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Abstract

This thesis provides a review of left-ordered groups and amenable groups. These are used
to investigate a conjecture by Peter Linnell, which relates the existence of a nonabelian
free group to a strengthening of left-orderability, by examining three research articles.
Lastly, we propose a possible generalisation of a theorem by Dave Witte Morris and Peter

Linnell.
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Chapter 1

Introduction to Orderable (Groups

1.1 Introduction

Left-orderable groups have received a great deal of attention in the last century. A group
G is left-orderable if we can give all its elements a strict total ordering < which is left-
invariant, i.e., g < h implies fg < fh for all g, h, f € G. Some notable mathematicians
who work in this field are O. Hélder, P. Dehornoy, and A. A. Vinogradov. They discovered
that free groups, torsion-free abelian groups, fundamental groups of many important
spaces, and braid groups are left-orderable. A group having an ordering implies powerful
algebraic properties. For example, left-orderable groups satisfy Kaplansky’s zero-divisor
conjecture [3I, Chapter 9] . In Chapter [I} we give an example of a fundamental group of
a space which is torsion-free but not left-orderable, and in Chapter [5| we give an example

of a torsion-free group which is not left-orderable.

This thesis begins with a review of left-orderable groups and amenable groups. The
first three chapters of the thesis are dedicated to an introduction of some well-known
results of left-ordered groups, the space of left-ordered groups, and amenable groups,
respectively. The fourth chapter aims to look at what has been done in linking amenable
groups to Conradian left-ordered groups by providing a review of three research papers

which investigate the following conjecture by P. Linnell:

Conjecture 1.1. [23, Conjecture 1.1] Let (G, <) be a left-ordered group which does not

contain a non-Abelian free subgroup. Then G is Conradian left-orderable.

1



2 CHAPTER 1. INTRODUCTION TO ORDERABLE GROUPS

In the last chapter, we proposed a generalisation of a theorem by D. Witte Morris and

P. Linnell by weakening a condition known as “local invariance”.

In this chapter, we introduce orderable groups with an emphasis on left-orderable
groups. Furthermore, we will give some algebraic properties of orderable groups and

introduce Archimedean and Conradian orderings.
There are several useful references on orderable groups, for example, Orderable Groups
and Topology by Clay and Rolfsen [9], Groups, Orders, and Dynamics by Deroin, Navas

and Rivas [I4], and Orderable groups by Mura and Rhemtulla [3]. Many results which will

not be discussed here can be found in these books.

1.2 Definitions

Definition 1.1. [9, Chapter 1] A group G is left-orderable if we can give all its elements
a strict total ordering < which is left invariant, i.e., g < h implies fg < fh for all

g,h, feq.

Remark 1.1. We denote by (G, <) a group G with an ordering < and the identity element

by 1.

We can ask ourselves if there exists a notion of right-orderability. We say that a group
G is right-orderable if we can give all the elements of G a strict total ordering < which is
right-invariant. We have that left-orderable groups are right-orderable as well; however,
the orders might be different (see Proposition . Furthermore, if the ordering of a group

is right and left invariant, we say that the group is bi-orderable.

1.3 Properties

What properties do left-orderable groups have? Let us investigate some of them.

Proposition 1.1. [9, Chapter 1, Problem 1.2] Let (G, <) be a left-ordered group, then <

defines a right ordering g < h if and only if h™* < g~1.
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Proof. Let g, h € G such that ¢ < h. We want to show that < is right-invariant. Let

¢ € G be given, then

g=<h < ht<g!

= cht <cg™?

(multiplying by ¢ € G on the left)
= (cgH < (chH)!
— gc ' < hch

Thus < is a right-invariant ordering. [

Proposition 1.2. [9, Chapter 1, Problem 1.1] Let (G,<) be a left-ordered group. Then

(a) For all g € G, 1< g if and only if g~' < 1.

(b) If 1 < g and 1 < h, then 1 < gh.

Proof.  (a) We can multiply 1 < g by ¢! on the left and we obtain
gl<glyg = g'<1, sinceglg=1.
Conversely, we can multiply g~! < 1 by ¢ on the left and we get
ggl<g = 1<gsince gg ' =1.

(b) We can multiply 1 < h by g and we get that g < gh. From the hypothesis we have

that 1 < g, thus 1 < g < gh. Therefore we have that 1 < gh.
O

Proposition 1.3. [9, Chapter 1, Proposition 1.3 | Let (G, <) be a left-ordered group.

Then G is torsion-free.

