Sylwia Antoniuk

Sharp threshold functions
for some properties
of random groups

A dissertation submitted to
Adam Mickiewicz University in Poznan
for the degree

Doctor of Philosophy in Mathematics

written under the guidance of prof. dr hab. Tomasz Luczak

The author was a student of the joint PhD programme
Srodowiskowe Studia Doktoranckie z Nauk Matematycznych

co-financed by the European Social Fund through
the Operational Programme Human Capital

Department of Mathematics and Computer Science,
Adam Mickiewicz University, Poznan

April 2014



Sylwia Antoniuk

Silne funkcje progowe
dla pewnych wlasnosci
grup losowych

Rozprawa ztozona na
Uniwersytecie im. Adama Mickiewicza w Poznaniu
w celu uzyskania stopnia

doktora nauk matematycznych w zakresie matematyki

napisana pod kierunkiem prof. dr. hab. Tomasza Luczaka

Autorka byla studentka programu
Srodowiskowe Studia Doktoranckie z Nauk Matematycznych

wspoétfinansowanego przez Europejski Fundusz Spoteczny
w ramach Programu Operacyjnego Kapitat Ludzki

Wydzial Matematyki i Informatyki,
Uniwersytet im. Adama Mickiewicza, Poznan

Kwiecien 2014



Acknowledgements

I would like to thank my supervisor, Professor Tomasz Luczak,
for all the time and effort put into leading my Ph.D.; and for his
invaluable advice and enthusiasm, which he shared so generously.

I am also grateful to my Family, and especially to my Mom,

for their love, faith and constant support.



In memory of Pawel Waszkiewicz



Contents

Introduction

Preliminaries

2.1 Notation . . . . . . . . ..
2.2 Graphs . . . . . ..
2.3 Group presentation . . . . . . ...
2.4 Combinatorial 2-complexes . . . . . . . .. ... .. ... ...
2.5 Hyperbolic groups . . . . . . . . ... Lo
2.6 Kazhdan’s property (T) . . . . ... ... ... ... . ...
2.7 Random graphs . . . . . . ... .o
2.8 Random groups . . . . . . . .. ..

Random triangular groups at density d = 1/2

3.1 Previousresults . . . . .. ... o
3.2 Thecollapse . . . . . . . . . .
3.3 Hyperbolicity neard =1/2 . . . . . . ... .. ... ... ...
3.4 A very sharp threshold . . . . . . ... ... ... ... .

Random triangular groups at density d =1/3

4.1 Previousresults . . . . . .. ..o
4.2 When the groupisfree . . . . . . . ... ... L.
4.3  When the group is neither free nor has property (T) . . . . . .
4.4 When the group has property (T) . . . .. ... .. ... ...

11
13
14
16
18
21



Chapter 1

Introduction

The notion of a random group was inspired by a question of Gromov about
the structure of a ‘typical group’. In [16] he proposed a model of a random
group in which the group is given by a random presentation. Gromov showed
that in this setting ‘almost every’ group is hyperbolic, which was the first re-
sult of this type. Gromov was interested in the groups given by presentations
with set of generators of fixed size and he studied the asymptotic behaviour
of these groups when the length of relators goes to infinity. He showed that,
for instance, in this case in the evolution of the random group the property
of collapsing admits a threshold behaviour.

Gromov’s investigation started a series of papers where the authors studied
different properties of random groups. One important example is the work
of Zuk [29] who considered the random group I'(n,d) given by a random
triangular presentation, i.e. by a presentations in which all relators are of
length three. In Zuk’s model n stands for the number of generators and the
parameter d, called the density, controls the size of the set of relators. To
be more specific, in order to construct I'(n, d) one needs to choose the set of
relators of size equal roughly (2n — 1)3¢ uniformly at random among all pos-
sible sets of this size. Zuk studied the evolution of I'(n, d) with fixed d and
n going to infinity, and showed that certain properties such as the property
of being a free group or having Kazhdan’s property (T) also admit threshold
behaviour.

The main objective of the thesis is to take a closer look at the threshold
functions in random triangular groups for certain group properties. In order
to do that we consider the binomial model I'(n,p) of a random triangular
group which is more convenient when studying the threshold behaviour of the



random structures. In this model, we again consider random groups given
by triangular presentations with n generators, but in our case each relator
is chosen independently with probability p. We improve some of the Zuk’s
results by showing that, in fact, certain properties admit sharp thresholds.

Our investigation is strongly based on probabilistic methods and various
techniques used in random graph theory. We use the connections between
certain group properties and auxiliary random graphs and random hyper-
graphs corresponding to group presentations. It appears that these tech-
niques have not been used before in the setting of random groups, yet from
the random structures perspective they seem natural and lead to significant
improvements of some of the previous results.

The thesis is organized as follows. In Chapter 2 we list suitable notation
and we recall basic definitions and notions used throughout the thesis.

Chapter 3 is devoted to the case when the density d is near 1/2. This part
of the thesis is based on two articles; one written jointly with Luczak and
Swiatkowski [2], and the other by Friedgut, Luczak and the author [1]. We
first improve the threshold for the property of collapsing to the trivial group
by showing that this property appears when a suitable random intersection
graph has a large component, which in turn corresponds to a large set of
group elements all equal to the identity. Next, we show that the group
is infinite and hyperbolic when we approach d = 1/2. Here, we employ
more carefully a method of Ollivier [24] who showed that for d < 1/2 a.a.s.
I'(n,d) is infinite and hyperbolic. We show that also for d = 1/2 + o(1) this
statement holds, however, unlike in Ollivier’s case, the group is no longer
‘uniformly’ hyperbolic. This part of the thesis is based on the investigation
of the geometry of van Kampen diagrams. Finally, we show that the property
of collapsing to the trivial group admits the so-called very sharp threshold.
To do this, we use a method of Friedgut [13], [14], which is based on the
fact that properties not admitting sharp thresholds depend only on local
conditions and collapsibility is not a property of this type.

In Chapter 4 we consider the case when the density d is near 1/3. This
period of the evolution of random triangular groups is studied in the paper of
Antoniuk, Luczak and Swiatkowski [3]. Following the arguments presented
there we first improve the threshold for the property of being a free group, by
showing that this threshold coincides with the threshold for the appearance
of a 2-core in the link graph of the random group. Then, we exhibit a new
period in the evolution of the random triangular group when the group is
neither free, nor has Kazhdan’s property (T). In this part we use probabilistic
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methods to show that in a suitable range for probability p on one hand we
have too many relators for the group to be free, and on the other, a.a.s. there
are generators which do not belong to any relator, which implies that the
group cannot have property (T). Finally, we find a nearly optimal threshold
for property (T). Here, we use the spectral criterion for property (T) due to
Zuk [29], which involves the study of the normalized Laplacian of the link
graph. We show that in our case the link graph behaves in a similar manner
as the random graph G(n,p) and then we use the result of Coja-Oghlan [9]
who gave the estimates on the spectral gap of the normalized Laplacian of

G(n, p).



Chapter 2

Preliminaries

In this chapter we give an overview of the notions used throughout the thesis
and recall all the necessary definitions.

We first list the notation which is most frequently used in the thesis.
Next, in section 2.2 we recall basic facts from graph theory. Section 2.3 is
devoted to group presentations, while in section 2.4 we deal with combina-
torial complexes. In the following two sections we describe two important
group properties: hyperbolicity and Kazhdan’s property (T). In section 2.7
we focus on random graphs and their properties, which are critical for many
arguments presented in the thesis. Finally, in section 2.8 we discuss the no-
tion of a random group and, in particular, the notion of a random triangular
group, which is the main mathematical object studied in the thesis.

2.1 Notation

Here we list the notation and terminology used in the thesis:

e [' denotes a group

(S| R) is the group presentation with the set of generators S and the
set of relators R

['(k,(;d) denotes the random group in Gromov’s density model

['(n,d) denotes the random triangular group in the density model

e ['(n,p) denotes the random triangular group in the binomial model
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Cs(I") denotes the Cayley graph of group I' w.r.t. the generating set S
Cp denotes the presentation complex w.r.t. to the presentation P
D denotes the van Kampen diagram

Lp is the link graph w.r.t. the presentation P

G, H denote graphs

G(n, p) denotes the binomial model of a random graph

‘H denotes a hypergraph

G(n, m,p) denotes the random intersection graph

L denotes the normalized Laplacian

A is the adjacency matrix of a graph

D is the diagonal degree matrix of a graph

A < ... < )\, are the eigenvalues of an n x n matrix, always considered
in the increasing order

Q denotes the family of graphs or a graph property
P denotes a group property

E is the expected value

Var is the variance

a.a.s. means asymptotically almost surely, i.e. with probability tending
to 1 when the relevant parameter of the random model tends to infinity.



2.2 Graphs

A graph G is a pair (V| E), where E is a set of elements called the vertices
of G and F is a family of pairs of elements from V', called the edges of G. If
{v,w} is an edge of the graph G, then we say that the vertices v and w are
adjacent to each other in G. For a given graph G = (V| E), a subgraph of G
is any graph G’ = (V’, E’) such that V' C V and E' C E. We denote this
relation by writing briefly G’ C G.

A subgraph G’ = (V', E’) of the graph G = (V, E) is called induced if
for every pair of vertices v,w € V', if {v,w} is an edge of G, then it is also
an edge of G’. A subgraph G’ = (V' E’) of the graph G = (V, E) is called
isolated if there are no edges in G between the vertices of V' and V' \ V'. In
particular, a vertex which does not belong to any edge is called an isolated
vertez.

A walk in graph G is a sequence of vertices vg, vy, ..., v, such that for
every i = 0,1,...,k — 1, the pair of vertices {v;,v;11} spans an edge of G.
A (simple) path is a walk wvg,vy,...,v; such that v; # v; for all i,j €
{0,1,...,k}. A (simple) cycle is a walk wvg,vy,...,vp with vy = v, and
such that the remaining vertices appear in the walk exactly once. An edge
{vi,v;} joining two non-consecutive vertices from the cycle is called a chord
of this cycle.

A graph G = (V, E) is called connected if for any pair of vertices v,w € V
there exists a path v = vg,vy,...,v = w joining v and w. An induced
subgraph G’ = (V', E') of graph G is called a (connected) component of G if
G’ is isolated and connected.

In what follows we consider graphs without loops, that is graphs in which
we do not have edges of the type {v, v}, where v € V. A multigraph is a graph
in which edges may appear with multiplicities. A set of vertices which do
not span any edge in G is called an independent set. A set of edges in which
no two edges share a vertex is called a matching. The degree of a vertex v
in graph G, denoted by dg(v), is the number of edges incident to v. The
average degree of the graph G is denoted by d = d(G).

For a connected graph G = (V, F) we introduce a natural metric space
on G, called the graph metric, by assigning unit length to each edge of the
graph. Let d : V x V — [0,00) denote the distance function, then for any
pair of vertices v,w € V, d(v,w) is the length of the shortest path joining
vertices v and w.

