group of order p,. For
v e S, let D(Y,) be the simple complex of groups over Y, defined by choosing
Gy = (e) the trivial group, G,y = C, and 1), the trivial map. We define a simple
complex of groups D(Ygs) over Vg as follows:

1. for A € V(Yg) we set Ga = [l,eaCy,

2. for e € E(Yg) with i(e) = A and t(e) = B we have A C B so G4 < G and
so there is a canonical inclusion ¢, : G4 — Gp. These inclusions satisfy the
compatibility condition.

We indeed have D(Yg) = s D(Viuy)-

Ezample 2.1.8. For a finite Coxeter system (W, S), we can define a simple complex
of groups over Vg denoted by 20()s) as follows:

1. for A € V(Ys), we choose the local group to be Wy, the subgroup of W
generated by A,

2. for e € E(Ys) with i(e) = A and t(e) = B, we have A C B so there
is a canonical inclusion v, : W4 — Wpg. These inclusions satisfy the
compatibility condition.

In general in this case we have 20(Yg) # H,es20(V(y) even though the scwols
satisfy Vg = llyes Viv}-
Ezample 2.1.9. We consider the scwols defined in Example 2.1.5] We can always
define the trivial complex of groups over a scwol. The product of trivial complexes
of groups will again be trivial. This leads to the following notation. For every
v € S, we define a simple complex of groups D(Z,) over each scwol Z, by choosing
Gy = G{U} = (e) the trivial group and Vo,401,0) = Y@,{v}.{v}) the trivial map.
Similarly we define a simple complex of groups ®(Zg) by choosing G, = (e)
the trivial group for every A € V(Zg) and (4, the trivial map for every
(A,B, )\) € E(ZS) We have @(Zs) = Il,es @(Zv)

Assume that the scwol X is connected, i.e. there is only one equivalence class
on V(X) for the equivalence relation generated by i(a) ~ t(«) for every edge
a € E(X). One can define the fundamental group of a complex of groups G(X)
over a scwol X. For simplicity and as it suffices for the cases we consider, we give
the following characterization.
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Definition 2.1.10. Consider a simple complex of groups G(X') over a connected
scwol X'. Assume that each group G, is finitely presented with G, = (S, | R,).
Choose a maximal tree 7' in the graph with vertex set V(X') and set of edges
E(X). Let E(X)* = {a°| a € E(X),e € {+,—}}. Then the fundamental group
m(G(X),T) is generated by the set

( | Sv)uE(X)i

veV (X)

subject to the relations:

all the relations R, in the groups G,,

(at)™t = a for all edges a € E(X),

atpt = (aB)? for all a, B € E(X), such that a8 € E(X) is defined,
Ya(s) = atsa™, for all @ € E(X) and every s € Si(q),

a” =e, for every a € T.

Different choices of T" and of presentation G, = (S, | R,) will give isomorphic
fundamental groups. So we can consider 71 (G(X)) = m(G(X),T) for any choice of
maximal tree T.  Moreover the subgroup of m(G(X),T) generated by
{a®,a € E(X)} defines the fundamental group of the scwol X.

Remark 2.1.11. This definition is not the original definition given in II1.C.3.5
[BH99] but it is equivalent to it by Theorem II1.C.3.7 in [BH99] and better suited
to our use.

Lemma 2.1.12. For two simple inclusive complexes of groups G(X) and G()),
we have

m(G(X)) x m(G(Y)) = m(G(X) x G(I)).

Proof. We start by choosing maximal trees Ty in X and 7y in Y. In X x Y we fix
a vertex vg = (vx,,vy) and consider the tree Ty «y with vertices V(X) x V()
and edges

{(v,a) e E(X xY) |veV(X),ae E(Ty)}
U{(a,vy0) € E(Xx)Y)|aec E(Ty)}.

Since Ty and T) are maximal trees, so is Ty « y. In order to prove the statement,
we give explicit homomorphisms

¢ :m(G(X), Tx) x m(G(V), Ty) = m(G(X) x G(V), T xy),
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and

§:m(G(X) xG(V), Txxy) = m(G(X), Tx) x m(G(Y), Ty)

and show that their composition is the identity. Recall that the generating set
of m(G(X),Tx) is Sy = (I_lveV(X) SU) U E(X)* and that the generating set of

m(G(Y), Ty) is Sy = (UveV(y) SU) U E(Y)*. So the generating set of 7, (G(X)) x
m(G(Y)) is Sy U Sy. This generating set is subject to the relations in m(G(X))
and 7 (G())) and to the commutation relations {st =ts | s € Sy,t € Sy}. The
generating set of 71 (G(X) X G(V), Ty xy)is Sy xy = ([_lvev(;( <) Sv> UE(X x Y)*.
For a vertex v = (vx,vy) € V(X x Y) we have G, = G, x G, 50 we may assume
that S, = S,, U S,, and that the relations in the groups G, are
R, =R,, UR,, U{zy =yx |2z € Sy,,y € Sy, }. There is a lot of redundancy in
the generators of the group m (G(X) x G(Y), Tv «xy). In particular:

1. For all @ € E(X), v,w € V(Y) we claim that (a,v)" = (a,w)". First
assume that v and w are adjacent in Ty. So there is an edge v € E(Ty)
with i(y) = v and ¢(y) = w. By Definition we have (t(a),7)(a,v) =
(@,7) = (0, w)(i(a),7) in X x V. As (ta), ), (i(2),7) € B(Txxy), we got
(t(a),y)t = (i(a),y)t = e, which implies («,v)" = (a,7)" = (o, w)*. If
there is no such edge in 7y, there is a sequence of vertices vy, ..., v, with
v; = v and v = w and such that for 1 <7 < k — 1 the vertices v;, v;1 are
adjacent in Ty. So for 1 <i < k—1 we have (o, v;)" = (o, v;41)" and hence
(o, )T = (a,w)™.

2. The previous statement implies that for every v € E(Tw) and every vertex
v € V() we have (v,v)" = e. So we can do a similar construction as for
the previous statement to show that for all & € E()), v,w € V(X) we have

V(X),w € V()) we have on one hand
(o, w)*(v,5)* and on the other hand we
= (v,8)" (o, w)". So we get

4. Let v € V(X), a € E(Ty) and s € S,. For w € V(Y), write
S (v,w) for s € S(v,w) =S, us, C SX><y~ Then S(vi(a)) = S(ut(a)) in
m(G(X) X G(V), Txxy)- Indeed (v,a)™ = (v,a) = e and
Vi) (Swita)) = (0,0) 8 (w,ia)) (v @), hence Yi,a)(Swia)) = Swa)- As
Swia) = 5 € Sv C Swi(a) Ywa) (i) = Swi@) = 5 € So C S,t(a):-
SO S(ui(a)) = S(ut(a))- Moreover this implies that for all w,w’ € V(}),

S(vw) = S(vw)-
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5. Similarly let v,v" € V(X), w € V(Y), s € S,. We can write s, for
5 € Sy = Sy WSy C Sxxy. So we have s@w) = S(v/w)-

6. Let v € V(X),w € V(YY) and s € S,, t € S,,. The local group at (v,w) is
G(%w) = G, X Gy,. So for S(vw) € Sx %y, Lww) € Sxxy, we have Swaw)tww) =
t(v,w)S(vw)- By the two previous statements, this implies that for v € V/(X)
and w' € V() we have s(,u) b w) = L w)Sww)-

7. Let v, € V(X), w,w' € V(Y), a € E(X), B € E(Y),t € Sy, s €
Then tw) = ti@w) = ti@w) = V6w (ti@w) and (a,w)" = (a,w
So (o, w) Tt w (a,w)” = tuw) and hence (o, W) tpw) = tww) (@, w)
Similarly (v', 5) " s(w,w) (v, )™ = S(ww) and hence (v, )" S w) = S@wuw) (v, 5) T

We define the map ¢ : 71 (G(X), Te)) x 1 (GV). Ty) — m(G(X) x G(V), T x3)
on the generators. For v € V(&X), s € Sy, set ¢(s) = S, and for w € V(Y),
s € Sy set ¢(s) = Spuow). For a € E(X), set ¢p(a®) = (a,vyp)* and for
B e E(Y)set ¢(B%) = (vx, 8)F. The map ¢ restricts to a map E(X)TUE(Y)" —
E(X xY)*, which induces a map E(X)U E(Y) — E(X x)). This map from
E(X)UE(Y) — E(X x Y) respects the composition and sends an edge in Ty UT)
to an edge in Ty xy. For a € E(X), s € Sjq) we have by inclusiveness ¢(1q(5)) =
S(t(a)wy.0) = (0 1Y.0) T S(()wy0) (X Vy0)” = d(a)d(s)p(a™) . Also for v € V(&X),
we have R, C Ry, ). Similar statements hold when choosing w € V()) and
p € E(Y). So the relations in m (G(X)) and 7 (G(Y)) are respected under ¢. By
the consequences listed above, the commutation relations are also satisfied. Indeed
for o € E(X), 8 € E(Y), by the claim 3 above

g

+

<Z5(04+5+) = (047Uy,()ﬁ(”é\fpﬁ)+ = (UX,0,5)+(047U37,0)+ = ¢(5+a+)-

Forv e V(X),w e V(Y), s €S, t €S, wehave ¢(s)p(t) = ¢(t)p(s) by the claim
6 above. Finally for o € E(X), w € V()), t € S, we have ¢(t)p(a™t) = ( To(t)
by using the claim 7. There is a corresponding equality for § € E()), v € V(X),
s € S,. So ¢ is a homomorphism.

We define the map & : m(G(X) X G(V), Tx xy) = m(G(X), Tx) xm(G(Y), Ty)
on the generators. For s = s(,u) € Sx xy, set {(Sww) =5 € Sy WS, C Sy USy.
For a € E(X), w € V()), let {((a,w)*) = a*. For B € E(Y), v € V(X),
let £((v,8)%) = B%. For (o, 8) € E(X) x E(Y), let £((a, f)") = a*pT and
£((a, 8)7) = f~a~. Similarly to ¢ one can check that ¢ is a homomorphism.

Finally for v € V(X)UV(Y), s € S, we have {(¢(s)) = s. For o € E(X)UE(Y),
E(p(at)) =a*. Forve V(X), we V(Y),seS,, tesS, wehave ¢p(&(s vw))) =
P(8) = S(wwyo) = Sww) and O({(tww))) = tww). For v € V(X), w € V(Y),
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a € BE(X), § € E(Y) we have ¢({((v, 5)7)) = (v,)" and ¢(&((e, 5)7)) =
P(a™B7) = (a,vy0) (vap, B)7 = (o, f)7 as well as ¢({((a,w)™)) = ¢(a™) =

(a,vy,0)" = (a, )+ So ¢ and £ are isomorphisms.
[

Ezample 2.1.13. In Example [2.1.7] - the fundamental group of ©(Yg) is XU650
In Example [2.1.9) “ the fundamental group of ®(Zg) is Z°. In Example [2.1.8] the
fundamental group of 2(Yg) is the Coxeter group W.

We will now consider morphisms. Consider two scwols X and ). A morphism
of scwols f : X — Y is a map that sends V(X) to V()), sends F(X) to E()) and
such that:

1. for every a € E(X), f(i(a)) = i(f(a)) and f(t(a)) = t(f()),
2. for composable edges «, B € E(X), f(aB) = f(a)f(5).

Let G(X) = (Gy,v,) and H(Y) = (H,, &) be two simple complexes of groups
over scwols X and Y. Let f : X — ) be a morphism of scwols. A morphism of
complexes of groups ¢ = (¢, d(a)) : G(X) — H(Y) over f consists of:

1. a homomorphism ¢, : G, = Hy(, for every v € V(&X') and

2. an element ¢(a) € Hyy@) for every edge a € FE(X) such that

Ad(é(a)) 0 €p(a) © Dita) = Pi(a) © Yo and @(afB) = ¢(a)ls)(¢d(B)) for all
composable edges a, f € E(X),

where Ad(¢()) is the conjugation by ¢(a) (where Ad(d(a))(g) = d(a)gp(a™)
for g € Hy(f(a))). This is illustrated in the following diagram:

Pi() Ef(a)
Gia) — Hi(s(e)) — Hu(f(a)

lld lAdW(a))
Ya Pt(a)

Gia) — Gia) — Hu(s(a)).

Finally let G be a group. A morphism ¢ = (¢, ¢(«)) : G(X) — G consists of a
homomorphism ¢, : G, = G for each v € V(X) and an element ¢(«) € G for each
a € E(X) such that Ad(¢()) © ¢ia) = Pr(a) © Vo and ¢(af) = ¢(a)¢(3) whenever
composable. There is always a morphism from the complex of groups to the
fundamental group of the complex of groups ¢ = (¢, d()) : G(X) = m(G(X))
with ¢(a) = a™ € m(G(X)) for every edge o € E(X).



2.1. COMPLEXES OF GROUPS 25

Ezample 2.1.14. Consider the complex of groups ©()s) given in Example . Its
fundamental group is m(D(Vs)) = XuesCh. For A € V(Yg), let
?% 1 XpeaCy — XuesC, be the inclusion ¢%(g) = ¢ and for a € E(Yg) let
#%(a) = e € XuesC,. The morphism ¢° = (¢35, ¢%(a)) : D(Vs) = XupesC, is
injective on the local groups.

Ezample 2.1.15. Consider the complex of groups 23()s) given in Example m
Its fundamental group is m (2W(Ys)) = W. For A € V(Vs), let ¢pa : Wy — W
be the inclusion ¢4(g) = g and for a € E(Ys) let ¢(a) = e € W. The morphism
&= (pa,d()) : W(Ys) — W is injective on the local groups.

Ezample 2.1.16. Consider the complex of groups ®(Zg) given in Example [2.1.9]
Its fundamental group is m (D (Zs)) = Z°. For the notation: let e be the trivial
element in Z° and for s € S, let z, be the standard generators of Z°. For
A € V(Zs), let ¢5 : (e) — Z% with ¢5(e) = e and for (A, B,\) € E(Zg)
let ¢5((A, B,\)) = Ilexxs. The morphism ¢% = (¢35, ¢%(a)) : D(Zs) — Z° is
injective on the local groups (which are actually trivial).

Definition 2.1.17. A complex of groups G(&X') over a scwol X' is developable if
there exists a morphism ¢ from G(X) to some group G which is injective on the
local groups.

Remark 2.1.18. This definition is not the original definition given in III1.C.2.11
[BH99] but it is equivalent to it by Corollary II1.C.2.15 in [BH99] and better suited
to our use.

Let G(X) be a complex of groups over a scwol X, let G be a group and let
¢ : G(X) — G be a morphism. The development of X with respect to ¢ is the
sewol C(X, ¢) given as follows:

1. its vertices are
V(C(X,0)) = {(gds(Go),v) | v € V(X),g6u(Go) € G/¢u(Go)},
2. its edges are
E(C(X, 9)) = {(90i)(Gi(a)), @) | @ € E(X), 9bi(a)(Gi(a)) € G/ bi(a)(Gia)) }
3. the maps i, : E(C(X,)) — V(C(X, ) are

i(g¢i(a)(Gi(a)>7 Oé) = (ggbi(a)(Gi(a))a ’L(Oé))

and

t(g(bz(a) (Gi(a))7 a) = (g(b(a)ilqﬁt(a)(Gt(a))? t(a))a
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4. the composition is (99ia)(Gi(a)), @) (hdi(s)(Gig)), B) = (hoie)(Gig)), aB),
where a, 3 are composable and g@;()(Gia)) = ho(8) ' ¢ia)(Gia))-

Note that by Theorem II1.C.2.13 in [BH99], C(X,¢) is indeed well-defined.
Moreover there is an action of G on C(X, ¢) where G\ C(X,¢) = X.

As for simplicial complexes, we can define geometric realizations of scwols.
For a scwol X, denote its geometric realization by | X |. If a scwol does not
have multiple edges, this construction coincides with the geometric realization of
simplicial complexes. Indeed if a scwol does not have multiple edges, the graph
with vertices V' (X) and edges E(X) is simplicial and hence determines a unique
flag simplicial complex. This is the only case we will need in this article and details
on the general construction can be found in Chapter III.C.1 in [BH99]. The action
of G on C(&X, ¢) induces an action of G on |C(X, ¢)|. If we require the action of
G on |C(X, ¢)| to be by isometries, putting a metric on |C(X, ¢)| corresponds to
putting a metric on | X | as G\|C(X,¢)| = | X |.

FEzample 2.1.19. Consider the complex ©()s) and the morphism
% 1 D(Vs) — IesC, from Example One can check that the development
C(Vs,#%) is the product Il,cg C()f{v},¢{”}). Each C(y{v},¢{“}) is a scwol with
set of vertices {(g,0) | g € C,} U{(C,,{v})} and set of edges {(g,e,) | ¢ € C,}
with i(g,e,) = (g,0) and t(g,e,) = (Cy,{v}). So it is an oriented star on |C,|
branches, the tips correspond to the vertices {(g,0) | g € C,}, the central vertex
is (Cy, {v}) and the edges are oriented from the tips to the center. The group
C, acts by rotation and stabilizes the central vertex. For each v € S, choose
¢, > 0. Let Stern(v) be the geometric realization of C(),, ${"}) as follows: for
g € C, consider the interval I, = [0,4,] then Stern(v) = U,ec, Ig/ ~ where ~
is the equivalence relation generated by 0 € I, ~ 0 € I,. Note that C, acts by
isometries on Stern(v). The space Stern(S) = Il,cg Stern(v) with the product
metric is a geometric realization of C()s, ¢”), due to the product structure of
C(Vs, #%). Moreover I1,c5C, acts by isometries on Stern(.S).

Ezample 2.1.20. Consider the complex 20(Ys) and the morphism ¢ : 20(Vg) — W
from Example . The development C()g, ¢) is a scwol with set of vertices
{(gWa, A) | AC S, gWa € W/Wa} and {(gWa, (A, B)) | AC B, gWa € W/Wa}
as set of edges where i(gWy, (A, B)) = (¢Wa, A) and t(¢Wa, (A, B)) = (¢Wg, B).
It is the scwol associated to the poset WP(S) = Upcg W/Wr, the poset of
parabolic cosets ordered by inclusion. In Section 2.2 we will introduce the Coxeter
polytope Cy of W, which is a geometric realization of C(Vg, ¢).

Example 2.1.21. Consider the complex ®(Zg) and the morphism
¢° : D(Z5) — Z° from Example 2.1.16, One can check that the development
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C(Zs,¢°) of Zg with respect to ¢° is the product X,cg C(Z{v},gb{“}). Each
C(Z ¢t}) is a scwol with vertices

V(C(Z0y,0") = {(9:0) | g € {w)} U{(9,{v}) | g € ()}

and edges
E(C(Zy, ™) = {(g, (0,{v},0)) | g € (z)} U{(g, (0, {v},{v})) | g € (x.)}
where i(g,(0,{v},0)) = (¢9.0), and ¢t(g,(0,{v},0)) = (g,{v}), and

ilg, @, {v},{v})) = (9,0), and i(g, (0, {v},{v})) = (92", {v}). There are two

vertex orbits for the action of Z = (z,) on V(X), one corresponds to the vertices
with incoming edges, one to the vertices with outgoing edges. A geometric realiza-
tion of C(Z¢,y,¢"}) is the real line R, where we identify (e,0) € C(Zgy, ¢™})
with 0 € R, and (e, {v}) with 0.5 and (z;*!, {v}) with —0.5. Since we want Z to
act by isometries, this means that for every 2% € Z we identify the vertex (z*, 0)
with £ € R and (2%, {v}) with k& + 0.5 € R. Using the product structure with the
lo-metric, we get that R® with the Euclidean metric is a geometric realization of
C(Zs,¢°) on which Z% acts by translation.