Proof. Let G be a left-orderable group. Let g € G. We have two cases 1 < g and g < 1.

Let g € G. If 1 < g, then by multiplying by g on the left we get ¢ < g*>. By repeating

this process we obtain

l<g<@*<g*<---<g" VneZ'.
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Therefore 1 < g" for all positive integers n € Z*.

Similarly for the case g < 1. We get that
<<t <g<l.
Then g™ < 1 for all positive integers n. O]

Example 1.1. [9, Chapter 1, Example 1.5] Some examples of bi-orderable groups are
(R, +), (Q, +), and (Z, +). The group (R\ {0}, -) is not bi-orderable, because (—1)* =1
(where —1 € R\ {0}), i.e., it has an element which has finite order, and by Proposition

this cannot happen.

Example 1.2. [9, Chapter 1, Example 1.5] We have that left (or bi)-orderability is
preserved under taking direct products. To see this let, G and H be left (or bi)-orderable
groups, then the direct product G x H is left (or bi)-orderable using a lezicographic ordering
(g, h) < (¢, 1) if and only if g <¢ ¢’ or g=¢" and h <y I, where <g and <y are left

(or bi)-orderings of G and H, respectively.

Proposition 1.4. [9, Chapter 1, Problem 1.8] Let G be a group, K be a normal subgroup

of G and H = G/K be its quotient group. Assume that there exists a short exact sequence:

1 K G L~ H 1.
Then G is left-orderable if H and K are left-orderable.
Proof. Let (H,<p) and (K, <g) be two left-ordered groups. We want to show that G is

left-orderable. Consider g € G. We can define a left-ordering on G as follows: 1 < g if

p(g) # 1 and 1 <y p(g) or p(g) =1 and 1 <k g¢. This defines a left ordering of G. O

An example to illustrate Proposition is the following:

Example 1.3. [9, Chapter 1, Problem 1.9 and Problem 1.10] Let us consider the Klein
bottle group. Recall that the Klein bottle is a non-orientable surface. Furthermore, we have

that we can think of Klein bottle group as a square with sides identified as in Figure|l. 1.
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N

N/

Figure 1.1: Klein Bottle seen as a square
The Klein bottle has the following fundamental group: [17, Chapter 1, Ezercise 12]

K= (z,y|layz™ =y ).

We have that (y) is a normal subgroup of K and that (y) = Z . Furthermore, the

quotient group K/(y) = Z. Thus we have the following short exact sequence

1 Z K Z 1.

We know that Z is left-orderable, thus by Proposition[1.J] we have that K is left-orderable.

Moreover, the kernel and the quotient each admit two left-orderings. Thus K has at
least four left-orderings. In Section[1.8, Example we will see that these are the only

left orderings of K.

Example 1.4. [9, Chapter 1, Problem 1.7] How can we order (Z*, +)? There are two

ways of doing this. One of them is by using Erample with G = H = 7. The other
one is by thinking of Z* as sitting inside the xy-plane in the usual way. We choose a

vector T = (v1, vo) € R? which has irrational slope. Given two elements @ = (a1, as) and

b= (by, bs) of Z2, we declare the ordering to be

a<b < av; + asvy < byvy + bavs.
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We can also choose U to have rational slope. In this case, we pick another vector

t'= (t, to) € R% which is orthogonal to . Then given @ and b, declare
a< g <= a1V + a9y < bl?Jl + bQ’UQ,

unless a1vy + asvy = byvy + bovo, which implies that @ — b is orthogonal to v. If this happens
we declare

a< g < ait; + agty < bity + bats.

Proposition 1.5. [9, Chapter 1, Problem 1.29] Let (G, <) be a left-ordered group. Then

the following are equivalent:
(1) (G, <) is right-ordered.
(2) If g < h, then h™' < g~ for all g,h € G.
(8) If g < gh, then g < hg, for all g,h € G.

(4) If g1 < ha and g2 < ha, then gigs < hihs.

Proof. To prove this theorem we will show the following implications (1) <= (2) <=

(3), and (4) < (1).

Firstly, we will show (1) <= (2). Assume that < is right-invariant. If we have that

g < h, then we multiply by h~! from the right and obtain
gh™ ' <hh™ = gh ' < 1.

Now we multiply by ¢~! from the left. We can do this because < is left invariant, and we

obtain

1

g lght < gt = hlt<g .

Conversely, assume that ¢ < h and (2) holds and let ¢ € G, then
g<h = hl<g!