A hypergraph H is a pair (V,€), where V is a set of elements called



the vertices of ‘H, and £ is a family of subsets of elements from V, called
the hyperedges of H. A hyperedge E of size k is also called a k-edge. For
a hypergraph H = (V,€), any hypergraph H' = (V',&’) with V' C V and
&' C & is called its subhypergraph.

For two graphs G, = (Vi, FEy) and Gy = (Va, Es), amap h : V; — Vs
is called a (graph) homomorphism if for any edge {v,w} € FE; the image
{h(v), h(w)} is an edge in G,. Similarly, for two hypergraphs H; = V1, &)
and Hy = Vo, &), amap h : V; — Vy is called a (hypergraph) homomor-
phism if for any hyperedge {vy,...,vx} € &, the image {h(vy),..., (vg)} is
a hyperedge in Hs.

A directed graph D is a pair (V, A) where V is a set of elements called the
vertices of D and A is a family of ordered pairs of vertices called the arcs.

A graph G is called planar if it can be drawn on a plane in such a way,
that any two edges can intersect only in their endpoints. The edges of the
graph divide the plane into regions called the faces of G and the unique
unbounded region is called the exterior face.

A family of subsets Q@ C 2% is called increasing if for any A € Q and any
B D A, also B € Q. It is called decreasing if for any A € Q and any B C A,
also B € Q. A family Q C X is called monotone if it is either increasing or

decreasing. By taking X = 2(‘2/), where (‘2/) denotes the set of all possible
pairs of elements from V', we can view Q as a family of graphs. Therefore,
each graph property corresponds to a family of graphs having this property.
We say that a graph property is increasing (respectively decreasing), if the
corresponding family of subsets is increasing (respectively decreasing).

An example of an increasing graph property is the property of containing
a given subgraph, such as a triangle, or the property of being a connected
graph. An example of a decreasing graph property is the property of con-
taining at most k isolated vertices or the property of being a bipartite graph
(which is equivalent to the property of not containing a cycle of odd length).
Notice that if we take the complement of an increasing property we obtain
a decreasing property and vice versa.

Let G = (V, E) be a multigraph. Let A = A(G) denote the adjacency
matriz of G, that is A = (ayw)ywev, Where a,, is the number of edges
between v and w in G.

The normalized Laplacian of graph G is a symmetric matrix £(G) =
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(bvw)v,wEVa Where

1, 1fv—wandd@,()>0,
byw = avw/\/d@, dG if {1) UJ} € G,
0, otherwise.

Let A\; < X < ... <\, denote the eigenvalues of L(G), called the spectrum
of £L(G). It is not hard to verify that the Laplacian is a positive semidefinite
matrix and hence all its eigenvalues are non-negative. Furthermore, A\; = 0 is
the eigenvalue of every graph Laplacian, and corresponds to the eigenvector
[v/dG(v)]yev. The remaining eigenvalues are bounded above by 2, hence the
spectrum of £(G) is contained in the [0, 2] interval. The value of A, is called
the spectral gap of L(G).

Suppose that G has no isolated vertices. Then taking D = D(G) to be
the diagonal degree matrix with entries d,, = dg(v), we can express the
normalized Laplacian of G as

L(G)=1-D1?AD12 (2.1)

Thus 1 — \;, i = 1,2,...,n, are the eigenvalues of the matrix I — L(G) =
D~1/2 AD~Y/2 with the same eigenvectors as the eigenvectors for \; for L(G) =
I — D7'2AD~1/2. Therefore, to find the spectrum of £(G), it is enough to
study the spectrum of D~'/2AD~/2 instead.

A very useful tool in determining the spectrum of a matrix is the well-
known Courant-Fischer principle (cf. [10], [12]).

Theorem 1 (Courant-Fischer Formula). Let M be an nxn symmetric matric
with eigenvalues \y < ... < A, and the corresponding eigenvectors vy, . .., Uy,.
For1 <k <n-—1 let Ry denote the space spanned by vgi1,...,v,, R, = {0}.
Let Rt denote the orthogonal complement of Ry. Then

A = max (Mzx, z).
llzl|=1
wERJ-

2.3 Group presentation

We begin with recalling basic facts about group presentations. We follow the
definitions in [7].
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Let A be a set. A word over the alphabet A is a finite sequence a; . .. a,
where a; € A. Given two words w = ay...a, and u = by ...b,,, the con-
catenation of w and u is the word wu = ay...a,b;...b,,. For a word
W = a...a,, the length of w, denoted by |w|, is the number of elements
in w, that is |w| = n.

Let S be a set and S~! be the set of formal inverses of the elements from
S,ie. S7t={s"!s € S}. A free group on S is the group F(S) consisting of
equivalence classes of the words over the alphabet SUS™!, with concatenation
as the group operation and the empty word as the identity element. For any
word w in F(S) one may insert a word of the form aa™! into w or delete
it from w. Two words are said to be equivalent if one can obtain one word
from the other by a finite sequence of such deletions and insertions. A word
ai ...a, is said to be reduced if a; # ai;ll for each : = 1,...,n — 1, and is
cyclically reduced if it is reduced and also a; # a;'.

Let R be a finite set of words over the alphabet S U S™! and N(R) be
the normal closure of R in F(S), that is N(R) is the smallest subgroup of
F(S) containing R and such that for any element g € F'(S) and any element
h € N(R) we have ghg™! = h. A presentation (S | R) for a group I' consists
of a set S, an epimorphism 7 : F'(S) — I' and a subset R C F'(S) such that
N(R) = kerm. Note that in particular, if I' is generated by a presentation
(S| Ry and T" is generated by (S| R') with R’ O R, then I'" = I'/A, where
A is a normal subgroup of I'. In what follows, we omit mentioning 7 and
we write simply I' = (S | R) to denote a presentation of a group I'. In other
words, a group I" given by a presentation (S | R) is a group in which the set of
elements consists of all finite words over the alphabet S U S~! and such that
we identify all elements from R with the identity, which means that we can
freely insert them into the words from F'(S) or delete them from the words
from F(S). We call the elements from S the generators and the elements
from R the relators.

The presentation is called finite if both sets S and R are finite. The
group I' is called finitely presentable if it admits a finite presentation.

Example 2.

1) A group generated by a presentation (S | R) with empty set of relators
R is a free group F(S5).

2) T = {(a,b|aba™'b~') is a group with two generators which commute,
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that is ab = ba, indeed
ba = aba"'b"'ba = aba"ta = ab.
Therefore, T' = 72,

3) T'=(a,b,c| abc) is a group in which abc = e, thus we can replace each
occurrence of ¢ in an element from T with b=*a™" and ¢t by ab. Conse-
quently, we can remove from the presentation generator c together with
the relator abc and obtain another presentation which generates a group
isomorphic to the initial one. Therefore (a,b, c | abc) = (a,b| 0).

The Cayley graph Cs(I') of a group I' with respect to the generating set
S is an oriented graph whose vertices are in one-to-one correspondence with
the elements of " and which has an arc (labeled s) of length one joining g to
gs for each g € I and each s € S. It should be emphasized that the structure
of the Cayley graph Cs(I') may and typically does depend on the choice of
the generating set 5.

For a group I' generated by a triangular group presentation P = (S | R)
we define the graph L = Lp, called the link graph of P, in the following way.
The set of vertices of L consists of all generators from S together with their
formal inverses S~!. Furthermore, every relator abc present in R generates

three edges {a,b~'}, {b,c™'} and {¢,a™'} in L.

2.4 Combinatorial 2-complexes

We now define combinatorial compleres, which are certain combinatorial
structures equipped with a topology. Similarly as in the case of simplicial
complexes, one can consider combinatorial complexes of arbitrary dimension.
However, in the thesis we define only combinatorial complexes of dimension
at most 2. We refer the reader to [7], Chapter 1.8, for appropriate definitions
for larger dimensions.

A combinatorial complex of dimension 0 (or combinatorial 0-complex),
denoted by K©, is a set with discrete topology, which means that each
element of K(© is an open cell. We call the elements of K(© the vertices. A
combinatorial complex of dimension 1 (or combinatorial 1-complex), denoted
by KW is given by a combinatorial 0-complex K, a family of closed intervals
(called edges), and a map which attaches each endpoint of each edge to
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a point from the complex KC®. The open cells of K are the open cells
of K© and the interiors of the edges. A combinatorial 1-complex can be
viewed as a multigraph, possibly with loops. Finally, a combinatorial complex
of dimension 2 (or combinatorial 2-complex), denoted by K2, is given by
a combinatorial 1-complex W), a family of closed 2-dimensional discs (called
2-cells) and a map which attaches each disc to the I-complex KV along an
edge loop in KM, The open cells of £? are the open cells of X and the
interiors of the discs.

A 2-complex K is called connected if its 1-skeleton is a connected graph.
It is called simply connected if any continuous map f : S* — K@ can be
contracted to a point. The FEuler characteristic x(K) of any complex K
is given by an alternating sum of the numbers of k-dimensional cells, in
particular X(IC(2)) = ko — k1 + ko, where k; is the number of i-dimensional
cells in K2,

Let I" be a group given by a presentation P = (S| R). We associate
with I" the following 2-complex Cp called the presentation complex. Cp has
one vertex vy and labeled and oriented edges e, one for each generator s € S.
The edge loops in the 1-skeleton of Cp are in one-to-one correspondence with
words over the alphabet SUS™! (the inverse s~! of a generator s corresponds
to traversing the edge e, in the direction opposite to its orientation, and the
word w = ay ...a, corresponds to the loop that is the concatenation of the
directed edges aq, .. ., a,). Next, for every relator r = a; ... a, € R we attach
a 2-cell ¢, to Cp along the loop labeled a; . .. a,.

It is easy to see that the presentation complex Cp with respect to the
presentation P carries all the information about the group I' generated by
this presentation, namely I is isomorphic to the fundamental group m(Cp)
(which is the group of homotopy equivalence classes of loops in Cp). The
isomorphism is given by the map which sends the homotopy class of es to
sel.

2.5 Hyperbolic groups

Another important group property which lies at the foundations of the theory
of random groups is hyperbolicity. In a sense, hyperbolic groups are those
groups whose Cayley graphs resemble hyperbolic spaces.

Let I' be a finitely generated group with a generating set S and let Cr(S)
be its Cayley graph. Recall that if we forget about the direction of the edges,
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Cr(S) becomes a metric space with metric d given by assigning to edges unit
length. For any pair v, w of vertices of Cr(S5), a geodesic path joining v to w
is a map ¢ from a closed interval [0,l] C R to Cr(S) such that ¢(0) = v,
c(l) = w and d(c(t),c(t") = |t — |, for all ¢, € [0,1]. The image of ¢ is
called a geodesic segment, and we denote such a segment by [v,w]. Three
geodesic segments [v, w|, [w,y] and [v, y| constitute a geodesic triangle T in
graph Cr(95).