2.2 The Davis-Moussong complex

The discussion of the Davis-Moussong complex is based primarily on [Dav08]. We
will omit most proofs as they can be found in the literature, in particular in [Dav0§]
and [Bou&1J.

Let S be a finite set. Let M = (m(s,t))stes be a symmetric matrix with
m(s,t) € NU{oo}, m(s,s) =1 and m(s,t) = m(t,s) > 2 if s # t. Such a matrix
is called a Coxeter matrix. The Coxeter group associated to M is given by the
following presentation

W=(seS|(st)") =e forall s,t € S),

where m(s,t) = oo means there is no relation given between s and ¢. The pair
(W, S) is called a Coxeter system. Consider the S x S matrix ¢ defined by ¢y =
cos(m — m/m(s,t)), the matrix ¢ is called the cosine matrix of the Coxeter matrix
M. When m(s,t) = oo, we intepret m/oco to be 0 and cos(m — 7/o0) = —1. The
following fact states a classical result giving a necessary and sufficient condition
for a Coxeter group to be finite.
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Fact 2.2.1 (Theorem 6.12.9 [Dav08]). A Cozeter group W is finite if and only if
the cosine matrix c is positive definite.

For T C S, let Wr be the subgroup of W generated by T". Consider the poset
of spherical subsets S = {T' C S | Wr is finite } ordered by inclusion. In an abuse
of notation, let us also write S for the scwol associated to the poset S. Similarly
to examples 2.1.8] [2.1.15[ and [2.1.20] let 20(S) be the complex of groups over S
where the local group at T' € S is W and for an edge (R, T) the associated map
Yrr) : Wr — Wy is the inclusion ¥z 1)(r) = r for every r € R. The fundamental
group of 20(S) is W and there is an injective morphism ¢ = (¢, ¢((R,T'))) where
¢ : Wr — W is the inclusion and ¢((R,T)) = e for every edge (R,T). Let
C(S, ¢) be the development of 25(S) with respect to ¢. Let us also consider the
poset WS = |pes W/ Wy ordered by inclusion, called the poset of spherical cosets.
In a similar abuse of notation, let us also write W' S for the scwol associated to

the poset W S.

Remark 2.2.2. The set of vertices of C(S, ¢) is {(wWp,T) | T € S, wWr € W/Wr}.
The set of edges of C(S, ¢) is {(wWkg, (R, T)) | R,T €S, RC T, wWg € W/Wg},
where (wWWg, (R, T)) is an edge from the vertex (wWg, R) to the vertex (wWrp, T).

In particular there is an edge from a vertex (wWg, R) to a vertex (w'Wrp, T') if and
only if RC T and wWy = w'Wr (ie. w' ™ w € Wr).

Lemma 2.2.3. The scwols C(S,¢) and W' S are equal.

Proof. 1t follows from Remark that the two scwols have the same set of
vertices. For the edges, note that for wWg, w'Wzr € W S, we have wWx C w'Wrp
if and only if R C T and w'~*w € Wy. So using Remark , the sets of edges
also coincide. O]

Coxeter polytope For now, assume W is finite. Let us recall the canonical
representation of W. Consider IT = {ay | s € S} and V = PgesRa,. Let
(-,-) : V. x V — R be the scalar product on V' given by (as, ap) = —cos(ﬁ).
The canonical representation of W on GL(V) is given by p : W — GL(V) with
p(s)(z) = x — 2(as, x)ay, for s € S, x € V. The scalar product on V is p(W)-
invariant. There is a dual basis II* = {af | s € S}, satisfying (af,ay) =0if s # ¢
and (a}, o) = 1. We choose zg = Y ,cgal € V. The Coxeter polytope of (W, .5),
denoted Cox(W), is the convex hull of {p(w)(zo) € V | w € W}. It is endowed
with the Euclidean metric. Note that its interior is non-empty. For a subset
T C S, let Il = {as | s € T} and Vr be the subvector space of V' spanned by
[r. Let I} = {a% | s € T'} be the dual basis of Il in Vy. Fix zor = X,er ap.
Let Cox(Wr) be the convex hull of {p(w)(zor) € Vr | w € Wr}. Moreover let



2.2. THE DAVIS-MOUSSONG COMPLEX 29
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Figure 2.1: The Coxeter polytope of ({b,c | b* = ¢* = (bc)* = e), {b,c})

Coxp (W) be the convex hull of {p(w)(z¢) € V | w € Wr}. Let u = xp — 291 and
ty : V. — V be the translation by the vector u. This translation sends p(w)(xr)

to p(w)(xzg) for every w € Wr. Specifically it is an isometry from Cox(Wr) to
Coxr(W).

Lemma 2.2.4 (Lemma 7.3.3 [Dav08]). The poset WS and the face poset
F(Cox(W)) of Cox(W) are isomorphic. Specifically the correspondance
wWyp — w Coxr(W) induces an isomorphism of posets.

So we can identify W S and hence C(S, ¢) with the barycentric subdivision
of the Coxeter polytope Cox(W), thus identifying |C(S, ¢)| isometrically with
Cox(W). The metric on |C(S, )| induced by the identification with Cox(W)
is called the Moussong metric. In particular for wW; € W S the geometric
realisation |W S<,w,. | € |W S| is identified with the face w Coxp(W).

The General Case We now consider any Coxeter group W, so W need not
necessarily be finite. We put a coarser cell structure on W S (or equivalently
on C(S,¢)) in order to build the Davis-Moussong complex ¥ by identifying each
subposet (W S)<ww,, T € S, which is isomorphic to the poset Wr(S<r), with a
Coxeter polytope Cox(Wr). We can give the following description of X.

Theorem 2.2.5 ([Dav08| Proposition 7.3.4.). There is a natural cell structure on
> so that

1. its vertex set is W, its 1-skeleton is the Cayley graph Cay(W,S), and its 2-
skeleton is the Cayley 2-complex over Cay(W,S) with the relations
(st)™=H) = e for all s,t € S, s #t.

2. each cell is a Coxeter polytope,

3. the link Lk(v, ) of each vertex is isomorphic to the abstract simplicial complex

’5>@7
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4. a subset of W is the vertex set of a cell if and only if it is a spherical coset,

5. the poset of cells in X is W S.

Note that here the Cayley graph Cay(W,S) is considered to be undirected,
hence there are no double edges between vertices, even though all elements of
S have order 2 in W. Furthermore all edges in Cay(W,S) are labeled, hence
the edges of ¥ are labeled. This labeling coincides with the labeling of vertices
in Lk(v,Y). By |[Dav0g§|[Lemma 12.1.1.], the piecewise Euclidean structure on X
induces a piecewise spherical structure on the link Lk(v, ) of a vertex and as such
on the abstract simplicial complex S~y with edge length d(u,v) = 7 — 7/m(u,v)
for two adajcent vertices u,v € S.

Now that we have an appropriate description of X, let us state the following
geometric property of X.

Theorem 2.2.6 (Moussong’s Theorem [Mou88]). For any Cozeter system, the
associated cell complex Y3, equipped with its natural piecewise Euclidean metric, is

CAT(0).

Moussong’s Theorem is the consequence of the following lemma and Moussong’s

Lemma [[.1.16]

Lemma 2.2.7 ([Dav08] Lemma 12.3.1.). Let Lk be the link of a vertex in ¥ with
its natural piecewise spherical structure inherited from 3. Then Lk is a simplicial
complex and has simplices of size > 7/2. Moreover, it is a metric flag complex.

Note that using Fact and Theorem [2.2.5] the set of vertices of Lk is S and
T C S spans a simplex in Lk if and only if Wy is finite. Moreover the distance
between two vertices in Lk is given by d(v,w) = 7 — m/m(v, w).

2.3 The Salvetti complex

Every Coxeter group has an associated Artin group. We will concentrate on the
class of right-angled Artin groups and present their analog to the Davis-Moussong
complex, the Salvetti complex Sr. An extensive discussion of right-angled Artin
groups can be found in Charney’s survey [Cha(7].

Given a simplicial graph I', with vertex set V' and edge set E, the associated
right-angled Artin group Ar is given by the following presentation

Ar = (z,,v € V| for every e = {v,w} € E, T,Ty = TypTy).

If I' has no edges, then Ar is the free group of rank |V|. If T" is a complete
graph, then Ar is the free abelian group of rank |V/|.
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Salvetti complex Sr Let I' be a simplicial graph with vertex set V. For any
set of pairwise adjacent vertices V' = {vq,...,v,} consider the corresponding
generators z; = x,, and let

C(V)y={az{*---ai" € Ar | ¢, € {0,1} for every i € {1,...,n}}.

Note that for two sets V', V" C V of pairwise adjacent vertices, we have V' £ V"
if and only if C(V') # C(V"). The Salvetti complex Sr is the cube complex with
vertex set Ar and for every a € Ar and every set of pairwise adjacent vertices
V' C V there is a cube aC(V’). The Salvetti complex Sr is known to be a CAT(0)
cube complex by [CD95] and Ar acts properly and cocompactly on Sr.






Chapter 3

A generalization of the
Davis-Moussong complex for
Dyer groups

There is extensive literature on Coxeter groups as well as on graph products of
cyclic groups. One common feature of these two families of groups is their solution
to the word problem. It was given by Tits for Coxeter groups [Tit69] and by Green
for graph products of cyclic groups [Gre90]. The algorithm does not only give a
solution to the word problem but also allows to detect whether a word is reduced
or not. In his study of reflection subgroups of Coxeter groups, Dyer introduces a
family of groups which contains both Coxeter groups and graph products of cyclic
groups. A close study of [Dye90] also implies that this class of groups, which we
call Dyer groups, has the same solution to the word problem as Coxeter groups
and graph products of cyclic groups. A complete and explicit proof is given in
[PS22]. The isomorphism problem is solved for right-angled Artin groups but it
is not solved for Coxeter groups, so its solution for Dyer groups seems currently
out of reach. It is therefore natural to ask the following questions. Which of
the properties shared by Coxeter groups and right-angled Artin groups are also
satisfied by Dyer groups?

In Section we define Dyer groups and Dyer systems, and show that every
Dyer group is a finite index subgroup of a Coxeter group. In Section [3.2] actions of
Dyer groups on CAT(0) spaces are constructed that extend those of Coxeter groups
on Davis—-Moussong complexes (presented in Section and those of right-angled
Artin groups on Salvetti complexes (presented in Section . This chapter also
appeared in [Soe22].

33
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3.1 Dyer groups

Similarly to Coxeter groups and right-angled Artin groups, the presentation of a
Dyer group can be encoded in a graph.

Definition 3.1.1. Let I" be a simplicial graph with set of vertices V = V(I") and
set of edges £ = E(I'). Consider maps f : V — NsyU{oo} and m : E — Ns
such that for every edge e = {v, w} with f(v) > 3 we have m(e) = 2. We call the
triple (T, f,m) a Dyer graph.

Definition 3.1.2. Let (I', f,m) be a Dyer graph. The Dyer group D = D(T', f, m)
associated with the Dyer graph (I, f,m) is given by the following presentation

D= (z,,v eV |z!® =e if f(v) # oo,
[Ty; Tulm(e) = [Tu, Tolm(e) for all e = {u,v} € E),

where [a, bl = aba ... for any a,b € D, k € N and we denote the identity with e.

k
The pair (D(T, f,m),{x,,v € V(I')}) is called a Dyer system.

FExample 3.1.3. As mentioned in the introduction, Coxeter groups, right-angled
Artin groups and graph products of cyclic groups are examples of Dyer groups.

Remark 3.1.4. For a subset W C V', we can consider I'y the full subgraph of T’
spanned by W and the restrictions fw = f|y, and mwy = mgr,). The triple
(Tw, fw, mw) is again a Dyer graph. We denote the associated Dyer group by
Dy. From [Dye90], we know that that the homomorphism Dy, — D induced by
the inclusion W — V' is injective, hence Dy, can be regarded as a subgroup of D.

Definition 3.1.5. Let Vo = {v e V | f(v) =2}, Voo ={v € V| f(v) = 00} and
V, =V \{VaUVy}. Forie {2,p, 00}, let I; be the full subgraph spanned by V;
and D; be the Dyer group associated to the triple (I';, fy,, my;). Note that D is
a Coxeter group, Do, a right angled Artin group and D,, a graph product of finite
cyclic groups.

Ezample 3.1.6. Let m, g € N>y. Consider the Dyer graph I',, , given in Figure
The associated Dyer group is
Dy = {a,b,c,d | b =c® =d = e, ab=ba,(bc)™ = e, cd = dc).

We recall the definition of Coxeter groups given by a labeled graph, instead of
a matrix as in Section 2.2 One can easily go from one to the other by interpreting
the labeling of the graph as a Coxeter matrix.
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02 2m2 24
a b ¢ d

Figure 3.1: Dyer graph I, , for some m,q € N>,

Definition 3.1.7. Let A be a simplicial graph with set of vertices V = V(A) and
set of edges E = E(A). Let m : E — N>, be an edge labeling of A. The Cozeter
group W = W (A) associated to the graph A is given by the following presentation

W= (r,veV]|zl=e forallveV,
[To, Tulm(e) = [Tu; Tolm(e) for all e = {u,v} € E),

where [a,b];, = aba... for any a,b € W, k € N and we denote the identity with

k
e. Note that for an edge e = {u,v} € E the relation [, Zulme) = [Tu; To]m(e) 18

equivalent to the relation (x,x,)™® = e, since 22 = 22 = e.

Dyer groups are finite index subgroups of Coxeter groups The aim is
now to show that every Dyer group is a finite index subgroup of a Coxeter group.
From a given Dyer graph (I, f,m) we build a graph A with edge labeling m'. We
then show that D(I', f,m) is a finite index subgroup of W(A). See Example
for a simple case. We define the undirected labeled simplicial graph A. Its set of
vertices is V(A) = V [I(V,U V). We will refer to the elements of the disjoint copy
of V, UV, as v’ for v € V,U VL. Two vertices u,v € V C V(A) span an edge in A
if and only if they span an edge e = {u,v} in I', and we set the label of the edge
e ={u,v} € E(A) to be m/(e) = m(e). Forallu € V,UV, and v € V(A)\ {u, v},
there is an edge e = {u/,v} € E(A) labeled by m/(e) = 2. Finally for all u € V,,
there is an edge e = {u,u'} € E(A) labeled by m/(e) = f(u). So V' C V(A) spans
a copy of I' in A and the disjoint copy V, U Vo C V(A) spans a complete graph
in A. Let W = W(A) be the Coxeter group associated to the graph A. We give
an action of (Z/27)"*"V= on D. For v € V, UV, let &, : {z,,u € V} — D with
&(zy) =z, for any w € V'\ {v} and &,(z,) = x,'. For all v € V,UV,,, the map &,
extends to an involutive homomorphism &, : D — D, as all relations involving z,
are commutation relations and &, restricts to the inclusion on {z,,u € V '\ {v}}.
Moreover for all u,v € V, UV, & 0&, =&, 0&, and (&,)> = e. Hence we have an
action & : (Z/27)"?"V= x D — D.

Theorem 3.1.8. We have W = D x¢ (Z/2Z)""YV>.
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Proof. Let us first recall the presentations of W, D and U = D x¢ (Z/27)V?"V=.

W = (y,v € V(A) [ Vo € V(A), (y)? = e
and Ve = {u,v} € E(A), (yuy)™© =€),

D= (z,veV |zl =e if f(v)# oo,
[Ty, Tulm(e) = [Tus Tolm(e) for all e = {u,v} € E),

U={z,ucVyU{&veV,uVy)|zl®W =e forall u €V with f(u) # oo,
[T0; Tulm(e) = [Tu, Tolm(e) for all e = {u, v} € E,
€ = forall v € V, U Vi, £, = €8, for all u,v € V, U Vi,
Euty = &, for all u € V, UV, v € V\ {u}, &uyéy =, for allu € V, U V).

We show that U is isomorphic to W by giving explicit homomorphisms
¢: W — U and ¢y : U — W satistying ¢ o) = Idy and ¢ o ¢ = Idyy.

First consider the map ¢ : {y,,v € V(A)} — U defined as follows: for u € V5,
&(yu) = z,, and for u € V, UV, ¢(yu) = Eury and ¢y ) = &,. We show that ¢
extends to a homomorphism ¢ : W — U.

1. For u € Vy, ¢(y,)* = 22 = e. For u € V, UV, ¢(yuw)? = & = e and
A(yu)? = Eurubury = 2 2y = €. So ¢(y,)? = e for all u € V(A).

2. Let u,v € V.C V(A) with e = {u,v} € E(A) so e € E and m/(e) = m(e). If

u,v € Vy, we have (¢(y,)0(y,))™ @ = (2,2,)™®) = e since 22 = 22 = e and
hence [Ty, Ty]m(e) = [Tv; Tulm(e) i equivalent to (242,)™) =e. If u € V and

v eV, UV, we have m’(e) = 2 and so the relations in U give the equality
(b(yu)(b(yv) == xugvxv == gvxuxv == évxvxu = (b(yv)(b(yu) If u,v € ‘/p U Voov
m/(e) = 2 and we have @(y,)d(vy) = CutuloTy = Eu&oTuy = EuTy®y, =
§oTp&uy = ¢(yv)¢(yU)

3. Let u € V,UV, and v € V \ {u}. Then there is an edge {v/,v} € E(A)
IfveV,UVs \ {u}7 we have ¢(y1ﬂ>¢(yv) = &uboTv = &u&uTv = &uTu€u =
G(Y0) P (Y )

4. Letu € VUV and v € (V,UV)\ {u}, then there is an edge {v',v'} € E(A)
with m/({«/,v'}) = 2 and we have ¢(yu)P(Yo) = o = Eoéu = (Yo ) O (Yur).-
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Finally for every u € V), there is an edge {uv,u} € FE(A) with
! ({uf, ) = £() and ()0 = (€uura) @ = 2f e

So the map ¢ extends to a homomorphism ¢ : W — U.

Now consider the map ¢ : {z,,u € V}U{,v € V,UV} — W defined as
follows: for u € Vs, ¢(z,) = y, and for u € VUV, ¥(2y) = yuyu and ¥ (&,) = yu.
We show that 1) extends to a homomorphism from U to W.

1.

For all v € Vi, f(v) = 2 and so ¥(z,)¥) = 42 = e and for all v € V, there is
an edge e = {v,v'} € E(A) with m/(e) = f(v) 5o ¥(2,)f®) = (yyy,)7®) = e.

Foralle = {u,v} € E, thereis an edge e = {u,v} € E(A) with m/(e) = m(e).
If u,v € V5 we have

W(%)W(%)]m(@ = [yuayv]m(e) = [yvyyu]m(e) = [w(xv)aw(wu)]m(e)

If u e Vs and v € V, UV, we have m(e) = 2 and
V(@) Y(T0) = Yulo Yo = Yo Yulo = YorYolu = P (20)0(T0).
If u,v € V,, UV, m(e) =2 and
V(@) Y(T0) = Yur YulYo Yo = Yur Yo YuYo = Yo YuYoYu = Yo Yol Yu = P (20)Y(20),

as Yulo' = Yo'Yu> YolYu = YuYo aNd Y Yoy = Yo Yo

. For all v € V, UV, we have ¢(&,)* =y =e.