1

— ch™ ' <cg™ (multiplying by ¢ € G on the left)

— gc ' < hc! ( by part (2)).
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Thus < is right-invariant.

For (2) <= (3), suppose that g < h = h~! < g~'. If we have g < gh, then

g<gh = g '<g'h  (multiplying by ¢g~2 on the left)
— h7lg<g  (by part (2))

— g <hyg (multiplying by A~! on the left).

Conversely, assume that g < h and (3) holds. Then
g<h = g ' <gh=g"(¢g"h)
= g ' <g'hg™"  (by part (3))

1

= 1< hg™ (multiplying by g on the left)

— hl<yg! (multiplying by A~ on the left).

For (4) = (1), assume that if g; < hy and go < hg, then g;g2 < hihy. We have that
g1 < hy implies that hy* < g7*. If not, then ¢g; < hy and g;* < hy* which gives 1 < 1.
Thus for all g € G
g <h = hi'<g!
— g b <gTlg!
= (9791 ) < (¢ 'hi)T (9T eq)

= 19 < hig.

For (1) = (4), suppose that g; < hy and go < hy and (1) holds. Then we have that
9192 < h1gs

== 192 < h1g2 < hihg
higs < hihg

= §192 < hiha.
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Definition 1.2. [9, Chapter 1, Theorem 1.24] Let (G, <) be a left-ordered group. The

positive cone P of G is defined as:
P={geG|g>1}
Furthermore, we call the elements of P positive.

Theorem 1.1. [J, Chapter 1, Theorem 1.24] Let G be a group. Then G is left-orderable

if and only if there exists P a subset of G such that

(1) P-PCP and

(2) G=PU P U{1}, where U is the disjoint union.
Proof. Let (G, <) be a left-ordered group and P its positive cone. Then we have

(1) P-P C P (by Proposition |1.2| part (b)) and

(2) G=PU P 'U{1} (by Proposition [1.2] part (a)).
Conversely, given such a P we can define a strict total ordering of G using the rule

g<h < ¢g'heP

]

Note that the proof of the above statement yields the stronger statement that the set

of left-orders is in a bijection with the set of P C G satisfying (1)-(2).

We know that a group is bi-orderable if there is a left-ordering on G which is right-
invariant as well. How can we translate this to the language of positive cones? Well, the
positive cone P of a bi-orderable group needs to be the positive cone of a left-ordering and
we need to add the condition that gPg~! = P for all ¢ € G. Thus we have the following

Theorem:

Theorem 1.2. [J, Chapter 1, Problem 1.26] A group G is bi-orderable if and only if it

there exists P C G satisfying
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(1) P-PC P,
(2) G=PU P U{1}, where U is the disjoint union, and
(3) gPg~* C P for all g € G.

Note that the proof of the above statement yields the stronger statement that the set

of bi-orders is in a bijection with the set of P C G satisfying (1)-(3).

1.4 Bi-orderable Groups

Not all facts that hold for left-ordered groups hold for bi-ordered groups. In this section,

we look at some facts about bi-orderable groups that do not hold for left-orderable groups.

Proposition 1.6. [9, Chapter 1, Problem 1.20] Consider (G, <) to be a bi-ordered group

and let g,h € G. If g™ = h"™, for some n > 0, then g = h.

Proof. Using Proposition we have that, if g < h then ¢g? < h? and then ¢ < h3, and
so on, thus distinct elements cannot have equal n-th powers. Thus, if ¢" = h", then

g=h. O

Proposition 1.7. [0, Chapter 1, Problem 1.21] If (G, <) is a bi-ordered group. Then g"

commutes with h if and only if g commutes with h.

Proof. Assume that h and g" commute, then we have that (h=*gh)" = h='¢g"h = g". Thus,

by Proposition we have that h='gh = ¢, which implies that g and h commute.

The converse is trivial.

]

Proposition 1.8. [d, Chapter 1, problem 1.22] If (G,<) is a bi-ordered group, then G

does not have generalised torsion.
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Proof. Let (G, <) be a bi-ordered group and assume that 1 # ¢g € G is a generalised

torsion element. Then there exists elements aq, ..., a, € G such that
(a;"ga1)(a; 'gaz) . .. (a, gan) = 1.
Since g # 1 we have that either g < 1 or ¢ > 1. If g < 1, then a; 'ga; < 1 for all i by

bi-orderability. Thus

(al_lgal) (a;lgag) o (a;lgan) <1,
—_——— —— ——

<1 <1 <1

which is a contradiction. The case g > 1 is similar. O]

The Klein bottle group shows that none of these propositions hold for a left-orderable
group.