Let 6 > 0 be a constant. We say that a geodesic triangle T is d-slim if each
geodesic segment from 7' is contained in the d-neighbourhood of the union
of the two remaining sides. A group I' is said to be d-hyperbolic if for some
generating set S all geodesic triangles in its Cayley graph Cr(S) are §-slim.
A group T is called hyperbolic if it is d-hyperbolic for some constant o > 0.
Note that here the constant § may depend on the choice of the generating
set S.

It is often useful to think of hyperbolic metric spaces as thickened versions
of metric trees.

Another way of determining whether a given group is hyperbolic is to con-
sider its van Kampen diagrams and to study the geometry of these objects.
Let Cr be the presentation complex of the group I' = (S| R). A van Kampen
diagram in Cr is a combinatorial map D — Cr, where D is a connected, sim-
ply connected, planar 2-complex. Let ¢ be the boundary cycle of D. Then
¢ is an edge loop in Cr which is null-homotopic, i.e. it can be contracted to
a point in Cr. The diagram D is called the van Kampen diagram for c.

Let I' be a group given by a triangular presentation (S| R) and D be
a van Kampen diagram in Cr. One can think of D as a connected planar
graph in which all faces except the external face must be triangles and such
that the following additional properties hold:

e each edge is oriented and assigned a generator s € S,
e cach face is assigned a relator r € R,

e cach face has a marked vertex on its boundary and an orientation at
this vertex,

e the word read from the marked vertex in the direction given by the
orientation is the relator r € R assigned to this face.

The boundary of D is denoted by 0D and the size of the boundary |0D|
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is just the number of edges belonging to it. The size of the diagram |D| is
the number of 2-cells in D.

A van Kampen diagram is said to be reduced if there is no pair of adjacent
faces which are assigned the same relator r with opposite orientations and
such that the common edge corresponds to the same letter in the relator with
respect to the starting points. A van Kampen diagram is said to be minimal
if there is no other van Kampen diagram having the same boundary word
and with smaller number of faces.

A group I which has no spherical reduced van Kampen diagrams is called
aspherical. In particular, aspherical groups are torsion-free, which means that
they do not have torsion elements, that is elements of finite order (see, for
instance, Brown [8], p. 187).

If Cr is the presentation complex of the group I' = (S| R), then the edge
paths in Cr are in one-to-one correspondence with the elements of F(.5).
Moreover, it is easy to see (cf. [21]) that a word w from F'(S) is equal to the
identity in I' if and only if there exists a van Kampen diagram in Cr having w
as its boundary word. Therefore, for every such word w we can define its
area Area(w) as the size of the smallest van Kampen diagram in Cr having w
as its boundary word. The Dehn function of (S| R) is the function given by
f(n) = max{Area(w) | lw| <n,w =ein T'}.

It turns out that the geometry of van Kampen diagrams determines
whether a given group is hyperbolic. Namely, Gromov [15] showed that
the group I' generated by a presentation (S| R) is hyperbolic if and only
if its Dehn function is linear. In other words, this means that there exists
a constant C' > 0 such that every minimal reduced van Kampen diagram
D with respect to the presentation (S| R) satisfies the linear isoperimetric
inequality |0D| > C|D|.

2.6 Kazhdan’s property (T)

In 1967 paper [19] Kazhdan defined property (T) for locally compact groups
to study certain properties of lattices. However, it took some years to realize
the importance of this notion. Property (T) is now widely used in many
different areas such as group theory, combinatorics, computer science, the
theory of algorithms, differential geometry, ergodic theory, potential theory,
operator algebras, and many more. To give one example, Margulis [22] used
groups with property (T) to give first explicit construction of a family of
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expander graphs, i.e. sparse graphs having strong connectivity properties,
which play a crucial role in the graph theory and computer science.

There are several equivalent definitions of Kazhdan’s property (T). Here
we give a definition which involves unitary representations of topological
groups in Hilbert spaces (see [5]).

A topological group T is a group equipped with a topology in which the
operation of product and the operation of taking the inverse are both conti-
nuous functions. Let H be a complex Hilbert space. For two vectors £, € H,
we denote by (£,n) their inner product in H. The unitary group U(H) of H
is the group of all invertible bounded linear operators U : H — H which are
unitary, that is (U&, Un) = (£, n) for all £,n € H.

Let I' be a topological group. A wunitary representation of I' in H is
a group homomorphism 7 : I' — U(H) which is strongly continuous, that is
it is a homomorphism having the additional property that for every & € H
the mapping I' — H defined as g — 7(g)¢ is continuous.

For a subset Q@ C I' and € > 0, we say that a vector £ € H is (Q,¢)-
inwvariant whenever

sup [|7(g)§ — &l < el|€]-

9eQ

We say that the representation (7, H) almost has invariant vectors if it has
(@, e)-invariant vectors for every compact subset @ of I' and every ¢ > 0.
We say that it has non-zero invariant vectors if there exists € # 0 in ‘H such
that 7(g)¢ = £ for every g € T

We say that a group I' has Kazhdan’s property (T) if there exists a com-
pact subset @ of I' and € > 0 such that whenever a unitary representation 7
of I' has a (Q, e)-invariant vector, then it also has a non-zero invariant vector.

In what follows we do not use this somewhat technical definition, but
instead we refer to a simpler characterization of groups with property (T)
given by Zuk [29].

Theorem 3 (Zuk [29]). Let I' be the group generated by a presentation P =
(S|R), L = Lp be the link graph with respect to the presentation P, and
A < Ay < ... <\, be the eigenvalues of the normalized Laplacian L(L) of
the link graph L. If the graph L is connected and Ay > 1/2, then the group T’
has Kazhdan’s property (T).
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2.7 Random graphs

Let 0 < p < 1. A random binomial graph G(n,p) is a graph G with a vertex
set V'={1,2,...,n} and such that we choose each edge to be present in G
independently with probability p.

Let Q be a graph property. We say that the random graph G(n,p) has Q
asymptotically almost surely (a.a.s.), if for n — oo,

P[G(n,p) € Q] — 1.

Now, consider the random graph G(n,p) and an increasing graph pro-
perty Q. A sequence p = p(n) is called the coarse threshold for property Q
if
0 if pgp,

P[G(n,p) € Q] — { 1 if p>p,

where p < p denotes p/p — 0. Bollobds and Thomason [6] gave a simple
argument that such a ‘coarse’ threshold exists for any increasing property.
The threshold for the decreasing graph property Q is defined in a similar
way by taking the complement of Q.
A sequence p = p(n) is called the sharp threshold for the property Q if
for every € > 0,

0 if p<(L-ep,

P[G(n,p) € Q] — { 1 if p> (14 e)p.

One of the most important graph properties which admits a sharp threshold
is the property of containing a giant component, that is a connected subgraph
of linear size. This phenomena was first discovered by Erddés and Rényi in
their seminal paper [11]. We refer the reader to Theorem 5.4 in [18].

Theorem 4. Let np = ¢, where ¢ > 0 is a constant.

1) If ¢ < 1, then a.a.s. the largest component of G(n,p) has at most

ﬁ log n vertices.

2) Let ¢ > 1 and B = B(c) be the unique solution to the equation
f+e =1

in the interval (0,1). Then G(n,p) contains a giant component of (1 +
o(1))pn vertices.
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A random k-uniform hypergraph Hy(n, p) is a hypergraph with the vertex
set V of size n in which each hyperedge of size k is present independently
with probability p.

A random intersection graph G(n,m,p) is a graph on a vertex set V
of size n, where each vertex v € V is assigned a set of features W, from
the ground set of features W of size m. For any feature w € W and any
vertex v € V| the feature w is assigned to the vertex v independently with
probability p. Two vertices vy,v; € V are adjacent in G(n,m,p) if the
corresponding sets of features W, and W,,, have non-empty intersection, i.e.
the vertices v; and vy share at least one feature w from W.

Note that the probability that two vertices of G(n,m,p) are adjacent is
roughly

p=1-(1-p)" ~p'm.
However, the main difference between the G(n,p) model and the G(n,m, p)
model is that the edges in G(n,p) appear independently while in G(n, m,p)
this is not the case. It turns out however that if m = n®, then for a > 1
the random intersection graph G(n,m, p) behaves in a similar manner as the
random graph G(n, p).

Recall that when np > ¢ > 1, then a.a.s. in G(n,p) one can find a unique
giant component which contains a positive fraction of all vertices. Behrisch [4]
showed that the fact that in G(n,m, p) the edges do not occur independently
does not affect very much the size of the giant component provided that the
set of features is sufficiently large. In particular, a special case of Theorem 1
in [4] is the following.

Lemma 5. Let G(n,m,p) be the random intersection graph with m = n®,
where a > 1, and p*>m = =. Furthermore, for ¢ > 1, let 3 be the unique
solution to the equation

f4ePe=1

in the interval (0,1). Then a.a.s. the size of the largest component in
G(n,m,p) is of order (1 + o(1))pfn.

While applying random graph techniques we frequently refer to the follo-
wing well-known methods (see [18]).

Let X be a random variable with the expected value EX. Markov’s
inequality states that for non-negative random variables we have

EX
PX 1] < == >0,
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In particular, if X is a non-negative, integer valued random variable, then
Markov’s inequality implies that

P[X > 0] < EX.

Now, assume that the variance VarX exists. Then the Chebyshev’s inequa-
lity can be stated in the following way

VarX

PIX —EX| > < ——,

t > 0.

In particular, any random variable X with EX > 0 satisfies the following
inequality

Next, consider a sequence of non-negative random variables X,,. The
first moment method uses Markov’s inequality to show that a.a.s. X,, = 0.
Indeed, for such X,,, it is enough to show that EX,, = o(1).

The second moment method is based on Chebyshev’s inequality. In or-
der to verify that a.a.s. X, > 0 it suffices to show that EX,, — oo and
VarX,,/(EX,)? — 0.

Throughout the paper we also frequently refer to two simple inequalities:

l—ax<e™™,

(1)=()"

Finally, for the random variable X with the binomial distribution X ~
Bi(n, p) we have the following Chernoff’s inequality

and

P[|X — EX| > eEX] < 2exp(—p(e)EX),

where p(€) = (1 + €)log(1 + €) — €. In particular, for e < 3/2, we have

2
P[| X — EX| > ¢EX] < 2exp (—%EX) .

20



2.8 Random groups

The notion of a random group was introduced by Gromov [16], who defined
the following model I'(k,l;d) of a random group. Let S be a k-element set
of generators and R denote the set of all cyclically reduced words of length
[ over the alphabet S U S~!. The size of R is equal roughly to (2k — 1).
The random group I'(k,; d) is then defined as the group given by a random
presentation (S | R) with k generators, with relators belonging to R and such
that the set of relators R is chosen uniformly at random among all subsets of
R of size equal roughly to (2k — 1)/, The parameter d is called the density
of the random group and the model above is referred to as the Gromov’s
density model.