For all u,v € V,, UV, distinct, we have e = {v/,v'} € E(A) with m/(e) = 2,
80 Y(§u)V (&) = YuwYor = Yot = (&)Y (Eu)-

For all u € V, UV, and v € V' \ {u}, we have {«/,v},{v/,v'} € E(A) with
labels m/({u/,v}) = 2 and m/({u/,v'}) = 2. If v € V5, we have (&) (x,) =

Yu'Yv = YolYu = ¢(xv)w(£u) Ifv e V;?UVooa we have ¢(€u)¢(xv) = YuYo'Yv =
Yo'YuwYv = Yo'YoYu' = ¢(%)¢(€u)

For all u € V;, U Voo, w(fu)w<xu)w(£u) = YuwYu'YuYuw = YuYuw = (yu’yu>_1 =
1/’($U)_1'

So the map v extends to a homomorphism ¢ : U — W.
We now check that ¢ o ¢ = Idy and ¢ o ¢ = Idy, by showing that these maps
are the identity on the generators. For v € Vi, we have ¢(¢(x,)) = ¢(yn) =

and ¥(¢(yv)) = ¥(20) = yo. For v € V, U Ve, d(¢(20)) = 0(yoryw) = &uboo = T
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and ¢(¢(§U)) = gb(yv’) = gv' For v € V;) U V007 ¢(¢(yv)) = ¢(§vxv> = Yo'Yu'Yv = Yo

and Y ((yw)) = (&) = Yo O
Corollary 3.1.9. Every Dyer group is a finite index subgroup of some Cozeter
group.

Remark 3.1.10. As mentioned in the introduction, Corollary has many inter-
esting consequences. It implies that Dyer groups are CAT(0) [Dav08][Theorem
12.3.3.], linear [Bou81l], and biautomatic [OP22], that they satisfy the Baum-
Connes conjecture, the Farrell-Jones conjecture, the Haagerup property and the
strong Tits alternative [Nos02]. They also admit a proper and virtually special
action on a CAT(0) cube complex.

Example 3.1.11. We apply the previous theorem to Example The correspond-
ing graph A is given in Figure . So by Theorem [3.1.8| the Dyer group D,,, is
an index 4 subgroup of the Coxeter group

W=<a,b,c,d,a',d’|a2:b2202:d2:a'2:d’2:e,

(ab)? = (be)™ = (cd)? = e, (a'b)?* = (d'c)* = (d'd)* = (d'd)* =
)

Figure 3.2: The graph A,, , built out of the Dyer graph I';,, , for some m, ¢ € N>..
We color coded the vertices V' C V(A) and . For the edges: for
edges of the form e = {u,u'}, u € V, and for edges of the form e = {u', v} where
ve VA \{u '} and o e {v/ | v eV, UV} Every edge is labeled by 2 if not
specified otherwise.

The Dyer group D is not the only Dyer group, up to isomorphism, which is a
finite index subgroup of W. We describe such another Dyer group D' = D(£2, g, n)
by giving the Dyer graph (€2, g,n). The vertices of Q are V(2) = V [ V. We will
refer to the elements of the disjoint copy of V,, as v’ for v € V.. The labeling of
the vertices is defined as follows g),uv..)[[ve, = 2 and g|y, = f|y,- The subsets
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Vo UV, U Vy and (Vo U V,) 11 Vs both span copies of I', with same labeling of
edges, and for u,v € V., the vertices v, u’ span an edge labeled by 2 in € if and
only if v and u span an edge in I'. Let D’ be the Dyer group associated to €.
Note that every generator z,, v € V() of D' has finite order. We now give an
action of (Z/2Z)"""V= on D'. For v € V,, let k, : {z,,u € V(Q)} — D’ with
ky(Ty) = x, for any u € V(Q) \ {v} and k,(z,) = z,!. As all relations involving
x, are commutation relations and &, restricts to the inclusion on {z,,u € V '\ {v},
the map k, extends to a homomorphism «, : D' — D’. For v € V,, consider
the map k, : {z,,u € V(Q)} — D" with k,(z,) = x, for any u € V() \ {v, v}
and ky(z,) = =, and Ky(z,) = x,. The only relations involving z, or x, are
commutation relations and x, commutes with some other generator if and only if
Z, does, the map k, extends to a homomorphism «, : D' — D’. Moreover for
all u,v € V, UV, K, 0Ky = Ky 0 Ky and (k,)? = e. Hence we have an action
K (Z)27)"V> x D' — D',

Theorem 3.1.12. We have W = D' x,, (Z)27)"7"V=.
Proof. Let us first recall the presentations of W, D’ and U = D’ x,, (Z/27)"?"V>.

W = (y,,v € V(A) | Vv € V(A), (,)* = e
and Ve = {u7 U} S E(A)’ (yuyv)m,(e) = e)»

D' = (z,,0 € V(Q) | 29%) = e for all v € V(Q),
[Ty, Tuln(e) = [T, Toln(e) for all e = {u, v} € F(Q)),

U= {zy,u€V(Q)}U{k,veV,UVy} |29 =e for all u € V(Q),
[Tv, Tuln(e) = [Tus Toln(e) for all e = {u,v} € E(Q),
/@2) =e forall v e V,UVy, kyky = Kyk, for all u,v € V, UV,
Kyly = Tyky for all uw € V,,v € V(Q) \ {u},
KyZy = Tyky for all u € Vi, v € V(Q) \ {u, u'},

Kulyhy = a:;l for all uw € V), kyxyky, =z for all u € V).

As in Theorem we can check that U is isomorphic to W by considering
explicit homomorphisms ¢ : W — U and ¢ : U — W satistying ¢ o ¢ = Idy and
Yo¢=Idwy.

The map ¢ : {y,,v € V(A)} — U is given as follows: for u € Vs, ¢(y,) = z, for
u € Vy, &(Yu) = Kuy and ¢(yw) = Ky and for u € Vi, ¢(y,) = 2, and ¢(yu) = K.
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Using similar methods to those used in the proof of Theorem [3.1.8 we show that
the map ¢ induces a homomorphism ¢ : W — U.

1. For every u € V3, we have g(u) = 2 and so ¢(y,)* = 22 = e. For every u € V,,
we have (¢(y,))? = (kuTu)? = KuTukuTy = 1, 0, = € and (¢(yy))? = K2 =

e. For every u € V., we have g(u) = 2 and so (¢(y,))? = 22 = e and

(Gl))? = % = e.

2. For every edge e = {u,v} € E(A) with u,v € V3, we have m/(e) = n(e) and
50 (0(yu)9(yu))™ ) = (wu2,)") = e, as 2}, = ] = e.

3. For every edge e = {u,v} € E(A) with u € V5 and v € V},, we have m/(e) = 2
and e = {u,v} € B(Q) with n(e) = 2. So (¢(yu)P(ys))™ @ = (wykiya,)™ €
Ty ToTykoTy = T2 (Kyy)? = e.

For every edge e = {u,v} € E(A) withu € V, and v € V., we have m/(e) = 2
and e = {u,v} € E(Q) with n(e) = 2. So (d(y.)d(y,))™ @ = (zyx,)™ €
Ty LpTyTy = TyTyTyTy, = €, as g(u) = g(v) = 2.

4. For every u € V5 and every v € V, UV, there is an edge e = {u,v'} € E(A)
with m/(e) = 2. Then (¢(yu)d(yw )™ @ = (Tuky)? = TukpTyk, = 1262 = e
as g(u) = 2.

5. For every edge e = {u,v} € E(A) with w,v € V,, there is an edge
e = {u,v} € E(Q) and we have m/(e) = n(e) = 2. So (¢(y.)P(y))* =
(FuTukoTy)? = (Futy)?(Kory)? = e.

For every edge e = {u,v} € E(A) with u € V,, v € V, there is an edge
e = {u,v} € E(Q) and we have m/(e) = n(e) = 2. So (¢(y.)P(y))* =
(Fuyy)? = (Kuty)?(2,)* = e.

For every edge e = {u,v} € E(A) with u,v € V., there is an edge
e ={u,v} € E(Q) and we have m’(e) = n(e) = 2 as well as g(u) = g(v) = 2.
S0 ((yu)d(y0))? = (xuz0)?* = 2327

6. For every u € V,,, v € V, UV, \ {u}, there is an edge e = {u,v'} € E(A)
with m'(e) = 2. So (¢(yu)d(yw))?* = (Kutukin)® = (Kutu)’k] = e.

For every u € Vo, v € V, UV \ {u}, there is an edge e = {u,v'} € E(A)
with m/(e) = 2. So (¢(yu) (Yo ))? = (wuky)? = 22K2 = e, as g(u) = 2.

= e.

7. For every u € V,, we have f(u) = g¢g(u) and there is an edge
e = {u,u'} € B(A) withm'(e) = f(u). Then (¢(yu)d(yu))™ = (Kywyry)’™
— (xu)_f(u) — x;g(u) = e.
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8. For every u,v € V,UV,, there is an edge e = {u/,v'} € E(A) with m/(e) = 2.
We have (¢(yu)d(yu))? = (Kuko)? = K262 = e.

So the map ¢ induces a homomorphism ¢ : W — U.

The map ¢ : {z,,u € V(Q)} U{ky,v € V,UV,} — W is given as follows: for
u € Vo, ¥(x,) = y, and for u € V,, ¥(z,) = ywyn and ¥ (k) = Y, finally for
u € Vi, ¥(24) = Yu, V(2w) = YuwYuYuw and ¢(ky) = yu. Using similar methods
to those used in the proof of Theorem [3.1.8 we show that the map v induces a
homomorphism ¢ : U — W.

1. For every u € V,, we have g(u) = 2 and ¥(z3)* = y2 = e. For every
u € Vi, we have g(u) = g(u') = 2. So ¥(x,)? = 3> = e and Y(z,)* =
(YuwYuyw)> = y2 = e. For every u € V},, we have g(u) = f(u) and there is an
edge e = {u,u'} € E(A) with m/(e) = f(u) wo ¥(z,)"™ = (yuy.)’™ = e.

N

~

(u)

2. For every edge e = {u,v} € E(Q) with u,v € Vs, there is an edge
e = {u,v} € E(A) with m/(e) = n(e). So we have [¢(xy), ¥(@u)]ne) =
Yo Yulm(e) = [Yus Yolmr(e) = [10(20), O (20)Inge) -

For every edge e = {u,v} € E(Q) u e Va,v € V), there is are edges e =
{u,v}, e ={u,v'} € E(A) withm/(¢/) = m/(e) = n(e) = 2. So¥(z,)¢(x,) =
Yulor Yo = Yool = (o) (20).

For every edge e = {u,v} € E(Q2) u € Vo,v € V, there is an edge e =
{u,v} € E(A) with m/(e) = n(e) = 2. So Y(x,)V(Ty) = Yulo = Yolu =
(o) ().

For every edge e = {u,v'} € E(Q) u € Va,v € V., there is are edges
e = {u,v} e = {u,v'} € E(A) with m/(¢/) = m/(e) = n(e) = 2. So
(@) (@) = Yuhor Yol = Yool Yu = V(@)Y (20).

3. For every edge e = {u,v} € E(Q) with u € V,, v € V,, there are edges
e1 = {u,v},eo = {t/,v},e3 = {u,v'},eq = {v,v'} € E(A) with m/(e;) =
m'(es) = m/(e3) = m'(eq) = nle) = 2. So Y(z)V(2y) = YuYulYuvYo =
Y Yol Yu = V(@) 1h(20).

For every edge e = {u,v} € E(A) with u € V,, v € V,, there are edges
e = {u,v}, e = {u,v} € E(A) with m/(e) = m/(¢/) = n(e) = 2. So
V(@) (@) = Yuyulo = Yohulu = Y(20) 0 (u).

For every edge e = {u,v'} € E(Q) with u € V,, v € V, there are edges
e1 = {u,v},eo = {t/,v},e3 = {u,v'},eq = {v,v'} € E(A) with m/(e;) =
m/(e2) = m'(es) = m'(es) = n(e) = 2. So Y(x)P(z0) = Yululo Yoy =
Yo Yoo YurYu = Y(20)(24).
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. For every edge e = {u,v} € E(Q) with u,v € V., there is an edge e =

{u,v} € E(A) with m/(e) = n(e) = 2. So ¥(x,)V(xy) = YulYo = YoYu =
(o) ().

For every edge e = {u,v'} € E(A) with u,v € V, there are edges e =
{u,v},¢ = {u,v'} € E(A) withm/(e) = m/(¢') = n(e) = 2. Sov(z,)Y(xy) =
Yulfor Yol = Yor YooY = V(@0 ) ().

. For every edge e = {u/,v'} € E(Q) with u,v € V., there are edges e; =

{u,v},eq = {u', v}, e5 = {u,v'}, ey = {u/, 0"} € E(A) with m/(e;) = m/(e2) =
m/(e?)) = m,<€4) = n<€) = 2. So ¢(1’u)¢($v) = YuwYuYuw Yo' YolYv' =
Yo' Yo Yv' Yu! YuYu! = w(xv)?/f(xﬁ

. For every u € V, UV, we have ¢(k,)? = y% = e. For all distinct u,v € VU

Vi, there is an edge e = {u/,v'} € E(A) with m/(e) = 2. So ¥(ky,)Y(ky) =
YuYo' = Yo' Yu! = ¢(KU)¢(KU)

. For every u € V,UV,, and every v € V,\ {u}, there are edges e = {v/, v}, € =

{v',v'} € E(A) with m/(e) = m/(e/) = 2. So Y(ku,)V(xy) = YuYulyy =
Yo Yol = V(20) Y (Ku).

For every u € V,UV, and every v € V,\{u}, there are edges e = {v/, v}, €’ =
{u',v'} € E(A) with m/(e) = m/(¢) = 2. So Y(ku)(xv) = Yuyu ol =
Yool = (20 )P (Ku) and (k)Y (20) = Yurto = Yo = (@)Y (K0).

For every u € V, UV, and every v € V3, there is an edge e = {v/, v} € E(A)
with m/(e) = 2. So Y(ku)V(Ty) = Yuw Yo = YoYuw = V(Ty)V(Ky).

. For every v € V},, we have ¢ (£,) 0 (2.)0 (ku) = Yo Yu Yol = YuYu = YurYu)

- w(xu>71‘ For every u € Vooa we have ¢(/€u)¢(:pu)w(ﬁu) = Yu'YulYw =
()

So the map v induces a homomorphism ¢ : U — W.
We now check that ¢ o1 = Idy and that ¥ o ¢ = Idy. For v € V5, we have

Y(A(yu)) = yu and ¢(¢(z,)) = x,. For v € V,, we have ¥ (¢(yn)) = Y(kuzy) =
YwYuwYu = Yu and w((b(yu’)) = w('%u) = Yy, aS well as ¢(¢(ﬂ7u)) = ¢(yu’yu) =
RubiuTy = T, and ¢(¥(ky)) = ¢(yw) = ky. For v € Vi, we have ¥(¢(y,)) =
c(xy) = yu and Y(P(yw)) = V(ky) = Yur, as well as ¢(1(2,)) = ¢(yu) = ., and
QS(@ZJ(xU’)) = Qb(yu’yuyw) = KyTyKy = Ty and ¢(¢("{u)) = ¢(yu’) = Ky- O
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Figure 3.3: The graph (2, , build out of the Dyer graph I',, , for some m, ¢ € Nxo.
There are two types of vertices: V' C V(A,,,) and . Every vertex
and every edge is labeled by 2 if not specified otherwise.

Example 3.1.13. We apply the previous theorem to Example|3.1.6| The correspond-
ing graph €, , is given in Figure The associated Dyer group is

/ o ! 2 12 __ 312 2 _ 39 __
D;,,=(a,b,c,d,d' |a® =ad”=b"=c" =d =e,

ab = ba,a’b =bd’, (bc)™ = e, cd = dc).

It is an index 4 subgroup of the Coxeter group W associated to the graph A,,
given in Figure |3.2

Remark 3.1.14. If the Dyer group D is a right-angled Artin group, i.e. V =V,
the constructions described here are those given in [DJ00]. In particular if D is a
right-angled Artin group, the groups W and D’ are right-angled Coxeter groups.
So there is a decomposition of W as a semi direct product of a right-angled Artin
group and the right-angled Coxeter group (Z/2Z)". On the other hand if V,, = 0,
we have (Q,g,n) = (T, f,m) and so D = D'.

Remark 3.1.15. There is a Coxeter group W' associated to the Dyer group D’ such
that W' = D' x (Z /27Z)". 1t follows from Remark [3.1.14] that the Dyer groups
D and D' are not necessarily isomorphic. Question: do W and W’ relate in any
(meaningful) way? What can we say about their Davis-Moussong complexes? How
do D and D' relate to each other? What are all the Dyer subgroups of a given
Coxeter group?

3.2 The piecewise Euclidean cell complex X

The goal of this section is to show intrinsically that Dyer groups are CAT(0)
by constructing an appropriate Euclidean cell complex 3. The first step is to
construct a scwol C associated to a Dyer group. The scwol C encodes the necessary
information in order to build ¥. The vertices of C will correspond to subcomplexes
of ¥ and the edges of C will encode identifications between subcomplexes of ..
Finally we will also be able to interpret C as a simplicial subdivision of the complex
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Y. We will first focus on spherical Dyer groups D which factor as a direct product
of a finite Coxeter group and cyclic groups. We start with the construction of
a scwol X associated to a spherical Dyer group D and then define a complex of
groups D(X). The scwol C will be the development of the complex of groups
D(X). The second subsection will discuss this for general Dyer groups. The third
subsection will be devoted to the Euclidean cell complex X.

3.2.1 A combinatorial structure for spherical Dyer groups

We say that a Dyer graph (I, f,m) is spherical, if T is comple and the group
Dy associated with the subgraph (I'y, fy,,my,) is a finite group. A Dyer group
D = D(T, f,m) is spherical if it the Dyer graph (I, f,m) is spherical. In this
section, we will assume that D is a spherical Dyer group. In particular with
Remark [3.1.4] we then have D = Dy x D, x Dy, where D, is a finite Coxeter
group, D, is a direct product of finite cyclic groups and D, = VAGS

As with Coxeter groups, we can characterize spherical Dyer groups through the
cosine matrix. Let (I', f,m) be a Dyer graph and let V = V(I') and £ = E(I).
We extend the map m : E — Nsg to a map m : V x V — NsyU{oo} by setting
m(u,v) = m({u,v}) if {u,v} € E, and m(u,v) = oo if u # v and {u,v} ¢ E,
and m(u,u) = 1. We interpret /oo to be 0 and cos(m — m/00) = cos(w) = —1.
The cosine matrix associated with a Dyer graph (I', f,m) is the V x V matrix
¢ = (Cuw)uwvev defined by ¢, = cos(m —7m/m(u,v)). Note ¢y, = 1 for all w € V and
that c,, = 0 whenever u,v are in disjoint components of V' = V5 UV, U V. This

Cy 0 0
induces a decomposition of the matrix ¢ into three blocks [ 0 ¢, 0 [, where
0 0 co

c2 = (Cuv)upevss Cp = (Cuv)uwev, aNd Coo = (Cyv)uwevs.. The blocks ¢, and ¢, are
the identity matrix, as m(u,v) = 2 and so ¢, = 0 for all distinct u, v € V,UV.The
following characterization of spherical Dyer groups follows from Fact [2.2.1]

Lemma 3.2.1. A Dyer group D(T, f,m) is spherical if and only if the cosine
matriz ¢ associated to (I', f,m) is positive definite.