1.5 Example of a Torsion-free Group which is not

Left-orderable

In this section we want to show that the fundamental group of the Weeks manifold is

torsion-free but not left-orderable. The fundamental group is: [7]

(W) 2 (a, b | bababa *b*a™", ababab™'a*b™1).

Assume that m (V) is left-orderable. Then without loss of generality we can assume
that a € P. Furthermore, assume that b € P. Then we have two possibilities, either: (i)

ab™t € Por (ii) ba™' € P,
If ab=! € P, then consider the relation ababab='a?b~! = 1. Thus

a b a b abl a ableP
N N N N N
€P €P €P €P €P €P ¢€P

1=

which is a contradiction.

If ba=! € P, then consider the relation bababa='b?a=! = 1. Thus

b b a ba ' b
NN i i N g
€P €P €P €P €P P ¢€P

1=
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which is a contradiction.

Thus if a € P, then b ¢ P. However, this implies that b~! € P, and therefore,

eP €eP €P €P €P ¢€P ¢P

Let us show that 1 = b~ 'ab=2a?b"'a?b~!, and so 1 € P which is a contradiction.

We have

b tab?a*(b 'a*b) = b tab 2a*(a b e b e (using ababab 'a®b! = 1)
=b " (ab2a)b ot b et
= b ! (babab)bra b et (using bababa'b?a™' = 1)

=1.
Hence (W) is not left-orderable.

Theorem 1.3. [J, Chapter 5, Theorem 5.13] Let W be the Weeks manifold and w(W') its

fundamental group. Then w (W) is a torsion-free group.

The proof can be found in [7].

Note that the universal cover of W is H?® and recall that H? is contactable; thus,
71 (W) has finite cohomological dimension. Therefore we have that m (W) is torsion-free

[7, Theorem 9.2].

Hence, by Theorem , we have that m (W) is a torsion-free group which is not

left-orderable.

We will see another example of a torsion-free group which is not left-orderable in

Chapter o]
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1.6 Archimedean Ordered Groups

Definition 1.3. [9, Chapter 2] Let (G, <) be a left-ordered group. We say that the left-
ordering < is an Archimedean ordering if for all elements g,h € G there exists an integer

n such that h™ < g < h"*1,
Example 1.5. The groups (Q,+) and (R, +) with their usual ordering are Archimedean.

Lemma 1.1. [70, Section 3, Theorem 3.8] Let (G, <) be an Archimedean left-ordering.

Then < is a bi-ordering.

Proof. [9, Chapter 2] Let (G, <) be an Archimedean left-ordered group. Let P be its posi-

tive cone. We want to show that G is bi-orderable, i.e., we want to show that g~ Pg C P

for all g € G.

Let h € P and g € G. We have two cases: g is a positive element and g is not a positive
element. Firstly, assume that g is positive, then because < is an Archimedean ordering we
have that there exists n € ZT such that g < h™. Thus 1 < g~'h" and 1 < g~'h"g (because
both g7'h™ and g are positive elements). This implies that 1 < g~'hg (this is because its

n-th power is positive), which implies that g~'hg € P.

Secondly, assume that ¢ is a negative element of G and h € P. Further assume that

g thg ¢ P. Therefore, from g~'hg ¢ P, we have that

1<(gthg)™ = 1<g'hlg

1

Now g(g~*h~1g)g~! is a positive element (by the above, conjugation of g~*hg with the

1

positive element g~ will result in a positive element). Therefore, we have that

1<g(gthlg)gt =h,

which is a contradiction. Thus G is bi-orderable. O

Lemma 1.2. [9, Chapter 2, Lemma 2.5] Let G be a bi-ordered group which does not have
a least positive element. Then given g € G with g > 1 there exists h € G with h > 1 such

that 1 < h? < g.
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Proof. Let g > n > m > 1, where n,m € G, and consider nm = > 1. If (nm~!)? > n, then

m~tnm~' > 1 and n > m?, so we can choose h = m. Otherwise, choose h = nm='. [

Lemma 1.3. [9, Chapter 2, Lemma 2.4] Let (G, <) be an Archimedean left-ordered group.

Then G s abelian.

Proof. [9, Chapter 2] We know that the ordering is bi-invariant. Let P be its cone and
p € P. Then we have two cases (i) P does not have a least element and (ii) P has a least
element.