Gromov studied the asymptotic properties of groups in I'(k,[; d) model
when £ is fixed and [ can be arbitrarily large. In particular, let P be a pro-
perty of a group (which can be thought of as a family of groups). We say
that the random group I'(k,[; d) has P asymptotically almost surely (a.a.s.),
if for fixed k and d the probability that I'(k,[; d) has P tends to 1 as | — oc.

It is worth mentioning, that the asymptotic properties of groups in I'(k, ; d)
model do not depend much on the number of generators, provided that there
are at least two of them. This means, for example, that for a fixed density d
and a given property P, if I'(2,; d) a.a.s. has P, then typically also I'(78, [; d)
a.a.s. has P and vice versa. In particular, in the study of groups in I'(k, [; d)
model we can limit ourselves to models with just two generators.

Zuk [29] studied the asymptotic behaviour of groups in I'(n, 3;d), but in
this case the length of relators is fixed and we let the number of generators
be arbitrarily large. In particular, for a given group property P, we say
that I'(n, 3; d) has this property asymptotically almost surely (a.a.s.), if the
probability that I'(n, 3; d) has this property tends to 1 as n — 0o. A presen-
tation in which relators are cyclically reduced words of length three is called
a triangular presentation, while the group generated by such a presentation
is called a triangular group. The parameter d is likewise called the density
of a random triangular group and we refer to this model as to Zuk’s density
model, which we also denote by I'(n, d).

In the thesis we study yet another model of the random triangular group,
namely the binomial triangular group model T'(n, 3; p), which we also denote
by I'(n,p). A random group in I'(n, p) model is a group given by a random
group presentation (S | R), where the set of generators S is of size n, relators
are reduced words of length three and we choose any such word to be present
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in R independently with probability p. Let us remark that Zuk’s model
['(n,d) corresponds to I'(n,p) model with p = ((2 + o(1))n)3@Y. In fact,
for monotone properties one can deduce results of one model from the other
very much in the same way as in the case of binomial and uniform random
graph models (see section 1.4 in [18] for details).

In the paper, while referring to I'(n, p) we have in mind either the group I'
generated by I'(n, p), or the random group presentation (S | R) in the I'(n, p)
model. In both cases, it can be easily derived from the context which case
we have in mind.
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Chapter 3

Random triangular groups at
density d = 1/2

In this chapter we study the behaviour of the random triangular group I'(n, p)
when the density d is close to 1/2. Since we consider the binomial model
instead of the density model, we are able to take a closer look at how does
the behaviour of the random triangular group change when we approach the
density d = 1/2. In particular, we show that in the case of the random
triangular group I'(n, p) the property of being a trivial group admits a very
sharp threshold.

3.1 Previous results

Let us first go back to the Gromov’s density model I'(k,[;d). Recall that
Gromov studied the behaviour of the random group in I'(k, [; d) model where
the number of generators k is fixed and we let the length of relators [ go to
infinity. In his paper [16] Gromov showed that in the evolution of the random
group I'(k,l;d) there is a phase transition at density d = 1/2, namely for
density smaller than 1/2 the random group is a.a.s. infinite and hyperbolic,
but once the density exceeds 1/2 a.a.s. the random group collapses and has
at most two elements. The fact whether we obtain the trivial group or Z/27Z
depends on the parity of the length of relators in the random presentation,
that is if the relators are of even length then a.a.s. we obtain the group Z/27
and if they are of odd length then a.a.s. we obtain the trivial group.

Theorem 6 (Gromov [16]).
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1) If d < 1/2, then a.a.s. T'(k,l;d) is infinite and hyperbolic.
2) Ifd > 1/2, then a.a.s. I'(k,l;d) is either trivial or Z/27Z.

One way of verifying whether a group is hyperbolic is to consider its van
Kampen diagrams and to show that they satisfy a certain linear isoperimetric
inequality. For the random group I'(k,[; d) the hyperbolicity constant which
appears in this inequality depends on the density d.

Lemma 7 (Ollivier [25]). Let d < 1/2, k be a positive integer, and € > 0 be
a constant. Then, a.a.s. every minimal reduced van Kampen diagram D with
respect to the random group I'(k,l;d) satisfies the isoperimetric inequality

0D] > 1(1 — 2d — €)|D).

From Lemma 7, hyperbolicity for the density smaller than 1/2 easily
follows, however we can not say anything about the behaviour of the group
when we approach the density 1/2, since then the isoperimetric inequality is
no longer valid.

A similar reasoning can be also applied to the triangular model I'(n, d).
Note that here the length of relators is fixed and equal 3 and we study the
asymptotics when the number of generators goes to infinity. For d < 1/2 and
€ > 0 a.a.s. the isoperimetric inequality

9D| > 3(1 — 2d — €)|D)|

is valid for all minimal reduced van Kampen diagrams D in I'(n, d). Further-

more, the group ‘collapses’ at the same density, which has been proved by
Zuk in [29].

Theorem 8 (Zuk [29]).
1. If d < 1/2, then a.a.s. T'(n,d) is infinite and hyperbolic.
2. Ifd>1/2, then a.a.s. T'(n,d) is trivial.

In the case of the binomial model I'(n, p), Zuk’s result can be stated as
follows.

Theorem 9. Let € > 0.

1. If p < n=3%¢ then a.a.s. T'(n,p) is infinite and hyperbolic.
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2. If p>n=3/% then a.a.s. T'(n,p) is trivial.

In this chapter we show that a.a.s. the random triangular group remains
infinite and hyperbolic when we are approaching the critical density. How-
ever, in this case I'(n, p) is no longer ‘uniformly hyperbolic’ and the constant
appearing in the isoperimetric inequality depends on the number of genera-
tors. We also show that in the I'(n, p) model the property of being a trivial
group admits a very sharp threshold.

3.2 The collapse

We now show that the group I'(n, p) is trivial already for p(n) > 1.2n73/2,

Theorem 10 (Antoniuk, Luczak, Swiatkowski, 2013). If p > 1.2n7%/2, then
a.a.s. T'(n,p) is trivial.

In the proof of Theorem 10 we use an auxiliary random intersection graph
G(n,m, p) to find in the presentation (S | R) a large set of generators which
are all equal to each other as the group elements, i.e. we define the graph
G(n,m, p) in such a way that the adjacency of any two vertices in G(n, m, p)
implies that the corresponding elements in the group are equal. Recall that
for m = n® and p*>m = ¢/n, if @ > 1 and ¢ > 1, then the random intersection
graph G(n,m, p) a.a.s. contains a unique giant component of linear size. In
particular, a special case of Lemma 5 is the following.

Lemma 11. Let m = n® and p?m = c¢/n. If a > 1 and ¢ > 1.42, then a.a.s.
G(n,m, p) contains a component of size at least 0.52n.

Proof of Theorem 10. Let us partition the set of generators S into two sets
Sy and Sy, where |S1| = [|S|/2] = [n/2]. We generate the set of relators R of
['(n,p) in two stages. Firstly, we consider the relators which contain exactly
one element from S; U S; ', and select each such relator independently with
probability p = 1.2n3/2. Then, we select each of the remaining candidates
for relators with the same probability p = 1.2n=%/2. We denote by R; the
random set of relators generated in the first stage, and by Ry the relators
chosen in the second stage, so that R = Ry U Rs.

Consider an auxiliary random intersection graph G(n,m, p) with vertex
set V = S, U ST, the set of features W = {cd : ¢,d € Sy U Sy, ¢ # d~'}
and such that for any a € V' a feature cd € W is assigned to a in G(n, m, p)
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if we have generated a relator acd. Note that here m = 2|n/2](2|n/2] — 1)
and p = p. Therefore, 8 = p*mn > p*n(n — 1)(n — 2) > 1.44("_171#.

Using Lemma 11 we infer that a.a.s. G(n,m, p) contains a large compo-
nent L of at least 0.52n vertices. Note however, that if two vertices a, b are
adjacent in L, then they share a common feature cd € W, which implies
that a = d~'c™* = b in I'(n,p). Moreover, since |L| > |S,|, for some s € S,
L must contain both s and s~!. Consequently, all elements of L are not only
equal to s, but also satisfy the condition s? = e.

Now, consider relators generated in the second stage. Let X count the
number of elements s such that for any §',s” € L the relator ss’s” does not
belong to Ry. Then

Pr(X > 0) < EX < 2n(1 — p)*®" < 2nexp(—0.3v/n),

and tends to 0 as n — oo. Now, let s € L. Then, a.a.s. L contains three
elements s, s’, s” such that ss’s” € Ry. However, since all elements from L
are equal, we conclude that s3> = e. This, together with the condition that
s? = e, implies that a.a.s. all generators or inverses of generators contained
in L are equivalent to the identity. This in turn implies that the same holds
for all elements not contained in L, since, as we have just shown a.a.s. for
every such element s ¢ L we can find ', s” € L for which ss's” is a relator
from Ry. Therefore, a.a.s. each generator from S is equivalent to the identity

and the assertion follows. O

3.3 Hyperbolicity near d = 1/2

Recall that Zuk showed that for d < 1 /2, or equivalently for p < n=3/27¢
where € > 0 is an arbitrarily small constant, a.a.s. the random triangular
group I'(n, p) is infinite an hyperbolic. In this section we show that the group
remains infinite and hyperbolic also for p = n=3/2+),

Theorem 12 (Antoniuk, Friedgut, Luczak, 2014). Let p < n~3/2—(logn)™!/?loglogn
Then a.a.s. I'(n,p) is infinite, aspherical, torsion-free, and hyperbolic.

The proof of Theorem 12 follows closely the argument of Ollivier, who
in [24] showed that the hyperbolicity of the random triangular group admits
a threshold behaviour. This result was initially stated by Gromov [16], how-
ever it seems that Ollivier was the first one who gave a complete proof of this
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statement. Similarly as in Lemma 7, we show that every reduced van Kam-
pen diagram in I'(n,p) a.a.s. satisfies a sufficient isoperimetric inequality.
However, this may turn out fairly hard since it requires showing that this
inequality holds for all such diagrams and there are infinitely many of them.
At this point, the so called local-global principle for hyperbolic geometry (or
Cartan-Hadamard-Gromov-Papasoglu theorem) (cf. [27]) comes to an aid.
This principle states that it is enough to verify whether the isoperimetric
inequality holds for a finite, but sufficiently large, family of van Kampen
diagrams.

Theorem 13 (Cartan-Hadamard-Gromov-Papasoglu). Let P = (S| R) be
a triangular group presentation. Assume that for some integer K > 0 every
minimal reduced van Kampen diagram D w.r.t. P and of size K?/2 < |D| <
240K? satisfies the inequality

K
<

Dl <
200

|0D).
Then for every minimal reduced van Kampen diagram w.r.t. P the following
1soperimetric inequality is true

|D| < K?|0D].