Proof. Assume D is a spherical Dyer group. Then the restriction of ¢ to V5, x V4
is positive definite. Since additionally I' is a complete Dyer graph, the matrix ¢
admits a block decomposition as above, where all three blocks are positive definite
matrices. This implies that the matrix ¢ is positive definite. Now assume the
cosine matrix ¢ associated to (I', f,m) is positive definite. Consider the matrix
M = (m(u,v))yvev. Then the cosine matrix ¢ associated to (I, f,m) is equal
to the cosine matrix of the Coxeter matrix M as defined in Section 2.2 So by
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Fact the cosine matrix c is positive definite if and only if the Coxeter group
associated to M is finite. So we have m(u,v) # oo for all u,v € V. Moreover since
[' is a Dyer graph this also implies that the restriction of ¢ to V4 x V5 is positive
definite. So the graph I' is complete and D, is a finite Coxeter group by Fact [2.2.1]
Hence D is a spherical Dyer group.

O

Let X = X(I") be the scwol with set of vertices V(X') = {X C V} and set of
edges E(X) ={(X,Y,w) | X CY CV(I), w C (Y \ X)s} with i(X,Y,w) = X
and t¢(X,Y,w) =Y and (Y, Z,w")(X,Y,w) = (X, Z,w Uw'). We call X the scwol
associated with the spherical Dyer graph I'. Similarly to the group D, we can also
describe X as a direct product of scwols.

Lemma 3.2.2. Let Xy = X(['y), X, = X(I',) and Xoo = X(I'sx). Then we have
the product decomposition X = X9 X X X Xoo. Moreover X, = Yy, = Xyey, Vo
and X oo = 2y, = Xyevy, Zy as in Eramples|2.1.4 and [2.1.5

Proof. Since V- = VoLV, UV, every X € V(X) can be decomposed as a disjoint
union X = XoUX,UX. Identifying X with (Xs, X,, X) gives V(X) = V(X3) X
V(X)) x V(X). For the edges, note that (X,Y,w) € E(X) if and only if X; C Y;
for every i € {2, p, 00} and at least one of those inclusions is strict and w C Yoo\ X0
The edge (X,Y,w) € E(X) is identified with (Es, E,, Ex) € E(X2 x X, X X&),
where E; = X; € V(X;) whenever X; = Y, and E; = (X;,Y;,,wNV;) € E(X;)
whenever X; CY; for i € {2,p, o0}. ]

We now define a simple complex of groups ®(&X’) over the scwol X. For each
X € V(X), let the local group be DY = Dy,ux,. As mentioned in Remark
, we know by [Dye90] that if X C Y, then Di < D{; < D. For each edge
(X,Y,w) € E(X), let Y(xyu) : DY — D{ be the map induced by (z,) = z, for
every v € Xo U X,. These maps are all injective. Note that they do not depend
on w. We also introduce the morphism ¢ = ¢* : D(X) — D where ¢x = ¢ :
D% — D is the natural inclusion and ¢(X,Y,w) = ¢'(X,Y,w) = I,eu,. Note
that ¢(X,Y,w) is well-defined since the subgraph spanned by w C V,, is complete.
On can see that Ad(¢(X,Y,w)) 0 ¢x = dx = dy 0 Y(x.yw), &S TuTy T, = T, for
every u € X CY and v € w C Y holds, and that for edges (Y, Z, \), (X,Y,w) and
their composition (Y, Z, \)(X,Y,w) = (X, Z,wUA) we have ¢(Y, Z, \)op(X,Y,w) =
Myerolyenry = Myewun®y, = ¢(X, Z, A\Uw). Moreover ¢(X, Y, w) only depends on
w, so we will write ¢(X,Y,w) = ¢(w) = [lye,z,. Also note that each local group
Df( is finite.
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Remark 3.2.3. For every X € V(X), the local group Dg( can be decomposed as
Dg( = D;Q X Dﬂ;. As Dg(oo is the trivial group, we have Dg( = D;Q X fop X Df(oo.
So using Lemma/3.2.2 we have that the complex D (X) is isomorphic to the product
D(X3) x D(X,) x D(X). Moreover D(X)) is isomorphic to Il,ey, D(Y,) and
D (X ) is isomorphic to ey, D(Z,). The morphism ¢ = ¢! also decomposes as
a product ¢ = g9 X ¢, X oo Where ¢ = 912, ¢, = ¢'7 and ¢o, = P'~.

Lemma 3.2.4. The fundamental group of ©(X) is D and the complex of groups
D(X) is developable.

Proof. We use the product decomposition given in Remark [3.2.3, The scwol X
is associated to the poset P(V3) so it is simply connected. Moreover it contains a
unique maximal element V5 so the fundamental group of ®(X5) is D{/Q = Dy. The
same argument implies that the fundamental group of ®(X,) is D,. Recall that
D (X ) is isomorphic to ey, D(Z,). The fundamental group of each ®(Z,) is
Z. So the fundamental group of (X ) is 7Vl = D_.. So the fundamental group
of D(X) is Dy x Dy, x Doy = D. Since the maps ¢x are injective for all X € V(X),
the complex ©(X) is developable. ]

Since the complex ®(X) is developable, we can define its development
C=C(X,0).

Remark 3.2.5. Since Df( < D and the maps ¢x are canonical inclusions, we will
identify the image ¢ (D%) with D% < D. The set of vertices of C is

V(C) = {(9D%. X) | X € V(X), gDk € D/D%}.
The set of edges of C is
E(C) = {(gD%, (X,Y,w)) | (X,Y,w) € E(X), gDk € D/D%}

with initial vertex given by i(gD%,(X,Y,w)) = (¢D%,X) and terminal vertex
given by t(¢D%, (X,Y,w)) = (9¢(w) DL, Y). For a simpler notation, we write
gX for a vertex (¢D%, X) and ¢(X,Y,w) for an edge (¢D%, (X,Y,w)). Note that
gX = AY if and only if X = Y and g 'h € D%. Similarly g(X,Y,w) =
(XY w)ifandonlyif X' = X, Y' =Y, w' =wand g 'h € Dg(. In particular,
the scwol &X' is the quotient of C by the action of the group D.

Lemma 3.2.6. The development C(X, @) has a product decomposition

C<X27 ¢2) X C<Xp7 ¢p) X C(‘Xoov (boo)
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Proof. This follows from the product decomposition of X, ©(X), D and ¢. O

Remark 3.2.7. For i € {2,p, 00}, Lemma implies that we can consider each
scwol C(X;, ¢;) to be a subscwol of C(X,¢). There is a canonical inclusion by
identifying a vertex gX € C(X;, ¢;) with gX € C(X,¢). The subscwol C(X;, ¢;) is
then stable under the action of D;.

Links and stars in C For a well-defined construction of the future cell complex
> we need to understand the local combinatorial structure of the scowl C, when
(T', f,m) is spherical. As edges in C(X,¢) are oriented, we will distinguish the
incoming and the outgoing link and star of a vertex. Let gY € V(C). The incoming
link Lk;,(gY, C) is the full subscwol of C spanned by the vertices {hZ | Je € E(C) :
t(e) = gY and i(e) = hZ}. Similarly the outgoing link Lk, (gY,C) is the full
subscwol of C spanned by the vertices {hZ | Je € E(C) : i(e) = gY and t(e) =
hZ}. The incoming star is the subscwol spanned by ¢gY and its incoming link so
it is the oriented combinatorial join

Stin(9Y,C) = Lk, (gY,C) % {gY'}
and the outgoing star is defined similarly
Stout(gY,C) = {gY } * Lkoui (gY, C).

Remark 3.2.8. The incoming star St;,(¢Y,C) is isomorphic to the incoming star
Stin(eY,C(X(Ty),¢")). Moreover the product decomposition of C induces a
product decomposition of the incoming star

Stm(e Y,C) = Stm(e Yé,C(XQ, ¢2)) X Stm(e Y},,C(Xp,gbp)) X Stm(e Yooac(XOO7¢OO>>

and as such also a product decomposition for every St;,(¢Y,C). Moreover for a
vertex hZ € St;,(gY,C), the star St;,,(hZ,C) is a subscwol of St;,(gY,C).

3.2.2 A combinatorial structure for general Dyer groups

Let us now give a similar construction with analogous results for general Dyer
groups. Let (I, f,m) be a Dyer graph and D = D(T") be the associated Dyer
group. We set V = V(I'). Let X = X(I') be the scwol with set of vertices V(X') =
{X c V| D(I'x) is a spherical Dyer group} and set of edges F(&X') = {(X,Y,w) |
X, Y eV(X), XY, wC (Y\X)x} withi(X,Y,w) = X and t(X,Y,w) =Y and
(Y, Z,")(X,Y,w) = (X, Z,wUw'). The main difference with the spherical case, is
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the set of vertices of X'. Indeed we do not consider all subsets X C V but only those
for which I'x is complete and the group Df(— = Dx,ux, is finite. We also define
a complex of groups D(X) over X. For each X € V(X), let the local group be
D% = Dx,ux, and for each edge (X,Y,w) € E(X), let ¢¥(xy.w) : Dk — D{ be the
natural inclusion map. By [Dye90|, these maps are all injective. The local groups
are all finite. We also introduce the morphism ¢ : ©(X) — D where ¢x : Dg( — D
is the natural inclusion and ¢(X,Y,w) = ¢(w) = [l,en, (this element is well
defined since w C V, and I, is complete). We verify the compatibility conditions.
First Ad(¢(X,Y,w)) 0 ¢x = ¢x = ¢y 0 Y(x yw), as Dy is a spherical Dyer group
and so T,w,x;t =z, for every u € X C Y and v € w C Y. Secondly for edges
(Y, Z, ), (X,Y,w) and their composition (Y, Z, \)(X,Y,w) = (X, Z,wU\) we have
oY, Z, No(X,Y,w) = yextollyewry = Mycwurn®y = (X, Z, A Uw), as wUAX C Z
and Dy is a spherical Dyer group. As in the spherical case, we can write D (X (I"))
and ¢! when also considering the same construction on a subgraph. As before, we

are interested in the development of the complex of groups ©(X'), so we first show
that ®(X) is developable.

Ezample 3.2.9. Consider the Dyer graph I', ;, given again in Figure , and the
Dyer group Dy, from Example 3.1.6] The associated scwol X, = X (T ) is
drawn in Figure [3.5] Its vertex set is

V(Xm.q) = {0, {a}, {b},{c}. {d},{a, b}, {b, c}, {c, d}}.

Its set of edges is E(X,) = {(X,Y,w) | X CY CV([,),w C Yoo \ Xoo}. So
in particular as a € V(I 4)o0, there are two edges between () and {a}, namely
(0,{a},0) and (0,{a},{a}), between {b} and {a,b}, namely ({b},{a,b}, ) and
({b},{a, b}, {a}), and between () and {a, b}, namely (0, {a, b}, ) and (0, {a, b}, {a}).

o©22m2 24

r—— O — 9

a b ¢ d

Figure 3.4: Dyer graph I',, ; for some m, ¢ € N>, as given in Figure

Lemma 3.2.10. The scwol X is isomorphic to the union of scwols ¥ = Uy ey (x) Xy,
where Xy is the scwol associated with the spherical Dyer group Dy . The fundamen-
tal group of ©(X) is D. In particular, the complez of groups D(X) is developable.

Proof. First we compare the sets of vertices. If Y € V(&) then Y € V(&Xy)
hence Y € V(). On the other hand if Y € V()), we have Y € V(X z) for some
Z € V(X) hence Y C Z so that Dy is spherical. This implies V(X) = V()). Now
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{a} {a, b}

{d} {b}

{c,d} {c} {b, ¢}

Figure 3.5: The scwol &, , associated with the graph I',, , given in Figure

we compare the sets of edges. If e = (X,Y,w) € E(X) then e € E(Xy) hence
e € E(Y). Conversely if e € E(Y), then e € E(Xz) for some Z € V(X) hence
e=(X,Y,w)with X CY C Zand w C (Y \ X)w so that e € E(X). This implies
that E(X) = E(Y). We can now apply the Seifert-van Kampen theorem for the
fundamental group of a complex of groups [BH99|[III.C Example 3.11(5)] to V.
The set V(X) is finite and each scwol X'y is connected. We have () € V(Xy) for all
Y € V(X) and ) is adjacent to any vertex in any X'y. So Nyey(x) Xy is nonempty
and connected. We can then use the presentations to see that the fundamental
group of ®(X) is D. Finally, by [Dye90], the maps ¢x : Dﬁ; — D are all injective.
Therefore D(X) is developable. O

Since the complex ®(X) is developable, we can define its development
C=C(X,9).

Remark 3.2.11. Since Dﬁ; < D and the maps ¢x are canonical inclusions, we will
identify the image ¢x (D%) with D%. The set of vertices of C is

V(C) = {(9Dk, X) | X € V(X), gD € D/Dk}.
The set of edges of C(X, ¢) is
E(C) = {(9D%, (X,Y,w)) | (X,Y,w) € E(X), gDk € D/Dk}
where initial vertices are given by i(¢D%, (X,Y,w)) = (¢D%,X) and terminal

vertices are given by t(¢D%, (X, Y,w)) = (9é(w)2D{,Y). For a simpler notation,
we write gX for a vertex (¢D%, X) and g(X,Y,w) for an edge (D%, (X,Y,w)).
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Note that ¢X = hY if and only if X =Y and g 'h € Djt(. Similarly ¢(X,Y,w) =
(XY W) ifand only if X' = X, Y/ =Y, =wand g 'h € Dﬂ;. As in the
spherical case, the scwol C does not have multiple edges between two vertices.

Links and stars in C As before, we need to understand the local combinatorial
strucuture of the scwol C. As edges in C are oriented, we will distinguish the
incoming and the outgoing link and star of a vertex. We recall the definitions
here. Let gY € V(C). The incoming link Lk;,(gY,C) is the full subscwol of C
spanned by the set of vertices {hZ | de € E(C) : t(e) = ¢gY and i(e) = hZ}.
Similarly the outgoing link Lk, (¢Y,C) is the full subscwol of C spanned by the
set of vertices {hZ | de € E(C) : i(e) = gY and t(e) = hZ}. The incoming
star is the subscwol spanned by gY and its incoming link so it is the oriented
combinatorial join

Stin(gY,C) = Lk, (gY,C) * {gY'}

and the outgoing star is defined similarly
Stout(gY,C) = {gY } * Lk, (gY,C).

Lemma 3.2.12. For every vertex gY € V(C), the scwols Sti,(gY,C(X,¢)) and
Stin(eY,C(Xy, ")) are isomorphic.

Proof. Tt suffices to show this for ¢ = e. Then the statement is clear as it follows
directly from the definitions. O]

3.2.3 The piecewise Euclidean cell complex X

The scwol C, which is also a simplicial complex, described in the previous section
is a combinatorial object. In order to build the cell complex >, we could try to
endow the geometric realization of C with a CAT(0) metric. This would give a
simplicial complex with a non-standard piecewise Euclidean metric. The problem
is that Moussong’s Lemma does not apply directly to simplicial complexes
with a piecewise Euclidean metric since dihedral angles should be at least w/2. The
idea is to interpret C as some generalized face poset of 3. Indeed C does not give
us the face structure of ¥ but some form of subcomplex structure. Each vertex
in C corresponds to a subcomplex of ¥ and edges give identifications between
these subcomplexes. Nevertheless we will be able to interpret C as a simplicial
subdivision of 3. We start with the description and study of the subcomplexes
associated to vertices, then build ¥ and finally show that X is CAT(0) using
Moussong’s Lemma [1.1.16]
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Let (I', f,m) be a Dyer graph, D = D(I', f,m) the associated Dyer group,
X = X(I') the associated scwol and ®D(X) the associated complex of groups.
Consider the injective morphism ¢ : ®(X) — D given by the natural inclusion
maps ¢y : D§< — D and ¢(X,Y,w) = ¢(w) = ,e,x,. As in the previous section,
we construct the development C = C(X, ¢).

Elementary building blocks Let Y € V(X). First we consider elementary
building blocks in the cases ¥ = Y5, ¥V = Y and ¥ =Y,. For Y € V(X)
with Y = Y3, let Cox(Y) be the Coxeter polytope associated to the Coxeter
group Dy endowed with its natural Euclidean metric as described in Section [2.2]
Its set of vertices is Dy. For Y € V(X) with Y = Y., consider [0,1]Y c RY
with its standard cubical structure. Its set of vertices is P(Y), where 0 € RY
corresponds to @ € P(Y). For v € V,, let Stern(v) be the f(v)-branched star
where each edge of the star is identified with [0, 1]. Its center is denoted by ¢,
and its leaves are identified with the elements of the finite cyclic group Cy,) of
order f(v). For Y € V(X) with Y =Y, let Stern(Y") be the product of stars
[Iyey Stern(v) endowed with the ¢, metric. So its vertex set is ey ({cv} U Coy)-
Note that V(Stern(Y')) = ey ({¢,} UCy() can be identified with [[;cy Dy /Dy.
We identify a vertex (gy)vey € Hyey ({¢o} U Cpy) with gDy /Dy € 1170y Dy /Dy
where Z ={v €Y | g, =c¢,} and g = Uel;[\zgv. Since I'y is a complete graph and

Y =Y, the element g € Dy is well-defined.Let us denote a vertex gDz € Dy /Dy
in Stern(Y’) with ¢gZ.

The cell complex Cc(Y) To every Y € V(X), we associate a Euclidean cell
complex Cc(Y) as follows. Let Cc(Y') be the product Cox(Y2) x [0, 1]¥> x Stern(Y,,)
endowed with the /5 metric. Each of its factors is a piecewise Euclidean cell
complex, so Cc(Y) is a piecewise Euclidean cell complex. In particular,
Ce(Y) = Cc(Yy) x Cc(Ya) x Ce(Y,). The set of vertices of Cec(Y) is
Dy, x P(Y) x ey, ({co} U Cfvy). The group DY acts by isometries on Ce(Y).
Indeed D{ = Dy, x ey, Cwy- So DY acts through Dy, on Cox(Y3) and through
Cf) on Stern(v) for v € Y,,. These actions are all isometries.

Remark 3.2.13 (Links of vertices). As we will need to understand links of vertices
in subcomplexes, we start by studying links of vertices in Cc(Y). Recall for
the iterated spherical join of piecewise spherical simplicial complexes. Consider a
vertex | = (w, A\, gZ) € Cc(Y). Its link is the spherical join

Lk (w, Cox(Y3)) « Lk(X, [0, 1]¥>) « Lk(gZ, Stern(Y,,)).
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As mentioned in 2.2] the term Lk(w, Cox(Y3)) is identified with the piecewise
spherical flag complex with 1-skeletton I'y, and edge length d(u,v) = 71— /m(u,v)
for two vertices u, v € Y. The link Lk(gZ, Stern(Y})) is isometric to Lk(Z, Stern(Y},))
which is isometric to the spherical join

*vez Lk(cy, Stern(v)) xpey,\z Lk(e, Stern(v)).

Each term Lk(c,,Stern(v)) consists of |Cy(,)| disjoint vertices and each term
Lk(e, Stern(v)) consists of a single vertex. For every A C Yo, the term Lk(), [0, 1]/¥=l)
is isometric to the spherical join (kyeaA \ {v}) * (*UEYM\A)\ U {v}) So the link
Lk(l,Cc(Y)) is isometric to the spherical join

Lk(w, Cox(¥2)) * (ruexh \ {v}) * (*ueveend U {v}))
* (kvez Lk(cy, Stern(v))) * (*pey,\z Lk(e, Stern(v))).

Note that in particular for two vertices u,v € V(Lk(l,Cc(Y))) in two different
terms of the decomposition, we have d(u,v) = /2.

Ezample 3.2.14. Let m,p € N>,. We go back to the example of the Dyer graph
[, p With associated Dyer group D, ;, and scwol X', , given in Figure[3.I, Example

and Figure 3.5] Figure shows the cell complexes Cc({a,b}), Cc({b,c}),
Cc({c,d}) in the case m =4 and p = 3.