Consider (i). Let g,h € G and assume that g and h do not commute. Furthermore,
without loss of generality we may assume that g,h, and ghg 'h~! are positive elements
of G. Then using Lemma [1.2) we have that there exists an element f € G such that
1 < f? < ghg 'h~'. Using the fact that < is Archimedian we have that there exists two
integers m, n such that f* < g < f* and f™ < h < f™*!, this implies that g71 < f™
and A=t < f~™. Now

ghg th™t < ghg™'f™™
<ghf—"fm
< fn+1fm+1f—nf—m
= 12
this is a contradiction. Thus G is abelian.

Consider (ii). We want to show that (p) = G, where p € P is a least element. Let
g € G\ (p). Using the fact that < is Archimedian we have that there exists an integer n

such that p"* < g < p™*!. This gives us that 1 < p~"¢ < p, which is a contradiction. Thus
G = 7, which implies that G is abelian. n

Theorem 1.4 (Holder, 1901). [9, Chapter 2, Theorem 2.6] If (G, <) is an Archimedean

left-ordered group, then G is isomorphic with a subgroup of (R,+).

Proof. Let (G, <) be a group with the Archimedean property. By Lemma we have

that < is bi-ordering. Fix a positive element f € G. Now for all g € G and n; € Z by the
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Archimedean property we have an integer a,, € Z such that
fon < gt < fonttand fore < g < o,
then using bi-orderability we have that
famtang < guitnz o gan Fang+2,

a
Hence an, + any, < apyin, < ap, + an, + 1; it follows that the sequence {—n} converges
n

to a real number (this is due to Fekete’s Lemma since the sequences a,, are subadditive).

Qn

Then we can define a function ¢ : G — R by ¢(g) = —.
n

To see that ¢ is homomorphism let g, h € G and n € Z. By the Archimedean property

we have integers a,,, b, € Z and ¢, € Z such that
for < (gh)t < fot
for < gt < oot (1)
for < hm < ot (1.2)

We want to relate a,, and b, to ¢,. Thus by multiplying Equation and Equation

we get

Fontbn < gnpn o pantbat2 o gantbn < (gpyn o pantbat?, (1.3)

Thus a, + b, < ¢, and ¢, + 1 < a, + b, + 2. Applying ¢ to Equation [1.3| we get
G(fo o) <o ((gh)") < g(foTo*?)

an +bn < o ((gh)") < an + by, + 2.

We have to find lim C—n. Now

n—oo N
ntbn o+l At by 42
lima+ §hmc—:thjL Shmw———i_.
n—oo n n—oo N n—00 n n—o00 n
Thus by the squeeze theorem we have that
ay, + by,
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Then

= o(g) + o(h).

Lastly, we need to show that ¢ is injective. Note that ¢ is an order preserving homo-
morphism, i.e., if g < h, then ¢(g) < ¢(h), and that ¢(f) = 1. Assume that h € G is a
nontrivial element. Then because the ordering is Archimedean we have that there exists

an integer n such that A" > f. Thus if ¢(h) = 0, then

0=no(h) = o(h") = ¢(f) =1,

which is not possible. Therefore, h =1 when ¢(h) = 0. O

1.7 Bi-orderable Groups are Locally Indicable

Definition 1.4. [9, Chapter 2] Let (G, <) be a left-ordered group and C C G a subset
of G. We say that C is convex relative to < if for all g, h € C and f € G such that
g < [ <h, then f € C. Furthermore, we say that a subset C of G s relatively convex if
there exists an ordering of G' relative to which C is convex. If C' is a relatively convez set

which 1s a subgroup of G, then we say that C' is a relatively convex subgroup of G.

One reason why we are interested in convex subgroups is because we can produce a

left ordering by taking quotients by them. We have the following theorem:

Theorem 1.5. [d, Chapter 2, Problem 2.13] Let (G, <) be a left-ordered group and H a

convex normal subgroup of G, then G/H is left-ordered.

Sketch of Proof. Let (G, <) be a left-ordered group and H C G a normal convex subgroup

of G. We have that on G/H there exists a natural left-ordering < defined by

a<b <= aH < bH.
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Left-invariance follows from the definition and well-definedness follows from convexity. [

Theorem 1.6. [, Chapter 2, Problem 2.9] Let (G, <) be a left-ordered group and C, D C

G be convex subgroups of G. Then either C C D or D C C.

The conclusion of Theorem says that convex subgroups are ordered by inclusion.