Following Ollivier [24], in order to simplify the verification of the isoperi-
metric condition for van Kampen diagrams, we introduce a decorated abstract
van Kampen diagram (davKd). The davKd is defined in a similar way as the
van Kampen diagram except that in the davKd no generators are attached
to edges and no relators are attached to faces, and instead each face in the
diagram is given a label. If k is the number of distinct labels, without loss of
generality we can assume that each face is labeled by a number between 1
and k. We say that a given davKd is fulfillable with respect to the presenta-
tion (S | R) if there exists an assignment of relators to faces and generators to
edges such that any two faces with the same label are assigned the same re-
lator and such that the diagram we obtain in this way is a valid van Kampen
diagram with respect to the presentation (S | R).

A davKd is said to be reduced if it satisfies the same conditions as the
reduced van Kampen diagram. It is called minimal if it is fulfillable and there
exists an assignment of generators and relators such that in this assignment
we get a minimal van Kampen diagram.
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Our aim is to show that for a function f = f(n) = loglogn/log"?n and
p=n"32"1 aa.s. all minimal reduced davKd’s with respect to the random
presentation in I'(n,p) satisfy the isoperimetric inequality with a constant
§ =d(n) = (200/f)?, i.e. we show that the following statement holds.

Lemma 14. If p = p(n) = n~3/2(lesn)™Ploglogn yhep ¢ a5 for each mi-

nimal reduced davKd D with respect to the random presentation I'(n,p) we

have 3
D] < (20010g n

282)
loglogn > oD

Proof. Let f = f(n) = loglogn/log"?n. From Theorem 13, it is enough to
show that for each given davKd D of size at most |D| < 240(200/f)* one of
the following two possibilities holds:

(i) D satisfies the isoperimetric inequality with the constant 1/ f;

(ii) the probability that D is fullfillable by I'(n,p) is bounded by n~f/2,
which in turn implies that a.a.s. no such D is fulfillable in T'(n, p).

Let D be a davKd with m = |D| faces having k distinct labels and with
[; internal edges and Iy = |0D| boundary edges. Let m; be the number
of faces labeled with i. Without loss of generality we may assume that
my > mg > ... > myg. We want to count the probability that D is fulfillable
with respect to the random presentation given by I'(n,p). If each face is
assigned a different label, i.e. each cell of D corresponds to a different relator,
this probability is bounded above by (2n — 1)4+2p™. This is in fact a rather
easy case and showing that for all diagrams with different labels and fulfillable
in T'(n,p) the isoperimetric inequality holds with a constant 1/f is rather
straightforward. The main challenge is to deal with the diagrams where
some of the labels may appear more than once. On one hand, this reduces
the number of distinct relators used to fulfill the diagram. On the other hand,
this also imposes some restrictions on the generators used in this assignment.
To control the influence of these two factors we follow Ollivier and introduce
an auxiliary graph G = G(D) which captures all the constraints resulting
from the structure of the davKd.

We construct G in k steps building in each step graphs Gq, Go, ..., Gy,
with G, = G. Let rq,...,r, denote the relators we want to assign to the
faces of D labeled 1, ..., k respectively. The vertices of each G; represent the
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elements of r1,...,r; and the edges of G; represent the constraints given by
the davKd.

Each G; has 3i vertices arranged in i parts of 3 vertices. Call vertices
of G; corresponding to faces labeled j the j-th part of G;. Recall that in
the davKd each face has a marked vertex and an orientation, which gives
us an ordering of the edges belonging to this face. Label the edges 1, 2, 3
accordingly.

We begin our construction with an empty graph G; which has three
vertices. If in the davKd we have a pair of adjacent faces each labeled with 1,
then we put an edge in G; corresponding to the labels of this edge coming
from the adjacent faces.

Suppose now that we have already constructed the graph G;. We want
to build the graph G, . First, we add three new vertices to ;. Then, if in
the davKd a face labeled i 4 1 is adjacent to a face labeled j € {1,...,i+ 1}
by an edge e, we put an edge in G;,; between a vertex in the (i + 1)-th part
and a vertex in the j-th part, each corresponding to a suitable label of the
edge e coming from the two adjacent faces.

Now, the number of connected components in the graph G is the number
of the degrees of freedom we have while choosing generators used to fulfill the
diagram D. Indeed, if two vertices are adjacent in G, then the corresponding
edges in D must bear the same generator. Therefore, if we denote the number
of connected components in the graph G by C, then we obtain the estimate

P[D is fulfillable] < n“p.

A similar argument works for the graphs G;, which correspond to a partial
assignment, namely we assign relators to the faces bearing labels 1,...,7 and
we assign generators to the edges belonging to these faces. Let C; denote the
number of connected components in G;. Then

P[D is fulfillable] < nCip = nCiiG/2+0),

therefore putting

we get the estimate
P[D is fulfillable] < p™m%.

Thus if for some i we have d; < —f/2, then

P[D is fulfillable] < n~//2.
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On the other hand, we claim that in the case of mind; > — f/2, the diagram D
satisfies the isoperimetric inequality with the constant 1/f. Indeed, following
Ollivier [24] we get that

k
0D| > 3[D|(1 = 2d) +2 )  di(m; — miya),

=1

where in our case the density d is equal to 1/2 — f/3. Thus

k
0D| > 2f|D|+2) " di(m; — misa).

=1

Next, observe that m; — m;1 > 0 for every i and Y m; = |D|. Hence, if
mind; > —f/2, then

k
0D| > 2f|D| = £ (mi —mi1) > fID),
i=1
and we get the desired isoperimetric inequality
1
|D| < ?\GD\. (3.1)

To complete our argument we use the local-global principle. In our case
the constant K from Theorem 13 is equal to 200/ f. We need to show that the
probability that there exists a diagram of size at most 240(200/f)? violating
the isoperimetric inequality (3.1) tends to 0. If this is the case, then the
random presentation in the I'(n,p) model a.a.s. meets the assumptions of
the local-global principle, hence a.a.s. the group I'(n, p) is hyperbolic.

First, we need to count the number of all possible davKd’s with precisely
m faces. To do this we take the number of all possible triangulations of
a polygon which consist of exactly m triangles, and then for each triangle we
choose the orientation in 2 ways, the starting point in 3 ways and the label
of this face in m ways.

A triangulation of a polygon with m triangles has at most m + 2 ver-
tices. Thus the number of such triangulations is bounded from above by
the number of distinct triangulations ¢(N) of a 2-dimensional sphere with
N vertices, where N < m + 3, which in turn is bounded from above by a™
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for some absolute constant a > 0 (see Tutte [28]). Hence, the total number
of davKd’s with exactly m faces can be bounded by a™ - 6™ - m™. There-
fore, the probability that a davKd of size at most 240(200/f)? violates the
isoperimetric inequality (3.1) is at most

b \b/f*
Z (6am)™n~1/? < <—> n~I2,

2
m<240(200/ f)2 !

for some constant b. It is easy to verify that the right hand side of this
inequality tends to 0 as n — oo, provided f = f(n) = (logn)~'/3loglogn.
Hence, a.a.s. for every diagram D with |D| < 240(200/f)? fulfillable in
['(n,p) the isoperimetric inequality holds with a constant 1/f, and so the
assertion follows from Theorem 13. O

Proof of Theorem 12. Observe first that a.a.s. I'(n, p) is aspherical, i.e. there
exists no reduced spherical van Kampen diagram with respect to the random
presentation I'(n,p). Indeed, such a spherical reduced van Kampen dia-
gram has zero boundary, which violates the isoperimetric inequality proved
in Lemma 14. Since I'(n,p) is aspherical, it is torsion-free. Consequently,
a.a.s. I'(n, p) is an infinite, hyperbolic group. ]

3.4 A very sharp threshold

Note first that adding new relators to the presentation do not spoil the pro-
perty of collapsing since any quotient group of a trivial group is also trivial,
so it is a monotone increasing property. Hence, it has a coarse threshold by
Bollobas and Thomason result [6]. In this section we show that in fact the
property of collapsing to the trivial group admits a sharp threshold.

Theorem 15 (Antoniuk, Friedgut, Luczak, 2014). Let h(n,p) denotes the
probability that I'(n,p) is trivial. There exists a function c(n) such that for
any € > 0,
lim h(n, (1 — €)c(n)n™3/?) =0 and lim h(n, (14 €)c(n)n=3/?) = 1.

n—00 n—00

Notice that Theorem 15 does not say anything about the function c(n)
apart from its existence. However, by Theorem 10 we know that lim sup,,_, . ¢(n)
is finite. We conjecture that actually this function converges to a positive
constant with n — oo.
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Before we prove Theorem 15 let us introduce the following notation. Let
(S| R) be a random presentation in I'(n,p) and R* be a set of cyclically
reduced words over the alphabet S U S~™!. Then we define

h(n,p | R*) =P[{(S| RU R") is triviall.

Here, we can consider R* to be either a fixed set of relators Rexeqa = {71, .., 7%},
or a random set of relators R,, which consists of relators of length three, each
chosen independently with probability ¢ (in the latter case the probability is
taken over both the choice of R and R,).

We also assume that for each n the sets of generators S, = S in the
random presentation (S| R) in I'(n,p) form an increasing family, that is
Sp C Spi1. Therefore, any generator from .S, is also a valid generator for all
Sy, with N > n.

To prove Theorem 15 we use a result by Friedgut [13] which states that
a property which does not admit a sharp threshold depends on a local con-
ditions, which means that it can be well approximated by a property of
containing a small fixed structure. We prove that it is not the case here,
namely we show that adding a small specially selected set of relators to the
random presentation in I'(n, p) does not affect the collapsibility more than
adding a small set of random relators (which corresponds to a tiny increase
in the probability p).

The following lemma is an adaptation of theorems 2.2, 2.3, and 2.4 from
[14] to the current setting.

Lemma 16. Assume Theorem 15 does not hold, i.e. there exists a function
p = p(n), and constants 0 < «, e < 1, such that there exist infinitely many
values of n for which it holds that

a < h(n,p) < h(n,(1+¢)p) <1-—a.

Then there exists a fized (finite, independent of n) set Rppeq = {r1,..., 7%}
of cyclically reduced relators of length three, and a constant § > 0 such that
for all such n

1) h(n,p | Rfizea) > h(n,p) + 24,
2) h(n,p | Rep) < h(n,p) +9.
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Proof of Theorem 15. Assume, by a way of contradiction, that Theorem 15
does not hold and let Rg..q be the set of relators guaranteed by Lemma 16.
Let Z = {z,...,z} be the set of generators and inverses of generators
involved in the relators from Rg..q. Z can be also seen as a set of relators,
which corresponds to setting all elements from Z to be equal to the identity.
One can easily observe, that

h(n7p | Z) Z h(nap | Rﬁxed)-

We introduce an auxiliary random graph G = (V, E) which stores the
information about the influence of Z on the random presentation (S | R).
The set of vertices V' of the graph G is equal to SUS™!\ Z, and for any
pair a,b in SU S\ Z, we put an edge {a,b} in F if R contains a relator
consisting of a, b and an element from Z. Therefore, adding Z to R results
in a relation a = b~! for any edge {a,b} € E.