./ \
(a) Ce({a, b}) —
(b) Ce({b,c})

(¢) Ce({e,d})

Figure 3.6: The cell complexes associated to some vertices of X, .

The cell complex £(gY) Let Y € V(X) and gD{ € D/D{. so that gY € V(C).
We now describe the subcomplexes of ¥ associated to vertices of C. We start
by identifying the vertex set of Cc(Y) with a subset of V(St;,(Y,C)) and more
generally with a subset of V(St;,(gY,C)). Let V,(¢Y") be the following subset of
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V(Stin(9Y,C)):
Vp(gY) = {kX € V(C) | X C V, and kX € V(St;(gY,C))}.

By definition kX € V(St;,(¢9Y,C)) if and only if kX = gY or there exists an
unique edge h(X,Y,w) in C with initial vertex kX = hX and terminal vertex
gY = ko(w)™'Y. So kX € V(Stin(gY,C)) if and only if X C Y and there exists
unique w C Yoo \ Xoo with k(Ilye,2,) DY = gD{. So

V,(gYV) ={kX e V(C) | X CV,NY and k(Il,c,z,) ' D} = gD} with w C Yo }.

Lemma 3.2.15. The map j : V(Cc(Y)) — V,(eY) given by j(w,\,hZ) =
wo(AN)hZ is bijective. Moreover it induces a bijective map j, : V(Cec(Y)) = V,(gY)
with jo(w, \,hZ) = g - j(w,\, hZ) = gwp(A\)hZ.

Proof. Let Z € V(X) and kD € D/DJ so that kZ € V,(eY). So we have
Z CV,NY and k(Il,exz,) "' DY = D for some A C Y,.. As D{ = Dy, x Dy, the
representative k(IT,exz,) ™! has a unique decomposition k(Il,exz,) ™ = kollyey, ko,
with ky € Dy, and k, € Cy(,) for every v € Y. This gives a unique decomposition
k = ky(Il,erw,)(Ilyey, ky). In particular & € Dy. As I'y is complete and the
coset kDé € D/Dé, we can assume k, = e for every v € Z,. As Dy, is a
parabolic subgroup of the Coxeter group Dy,, we can also assume ky to be the
unique element of minimal length in kyDz,. So j(k2, A, Iyey\zkuZ) = kZ. Hence
the map j is surjective. Such a choice of ky and k,, v € Y, \ Z is independent
of the representative k. Indeed let k&’ be another representative, so k' Dé = kDé.
Then again k' = kjy(Il,exa,)(Iley, k). As k™' € D%, we have ky'k) € Dy,
s0 koDy, = koDy, and so by uniqueness of the minimal representative ky = kJ.
Similarly k, = &, for every v € Y. As there is a unique edge from kZ to eY’, the
subset A C Y, is uniquely determined. Hence the map j is also injective so it is
bijective.

Finally kZ € V,(gY) if and only if Z C V,NY and k(I,exz,) ' DY = gD} for
some * C Y. So kZ € V,(gY) if and only if Z C V,NY and ¢~ 'k(IT,erz,) ' DY =
DY for some A C Ya. So kZ € V,(gY) if and only if g~ 'kZ € V,(eY). So the
map j, is bijective. [

For Y € V(X) and gD! € D/D{ so that g € V(C), let £(gY) be the
piecewise Euclidean cell complex given as follows:

1. The set of vertices (or O-cells) is V,(gY").

2. Every cell in ¥(gY") is isometric to a cell in Ce(Y).
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3. The map j, : V(Cc(Y)) — V,(9Y) extends to a cellular isometry
Jg 1 Ce(Y) — X(gY).

Let hD{ € D/D{ with hDJ, = gD{ then j,0j; " is a cellular isometry from S(hY’)
to X(gY"). So the cell structure on X(gY") is well-defined.

We now discuss identifications of subcomplexes. Let Y € V(X) and
gD} € D/DJ so that gV € V(C). Let Z € V(X) and hD}, € D/DJ, so that
hZ € V(Stin(gY,C)). Then St;,(hZ,C) is a subscwol of St;,(gY,C) and hence
Vo(hZ) C Vp(gY). The following lemma shows that this inclusion induces an
isometric embedding of the cell complex ¥(hZ) into ¥(gY").

Lemma 3.2.16. Let Y € V(X) and gD € D/D{ so that g € V(C). Let
Z € V(X) and hD}, € D/D}, so that hZ € V(Sti(gY,C)). The cellular map
L 3(hZ) — X(gY) satisfying (v) = v for every vertexr v € V(X(hZ)) is an
isometric embedding. In particular we can identify X(hZ) with 1(3(hZ)).

Proof. Since hZ € V(St;,(gY,C)) if and only if g7'hZ € St;,(Y,C), it suffices to
consider the case g = e. For hZ € V(St;,(eY,C)) we can write h = hohooh, with
hy € Dy,, hoo = ¢(k) for a unique x C (Y \ Z)o and h;, € Dy,\z,. We claim that
the cellular map ¢, : Ce(Z) — Ce(Y) given by ¢(w, \, mM) = (how, AU K, hymM)
for (w,\,mM) € V(Cc(Z)) (sow € Dz,, A € Zs, M C Z, and m € Dy \n)
is an isometric embedding. Both Cc¢(Z) = Cox(Zs) x [0,1]%= x Stern(Z,) and
Ce(Y) = Cox(Ys) x [0, 1]¥> x Stern(Y,) are endowed with the ¢, metric. By Section
2.2] the cellular map ¢5 : Cox(Zs) — Cox(Y2) with ¢(w) = how for w € V(Cox(Zs))
is an isometric embedding indentifying Cox(Dy,)) with hy - Coxgz,(Dy,). The
cellular map toy @ [0,1]%= — [0,1]¥> with 100(\) = AUk for A € P(Zy) is
also an isometric embedding identifying II,¢cz. [0, 1] with IT,ez_[0,1] x IT,e. {1} X
Myey\(vuz.0)10} C Hyey, [0, 1]. The cellular map ¢, : Stern(Z,) — Stern(Y},) with
ty(mM) = hymM for mM € V(Stern(Z,)) is an isometric embedding identifying
Stern(Z,) with Stern(Z,) x {h,} C Stern(Y,). So map ¢, decomposes as i, =
(2, toos Lp) : Cc(Z) — Ce(Y'), hence it is a cellular isometric embedding. Then the
map ¢ : L(hZ) — L(eY) given by jeor,04, ' is a cellular isometric embedding. [

Simplicial subdivision Let Y € V(X) and gD} € D/DJ so that ¢¥ € V(C).
We describe a simplicial subdivision of Ce(Y') and ¥(gY). Let Bar(Cox(Y2)) be the
barycentric subdivision of Cox(Y2). Let Bar(]0,1]) be the barycentric subdivision
of [0,1]. Then Bar(Cox(Y3)), Bar[0,1] and Stern(v), for v € Y, are piecewise
Euclidean simplicial complexes. Moreover the simplicial complex Bar(Cox(Y3))
is isomorphic to St;, (Y2, C) by Lemma 2.2.3] For v € Y, the simplicial complex
Bar(]0, 1]) is isomorphic to St;,({v},C). For v € Y, the simplicial complex Stern(v)
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is isomorphic to St;,({v},C). The isomorphisms induce a scwol structure on the
barycentric subdivisions and on Stern(v). So the scwol

Bar(Cc(Y)) = Bar(Cc(Y2)) x ey, Bar(Ce({v})) x ey, Ce({v})
is well-defined and isomorphic to
Stm(Y’u C) = Stzn(Yéa C) X HUEYOO Stm({v}7 C) X HUEYp Stzn({v}7 C)

We endow Bar(Cc(Y)) with the ¢5 metric, so it is piecewise Euclidean simplicial
complex isometric to Cc(Y). We call Bar(Cc(Y)) the nice simplicial subdivision
of Ce(Y). We call the simplicial subdivision of ¥(¢gY") induced by the isometry j,
the nice simplicial subdivision of X(gY").

The next lemma discusses how St;,(gY,C) can be interpreted as a simplicial
subdivision of ¥(gY).

Lemma 3.2.17. Let Y € V(X) and gD} € D/Di so that g¥ € V(C). The nice
simplicial subdivision of 3(gY") is simplicially isomorphic to the scwol St;,(gY,C).
For Z € V(X) and kD) € D/DJ, so that kZ € V(Stin(gY,C)), the isometric
embedding v : ©(hZ) — L(gY') given in Lemmal3.2.16 preserves the nice simplicial
subdivision.

Proof. The nice simplicial subdivision is isomorphic to Bar(Cc(Y")) which is isomor-
phic to St;,(Y,C) which is isomorphic to St;,(gY,C).

The second statement follows from the product decomposition of the nice
simplicial subdivision, the map ¢ and the complexes %(hZ) and X(gY). O

Ezample 3.2.18. Let m,q € N>o. We go back to the example of the Dyer graph
', 4 with associated Dyer group D,, , and scwol X, , given in Figure , Example

and Figure B.5] Figure shows the subcomplexes ¥(e{a,b}), X(e{b,c}),

Y (e{c,d}) and their simplicial subdivision in the case m = 4 and ¢ = 3.

The cell complex > We now have the tools needed to build the cell complex
3. Consider

2= U 2(gY),

gYev(C)

where we identify ¥(hZ) with «(X(hZ)) C X(gY') whenever hZ € St;,(gY,C). So
by Lemma [3.2.16] > has a well-defined piecewise Euclidean metric. We endow X
with the associated length metric. The set of vertices of X is

V(C) ={gY €V(C)| Y € V(X), Y CV,, gD} € D/D{}.
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cd
e cd? c{d}
a ab b c d
Eg be cb ,
e b bcb cbe & Ad} c
(a) Z(e{a,b}) bebe
(b) Eefb,c) .

(c) X(e{c, d})

Figure 3.7: The subcomplexes associated to some vertices of the development of
X m,q and their simplicial subdivision.

The action of D on V,,(C) induces an action by isometries of D on ¥, in particular
for d € D we have d - 3(gY) = ¥(dgY). By Lemma the nice simplicial
subdivision of each ¥(gY’) induces a simplicial subdivision of ¥, which we call the
nice simplicial subdivision of X.

Lemma 3.2.19. The scwol C is isomorphic to the nice simplicial subdivision of
Y. In particular this implies that 3 is a simply connected metric space.

Proof. Since C = Ugyev(c) Stin(gY,C) and by Lemma every Sty,(gY,C) is
isomorphic to the nice simplicial subdivision of 3(gY") preserved by ¢, the complex
C is isomorphic to the nice simplicial subdivion of Y. This induces a metric
on C with respect to which the geometric realization |C | is isometric to ¥. By
[BH99| [Theorem III.C.3.14], the scwol C is simply connected. So ¥ is a well-defined
simply connected metric space. [

We are finally in a position to show that ¥ is CAT(0). Since ¥ is simply
connected, we only need to understand its local structure, so we are back to
studying links of vertices. In order to have a precise description of the links of
vertices, we introduce an edge labeling of ¥ by V/(T').

Edge labeling Let Y € V(X) and hD{ € D/D{ so that hY € V(C). We
start by labeling the edges of X(hY) by elements of Y. To define this edge
labeling, we study when two vertices of ¥ (hY) are adjacent and then give the
corresponding label. Let X, Z € V(X) and kD% € D/D%, 1D}, € D/DJ, so that
kX,1Z € V,(hY), i.e. they are vertices of ¥(hY'). Then kX and [Z are adjacent in
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Y(hY) if and only if their pre-images j;, ' (kX), 5, *(1Z) € V(Cc(Y)) are adjacent
in Ce(Y). Let j, '(kX) = (ko, M, £, X), 5,2 (12) = (lo, M, 1,Z) € V(Ce(Y))
hence hkop(Ap)k,X = kX and hlap(N)I,Z = IZ in V,(hY). Remember that
Ce(Y) = Ce(Y)xCe(Y)xCe(Y). Then j; 1 (kX), j, '(1Z2) € V(Cc(Y)) are adjacent
in Ce(Y) if and only if one of the following holds

1. ko, ly are adjacent in V(Cc(Y2)) and Ay = A\, and k,X = [,Z. Equivalently
k5112 =z, for some v € Y5 and Ay, = A\ and X = Z and k[, € Dg(.

2. ko = ly and A\g, A; are adjacent in V(Cey) and k, X = [,Z. This is equivalent
to one of the following:

(a) ko =lyand A\, C Nyand M\ M\ = {v} C Y, and X = Z and k;llp € Dé.
(b) ky =lyand \; C Ay and \p\\ = {v} C Yoo and X = Z and k1, € D}.

3. ke = Iy and A\, = N\ and k,X,[,Z are adjacent in V(Cc(Y,)). This is
equivalent to one of the following:

(a) ke =lyand \y = Ay and X C Z and Z \ X = {x,} for some v € Y}, and
k', € D).

(b) ko =lyand Ay = A\ and Z C X and X \ Z = {x,} for some v € ¥}, and
k', € DX

Using that Y € V(X) so Dy is a spherical Dyer group, this leads to the
following characterization and labeling of edges by Y C V/(T'). The vertices
kX,1Z € V,(hY') are adjacent in X(hY") if and only if one of the following holds

1. X =Zand k7'l € xUDf( for some v € Y;. In this case, we label the edge by
veY,c V().

2. X = Z and k™'l = 2 DY for some v € Ya,. In this case, we label the edge
by v € Yo, C V(I).

3. (a) X C Zand Z\ X = {x,} for some v € Y, and k™'l € k'], € D}. In
this case, we label the edge by v € Y, C V(T').

(b) ZC X and X \ Z = {x,} for some v € Y, and k=l € k;'l, € D%. In
this case, we label the edge by v € Y, C V(I').

Note that for 'Y’ € V(St;,(gY,C)), the labeling of an edge in X(R'Y’) is
invariant under the inclusion ¢ : X(A'Y") — 3(gY’). Moreover the labeling of edges
in ¥(eY) is invariant under the left action of D{.. So this defines an equivariant
labeling by V(I') of the edges of ¥.



58 CHAPTER 3. DYER GROUPS

Remark 3.2.20 (Links of vertices). As our goal is to apply Moussong’s Lemma to
>, we need to understand links of vertices in . We start with links of vertices
in ¥(gY). This is crucial to prove later on that ¥ is CAT(0). Let Y € V(X)
and hDJ € D/D{ so that hY € V(C). Let X € V(X) and kD% € D/D% so
that kX € V,(hY). The edge labeling on ¥ and X(gY’) induce a vertex labeling
[ : V(Lk(kX,X)) — V, which restricts to [ : V(Lk(kX,X(hY))) — Y. Using
the map j, in Lemma [3.2.17 the link Lk(kX,X(hY)) is isometric to the link
Lk(j, ' (kX),Cc(Y)). With Remark [3.2.13], this implies that Lk(kX,X(hY)) can
be identified with the spherical flag complex I'y, x I'y. * I'y.\ x * (*ve x{v|1<i<
f(v)}). The vertex labeling is given by [(v) = v for every v € YoU YUY, \ X
and [(v)) = v for every v' € {v' | v € X,1 < i < f(v)}. By Remark [3.2.13]
the edge length in Lk(kX,3(hY)) is given by d(v,w) = 7 — 7/m(l(v),l(w)). As
Y € V(X), the matrix (cos(d(v,w)))ywey is positive definite by Lemma [3.2.1]
So Lk(kX,X(hY)) is a metric flag complex. Additionally we have that v,w are
adjacent vertices in Lk(kX,X(hY)) if and only if I(v) # I(w). As this holds
for every gY € V(C), it implies that if v, w are adjacent vertices in Lk(kX, X)), we
have I(v) # l(w). So for pairwise adjacent vertices vy, ..., v, € Lk(kX,X), we have
[(v;) # l(v;) for every i # j. To simplify the notation we will write 0; = l(v;) € V
when considering pairwise adjacent vertices vy, ..., v, € Lk(kX,X).

Let us now give some more details on the link of vertices in X.

Lemma 3.2.21. Let Y € V(X) with Y CV, so thatY € V,(C). Let the vertices
v, .., € V(LK(Y, X)) be pairwise adjacent. There exist Z € V(X) and g € D
such that Y € V(X(gZ)) and vy,...,v, € V(Lk(Y,X(9Z))) if and only if Y U
{T)Al, o ,UAk} S V(X)

Proof. Aswy,...,v, € V(Lk(Y, X)) are pairwise adjacent, we have ; # v;. Assume
that there exists Z € V(&) and g € D such that Y € V(X(gZ)) and the vertices
v, ..., 0, € V(LK(Y, X(gZ))). Then Y € V,(gZ) so Y C Z and {¢,...,0} C Z.
Hence Y U {%,..., %} C Z which implies that Y U {0y, ..., 0} € V(X).

Now assume that Y U {¢1,...,0;} € V(X). Each vertex v € V(Lk(Y,X)) is
an edge in Y between eY and some vertex h,Z, € Y. Let us define an element
gy € D.

(i) If v € V4, the vertex v € V(Lk(Y, X)) is an edge between Y and x;Y. In this
case let g, = e.

(ii) If 0 € V., the vertex v € V(Lk(Y, X)) is an edge between Y and ¢(0)Y or
between Y and ¢(9)~'Y. In the first case let g, = e. In the second case let
g = &(0)~! = x;'. Note that only one of these cases can occur as vy, .. ., vy,
are pairwise adjacent.
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(iii) For v € V,\Y, the vertex v € V(Lk(Y, X)) is an edge between Y and Y U{0}.
In this case we fix g, = e.

(iv) For & € Y, the vertex v € V(Lk(Y, X)) is an edge between Y and x4 (Y \ {0}),
for some 1 <t < f(9). In this case fix g, = e.

We claim that for Z = YU{®, ..., %} and g = II¥_, g,. we have Y € V(2(gZ)) and
vy, .. € V(LK(Y, X(92))). Since YU{7y, ..., 0} € V(X), we have g,gw = guwgo
for all v,w € {vy,...,v}. In fact g = dp(w) P forw = {0 € Z | g, = 2;'} C
(Z\Y)s. Hence Y € V,(9Z). Let v € {vy,...,vx}. Now we need to show that
the element h,Z, € V,(gZ). We use the case by case analysis above to fix the
following notation.

(i) If o € V,, we have h,Z, = 2;Y and we set A\, = w C (Z \ Z,)o-

(i) If & € Vi and hyZy = (8)Y, let Ay = w U {0} C (Z\ Zu)ow. 1f € Vi and
hoZy, = ¢(0)71Y [let Ay, =w \ {0} C(Z\ Z,)o0-

(iii) If v € V,\ 'Y, we have h,Z, =Y U {0} and we set A, = w C (Z \ Z,)wo-

(iv) If © € Y, we have h,Z, = z5(Y \ {0}) for some 1 < ¢t < f(0) and we set
M =wC(Z\Zy)oo-

As Z =Y U{d,...,0%} € V(X), we have gZ = h,¢(\,)"'Z and Z, C Z, so
hyZ, € V(Stin(9Z,C)). As additionally Z, C Z NV, we have h,Z, € V,(¢9Z). O

We now have the necessary tools to show the following statement.
Theorem 3.2.22. The cell complex 3 is CAT(0).

Proof. By [BH99] Theorem I1.5.4, 3 is CAT(0) if and only if it is simply connected
and the link of every vertex is CAT(1). By Lemma [3.2.19] the cell complex ¥ is
simply connected. Let us now prove that the link of every vertex is CAT(1) by
using Moussong’s Lemma . Let Y € V(X) with Y C V,, and gD{. € D/D{,
so that ¢Y € V(X). Assume gD} = Df so g¥ =eY =Y € V().