Proof. Let (G, <) be a left-ordered group and C, D convex subgroups of G. Assume that
the conclusion of the theorem is false. Then take elements ¢ € C'\ D and d € D \ C.
Without loss of generality, assume that 1 < ¢ and 1 < d (if this is not the case, then take
the inverses). Then we either have 1 < ¢ < d or 1 < d < ¢. This means that either d € C

or ¢ € D by convexity, both of which we assume is false. m

Theorem 1.7. [3, Chapter 1, Theorem 1.45] Let (G, <) be a left-ordered group and

{Ci}ier (I is an indexing set) a family of conver subgroups. Then () C; and |J C; are
iel i€l

convex subgroups.

The proof can be found in [3] Chapter 1, Section 1.4.

Definition 1.5. [, Chapter 1] Let G be a group. We say that G is locally indicable if for

every nontrivial finitely generated subgroup H of G we have a homomorphism H — 7.

Theorem 1.8. [d, Chapter 2, Corollary 2.20] Let (G, <) be a bi-ordered group, then G is

locally indicable.

Corollary 1.1. [, Chapter 2, Theorem 2.19] Let G be a finitely generated group and < a

bi-ordering of G. Then then G surjects onto Z

Sketch of Proof of Theorem[1.8 [0, Chapter 2] Let (G, <) be afinitely generated, bi-
ordered group, and H a finitely generated subgroup of G. Let the generators of H

be ordered as follows:

l<gr <go<... < gp.

Denote the union of all convex subgroups of H that do not contain g, by K. The only

convex subgroup which properly contains K is H. Recall that bi-orderings are conjugation
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invariant. Thus we have that K is conjugation invariant. Therefore we have that K is a
normal convex subgroup in G' by Theorem . Thus by Theorem , we have that H/K
is left-orderable. In fact, H/K is Archimedean ordered; this is because there are no convex
subgroups between K and H, thus by Holder’s Theorem there exists H — (R, +).

Since H is finitely generated, we have that there exists a homomorphism
H— H/K — Z.

Thus, G is locally indicable. O]

1.8 Conradian left-ordering

In Chapter (4] we will be using Conradian left-orderings. Thus let us see what conditions

we need for a left-ordering to be a Conradian left-ordering.

We can build a Conradian ordering from Archimedean orderings of abelian quotients.
To do this, consider (G, <) a left-ordered group and C, D C G convex subgroups of G.
We say that (C, D) is a Conradian convex jump if C' is normal in D, and the natural
ordering of D/C' is an Archimedean ordering. A Conradian left-ordering is a left-ordering

where all jumps are Conradian.

Example 1.6. We have seen that the Klein bottle group, K, has at least four orderings
(see Example . We want to show that K has exactly four orderings all of which are
Conradian. To do this we will show that (y) is convex in any left-ordering of K.

The steps are as follows:

o We need to show that any element of K can be written as y™x™ with m, n € 7Z.
e We need to show that (y) is convex.

e We need to find the convex jumps and infer that all orderings are Conradian.

Recall that

K (z,y|layz ' =y ).



18 CHAPTER 1. INTRODUCTION TO ORDERABLE GROUPS

From the relation xyx=' =y~ we get four new relations

o 1y =y 'z, to show this multiply xyx~' =y~ by x on the left;

o yx = xy ', this is because

zyr ' =y = yayr ' =1 multiply by y on the left

— yxy =x  multiply by © on the right

1 1

== yr =2xY multiply by y~" on the right,

o v 1yl =yx~!, this is because

vyr ' =y = gyt =yt madtiply by 7' on the left

Thus by using these relationships we can write an element of K with all powers of x on
one side and all powers of y on the other side. Meaning that an element g of K can be

written as y"x™ (m, n € 7).

To show that (y) is convez, we need to show that if g € G and there exists k, n € Z

such that y=% < g < y™, then this implies that g is a power of y. Assume that x > 1, and
we will show that y™ < ™ for all n € Z and m and odd integer. Let us suppose that this
does not happen to arrive at a contradiction. Let

1<a™<y", (without loss of generality we can assume that m is an odd integer)
= "y" > 1
== "y > 1 (because x is positive)
= (z7Mya™)" > 1
— (yH" > 1 (because xyx—' = y~! and m is odd)

=y " >1,
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which 1s a contradiction. Thus y"™ < x™ for alln € Z if x > 1.

Let g € K be an element where g = y"x™. Suppose that y™* < g <y for k, | € Z.
Then
y—k < ynxm < yl

k—l—nl_m I+k

= 1<y <y

s 1 < 2™ < yl+k—k—n — yl—n7

which is a contradiction if m # 0. Thus g € (y).