Notice that the edges of G appear independently with probability 1 —
(1 — p)% =~ 6lp. Thus G can be viewed as the random graph G(2n — [, p),
with p ~ O(n=%2). Clearly, the expected number of connected subgraphs of
G having exactly three edges is equal to

(2n—1)* 16+ p* + (20 — )P - p* = O(n~12),

and tends to 0. Therefore, a.a.s. no such subgraph appears in G, and,
consequently, all components consist of at most 2 edges. Moreover, if we
denote by X; the random variable which counts the number of edges in G,
then EX; = O(n'/?) and VarX; = O(n), thus, from Chebyshev’s inequality,
it follows that a.a.s. G has at most n%% edges.

Now, let R’ denote the subset of relators from R which do not contain
any elements from Z and Rg be the set of relators of the form ab, where

{a,b} € E. Then
hin,p | Z) =P[(S\ Z | R"U Rg) is trivial] 4+ o(1), (3.2)

where the term o(1) accounts for to the probability that R contains a relator
involving two elements from Z.

Now, let us see what is the effect of adding to the presentation (S | R)
a random set of relators R,,.

First, fix an arbitrary set M = {{s,s'} | 5,5’ € SUS™} of size |[M| =
m = [n*?]. Let G’ = (V', E’) be the random graph with the vertex set
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V' = (SUS™!)\ Z and such that a pair a,b~! forms an edge of G’ if there
exists a pair {s,s’} € M such that R contains two relators ss’a and ss'b".
Notice that this implies that a = b~ *.

Let Y7 be the random variable which counts the number of paths of
length 2 in G'. It is easy to see that for the expectation of Y; we have

EYi > 0.5n%m2(ep)t = 0.5n°n38p(-3/2+0(1) > 4075

and the variance of Y; is of order O(n®m?*p®). Therefore, by Chebyshev’s
inequality we infer that a.a.s. the number of such paths is at least 3n°7.

Now, let Y3 count the number of pairs of paths of length 2 in G’ which
share at least one vertex. The expectation of Y5 is dominated by the number
of paths which share an edge, and thus is of order O(n*m?3p%), in particular
EY, < n07*t°M  Consequently, using Markov’s inequality, we infer that a.a.s.
G’ contains at least n%™ > n®® disjoint paths of length 2.

Now, setting Rg to be the set of relators of the form ab, where {a, b} € F,

we get
h(n,p | Rep) > PHS\ Z | R'U Rp/) is trivial] — o(1), (3.3)

where o(1) accounts for the fact that even if the group generated by S\ Z
collapses to the trivial group, there are still generators from Z to be taken
care of. However, it is easy to see that a.a.s. for each z € Z there exists
a relator in R involving z and two elements from S\ Z, so, asymptotically,
the collapse of a group generated by S\ Z implies the collapse of the whole
group.

Since we have shown that the graph G’ a.a.s contains an isomorphic copy
of the graph G, it is easy to see that the equations 3.2 and 3.3 contradict the
items 1) and 2) of Lemma 16. Therefore, the property in question must have
a sharp threshold.

O
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Chapter 4

Random triangular groups at
density d = 1/3

In this part of the thesis we study the behaviour of the random triangular
group near the density d = 1/3. The main results of this chapter include
showing the existence of sharp thresholds for two group properties, namely
the property of being a free group and Kazhdan’s property (T). What is even
more interesting, we show that there exists a new period in the evolution of
the random triangular group in which the group is no longer free, but also
does not have property (T).

4.1 Previous results

In the evolution of the random triangular group, Zuk detected the phase
transition at the density d = 1/3. He showed that if the density is smaller
than 1/3, then a.a.s. the random triangular group is free, while for density
larger than 1/3 a.a.s. the group has Kazhdan’s property (T'), which in par-
ticular means that it cannot be free. However, Zuk’s original proof contained
some gaps which were later fixed by Kotowski and Kotowski in [20].

Theorem 17 (Zuk [29], Kotowski, Kotowski [20]).
1. If d < 1/3, then a.a.s. T'(n,d) is a free group.

2. Ifd > 1/3, then a.a.s. I'(n,d) has Kazhdan’s property (T).
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Interestingly, this result gives us a new class of groups with property (T),
since it says that ‘most’ of the groups in a suitable regime have this property.
The above theorem stated for the binomial model I'(n, p) is the following.

Theorem 18. Let € > 0.
1. If p < n=27¢ then a.a.s. T'(n,p) is a free group.
2. If p>n~2" then a.a.s. T'(n,p) has Kazhdan’s property (T).

The result from Theorem 17 concerning property (T) can be carried over
to the Gromov’s density model I'(k,l;d), namely by passing to a relevant
quotient group. Yet, it seems that a suitable theorem appears nowhere in
the literature. On the other hand, Ollivier and Wise [26] showed that for
d < 1/5 a.a.s. the random group in Gromov’s density model does not have
property (T). Therefore, if this property admits a threshold, then it lies some-
where between 1/5 and 1/3. However, the question whether such a threshold
exists for the Gromov’s model I'(k,[; d), and, if this is the case, what is the
exact value of the critical density, remains open.

In this chapter, we improve the results from Theorem 17 by showing that
in the random triangular group model both the property of being a free group
and property (T) admit sharp thresholds. We also exhibit the existence of
a new period in the evolution of the random triangular group where the group
is neither free nor has property (T).

4.2 When the group is free

As we already know, the triangular group is a free group if it can be ge-
nerated by a presentation (S| R) in which the set of relators R is empty.
However, for d = 1/3 + o(1), the expected number of relators in the random
triangular presentation is of the same order as the number of generators n.
Therefore, one can not see right away why should there be another presenta-
tion generating the same group and having empty set of relators. However,
as we have already observed in Example 2 (see page 12), there is a simple
way of reducing the presentation by deleting one generator and one relator
at a time (and thus decreasing the number of relators). Namely, if there is
a generator s which appears exactly once in exactly one relator r (either as
itself or as its inverse), then we can replace each occurrence of s and s™!
in the elements of the group by suitable words not containing them. For
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example, if 7 is of the form r = ss15, and there is no other relator containing
s nor 57!, then we can replace s by sy s;! and s~! by s,55. Therefore, we
can delete s together with the unique relator which contains it and obtain
another presentation which generates a group isomorphic to the initial one,
e (S|R)=(S\{s}[R\{r}).

We use this simple observation to show that for p = ¢/n?, with ¢ < ¢,
where ¢* is a suitable constant, a.a.s. the random group I'(n, p) is free. This
result was basically proved in [2], but the argument there is different and
works for ¢ < ¢, where the constant ¢ is smaller than ¢*.

Theorem 19. Let ¢* be defined as

. ) 2z

Then for any € > 0, if ¢ < ¢*/48 — €, a.a.s. the random group T'(n,c/n?) is
free.

The idea behind the proof of Theorem 19 is the following. Consider the
procedure described above where we reduce the presentation by deleting one
generator and one relator at a time. In order to enable this procedure to be
performed until we remove all the relators from the presentation, it is enough
that for any subset R’ of the initial set of relators R we can find a generator
s such that either s together with its inverse s~! do not appear in any relator
from R', or exactly one relator from R’ contains exactly one element from
{s,s71}. This property stated in the hypergraph setting says basically that
a suitable hypergraph with edges of size at most 3 has empty 2-core, that is
it does not contain any subhypergraph with minimum degree at least 2.

Let us focus for a while on cores in hypergraphs. The k-core of a hy-
pergraph is its unique maximal subhypergraph with the minimum degree at
least k (if such a subhypergraph does not exist, we say that the k-core is
empty). In [23] Molloy determined the exact threshold for the appearance of
a k-core in H,(n,p). Since we are interested only in the existence of 2-cores
in hypergraphs with edges of size at most 3, we state Molloy’s result only for
this case.

Theorem 20 (Molloy [23]). Let H = Hs(n,p) be a random S-uniform hy-
pergraph with the edge probability p = c/n?, and let ¢* ~ 4.9108. .. be defined
as in (4.1), and € > 0 be a positive constant.
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1) If ¢ < ¢* — €, then a.a.s. the 2-core of H is empty.

2) If ¢ > ¢* + ¢, then a.a.s. the 2-core of H is of size ac)n + o(n), with
alc) =1 —e*(1 + x), where x = x(c) is the largest solution to the
equation 2x = c(1 — e™*)%.

Here we will need only the first part of this result but in a slightly stronger
form. Thus let $§ = $H(n, p) denote the hypergraph obtained in the following
way. First we choose a set of |loglogn| vertex disjoint edges (i.e. subsets
of size 2), and then we add to it the 3-uniform random hypergraph Hs(n, p).
Then, the following holds.

Theorem 21. Let $ = H(n,p) be a random hypergraph defined above, and
let ¢* ~ 4.9108... be defined as in (4.1). If pn* < c* — € for some posi-
tive constant ¢ > 0, then a.a.s. the 2-core of $ is empty, i.e. a.a.s. no
subhypergraph of $ has the minimum degree at least two.

Since the proof of the above result is basically the same as Theorem 20,
we only sketch it to point out a few places where some modifications are
necessary.

Let us start with the following property of $(n, p).

Lemma 22. For every constant ¢ > 0, there exists a constant 6 = 0(c)
such that a.a.s. the random hypergraph $(n,p), with pn* < ¢, contains no
subhypergraph with minimum degree at least 2 and fewer than on vertices.