Claim 3.2.23. Every edge in the link Lk(Y, X) of Y in 3 has length > 7/2.

Proof. Since the vertex Y € V(X) is contained in ¥(¢Z) if and only if the vertex
97 € Stou(Y,C) we can describe Lk(Y, ¥) as the union U, zest, .. v.e) Lk(Y, £(92)),
where Lk(Y,X(gZ)) is the link of Y in the subcomplex ¥(¢gZ). By Remark [3.2.20]
for two adjacent vertices u,v € V(Lk(Y,%(gZ))) the length of the edge is d(u, v) =
7 —mw/m(G,0) > w/2 as m(a,v) > 2. So each edge in Lk(Y,>) has length >
/2. O
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Claim 3.2.24. The link Lk(Y,X) of Y in ¥ is metrically flag.

Proof. Consider a set of pairwise adjacent vertices vy,...,v, € Lk(Y,X). As
Lk(Y, YD) is a piecewise spherical simplicial complex, the vertices vy, ..., vy are then
pairwise distinct. As mentioned in Remark [3.2.20] then dy,..., 4 are pairwise
distinct. So the map {vy,...,vx} — {¢h,..., 0}, (v — 0) is a bijection. In
particular Y U {?y,..., 0} } spans a complete subgraph of I'. So vy,...,v; span a

simplex in Lk(Y, X)) if and only vy, ..., vy span a simplex in Lk(Y,¥(gZ)) for some
gZ € V(C). By Remark the link Lk(Y,¥(gZ)) is a piecewise spherical flag
complex. So the vertices vy, ..., v, € V(Lk(Y,X)) span a simplex in Lk(Y,X) if
and only if there exists some gZ € V(C) with Y € V(X(¢9Z)) and the vertices
v, .., € V(LK(Y,X(gZ))). By Lemma , this is the case if and only if
Y' =Y U{d,...,0} € V(X). By Fact Y’ € V(X) if and only if the
matrix (cos(m — w/m(u,v)))uvey is positive definite. As 7 — 7w/m(u,v) = 7/2 for
all u € Y\ Vo, v € Y\ {u} and 7 — 7/m(u,u) = 0 for all w € Y’, the matrix
(cos(m — m/m(u,v)))uvey is positive definite if and only if its restriction (cos(m —
w/m(u,v)))uveyiny, is positive definite. As Y' NV, = {¢,..., 0} N Vs and 7 —
7w /m(G, ) = d(u,v) for all 4,0 € Y'NV4, the matrix (cos(m—7/m(, 9)))ascynv, is
positive definite if and only if the matrix (cos(d(u,v))aseyny, is positive definite.
Finally d(u,u) = 0 for all & € {dy,...,0}, and d(u,v) = 7/2 for all 4 €
{01,..., 0 f\Vaand © € {9, ..., 0} \{u}, so the matrix (cos(d(u, v))avefw,....530Vs
is positive definite if and only if (cos(d(u,v))asefu,....s,} 1S positive definite. So we
conclude that vy,..., v € V(Lk(Y, X)) span a simplex if and only if the matrix
(cos(d(t, v))uwefor,...} 15 Positive definite. So Lk(Y, ¥) is metrically flag. O

-----

So by Moussong’s Lemma, Lk(Y, X) is CAT(1). Since D acts by isometries on
¥, the link Lk(gY,>) is CAT(1) for every g € D. We conclude that ¥ is CAT(0).
[l

Remark 3.2.25. If D is a spherical Dyer group the scwol C decomposes as a product
Cy X Cp X Coo. For every i € {2,p, 00}, let 3; be the cell complex associated to D;.
So ¥y = Cox(V2), e = Rl and ¥, = Stern(V,). Then ¥ = ¥, x ¥, x ¥,
where each factor is known to be CAT(0). So ¥ is CAT(0).

Corollary 3.2.26. The Dyer group D is CAT(0).

Proof. The group D acts properly discontinuously and cocompactly by isometries
on X. [

Remark 3.2.27. If the Dyer group D is a Coxeter group, ¥ is the Davis-Moussong
complex described in Theorem [2.2.5] If the Dyer group D is a right-angled Artin



3.2. THE CELL COMPLEX % 61

group, > is the Salvetti complex described in Section The dimension of X is
dim(¥) = max{|Y]| | Y € V(X)}. Consider the Coxeter group W from Theorem
and its associated Davis-Moussong complex ¥(W). The dimension of ¥(W) is
dim(X(W)) = max{|S| | S € V(A), Wy is finite}. Looking at the construction of
the graph A we can see that dim(X(W)) = max{|Y|+|V,|+|Va \Y]| | Y € V(X)}.
So dim(X) < dim(X(W)).






Chapter 4

Systolic complexes and group
presentations

In Chapter [ we introduced systolic complexes as a form of non-positive curvature
for simplicial complexes. As a group endowed with a generating set naturally
acts on its Cayley graph, it is natural to wonder when such a Cayley graph is
systolic. The goal is to give conditions on a group presentation (S | R), that
ensure systolicity of the flag complex of the Cayley graph Cay(G,S). Recall
that a simplicial complex X is systolic if it is connected, simply connected and if
Lk(v, X) is 6-large for all vertices v € X. A group is systolic if it acts properly
discontinuously and cocompactly on a systolic complex.

In section [4.1] we investigate when the flag complex Flag(G, S) of the Cayley
graph Cay(G,S) is simply connected. The goal of Section is the proof of
Theorem , which gives condition on a presentation ensuring that Flag(G, S)
is systolic. In order to do so, we investigate the cycles of length 4 and 5 in
Lk(v[e], Flag(G, S)) in Lemmas [4.2.2] [£.2.3] and [1.2.4 In Section 4.3 we apply
Theorem to Garside groups and Artin groups. The material presented here
also appeared in [Soe23].

4.1 Simply connected flag complexes

Let G be a group and S C G a finite generating set. Suppose additionally that
SN S™t = (), this especially implies e ¢ S and s?> # e for all s € S. This
convention is common in the context of Garside groups and monoids, which will
be one of our main examples. Let Cay(G, S) be the Cayley graph of G relative to
S. Its vertices and edges are V(Cay (G, S)) = {v[g] | ¢ € G} and E(Cay(G, S)) =
{elg,s] | g € G,s € S} where the edge e[g, s| goes from v[g] to v[gs]. We also write

63
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elg, s] = (vlg],v[gs]). As SN S~ =0, the graph Cay(G, S) is simplicial. So we
can define Flag(G, S) as the flag complex of Cay(G, S). As Flag(G, S) is the flag
complex of Cay(G,S), the group G naturally acts properly discontinuously and
cocompactly by isometries on Flag(G,.S). Note that even though G acts freely on
Cay(G, S), it does not necessarily act freely on Flag(G, S).

Proposition 4.1.1. Let G be a group and S C G a finite generating set. Suppose
additionally that SN S~ = 0 and that the action of G on Flag(G, S) is free. Then
Flag(G, S) is a simply connected simplicial complex and m (Flag(G, S)/G) = G if
and only if G admits the presentation G = (S | R) where

R={a-b-c|a,b,ceS with abc=e in G}
U{a-b-c'|ab,ceS withabc ' =e in G}.

Proof. To see when Flag(G,S) is simply connected, it is enough to take a look
at its 2-skeleton. There is a 2-simplex in Flag(G,S) for every set of 3 pairwise
adjacent vertices. As in Cay(G, S) edges are labeled by elements in S and vertices
correspond to elements of G, so are edges and vertices in Flag(G,S). Hence we
can interpret the existence of a 2-simplex in terms of relations on the generators.
At each vertex v[g] in Flag(G, S) and for every triple a,b,c € S witha-b-c=e
ora-b-c! =ein G there is a 2-simplex with vertices v[g|, v[ga], v[gab] and
edges elg, al, e[ga,b], e[gab, ] or e[g,al, e[ga,b], e[g,c]. On the other hand each
2-simplex has vertices and edges which correspond to such a triple of generators.
This implies

m1(Flag(G,S)/G) = (S |a-b-c=e ora-b-c ' =e foralla,b,c

for which one of these equalities holds in G).

Finally Flag(G, S) is simply connected if and only if it is the universal cover of the
quotient, so if and only if m (Flag(G, S)/G) = G. O

We call a presentation satisfying the conditions of Proposition a triangular
presentation.

Proposition 4.1.2. Assume a group G has a triangular presentation (S | R).
Assume additionally R = {a-b-c™' | a,b,c € S with abc™ = e in G}, so in
particular s3 # e for all s € S. Then the action of G on Flag(G, S) is free.

Proof. Let g € G and = € Flag(G, S) such that g -z = z. Let V be the set of
vertices of the smallest simplex containing x. As the action of G is simplicial,
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g -V = V. The restriction of possible relations in R imposes an orientation on
triangles in the graph, which in turn implies that in the subcomplex spanned by
V', there exists a unique vertex vy € V with only incoming edges i.e. there exists
a unique vertex vy € V' such that for all w € V' \ {vg}, there exists k& € S such
that vy = wk. Since SN S~ = (), the action of G on Cay(G,S) preserves the
orientation of the edges and is free on the vertices. So g -x = x implies g - vy = vy
hence g = e. O

4.2 Systolic Cayley Complexes

Consider a group G with a finite triangular presentation G = (S | R). Then we
know that Flag(G,S) is a simply connected simplicial complex. We now want
to know when Flag(G, S) is systolic. We already know that Flag(G,S) is simply
connected. So we need to check whether Lk (v, Flag(G, S)) is 6-large for all vertices
of Flag(G, S). As the action of G on Flag(G, S) is transitive and by isometries on
the vertices, we only need to check if Lk(v|e], Flag(G, S)) is 6-large. Moreover as
Flag(G, S) is flag, Lk(v]e], Flag(G, 5)) is flag. So we are left with checking whether
in Lk(v[e], Flag(G, S)) every embedded cycle v with 4 < |y| < 6 has a diagonal.

For simpler notation we set L = Lk(v[e], Flag(G,S)). Then the vertices of L
are V(L) = {v[s] | s € SUS™}. As we differentiate between elements in S and
elements in S~ we will call vertices v[s] with s € S positive and vertices v|[s]
with s € S~ negative. Edges between these vertices are oriented and labeled by
elements in S. We have E(L) = {e[g,a] | g € SUS™! and a € S and ga € SUS™'},
where e[g, a] is the edge labeled by a € S going from v[g] to v[ga]. Note that
elg,al € E(L) implies ga € S U S~ so in particular ga # e and hence a # g~ .
So E(L) = {e[g,a] | ge SUS™ anda e S\ {g'} and ga € SUS™'}. We write
v ~ w for two adjacent vertices v and w and e = (v, w) for the edge e between v
and w. If there is an edge from v to w, we might also use the notation v — w. To
simplify the notation, we will also denote the vertex v[s] with s and say the vertex
s € S is positive, s € S~! is negative.

We put some additional conditions on S and R:

(1) For all a,b,c € S, if abc € S then ab € S and bec € S.

(2) R={a-b-c'|abc! =e in G}, so we do not have relations of the form
a-b-cin R.

We call a triangular presentation satisfying these additional conditions a restricted
triangular presentation. These conditions are mostly technical. They limit the
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possible diagonal-free cycles in L and by Proposition ensure that the action
of G on Flag(G,S) is free. We don’t know how to decide whether L is 6-large
without them. So what can we say about diagonal free cycles in L of length 4 or
5 under these conditions?

Remark 4.2.1. The additional condition on R implies that there are no edges from
vertices in S to vertices in S™!, so from positive to negative vertices. The additional
conditions on S imply that every cycle v in L which contains one of the following
configurations of adjacent vertices has a diagonal. So if a,b,c € S with

a) a,b,c € V(y) and a — b — ¢ then a — c.

b) a o eteV(y)anda™ - bt = ¢ thena™ — ¢l
c) at,b,ce V(y)and a=! — b <+ cthen a™! — c.

d) a7 ceV(y)and a™t < b7t — ¢ then a™t — ¢.

So all of these configurations of vertices cannot occur in diagonal-free cycles.
This leads us to the following statement about potential cycles of length 4 or 5.

Lemma 4.2.2. Every cycle of length 5 in L contains a diagonal.

Proof. Let v be a cycle of length 5 in L.

As 5is odd, if v has 5 positive or 5 negative vertices, it has a diagonal (situation
a) or b) always occurs).

Assume v contains one negative and four positive vertices. As there are only
edges from negative to positive vertices, the direction of two of the edges in v is
already determined. Every possible direction of the three other edges leads to one
of the situations above (avoiding situation c¢) necessarily leads to situation a)).
The same argument holds if v has one positive and four negative vertices.

Assume v has two negative and 3 positive vertices. As each negative vertex is
adjacent to at least one positive vertex, the direction of at least two edges of v is
already determined. Every possible direction of the three other edges leads to one
of the situations above (if the two negative vertices are adjacent we have situation
d) otherwise we have situation c)). The same argument holds if  has two positive
and three negative vertices. O]

Lemma 4.2.3. Let u,v,w,z,a,b,c,d € S. The only cycles of length 4 in L that
do not contain one of the situations mentioned in Remark [{.2.1] are:
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b b b b b
Ve——s W vl e—<e ! Ve——eW ple——ew Ve——s !
a i 1 C a4 1C a i 1c af L C af rC
U - €T ufl >~ —1 ufl - €T ufl . —1 ufl -~ €T

d d d d d

Proof. Let v be a cycle of length 4.

Assume v has 4 positive vertices. In order not to be in the situation of
Remark a), each vertex has either two incoming or two outgoing edges. This
corresponds to the first cycle. The same argument holds if v has 4 negative vertices.
Then we have the second cycle.

Assume v has 1 negative and 3 positive vertices. Then the negative vertex is
adjacent to two positive vertices and hence the direction of two edges is already
determined. As we do not allow the configuration of Remark ¢), the only
possible cycle is the third cycle. The same argument holds for 1 positive and 3
negative vertices, which gives the fourth cycle.

Assume  has 2 positive and 2 negative vertices. Then if the two negative
vertices are adjacent, we are necessarily in the situation of Remark d). So
the negative vertices are not adjacent. Hence they are both adjacent to the two
positive vertices and the direction of these edges is determined. This gives the
fifth cycle. O]

So to see if L is 6-large we need to concentrate on the cycles of length 4
presented in Lemma [£.2.3] When do they exist? Under which conditions do they
have a diagonal? The next lemma aims to answer those questions.

Lemma 4.2.4. The link L is 6-large if and only if the following additional conditions
on S are satisfied:

1) If there exist u,w,a,b,c,d € S, u # w, a # d, with ua = wb € S and
ud = wc € S, then there exists k € S such that w = uk or ua = udk or
u = wk or ud = uak.

2) If there exist v,z,a,b,c,d € S, v # x, a # b, with bv = cx € S and
av = dx € S, then there exists k € S such that v = kx or av = kbv or
x = kv or kav = bv.

3) If there exist u,v,x,b,c € S, v # x, with ux € S, uwv € S and vb = zc € S,
then there exists k € S such that k = uvb or v = zk or x = vk.
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4) If there exist v,w,z,a,d € S, v # x, withvw € S, zw € S and de = av € S,
then there exists k € S such that k = avw or x = kv or v = kx.

5) If there exist u,v,w,x € S, v # x, u # w, with wv € S, wx € S, wv € S
and ux € S, then there exists k € S such that w = ku or x = vk or u = kw
orv =xk.

Note that u, v, w,z € S correspond to vertices in 4-cycles in L and a,b,c,d € S
to edges. Also note that these conditions are all necessary as one can see in Lemma
4.2.0l

Proof. As mentioned above, L is a flag complex as Flag(G, S) is a flag complex.
We know by Lemma [£.2.2] that there are no diagonal-free cycles of length 5 in L.
By Lemma we know that there are only five problematic cycles of length 4.
We show here under which conditions on S such cycles exists and which conditions
are necessary for the existence of a diagonal. If those five tyoes of 4-cycles have a
diagonal, all cycles of length 4 have a diagonal. So all cycles of length < 6 have
a diagonal, so L is 6-large. The existence of the 4-cycle relies on two elements:
we need four distinct vertices u, v, w, z and we need the appropriate edges a, b, ¢, d
between these vertices.

i) In the first cycle of length 4: the existence of the cycle is equivalent to the
following statement about elements of S:

da,b,c,d,u,v,w,x € S with u, v, w, x pairwise distinct

such that v = ua = wb and z = ud = wec

where u, v, w,x € S are the labels on the vertices and a, b, ¢, d are the labels
on the edges. There is a diagonal if v ~ x or u ~ w which is equivalent to

dkeS:w=uk,u=wkv=xkorxz=uvk

where k& € S is the label on the diagonal. As v = ua = wb and © = ud = we,
this corresponds to condition

ii) In the second cycle of length 4: the existence of the cycle is equivalent to the
following statement about elements of .S:

Ja,b,e,d,u,v,w,xeSut vt wt a! pairwise distinct

such that v ' =ulfa=w hand z7 ' =w e =u"'d
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iii)

iv)

v)

where a,b,c,d € S are the labels on the edges. There is a diagonal if

vt~ 27 or umt ~w™! which is equivalent to

JkeS:wtl=uvtkutl=wvtkvi=ctkorat =0k

where & € S is the label on the diagonal. As v™! = v 'a = w™'b and
27! = w™le = uld, this corresponds to condition [2)]

In the third cycle of length 4: the existence of the cycle is equivalent to the
following statement about elements of .S:

Ja,b,e,d,u,v,w xS with u™", v, w,z pairwise distinct

such that v =u'a,z = v 'd, w = vb and w = zc

where a,b,c,d € S are the labels on the edges. There is a diagonal if v ~ z
or u~! ~ w which is equivalent to

Jdke S uw==kv=uxkorxz=uvk

where k € S is the label on the diagonal. As ™! is a negative vertex and w
is a positive one, there is only one possible direction for the diagonal from
u ' tow. Asv =u"ta,x = u'd,w = vb and w = zc, this corresponds to

condition

In the fourth cycle of length 4: the existence of the cycle is equivalent to the
following statement about elements of S:

Vo™ w, 27! pairwise distinct
1

Ja,b,c,d,u,v,w,x €S with u™
such that v ! =uta,w=v"'b=z"'cand 27 ' =u"'d

where a,b,c,d € S are the labels on the edges. There is a diagonal if

v~ 27! or u! ~ w which is equivalent to

keSS ww=kv'l=ctkorazt =vk

where k € S is the label on the diagonal. As u~! is a negative vertex and w is
a positive one, there is only one possible direction for the diagonal from !
! la,w=v"1b =27 lc and 27! = w~'d, this corresponds to

tow. Asv ' =u~

condition

In the fifth cycle of length 4: the existence of the cycle is equivalent to the
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following statement about elements of .S:

Ja,b,c,d,u,v,w,x e S with u™',v,w™!, x pairwise distinct

such that v=u"'a=w b and z = u'd = w™ e

where a,b,c,d € S are the labels on the edges. There is a diagonal if v ~ x

or u~! ~ w~! which is equivalent to

JkeS: wl=utku!'=w'kv=2korz=uvk

where k € S is the label on the diagonal. As v = v 'a = w™'b and
z =u"'d = w™c, this corresponds to condition [5)|

We can now get back to the original question: when is Flag(G, S) systolic?