Recall that (y) and K/{y) are infinite cyclic groups and also, that all the left-orderings

of K arise from the following exact sequence:

1 () K K/(y)

Thus we have that K has exactly four orderings, this is because the kernel and the quotient
both have exactly two orderings. Furthermore, in every left-ordering of K the convex
subgroups are {1}, (y), and K. Therefore the only convex jumps in a left-ordering of K
are ({1}, (y)) and ((y), K). Moreover, (y) and Z/{y) are Archimedean; thus every convex
gump of a left-ordering of K is a Conradian jump. This implies that every left-ordering of

K is Conradian

Theorem 1.9. [10, Lemma 4.2/[9, Chapter 9, Theorem 9.5] Let (G, <) be a left-ordered
group, then < is a Conradian left-ordering if and only if for all g, h € G positive elements

there exists n > 0 such that g < hg".

From Theorem [1.9] we have that every bi-ordering is Conradian. Why is this? Well, we
know that in a bi-ordering g < hg™ is true for all positive elements g, h € G by taking
n=1.

In fact we have that requiring n = 2 is equivalent to Theorem [1.9] Thus we can think

of Conradian groups as follows:
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Proposition 1.9. [29, Section 3, Proposition 3.7] Let (G, <) be a left-ordered group. Then

< is Conradian if and only if g < hg® for all g,h € G with g, h > 1.

Proof. Assume that < is Conradian and that hg? < g. Then from hg? < g we have that
(g7'hg)g < 1, this implies that g~ 'hg is a negative element. From g~'hg < 1 we have that

hg < g. Note that h and hg are two positive element of G. Then for all n > 0 we have:
h(hg)" = h(hg)"~*(hg)(hg)

< h(hg)"*(hg)g
= h(hg)"*(hg?)

< h(hg)"%g

< hg.

Therefore, h and hg do not satisfy Theorem [I.9] which is a contradiction to our assumption.
The converse follows from Theorem [1.9] O
Theorem 1.10 (Conradian Burns-Hale). [9, Chapter 9, Theorem 9.17] A group G is

Conradian left-orderable if and only if for every nontrivial finitely-generated subgroup

H C G, there exists a Conradian left-orderable group K and a nontrivial homomorphism

H— K.

A proof of Theorem can be found in Chapter 9, Section 2 in [9].

Proposition 1.10. [9, Chapter 9, Proposition 9.19] Let G be a nontrivial finitely-generated

Conradian left-ordered group, then there exists a homomorphism G — Z.

Proof. The proof is similar to Theorem [1.8| from Section We choose a maximal convex
subgroup C' of G and conclude that G/C is Archimedean ordered, thus there exists a

homomorphism G — 7Z ]

Corollary 1.2. [5/[9, Chapter 9, Corollary 9.21] Let (G, <) be a left-ordered group. Then

G is locally indicable if and only if G is Conradian left-ordered.



1.8. CONRADIAN LEFT-ORDERING 21

Proof. Let GG be a group with a Conradian ordering and let H be a non-trivial finitely
generated subgroup of it. We have that H also has a Conradian left-ordering. Therefore,

by Proposition [I.10| we have that there exists a map of H onto Z.

Conversely, if for every nontrivial finitely-generated subgroup H of G there is a surjective

map H — Z, then by Theorem [1.10] we have that G has a Conradian left-ordering . [
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Chapter 2

Spaces of Orderings

This chapter aims to see how we can topologise the set of left-orderings on a group G.

This will be used in Chapter [4]

2.1 Introduction

Let us introduce some important definitions and facts about topologies, which we will be

using in the coming chapters.

Let X be a set. A topology on X is a collection 7 of subsets of X such that:

1. The empty set () and X are in 7 ;

2. If {X,}ier € 7, then |J X; € 7, where [ is an indexing set;
i€l

3. f{X;}, €7, then N X, €.
i=1
A pair (X, 7) is called a topological space. We say that a subset U of X is an open set of
XitUer.

We say that a collection of open sets {B;};c; of a topological space X is an open cover

if X = |J B;. We say that a topological space X is compact if every open covering has
i€l

a finite subcollection whose union is X. We say that a collection B of subsets of X is a

23
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basis of X if the open sets are exactly all unions of sets in B.

Recall that if {X,};c; is a family of topological spaces and I an indexing set, then the
product topology on [] X; is the topology having as basis the collection

el

B = {H Ui | U; is a open set in X; and U; # X; for all but finitely many i € ]} .

el

Let us recall a theorem that will be used in the following subsection.