Proof. Let S, |S| = s, be a subset of vertices of $ = $H(n,p) which induces
a subgraph £’ of minimum degree at least 2. Let ¢ denote the number
of 2-edges in $H' and r denote the number of 3-edges in $)’ contained in
S. Then 2s < 2q 4 3r. Therefore, it is enough to show that a.a.s. $
contains no subgraph $)’ having s vertices, where s < on, and where the
number of 2-edges ¢ and the number of 3-edges r satisfy the conditions g <
min{s/2, loglogn} and 2s = 2¢ + 3r. Let X be the random variable which
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counts the number of such subgraphs. Then

e 35 () (070 (o0 )
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where Cy, CY, Cy are suitable constants. The first element in the above sum
is bounded above by

! 2 2/3
log 7 - log log n (Cl(lﬁ/ggn) ) (Cz(logn) 2/310g10gn>’
n n

and this expression tends to 0 with n — oo. The second element can be
bounded by

onloglogn (Oén) e (02(571)2/3 log log n) loglogn
n

n2/3

< nloglogn(C’d) logn (loglogn)Q’

where C' is again a suitable constant. Taking § = 1/(Ce®), we get that this
expression also tends to 0 with n — oo. Thus EX — 0, and the assertion
follows from Markov’s inequality. O

Sketch of the proof of Theorem 21. Let v denote a randomly chosen vertex
of H = Hz(n, p), where p = ¢/n?. Furthermore, let y, be the probability that
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from the ¢ neighbourhood of v we can deduce that it is not in the 2-core,
even if we already know that v belongs to one edge of the hypergraph. For
example, y; > (1—p) () = (1+o0(1))e¢/2, since vertices which belong to only
one edge of the hypergraph clearly do not belong to its 2-core. Furthermore,
for every ¢ > 2 we have also

2

ye > (1+o(1)) exp ( - %) . (4.2)
Indeed, note that if each edge to which v belongs has at least one vertex
for which we can say that it is not in the 2-core looking at its (¢ — 1)-
neighbourhood, then clearly v does not belong to the 2-core and we can
verify it based on its /-neighbourhood. It is easy to see that the number of
edges containing v such that the (¢ — 1)-neighbourhoods of each of its two
remaining vertices do not exclude the possibility that both of them are in
the 2-core, has asymptotically Poisson distribution with parameter

n

2

1+ oo .

(1 —ypq1)?
e
Hence, (4.2) follows.
Next, from the definition of y, it follows that the sequence is non-decreasing,
so it converges to a limit y < 1 as ¢ — oo. Moreover, each such limit must
necessary fulfill the inequality

2
y > exp < - w> . (4.3)
One can verify that if ¢ < ¢*, then the only y < 1 which fulfills (4.3) isy = 1.
Consequently, for a randomly chosen vertex in H, the probability that after
examining its f-neighbourhood in H with, say, ¢ = loglogn, there is still
a chance that it belongs to the 2-core tends to 0 as n — oc.

Now, notice that if we choose a random vertex v of $ = $(n,p), the
probability that the (loglogn)-neighbourhood of v contains a vertex which
belongs to one of the loglogn previously chosen edges of size two can be
crudely bounded from above by

loglogn
Z nF~1nk(21oglogn)p* < ?1°8°€"2(loglogn)? /n
k=1

40



and tends to 0 as n — oo. Thus also in this case the probability that a random
vertex of $ belongs to the 2-core tends to 0 as n — oco. Consequently, the
expected number of vertices which belong to the core is o(n) and so, from
Markov’s inequality, a.a.s. there are at most o(n) vertices of § which belong
to the 2-core. Thus, from Lemma 22, we infer that, in fact, a.a.s. the 2-core
of $ is empty. O

We now go back to the random group I'(n, p). Given a presentation P =
(S| R) in I'(n, p), we define the following random hypergraph Hp = (V,E).
The set of vertices of Hp is the set of generators S, and for any subset
E C S, Eis a hyperedge of Hp if there exists a relator r € R, such that each
element from E appears in r either as itself or as its inverse. Therefore, the
hyperedges of Hp are of size at most 3. Our aim is to show that for p = ¢/n?,
where ¢ < ¢*/48, a.a.s. Hp does not contain a nonempty 2-core.

We first argue that a.a.s. there are no 1-edges in Hp. Indeed, let X; be
the random variable which counts the number of 1-edges in Hp. Then

EX) =2np =2¢/n — 0,

so, by Markov’s inequality, a.a.s. Hp contains no 1-edges.

Now we shall look at the 2-edges of Hp. We show that a.a.s. there are
no more than loglogn of them, and no two of them share a vertex. To this
end, let X5 counts the number of 2-edges in Hp. Then

EX, < 24n?p = 24,

so by Markov’s inequality a.a.s. the number of 2-edges in Hp is at most
loglogn. Moreover, the expected number of paths of length 2 formed by
2-edges is of order O(n?p?) and tends to 0. Thus, by Markov’s inequality,
a.a.s. we do not have any such paths in the graph H p, which means that the
2-edges of Hp form a matching.

Now, let Hj3 denote the subgraph of Hp spanned by all the edges of
size 3. Notice that the edges appear in H3 independently. Let p denote the
probability of an edge in H3. Since there are 48 different relators which can
produce a given 3-edge, clearly p = 1 — (1 — p)*® & 48p and H3 coincides
with the random 3-uniform hypergraph Hs(n, p).

To sum up, the graph Hp can be viewed as a subgraph of H(n, p), where
p ~ 48p.
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Proof of Theorem 19. Let € > 0 and ¢ < ¢*/48 — ¢. Then a.a.s. the random
hypergraph Hp associated with the random presentation P in I'(n,c/n?) is
contained in the random hypergraph $(n,48p), and, by Theorem 21, has no
nonempty 2-core. In particular, this means that we can remove from the
presentation P all the relators deleting from it one relator and one generator
at a time, and thus obtain a presentation P’ with empty set of relators.
Moreover, P’ generates a group isomorphic to the group generated by P.
Therefore, a.a.s. the group generated by P is free. O]

4.3 When the group is neither free nor has
property (T)

This section exhibits a new period in the evolution of the random triangular
group which appears when the density d is equal to 1/3+ o(1). The previous
results on the model dealt only with the density strictly below this critical
value (where the group is free) or strictly above it (where the group has
property (T)), hence it was hard to predict that at d = 1/3 the group might
behave in a different manner. We show here that it is actually the case.

Theorem 23 (Antoniuk, Luczak, Swiatkowski [3]). There exist constants
C', ¢ > 0 such that if C'/n* < p < dlogn/n?, then a.a.s. T'(n,p) is neither
a free group nor has Kazhdan’s property (T).

We begin with a few preliminary comments. Recall that using a similar
method as in the proof of Lemma 7, we can show that for d < 1/2 and any
e > 0 a.a.s. all minimal reduced van Kampen diagrams w.r.t. the random
presentation in the I'(n, p) model satisfy the isoperimetric inequality

|0D| > 3(1 — 2d — €)|D|. (4.4)
This fact can be used to show the following lemma.

Lemma 24. Let I' = I'(n,p) be the random triangular group such that p =
n3d=D+o) for some d < 4/9, and let P = (S| R) denote its presentation.
Then a.a.s. every generator s € S is nontrivial in T'.

Proof. For a given generator s € S the property that s is nontrivial in I'(n, p)
is a monotone decreasing property, so it is enough to show that the lemma

holds for d = 4/9 — e.
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A generator s € S is trivial if there exists a reduced van Kampen diagram
with boundary word equal s. Therefore, in order to show that a.a.s. every
generator in I'(n, p) is nontrivial it is enough to show that there is no such
diagram with boundary of size one. From the isoperimetric inequality 4.4 we
know that such a diagram would consist of at most

1 1
= <3
3(1—2d—¢€) 1/3+ 3¢

faces. However, no diagram consisting of two faces can have boundary of size
one, and a diagram with one face has boundary of size three, so the assertion
follows. [

Now, by Theorem 12, we know that for d < 1/2 a.a.s. the presenta-
tion complex Cp w.r.t. the random presentation P in the I'(n,p) model is
aspherical. This fact in turn has the following consequence.

Corollary 25. Let T' = T'(n,p) be the random triangular group such that
p = n3d=D+eM) for some d < 1/2, and let P denote its presentation. Then
a.a.s. the Euler characteristic of T' is given by x(I') := x(Cp) =1 —n +t,
where t is the number of relators in the presentation P. Moreover, T is
torsion free.

In the proof of Theorem 23 we also need the following two simple proba-
bilistic facts.

Lemma 26. If p > n~2 then a.a.s. the random triangular group T'(n,p) has
at least 6n relators.

Proof. 1t is enough to estimate the number of relators which have three
different elements. Let X be the random variable which counts such relators
in I'(n,p), where p = n~2. There are N = (48 + o(1))(}) different relators
of this type and each of them is chosen independently with probability p.
Therefore, X has the binomial distribution Bi(N,p) and therefore, since
p — 0, we have

VarX = Np(1 —p) = (1 — p)EX = (1 + o(1))EX,

where
EX = Np = (48 + o(1)) (g) L 64 o) > o,

n2

so the assertion follows from Chebyshev’s inequality. ]
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Lemma 27. Let (S| R) be the random presentation in the I'(n,p) model. If
p < logn/(25n?) then a.a.s. there exists a generator s such that neither s
nor s—* belongs to any relator in R.

Proof. LetY count the generators s such that neither s nor s~! belongs to any
relator in I'(n, p). For a given generator s there are 48(",") +24(n—1)+2 =
a n? different relators which contain either s or s™!, where a = 24 + o(1).
Therefore

EY =n(1—p)*™ > n"/* = cc.

Furthermore, it is easy to check that VarY = (1 4 o(1))EY’, so the assertion
follows from Chebyshev’s inequality. n

Proof of Theorem 23. In view of Corollary 25, it follows from Lemma 26 that
for p > n~% a.a.s. the Euler characteristic x(I'(n,p)) of I'(n, p) is positive.
Since any free group has non-positive Euler characteristic, it follows that
a.a.s. I'(n,p) is not free.

Now, if p < logn/(25n?), Lemma 27 asserts that a.a.s. there is a generator
s € S such that neither s nor its inverse s~! appears in any relator from R.
By Lemma 24, a.a.s. all generators from S are nontrivial in I'(n,p). Thus
a.a.s. I'(n, p) splits nontrivially as the free product I'(n, p) = (s) * (S'\ {s}).
Consequently, a.a.s. I'(n,p) does not have Kazhdan’s property (T), which
completes the proof. O

4.4 When the group has property (T)

In the previous section we showed that for a sufficiently small constant ¢ > 0,
the random triangular group I'(n,p) with p = ¢'logn/n? a.a.s. does not
have property (T). The purpose of this section is to show that actually pro-
perty (T) admits a sharp threshold, which results from Theorem 23 and the
following result.

Theorem 28 (Antoniuk, Luczak, Swiatkowski [3]). There exists a constant
C > 0 such that if p > Clogn/n?, then a.a.s. T'(n,p) has Kazhdan’s property

(T).

We prove that the random group I'(n,p) has a.a.s. Kazhdan’s pro-
perty (T) using spectral properties of the link graph associated with I'(n, p)
and defined in section 2.3.
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As we already noted, Zuk’s result [29] implies that for any e > 0, if
p > n~2t¢ then the link graph associated with the random triangular pre-
sentation has a large spectral gap. Here we give a stronger result, namely we
show that the Laplacian of the link graph of I'(n, p) has a large spectral gap
provided that p > Clogn/n? for a sufficiently large constant C' > 0.

Theorem 29. Let L be the link graph of I'(n,p). There exists C > 0 such
that if p > Clogn/n?, then a.a.s. \[L(L)] > 1/2.

Theorem 28 is an immediate consequence of Theorem 3 and Theorem 29.
In the remaining part of this section we give the proof of Theorem 29.