Theorem 4.2.5. Consider a group G with generating set S, where G has a finite
restricted triangular presentation with respect to S. Then the complex Flag(G, S)
is a simply connected simplicial complex. It is systolic if and only if the generating
set S satisfies the following conditions:

1) If there exists u,w,a,b,c,d € S, u # w, a # d, with ua = wb € S and
ud = wc € S, then there exists k € S such that w = uk or ua = udk or
u = wk or ud = uak.

2) If there exist v,x,a,b,c,d € S, v # x, a # b, with bv = cx € S and
av = dx € S, then there exists k € S such that v = kx or av = kbv or
x = kv or kav = bv.

3) If there exist u,v,x,b,c € S, v # x, with ux € S, uv € S and vb = xc € S,
then there exists k € S such that k = uvb or v = zk or x = vk.

4) If there exist v,w,z,a,d € S, v # x, withvw € S, zw € S and dx = av € S,
then there exists k € S such that k = avw or x = kv or v = kzx.

5) If there exist u,v,w,x € S, v # x, u # w, with wv € S, wx € S, uv € S
and ux € S, then there exists k € S such that w = ku or x = vk or u = kw

or v = zxk.

Moreover, this implies that G is a systolic group.
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Proof. 1t follows from Propositions|{4.1.1jand [4.1.2] and the definition of a restricted
triangular presentation that Cay(G, S) is a connected simplicial graph and Flag(G, S)
is a welldefined simply connected flag complex. The complex Flag(G, S) is systolic
if and only if the link of every vertex is 6-large. The action of G on the vertices of
Cay(G, S) = Flag(G, S)W is transitive and by isometries. So Flag(G, S) is systolic
if and only if the link L = Lk(e,Flag(G,S)) is 6-large. As every link in a flag
complex is also a flag complex, this is equivalent to the conditions given by Lemma
. Since G acts properly discontinuously and cocompactly on Flag(G, S), the
group G is systolic if Flag(G, S) is systolic. O

We call a presentation satisfying the conditions of Theorem [4.2.5] a systolic
presentation. We say a group is Cayley systolic if it admits a systolic presentation.
By Proposition [1.1.2] a Cayley systolic group G with systolic presentation (S | R)
acts freely on Flag(G, S). One can also note that free products of Cayley systolic
groups are also Cayley systolic. More generally we do not know under which
conditions amalgamated products of Cayley systolic groups are systolic or Cayley
systolic.

Lemma 4.2.6. Consider the set S = {a,b,c,d,u,v,w,z} and the sets

-1

Ry = {uav™, wbv™ ude ™! wer ™},

-1 -1 -1
savu” - dru” "},

-1
Ry = {bvw™ ", cxw
Ry = {vbw ™!, zew " urd ™ uva '},
Ry = {dovu™" avu™ vwb™, zwe ™'},

~1 -1 -1 -1
Rs = {vua™ ", vwb™ ", xwe™ ", xud " }.

For all i € {1,2,3,4,5}, the presentation (S | R;) is a restricted triangular
presentation. Additionally the presentation (S | R;) satisfies all the conditions
of Theorem [{.2.5 except condition i.

Proof. We show this for (S | R3). The other cases can be checked in the same
way. First note that a = uv, b = v} lw and d = uz. So the group
Cs3 = (S| R3) is in fact F(u,v,w,z) the free group on the generators u, v, w and
x. So the word problem in Cj is solvable. We do the following calculations using
SageMath. We check for all triples (a, 3,7) € S® that a8y # e, aBy ¢ S and
afyt=es a-B-vy! e Rs. Note that aBy ¢ S implies SN S~ = . So the
presentation (S | R3) is a restricted triangular presentation. Now we need to check
the different conditions of Theorem [.2.5] Using SageMath, we see that there are
no elements sy, Sy, Sw, Sz, Sas b, Se, Sa € S satisfying the hypothesis of one of the

conditions [1)] and |5)| but the tuples (sy, Sy, Sz, Sp, Se) = (u,v,x,b,¢) and

w, c = x"
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(Sus Sus Sz Sby Se) = (u, z,v,¢,b) satisfy s,8, = $p8. € S, Sus, € S and s,8, € S.
We check that condition [3)| fails in at least one of those cases so we check that for
all s € S we have s # s,s,5, and s, # s,s for at least one of those tuples. O

Example 4.2.7. The conditions in Theorem are all necessary as shown in
Lemma [£.2.6, One can note that the given presentations are not systolic but
the underlying groups are, since free groups are known to be systolic and even
Cayley systolic with respect to the standard generating system. Also note that
the following presentation

F? X FQ - <CL, b7 ¢, d; Ala A27 A37 A4 |
Ay =ab=ba, Ay =bc=ch, Ay=cd=dec, Ay=da=ad)
satisfies conditions but not condition |5)| (as u = a, v = b, w = ¢ and
x = d do not satisfy condition . Again [F5 x Fy is known to be systolic, using

a construction by Elsner and Przytycki [EP13]. We do not know whether it is
Cayley systolic.

Remark 4.2.8. We can also interpret the conditions in Lemma as conditions
using orders on S. We first introduce left and right orders on S Ue by defining for
a,be SuU{e}:

a) a <z bif 3¢ € S U {e} such that ac = b.
b) a <g b if 3c € SU {e} such that ca = b.

These are indeed orders on SU{e}: as e € SU{e} they are reflexive, as there are
no inverses in S they are antisymmetric and by the additional condition (1) on S
they are transitive. The existence of an edge v — w in L is equivalent to

L.v<pwifv,wes
2. wl<govtlifo,wesS!
3. v lweSifwe Sandve S

Then the conditions on the existence of diagonals in given 4-cycles could be
reformulated in the following way:

1) If there exist u,v,w,x € S pairwise distinct with u <; v and w < v and
uw<pxandw<pzxthen u<pworzxz<pvorw<puoruv<yu.

2) If there exist u,v,w,z € S pairwise distinct with v <g u and * < u and
v<gpwand r <gpwthenu<gworx <gpvorw<guorv<pg.
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3) If there exist u,v,w,x € S pairwise distinct with uv € S and uzx € S and
v <pwand r <p, w then uw € S or x < v orv <y x.

4) If there exist u,v,w,z € S pairwise distinct with vw € S and zw € S and
r<puandv<puthenuw € Sorv<gpzxorz<pu.

5) If there exist u,v,w,x € S pairwise distinct with uv € S and uzx € S and
wv € S and wxr € Sthenv <pzoru<gpworx<pvorw<pgu.

Here the conditions are only given in terms of elements of S associated to the
vertices of the 4-cycles.

4.3 Applications

4.3.1 Garside groups

Garside groups were introduced by Dehornoy and Paris in [DP99)] as a generalization
of spherical Artin groups.

Definition 4.3.1. A group G is said to be a Garside group with Garside structure
(G, P,A) if it admits a submonoid P with P N P! = {e}, called the monoid of
positive elements and a special element A € P called the Garside element such
that the following properties are satisfied:

1. The partial order <; defined by a <; b < a~'b € P is a lattice order,
i.e. for every a,b € G there exists an lem a Vp b and a ged a Ap b with
respect to <y i.e. for all a,b € G there exists an element (a Vy, b) such that
a<p (aVvpb),b<p (aVpb)and for every c € G, if a < c and b <[ ¢ then
(aVpb) <p c. Similarly for all a,b € G there exists an element (a A b) such
that (a AL b) <p a, (a Apb) <p band for every c € G, if c <y aand ¢ <y b
imply ¢ <p, (a AL D).

2. The set [e,A] ={a € G| e <y a <; A}, called the set of simple elements,
generates the monoid P.

3. Conjugation by A preserves P i.e. AT'PA = P.
4. For all z € P\ {e} we have

|z|| = sup{k € N | Jay,...,ar € P\ {e} such that z = a; - - - ax} < oc.
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Definition 4.3.2. A Garside structure (G, P, A) is said to be of finite type if the
set of simple elements [e, Al is finite. A group G is said to be a Garside group of
finite type if it admits a Garside structure of finite type. Elements x € P\ {e}
with ||z|| = 1 are called atoms. The set of atoms also generates P.

Remark 4.3.3. Note that the lem and ged of two elements a,b € G is unique. So
a Vb is the unique lem and a A b is the unique ged of the elements a and b.

Remark 4.3.4. The monoid P also induces a partial order <z which is invariant
under right multiplication. We define a < b < ba~! € P. It follows from the
properties of G that <p is also a lattice order, that P is the set of elements a
such that e <r a and that the simple elements are the elements a such that
e <rpa <r A. We denote by a Vg b the lem and by a Ar b the ged with respect
to <gr. We say that an element g € G is balanced if {a € G | e < a <[ g} =
{aeGle<pra<pg} So{aeGle<pa<pA}={aeG|e<pa<pA},
hence A is balanced.

Example 4.3.5. Spherical Artin groups are Garside groups, in particular braid
groups are Garside. Torus knot groups (x,y | 2P = y?) with p,q > 1 are Garside
groups with Garside element A = x? = y? and monoid of positive elements P =
(x,y | 7 = y?)". The fundamental group of the complement of n lines through
the origin in C?, with presentation

(X1, T | BT Ty =Ty T = - =TT .. Ty 1)

is also a Garside group with Garside element A = x;25...7, and monoid of
positive words P = (x1,..., &, | 2122 ... Xy = Xg. . . ZpXy =+ = X1 ... Tpy1) T .
Lemma 4.3.6. Let G be a Garside group with Garside structure (G, P, A) and set
of non-trivial simple elements S. Then (S | s -t = st Vs,t € S such that st € S)
is a restricted triangular presentation of G.

Proof. This presentation is a direct consequence of Theorem 6.1 in [DP99]. It
can also be found in [DDG™15, Proposition IV.3.4] in the more general context
of Garside categories and groupoids, alternatively it is also mentioned for Garside
groups in [Pic00]. It is a restricted triangular presentation as all relations are of
the form a - b = ¢ for some a, b, ¢ € S and S is the set of non-trivial simple
elements of a Garside group. m

We call this presentation the Garside presentation of G associated with the
Garside structure (G, P, A). We can now state one of our main results.
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Theorem 4.3.7. Let G be a Garside group of finite type with Garside structure
(G, P,A) and set of non trivial simple elements S. Then Flag(G, S) is systolic if
and only if for all a,b € S, a A b € {e,a,b} and a Agb € {e,a,b}. In particular
if Flag(G, S) is systolic then so is G.

Proof. By Lemmal4.3.6] the Garside presentation of G associated with the Garside
structure (G, P, A) is a restricted triangular presentation. By Proposition m,
Flag(G, S) is well-defined. By Theorem [4.2.5] Flag(G, S) is systolic if and only if
the conditions are satisfied.

Assume first that for all a,b € S, we have a A b,a Agb € {e,a,b}. Then

If there exist w,w,a,b,c,d € S,u # w,a # b with ua = wb € S and
ud = wce € S, then v <y, ua and u <y ud so ua A ud # e, so either ua Ap ud = ua
or ua Ar, ud = ud, say ua A ud = ud so ua = udk for some k € P. As k <g ua
and ua € S, we have k € S.

If there exist v,z,a,b,c,d € S,v # x,a # b with bv = cx € S and av =
dr € S then v <p bv and v <g av then av Ag bv # e, so either av Agr bv = av or
av Ag bv = bu, say av Ag bv = bv so av = kbv for some k € P. As k < av and
av € S, we have k € S.

Ifthere exist u, v, x,b,c € S,v # x withuzx € S,uv € S and vb = xc € S then
u <puxr and u <y uv o uv A uxr # e, so either uv Ap, ur = uv or uv A ur = uzr,
say uv Ar, ux = ux so uv = uxk for some k € P and then v = zk. As k <g v and
v €S, we have k € S.

If there exist v, w,x,a,d € S, v # x with vw € S;zw € S and dex = av € §
then w <p vw and w <g xw so vw Ag Tw # e, so either vw Ag Tw = vw or
vw Ag Tw = xw, say rw A vw = vw so xw = kvw for some k € P and then
r=kv. Ask <puand u € S, we have k € S.

If there exist u,v,w,x € S,v # x,u # w with wv € S,wxr € S;uv € S and
ur € S then v <p uv and u <y ux so uv Ay ux # e, so either uv Ay ur = uv or
uv AL ux = ux, say uv Ap ux = uv so uv = uxrk for some k € P and then v = zk.
Ask <gpvandwv e S, we have k € S.

So if for all a,b € S, a Agpb,a AL b € {e,a,b}, the conditions of Theorem
are satisfied and so Flag(G,S) is systolic, which directly implies that G is
sytolic.

We now show the other implication. Note that for every a,b € S, we have
aNpb<paandsoaAnpbe SU{e}. First assume there exist a,b € S, a # b, with
aAp b= cfor some c € S\ {a,b}, i.e ¢ # e,a,b. Then there exist ky, ky, rq, 1 € S
with a = ck,, b = cky and A = k,r, = kyry. Then ¢, kg, ky, 74,7 € S and k, # ky,
cke =a € S, cky =0¢€ S and A = kyry = kyry, € S. But ckyry = ¢A ¢ S and
Ak € S with k, = kyk since ¢ = aApb # b, similarly there is no k € S with k, = k.k
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since ¢ = a A b # a. So condition [3)| of Theorem fails. So Flag(G,S) is
not systolic. Finally assume there exist a,b € S, a # b, with a Ag b = ¢ for some
c € S\{a,b}, ie. ¢ # e a,b. Then there exist kg, ky, 74,7, € S with a = k,c,
b = kyc and A = r,k, = rpky. Then k,, ¢, ky,rq,1 € S and k, # ky, k,c = a € S,
kye=b€ S and A = r.k, = rpky € S. But r.k,c = Ac ¢ S and there isno k € S
with k, = kk, or ky = kk, since ¢ = aAgb # a,b. So condition of Theoremm
fails. So Flag(G, S) is not systolic. So if there exist a,b € S with a AL b & {e, a, b}
or a Apb ¢ {e,a,b}, the complex Flag(G, S) is not systolic. O

Remark 4.3.8. Note that the statement of Theorem is equivalent to the
following statement. Let GG be a Garside group of finite type with Garside structure
(G, P,A) and set of simple elements S. Then Flag(G, S \ {e}) is systolic if and
only if for all a,b € S, a AL b € {e,a,b} and a Ag b € {e,a,b}. In particular if
Flag(G, S \ {e}) is systolic then so is G.

Example 4.3.9. Let x1,...,x, be n letters and let m be a positive integer. We
define
prod(zy,...,Tp;m) = 122 ... TpT1Ts . . ..
m

and prod(zy,...,x,;0) = e. Consider the group

Gnm = (x1,...,x, |prod(zy,...,z,;m) = prod(xe, ..., Ty, x1;m) = ...

= prod(zp, 1, ..., Tp_1;M)).

By Proposition 5.2 in [DP99], this is a Garside group with Garside element

A, = prod(zy, ..., x,;m) and monoid of positive elements
Pom = {(x1,...,2, |prod(zy,...,x,;m) = prod(zs, ..., T, x1;m) = ...
= prod(z,, T1,. .., Tp_1;m))".

When considering all indices modulo n, we can write the set of non trivial simple
elements as

S ={prod(z;,...,xin; k) | 1 <k <mand 1 <i<n}.

In particular, for n = 1, we have G, = (z1) with Garside element z7* and
the simple elements are S = {z} | 1 <4 < m}. Note that if m = n = 1 we have
ry = Ayq and S = {21}. For n € N, we have G,,; = (x1,...,2, | 21 = 22 =
-+ = x,), with Garside element A, ; = z; and set of non trivial simple elements
S =A{xy,...,z,} = {x1}. So for n > 1, we can assume m > 1.
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More generally by Proposition 5.3 in [DP99], for some positive integers p,
Ni,...,Np, M1, ..., My, the product

G = (5{_1Grim.) | (D, = Anj,mjVi7j)

is a Garside group with Garside element A = A, ., =--- = A, ., . The monoid
of positive elements is the monoid P = (¥j_; P, m,)/(Anym, = An,m, Vi, 7). We
would like to remark that if p > 1 and n; = m; = 1 for some i, say i = p, we have
($=1Gnimi ) [ (Dpm; = Anj,mjViaj) = <*€;11G”i7mi)/(A”iymi = Anj,mjVi>j>‘ So we
can assume that if p > 1, we have m; > 2 for all i € {1,...,p}. The next theorem
shows that these are the only Garside groups with systolic Garside presentation.

Theorem 4.3.10. Let G be a Garside group of finite type with Garside structure
(G, P,A). Then the Garside presentation of G associated with the Garside structure
(G, P,A) is systolic if and only if G is isomorphic to the group

(*f=1Gni7mi)/(Aniymi = Anj7mjVi7j)

for some positive integers p,ni,...,n, and my, ..., my, and the isomorphism maps
A to Ay, my and P to the monoid (¥—y P, m,)/(Dnim; = Dnym; Vi, 7).

Proof. Let p,nq,...,ny,my,...,m,N.

We start by showing that if G = (¥_;Gn,m,)/(Dnimi = An;m,Vi,j) and
P = (%721 Ppym;) | (D, = By, Vi, j) and A = Ay, o, the Garside presentation
of G associated with the Garside structure (G, P, A) is systolic. Let S be the set of
non trivial simple elements. Assume that p = 1. If n = m = 1, we have S = {x;} so
the Garside presentation is systolic. Otherwise G = G|, ,,, for some positive integers
n and m, 2 < m and the Garside element is A = A,, ,,, = prod(xy,...,z,;m). For
simpler notation we always consider the index ¢+ modulo n. The set of non trivial
simple elements is

S ={prod(z;,...,Tipn; k) | 1 <i<nand 1 <k <m}.
Then for 0 < k£ <1 < m, we have

prod(z;, ..., Tiyn; k) AL prod(z;, ..., Tjn;l)

_Je ifi£jandl<m
B prod(x;, ..., Tins k) ifi=jorl=m.
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Similarly for 0 < k£ <1 < m, we have

prod(z;, . .., Titn; k) Ar prod(z;, ..., Tjwn;l)

e iti+k#j+landl <m
- prod(z;, ..., Tins k) fi+k=j+1lorl=m.

So by Theorem the Garside presentation of G,, ,,, associated with the Garside

structure (G m, Pom, Anm) is systolic.

Now assume that p > 1. Then the element A = A, ,,, =--- = A, ,,, is the
Garside element of G. Let S be the set of simple elements of G and S; the set of
simple elements of G, ,, fori =1,...,p. Then § = LE_, (S;\ {An, m, €} U{A, e}
is a partition of the set of simple elements. For every i,j € {1,...,p}, S; satisfies
sALt,s Art € {e, s, t} for all s,t € S; and we have s Agt = s ALt = e if
s € S\ {A},t € 5;\{A},i# j. Soforall s,t € 5 we have sAgt,s ALt € {s,1,e}.
Hence by Theorem [4.3.7], the Garside presentation of G associated with the Garside
structure (G, P, A) is systolic.

Now let G be a Garside group with Garside structure (G, P,A). Assume
the Garside presentation of G associated with the Garside structure (G, P,A)
is systolic. Let S the set of simple elements and A the set of atoms of P. So by
Theorem we have for all s,t € S, sALt, sArt € {e, s,t}. First note that
if A€ Awehave S ={e, A}, A={A}, G =Zand P = N. Hence we can write
G as (%7=1Gnym) /[ (Anym; = Dnym, Vi, j) with p =1 and ny = m; = 1. So we can
now assume that A ¢ A.