Our argument is based on a concept similar to that which appears in
Zuk’s paper [29]. The main idea is as follows, we divide the graph L into
three random graphs Ly, L, and Ls which shall behave in a similar way as
the random graph G(2n, p), for some appropriately chosen p. We then show
that each of L;’s is an almost regular graph with a large spectral gap and
finally, we show that the sum of these three graphs also has a large spectral
gap.

We partition L into graphs L; in the following way. The three graphs
L; have the same vertex set as L, that is the set S U S™! of all generators
together with their formal inverses. For every relator abc € R we put the
edge {a,b~'} in Ly, {b,c"'} in Ly and {c,a™ '} in Lz. Therefore in graphs
L; every edge appears independently from other edges. Note however that
multiple edges may appear, in particular there can be up to 4n —4 such edges
between any pair of vertices a and b, where a=* # b and up to 4n — 2 edges
between any pair of the form @ and a'. Furthermore, unlike in Zuk’s original
proof, our graphs are not regular, which is the main small obstacle we have
to overcome in our argument. However, these graphs are almost regular,
which means that the degree sequence in any of these graphs is concentrated
around a particular value and in this case the value we have in mind is the
average degree of a vertex. Moreover, we show that adding a small correction
to an almost regular graph does not affect much the size of the spectral gap
of the Laplacian.

Lemma 30. Let 0 < e < 1 and let G be a connected graph on n vertices such
that for any vertex v in G, |dg(v) — d| < ed. Let H be a graph on the same
vertex set and such that dg(v) < ed for any vertex v in H. Then

€

Anall = LG UH)] < Aol = L(G)] + 17—
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or equivalently
€

1—€’
Proof. Let Ag = A(G), Dg = D(G), Ag = A(H) and Dy = D(H). Al
entries in Ay are nonnegative and thus the spectral norm of Ay can be

bounded from above by the maximum sum of entries in a row, which is equal
to the maximum degree of H. Therefore we infer that

X[ L(GUH)] > A[L(G)] -

[ Agl| < ed.

Notice that A = Ag + Ay is the adjacency matrix of the graph G U H
and D = Dg + Dy is its degree matrix. Since D is a diagonal matrix such

1D < (d(1 — )72,

Moreover, Dql;/ *D~2igalso a diagonal matrix with all entries nonnegative

and bounded above by 1. Thus
|D* D72 < 1.

Let X be the eigenvector of D~/2AD~1/? corresponding to the largest
cigenvalue \,[D~/2AD=Y/2] = 1 and Y be the cigenvector of Dg"/*AgDg "/

corresponding to the largest eigenvalue \,[D Gl/ 2AGD([_}U ] =1. Then

X, = d(g( )+dH andY \/d(@,

Furthermore, notice that since D((l}/ DV2X = YV, if 21X and y =
DY*D=12z, then y LY.

We can now estimate \,_1[I — £(G U H)] using Courant-Fischer Theo-
rem 1, Cauchy-Schwarz inequality, and the fact, that for the diagonal matrix
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M we have (Mx,y) = (x, My) for any vectors = and y:

M1l — LIGUH)] = A\ [D7V2AD1/?
= max (D V?(Ag+ Ag)D %z, 2)

zl X, |lz||=1

— J_?(lﬁuﬁ (AgD™Y?x, D™V22) 4 (AgD™ Y2z, D™/%)
T Sx||=1

< max  (AgDg"%y, Dg'?y) + || Aull| D732

2 LX 2] =1
—1/2
x:Dl/QDG / y

—1/2 —1/2
max <DG / AGDG / y,y> “yHQ +
T Ly lyl<|DY2D-1/2) (v, y)

—1/2 —1/2
< max <DG / AGDG / y,y> + €
S oyly <y7y> I—e

_ _ €
= hlD5 D3+

N

1—

€
1—¢€

= M|l — L(G)] +

]

We also need the fact that in dense random graphs the degree distribution
is almost surely concentrated around the average degree. It is stated in
the following well known lemma (which is a straightforward consequence of
Chernoft’s inequality).

Lemma 31. For every e > 0, there exists a constant C. > 0 such that if
p > Clogm/m then a.a.s. for any vertex v in G(m, p),

|d(v) — mp| < emp.

To estimate the spectral gap of L; we use the result by Coja-Oghlan
who in [9] gave bounds on the eigenvalues of the Laplacian of G(m,p). In
particular, he proved the following theorem.

Theorem 32. Let L = L(G(m,p)). There exist constants co,c; > 0 such
that if p > cologm/m, then a.a.s. we have

0=M[L] <1—c1(mp) 2 < N[L] < ... < N[L] < 1+ ci(mp)~V2.
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Proof of Theorem 29. 1t is enough to show that Theorem 29 holds for some
p = C'logn/n? where C' > 0 is a sufficiently large constant.

For the sake of the proof we forget about the relators of the form sss,
since property (T) is a monotone increasing property and adding a relator of
this form to the presentation does not spoil it.

Note that each graph L; can be generated in the following way. Take an
auxiliary multigraph K on 2n vertices with vertices labeled by the generators
and their inverses and which has 4(n — 1) edges between any pair of vertices.
This is because in L; an edge between a and b, where a # b~! and a #
b, comes from relators starting either with ab=! or with ba=! and we have
4(n—1) such relators. Similarly, edges between a and a™! come from relators
starting either with aa or with a='a~!, and since we forbid relators of the
form sss, again we have 4(n — 1) relators which give us an edge between a
and a~!. A similar argument works for the graphs L, and Ls.

L; is then obtained from K by leaving each of its edges independently
with probability p. Our first goal is to show that the spectral gap of L; does
not differ significantly from the spectral gap of the random graph G(2n, p), in
which each two vertices are joined by an edge independently with probability
p=1—(1-p)".

We show that a.a.s. L; contains no edges with multiplicity larger than
two, and all double edges of L; form a matching. Indeed, the probability
that some edge has multiplicity at least three is bounded above by

(2n)%(4n)*p® < O(log® n/n) — 0,

while the probability that two double edges share a vertex can be estimated

from above by
(2n)(2n)*(4n)*p* < O(log*n/n) — 0.

Thus L; can be viewed as obtained from L/ which is a copy of G(2n, p),
p=1—(1-p)t"*> Clogn/n, by adding to it some matching M; (which
takes care of the multiple edges). Since C' is large, in particular C' > ¢g, we
infer from Theorem 32 that a.a.s. all eigenvalues of the Laplacian of L but
the smallest one are concentrated around 1. In particular, a.a.s.

No[L(L)] > 1— e

for, say, € = 0.01. Since C' is large, from Lemma 31 a.a.s. for any vertex
v € L} we have
| (v) = 2np| < 2enp
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which means that each L] is almost regular. Since a.a.s. L; can be obtained
from L by adding a matching, using Lemma 30 we infer that a.a.s.

€

M[L(Li)] = M[L(L)] = 17—

> 1 — 3¢,

or equivalently
/\Qn_l[I — E(Lz)] < 3e.

Moreover, a.a.s. |dp,(v) — 2Clogn| < 2¢ - 2C'logn. Therefore graphs L; are
also almost regular and the Laplacian of each L; has a large spectral gap.

Thus it is enough to show that the sum of three graphs with Laplacians
having large spectral gaps is also a graph which has Laplacian with a large
spectral gap. Let A; be the adjacency matrix of the graph L; and D; be the
corresponding diagonal degree matrix of L;. Then A = A; + Ay + As is the
adjacency matrix of L and D = Dy + Dy + Dj is its degree matrix.

It is also easy to see that

12D~ < 1.

Let X be the eigenvector of D~'/2AD~1/? corresponding to the largest
eigenvalue Ay, [D~/2AD~'?] = 1 and similarly, for i = 1,2,3, let X; be
the eigenvector of D, Y 2AiD; 1/2 corresponding to the largest eigenvalue
Aon[D; 1/ 2AZDZ-_ 1 2] = 1. The entries of the vectors X and X; are square roots
of the vertex degrees in the corresponding graphs and since Di1 Pp-12X = X;
it follows that if z 1 X and y = Dil/QD_l/%, then y 1 X;.

We can now estimate \g,,—1[I — L(L)] as follows.
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Monoa[l = L(L)] = Aou_1[D7V2AD1/?
=  max (D V2AD Y%z 1)
1 X||z||=1
3

= max Z(AiD_l/Qx, D~1/2g)

Ll X |lz||=1

=1
3
< max Ainl/z ,D-_l/2
- 2_: mLX,||a:H:1< A
= m:D1/2D;1/2y
3 —-1/2 —-1/2
A;D7 Y%y, D
. max DTy DY),
“— LX. ly|<IDY2 D172 (v )
3 —-1/2 ~1/2
D V2A, D7y,
< max< t t yy>
L ylIX, (v,9)
3
< owa[D]2ADY
=1
3
= ) donall — L(Ly)]
=1
< 9e.

Hence, a.a.s. A[L(L)] = 1 — Ayq[I — L(L)] > 1 — 9¢ which can be
arbitrarily close to 1. In particular, a.a.s. Ao[L(L)] > 1/2. O

Proof of Theorem 28. Let L be the link graph of I'(n, p). From Theorem 29
we know that for a sufficiently large constant C' > 0, if p > C'logn/n?, then
a.a.s. A[L(L)] > 1/2. Then, by Theorem 3, we infer that a.a.s. I'(n,p) has
property (T). O

The above proof of Theorem 29 relies strongly on the result of Coja-
Oghlan concerning the spectrum of the normalized Laplacian of the random
graph G(n,p) [9]. Basically, this result says that for a sufficiently large
constant C' > 0, the random graph G(n, p), where p is at least C'/n, contains
a big subgraph, called the core, with a large spectral gap. The number of
vertices in the core is a.a.s. equal at least n(1 — exp(—d/c)), where d is the
average degree of the graph G(n, p) and ¢ > 0 is a constant depending only on
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the probability p. In particular, if we take p to be at least C’logn/n, where
(" is sufficiently large, then a.a.s. the core of the graph G(n,p) coincides
with the whole graph and, in consequence, we obtain the estimates on the
size of the spectral gap in G(n, p). However, this reasoning does not tell us
anything about the constants estimating the critical probability.

Recently, Hoffman, Kahle and Paquette [17] showed that the size of the
spectral gap of the random graph G(n,p) admits a threshold behaviour.
Namely, they showed that for p > (1/2 4 §)logn/n, where 6 > 0 is an
arbitrarily small constant, all non-zero eigenvalues of the normalized Lapla-
cian of the random graph G(n, p) are tightly concentrated around 1, while for
p < (1/2—0)logn/n the graph contains isolated vertices and so A\; = Ay = 0,
in particular the spectral gap is equal 0. Thus about the time the graph be-
comes connected, it already has a large spectral gap. From this fact they
deduced that the random group I'(n,p) has Kazhdan’s property (T) basi-
cally as soon as each generator (or its inverse) are contained in at least one
relator.
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