We start with showing that for all a € A there exists a unique £(a) € A such
that af(a) € S. As A ¢ A, such a £(a) € A exists. Assume it is not unique, so
let ai,as € A with aaq,aas € S. Since aay A\p, aay € {e,aay,aas} and a,ay,ay are
atoms, aa; = aas and hence a; = a,. Similarly for all a € A there exists a unique
p(a) € A such that p(a)a € S. In particular for all a € A, p(&(a)) = a = &(p(a)).
So the map £ : A — A is bijective with inverse map p: A — A. As A is finite, the
map £ is a permutation of A. So the orbits of ¢ form a partition of A and £ can
be written as a product of cycles of disjoint support,

f — (al,laal,Q) .. 7a1,n1)(a2,1a .. 7a2,n2> e (a/p,lv s 7a/p,’np)'

Then for any 1 < ¢ < p, as A generates P, there exists m; > 2 such that
A = prod(a;1,...,ain,;m;). Since A is balanced, every subproduct of
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prod(a;1,...,a;n,;m;) is a simple element and so
prod(ai1, ..., Qin,; m;) = Pde(Gz‘g, Aj3y -y Qimys A4 15 m;)
== prOd(a’L‘,nﬂ a‘i,l? ... 7ai,nifl; ml)
The set A; = {a;1,...,ain,} corresponds to the atoms of Gy, ,n,. As for 1 <i <

Jj<p,a€A and be A; we have ab ¢ S, using Lemma [4.3.6, we get that

G = (*f:lGnl,mz)/(An“ml - Anj7mjv7:7j)'

Corollary 4.3.11. 1. The group
Gon = (T1,...,&n | T1X2 ... Ty = ToT3 .. . Tyl =+ = TpT1...Tpo1),

which is the fundamental group of the complement of n lines through the
origin in C?, has a systolic Garside presentation with respect to the Garside
element A = x129 ... 2,.

2. Consider n positive integers pi, ..., pn, pi => 2. The group
G:(]}l,.. .Tn|$1 _:L'2_:l,;zn>

has a systolic Garside presentation with respect to the Garside element
A = 2", In particular torus knot groups (x,y | 2P = y?) have a systolic
Garside presentation with respect to the Garside element A = xP.

Remark 4.3.12. In [DP99], Example 5 mentions a generalization of the groups
Gpm- Let p,n,m €N, 2 <m, 2 <p <n. It claims that

Ky pm = (x1,%2, ..., %, | prod(zy,...,x,;m) = prod(zg, ..., Tpr1;m) = ...
= prod(Zp—pi1, - .-, Tn; M)
= prod(T,_py2,. ..\ Tn, T1;Mm) = ...
= prod(zy, 1, ..., Tp_1;mM))

is a Garside group by [DP99] Proposition 5.2. But this is a wrong application of
[DP99] Proposition 5.2, as one can see by considering for example the case n = 5,
p = 3 and m = 4 or more generally m = p+ 1. So the question of whether K,
is a Garside group when p # n remains open.
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Remark 4.3.13. For k > 2, the group G}, = (a,b | b¥ = aba) is a Garside group
with Garside element A = b**! = abab = baba. The elements b* and bab are
both simple elements, but b* Ay bab = b ¢ {e, b*, bab}. So it does not satisfy the
conditions of Theorem [£.3.7] Yet it is systolic as it is isomorphic to the group
(z,b | 2% = b**1). This leads to the following question: Do all systolic Garside
groups have a Garside structure with respect to which they have a systolic Garside
presentation?

Remark 4.3.14 (Restrictions on systolicity in Garside groups). Consider a Garside
group of finite type G with Garside element A. Then AF is in the center of G for
some positive integer k. Let S be the set of simple elements. Suppose there is
some balanced element § € S\ {A,e}. Let T={a e G|e<pa<,d}={ae G|
e <pa<gd}. Let a € T be an atom and suppose § ¢ (a). Then ¢ is in the center
of the subgroup of G generated by T for some positive integer . If (T') # G, we
have (a, ', AF) 2 73. By Theorem [1.2.17, this implies in particular that G is not
systolic.

Remark 4.3.15 (Cohomological dimension). The cohomological dimension of Garside
groups is known to be bounded [DL03], [CMWO04]. For n € N, we know that
cd(Gpn) = 2 as Gy, is the direct product of Z with a free group of rank n — 1.
For n,m € N we expect that cd(G,, ) = 2. Moreover for p,q € N the torus knot
groups T, , = (x,y | 2P = y?) also satisfies cd(7},,) = 2. So we do not expect these
groups to produce knew examples of groups with higher cohomological dimension.

4.3.2 Artin groups

Recall the notation [zyx...], = zyz... and [...zyz], = ...zyx for some k € N.
—— N——

k k
Given a finite labeled simplicial graph I', the Artin group associated to T is given
by

Ar = (50,0 €V | [s05wS0 - - |, = [SwSuSw -+,

for all edges e = (v, w) with label m,).

For n € Nso, the dihedral Artin group DA,, is the Artin group defined by the graph

n
a b.SoDAn:(a,b\[aba...]n:[bab...]n>.
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The Artin monoid associated to I' is given by

Af = (55,0 €V | [$p5wSs - - N, = [SwsvSw -,

for all edges e = (v, w) with label m.)*.

By [Par02] Theorem 1.1, the canonical homomorphism ¢ : A" < A is an injection.

Corollary 4.3.16. The dihedral Artin group DA, is Cayley systolic for all
n c NZQ.

Proof. The dihedral Artin group DA,, corresponds to the Garside group G, with
Garside element A = [aba . ..],. So by Theorem 4.3.10|it is Cayley systolic. O

Consider the following definitions.

Definition 4.3.17. An orientation on a simplicial graph T' is an assignement
o(e) for each edge e = {v,w} € E(I') where o(e) C {v,w} is a set of one or two
endpoints of e. An edge with both endpoints assigned is bioriented. The startpoint
i(e) C {v,w} is an assignement of one or two startpoints of e = {v,w}. If o(e)
consists of one point, i(e) consists of one point such that e = (i(e),o(e)), if o(e)
consists of two points then so does i(e) and we have i(e) = o(e). So the startpoint
i(e) is consistent with the choice of o(e). We say that a cycle v is directed if for each
vertex v € v there is exactly one edge e € v with v € o(e). A cycle is undirected
if it is not directed. We say that a 4-cycle v = (a1, as, a3, ay) is misdirected if
as € o(ay, as),as € o(ag,as),as € o(ag,ay) and ay € o(ay, ay).
a2 ¢———2 a3

A

a1 e (14

Lemma 4.3.18. Let I' be a labeled simplicial graph with an orientation o such
that an edge is bioriented if and only if it has label 2. Assume that every 3-cycle
in I' is directed. Let V(I') = {vy,...,v,}. Consider the set

S=A{w1, 20, .., 2 ) U{A 11,15, ... 5 o | e € E(I') with label m.}.

In particular there is non t§ € S if me = 2. For each e € E(I') with label me > 3
and with i(e) = v; and o(e) = v;, we consider the set

Re = {wm; A7 it AT IS AT tStSATY Lt ate WA am AT

e ) Vme

For each e € E(I') with label m. = 2 and with o(e) = i(e) = {v;,v;}, we consider
the set Re = {zx; A7 x;0:A7'}. Let R = Ugepry Re. Then the presentation
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(S| R) is a restricted triangular presentation of the Artin group Ar. We call this
the dual presentation of Ar with orientation o.

Proof. The standard presentation of Ar is

AF = <.T1, ey Ty | [ZEzZE]Il .. .]me = [(L’jl’il’j .. .]me

for all edges e = (v;,v;) with label m.).

We first see that the dual presentation is indeed a presentation of Ar. Let e € E(I)
with m. = 2, i(e) = o(e) = {v;,v;}. Then the standard presentation states z;z; =
zjz;. In the dual presentation the relations R, imply A, = z;z; and A, = z;z;
and hence z;x; = z;z;. Let e € E(T") with m, > 3, i(e) = v; and o(e) = v;. For
ke {l,...,m.—2}, the relations R, imply t = z; 'z;z; and t§ = (&) 'z;t§ and
te = (t5_ )N ote | for k€ {3,...,m.—2}. Sofor k € {1,...,m. — 2} we have

tz = ([...xjxixj]k)_l [...I‘jl’il’j]kJrl . (41)
For k € {1,...,m. — 2}, the relations R, imply ¢, _, = zizjr; ' and U3 =
(t8, _o)w;(te, o)~ " and tf = (¢4, )tio(th,y) " for k € {1,...,m. —4}. So for
ke{l,...,me—2} we have

tz = [.TZZE].CE% e ]me—k ([l’lﬂfjaﬁ'z e ]me—k—l)_l' (42)

This implies the relation [z;x;x;...],, = [zjz;x;...], . Conversely the relation
[zxj2; .. .]me = [z . . .}me implies z;x; = [z;z7; . . .]me ([zizjx; . . .]meﬁ)*l =
x;t{. For k € {1,...,m, — 3} we also have

titer = ([ gymargl) 7' [ wgmizgly ([ gl )7 - 2mizg]y,
= ([ - xjxixj]k)_l

= T;%j.

[. .. l‘jwixj]kJrQ

Finally when £ = m, — 2 we have

tfne—Qxi = ([ .. xjxi:cj]me_z)_l [ .. a:ja:ixj]me_l ZT;

= ([ 2@z, o) [ wizjzil,,
= [ .. xjxi:cj]me_2)_1 [ .. ijl'ixj]me
= I;T;

Let a,b,c € S. In order to see that the dual presentation is a restricted
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triangular presentation we check that abc # e, abc ¢ S and that abc™! = e
implies abc™* € R. Note that abc ¢ S implies that SN .S~ = (). We consider the
following map & : S — Z defined by £(A.) = 2 and £(t§) = 1 for all e € E(I),
ie{l,...,me—2} and &(x;) = 1 for i € {1,...,n}. As &(a) +£(b) —&(c) =0
for all abc™! € R, the map extends to a homomorphism & : Ar — Z. For any
a,b,c € S, we have {(a) +&(b) > 2 and &(abc) = £(a) +£(b) +&(c) > 3 so it follows
that ab # e, abc # e and abc ¢ S. Also for any a, b, c € S such that abc™! = e, we
have £(abc™!) = 0, which implies £(c) = &(a) + £(b) so we necessarily have ¢ = A,
for some e € E(I') and a,b € S\ {Ac,e € E(I')}. So fix e € E(I') with v;,v; the
vertices of e and ¢ = A, = z;x;. Let Sp = S\ {A.,e € E(I')}. We need to verify
for all (a,b) € Sy x Sy that if abc™! = e we have abc™! € R.

Our proof relies on the following property of Af: Let a = ;... x; and
B = xjxj,...x; betwo words on x,...,x,. They represent the same element in
A{ if and only if we can transform « into 3 using a finite number of transformations
of the form u-[z,z,x, . . .]mf = u- [T, . .]mf -/ for some f = (v,,v,) € E(T).
If o does not contain a subword of this form, no transformation is possible and
the expression is unique.

Let a = 23 and b = x; for some k,l € {1,...,n}. Then ab = c¢ implies
x,x; = z;7; in Ar hence the equality also holds in Af. Tf m, > 3 this necessarily
implies k = ¢ and [ = j. If m, = 2, this implies either Kk =iand [ = jor k = j
and [ = ¢. In all of these cases the corresponding, relation is in R.

Let a = x and b = ¢/ with k € {1,....n}, f = (vp,vy) € E(),
my > 3and 1 <1 < my—2. Set ' =my—-1—-1,s01 <1I' < my —
2. Then ab = c¢ implies that xktlf = x;x; so by equation , we have that
Ty [TpTyTy . . .]mffl ([zpzqzy . . .]mfflfl)* = myz; and hence xy [v,74T) ... ], =
22 [TpLaxy . .. ], in Af. As all 3-cycles are directed, neither z;, nor z;, nor x; can
commute with both z, and x,. So the last letter on the left hand side and on the
right hand side is different and is either z, or z,. The only way to change this last
letter is to apply the relation [z,x,2,...] = [r,xp2,.. .]mf. So we need k = ¢

my
and I’ =my —2sol =1. Since t{ = x;lxpxq by equation , this implies the
equality zpz, = z;x; so p =17 and j = ¢q. Hence f = e, a = x;, b = t{ and the
corresponding relation is in R.

Let a = t] and b = x4, with k € {1,...,n}, f = (v,,v,) € E(T), m; > 3 and
1 <1 < my—2. Then ab = c implies that tlka = x;x; so by equation (4.1
([ wqrpag]) [ qpglyy ) Th = iy 50 [ g2yl Tk = [ TqTp2y], T4z in
Aff. As all 3-cycles are directed, neither z;, nor z;, nor x; can commute with both
x, and x,. The first letter on the left hand side and on the right hand side is
different and is either x, or z,. The only way to change this first letter is to use
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the relation [z,z,x,...] = [r,2,7,.. .]mf. So we need k = p and [ = my — 2.

This implies z,z, = xix?ilence i=pand j=g¢q. So f=e a=1t;, ,andb=umu
and the corresponding relation is in R.

Finally let a = t/ and b = t{ with f = (v,,v,),9 = (v, vs) € E(T), my,my > 3,
1<k<my—2and1<[<my—2. Set! =my—1—1 Then ab= c implies
tlt? = x,2; so by equations and ([4.2), we have [. .. zgzp2q],  [Zrzsz, .. ]y =
[ P % e RS S Af. As all 3-cycles are directed, z, and x; cannot
commute with both z, and z,. Similarly x, and x; cannot commute with both z,
and xg. So the first letter on the left and on the right hand side is different
and is either z, or x,. Similarly the last letter on the left and on the right
hand side is different and is either x, or x,. So we need to apply the relations
[TpTxp . . .]mf = [xgrpxq .. .]mf and [v,252, ... ], = [z2:2s...],, . This requires
r=pand s=gqand my < k+0'+2. If k+1'+2 > my, we can apply the relation
[2pT,xy . . .]mf = [xTp2q .- .]mf on a piece of the left hand side of length m;. But
since k+1'+2 < 2my, this only allows us to change either the first or the last letter
but not both. So we necessarily have k +1'+2=my,sok=m; —1I'—2=1-1.
Applying the relation leads to z;z; = 2,2, and i = p and j =q. So f =g = e,

a =t and b =t} for some k € {1,...,m. — 3} and the corresponding relation
isin R.

So we have indeed that abc # e, abc ¢ S and that abc™! = e implies abc™! € R
for a,b,c € S so this is a restricted triangular presentation. O]

Remark 4.3.19. Let I' be a simplicial graph, with edges labeled by numbers > 2
and with an orientation o such that an edge is bioriented if and only if it has label
2. Then it follows from the proof of Lemma[4.3.18| that the dual presentation of Ar
with orientation o is always a presentation of Ar but it is not always a restricted
triangular presentation. For example if ' is a 3-cycle with one edge labeled by
2 and the two others labeled by m,n > 3, the presentation is not a restricted
triangular presentation.

Remark 4.3.20. In Corollary [£.3.16, we used the Garside structure on DA,, induced
by Gs,. Lemma implies that DA, = G, 2, this presentation corresponds
to another Garside structure. So in particular Go, = G, 2 as groups but with
different Garside structures.

Theorem 4.3.21. Let I" be a simplicial graph, with edges labeled by numbers > 2
and with an orientation o such that an edge is bioriented if and only if it has label
2. Assume that every 3-cycle is directed and no 4-cycle is misdirected. Let Ar be
the Artin group associated to I'. Then Ar is Cayley systolic.
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Proof. We prove using Theorem that Flag(Ar, S) with respect to the dual
presentation with orientation o is systolic. Note that with respect to the partial
order defined in Remark [4.2.8] since the presentation (S | R) is a restricted
triangular presentation by Lemmal4.3.18|and by a careful inspection of the relations
R, we have that:

o Ifa,be S with ab € S, then ab = A, for some e € E(T).
o« Forse S, eec E(I), we have s <; A, & s <p A..

o If s <, A. and s < Ay for some s € S, e, f € E(I), e # f,
then s € {z1,x9,...,2,}.

e If s <p A, and s <p Ay for some s € S, e,f € EI), e # f,
then s € {z1,z9,...,2,}.

o If 5t <p A. and s,t < Ay for some s,t € S, s #¢, then e = f.
o Ifs,t <pA.and s, t <p Ay for some s,t € S, s #1t, then e = f.
o If x; <p A, then v; € o(e) Ui(e).

o If 2; <p A, then v; € o(e) Ui(e).

o If A, = z;x;, then i(e) Uo(e) = {v;,v;}.

We check the different conditions of Theorem [4.2.5

Assume there exist u,w,a,b,c,d € S, u # w, a # d with ua = wb € S and
ud = wc € S. Then ua = wb = A, and ud = we = Ay for some e, f € E(I"). As
u # w we have e = f. But then a = d which is a contradiction.

Assume there exist v, z,a,b,¢c,d € S, v # x, a # b with bv = cx € S and
av =dx € S. Then bv = cx = A, and av = dz = Ay for some e, f € E(I'). As
v # x we have e = f. And so a = b which is a contradiction.

Assume there exist u, v, x,b,c € S, v # x with ux, uv, vb, xc € S and vb = xc.
Then uwv = A,, ur = Ay and vb = xc = A, for some e, f,g € E(T).

e If e= f we have x = v which is a contradiction.

e If ¢ = g and e # f then w,x € {xy,...,2,}. But then
o(e)Ui(e) = {u,z} =o(f) Ui(f). So e = f, which is a contradiction.

e Ife#yg, f#g, e# fthenuv,x € {x1,...,2,} and u € i(e), u € i(f),
v € o(e), x € o(f), and {z,v} = i(g) Uo(g). But this corresponds to an
undirected triangle in the defining graph I'.
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Assume there exist v,w,z,a,b € S, v # x, with vw,zw,dzr,av € S and
dr = av. Then vw = A,, zw = Ay and dr = av = A, for some e, f, g € E(I).

o If e = f we have x = v which is a contradiction.

e If ¢ = g and e # f then w,x € {zy,...,2,}. But then
ole) Ui(e) = {w,z} = o(f) Ui(f). So e = f, which is a contradiction.

e Ife#yg, f#g,e# fthenv,wx € {x,...,2,} and w € o(e), w € o(f)
and v € i(e), z € i(f) and o(g) Ui(g) = {v,z}. But this corresponds to an
undirected triangle in the defining graph I'.

Assume there exist u,v,w,x € S, v # x,u # w with wv, wxr,uv,uxr € S.
Then wv = A,, wr = Ay, wv = A,y and ux = A, for some e, f,g,h € E(T).
Then v # x implies e # f and g # h, and v # w implies e # g and f # h.
So u,v,w,x € {xy,...,2,} and v € o(e) No(g), x € o(f) No(h), w € i(e) Ni(f)
and u € i(g) Ni(h). Furthermore i(e) Uo(e) = {w,v} which implies v # w and
i(h)Uo(h) = {u,z} which implies u # z. So the 4-cycle (u,v,w, z) is misdirected.
This is a contradiction to the orientation assumption on I.

O

Remark 4.3.22. The Artin groups in Theorem are all of almost large type.
As such they were known to be systolic by [HO20]. The complex given here
is of independent interest as it is two-dimensional. One can note that for any
Artin group Ar satisfying the conditions of Theorem we have cd(Ar) = 2.
For a general Artin group Ar, its cohomological dimension is conjectured to be
cd(Ar) = max{|X| | X C S, Ax is spherical }.

Remark 4.3.23. The Cayley complex of Ar with respect to the dual presentation
was known to be CAT(0) by [BM00]. Since it is a two dimensional simplicial
complex, this already implies that it is systolic. One may note that [BMOO]
predates the introduction of systolic complexes in [J SOG].
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