Theorem 2.1 (Tychonoff’s Theorem). [28, Chapter 5] Let {X;}icr be compact spaces,
then [] X; is compact in the product topology.

iel

The proof can be found in [28] Chapter 5, Section 37.

2.1.1 Topology on the Power Set

We want to topologise the set of left-orderings on . Before doing this, let us recall what
is the topology of the power set, as this will be useful in understanding the topology of

the set of left-orderings on G.

Let X be any set. Recall that the power set of X is the collection of all its subsets,
denoted by P(X) or 2. The notation 2% means that we can identify the power set with
the set of all functions f : X — {0, 1} by using the characteristic function x4 : X — {0, 1}

associated to a subset A of X. The characteristic function is defined as

(2) 1, z€A
xT) =
xa 0, =z¢A.

Now, to give the set 2% a topology we use the product topology. To do this, consider

2% to be the product of | X| copies of {0, 1} such that for each x € X the sets

{f €2 f(z) =0}
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and
{fe2®|flx)=1}

are a subbasis. Going back to the other notation, P(X), we have that the subbasic open

sets are of the form:
Vi={ACX|zeAtand Vy={AC X |z ¢ A}.
Note that these sets are closed as well, since the sets are complement of each other.

Theorem 2.2. [4, Chapter 1] Let X be a set and P(X) be its power set. Then P(X) with

the product topology is compact.

2.2 The Space of Orderings

Now that the preliminaries are done, let us see how can we topologise the set of left-orderings

of a group G.

Definition 2.1. [9, Chapter 1, Definition 1.37] Let G be a group. We define the space of
left-orderings of G, denoted by LO(G), equipped with the subspace topology arising from
LO(G) C P(G) as

LO(G) ={P C G| P is the positive cone}.
Le., LO(G) is the collection of all subsets P C G such that:

1. PP '=0 and

2. G=PUPU{1}, disjoint union.

What are the open sets of LO(G)? To find them we need to relate the space of LO(G)
with P(G), the power set of G. To do this, we view LO(G) C P(G) as a subset of the

power set of G. The subbasis of LO(G) is sets of the form

U, =V,NLO(G) = {P € LO(G) | g € P}
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and
c c -1
Us=ViNLO(G) ={P e LO(G) | g ' € P} =Uy-1.
A basic open set of LO(G) has the form (1) Uy,, for a finite subcollection {g; }; of elements
i=1

of G .

Is LO(G) compact?

Proposition 2.1. The space LO(G) with the topology described above is compact.

Proof. The sets which are not positive cones satisfy one of the following two conditions
(i) P-P ¢ Por (ii)) G# PUP'U{1} (disjoint union). In order for a set X to satisfy
condition (i) we must have elements g, h € G such that g, h € X and gh ¢ X, i.e., all the

sets which satisfy (i) are

T=|J){Xe€29/3g, he Xsuchthat gh ¢ X} = | ] (V,nVun V).

g, heG g,heG

which is an open set.

In order for X to satisfy (ii) we must have an element 1 # g € G such that g, g7' € X

or g, gt ¢ X, or 1 € X. The collection of sets satisfying this is

5—<U{X€2w\979‘16X}>U U (xe2rjg g ¢ X}

geG geG\{1}

= U vinvelul U vnv |,
geG\{1} geG\{1}

which is an open set as well.

This makes LO(G) a closed subset of P(G), and thus a compact space. O

Proposition 2.2. [33, Theorem 1.4.] The space LO(G) is totally disconnected .
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Proof. Let P, and P, be two distinct positive cones in a set U. such that for g € G we
have that g € P, and g ¢ P». Then we have that P, € U, and P € U;—1 and U, U U1 is

the entire space. Therefore U, and U,-1 disconnect U. n

Proposition 2.3. [33, Proposition 1.3] If G is countable infinite, then LO(G) is metriz-

able.

Proof. Let GG be a countable infinite set and gg, g1, . . . its elements. Let Py, P, € LO(G) be

two positive cones such that the orderings determined by P; and P, agree on gg, ..., gr_1

1
and disagree on g,. Define d(Py, Py) = o This is a metric on LO(G). O

It is important to know if our space is compact or not, totally disconnected or not,
and if it has isolated points or not. This is because if we know this information we might

be able to determine to what space it is homeomorphic to.

Theorem 2.3. [6, Theorem 1] Let X be a nonempty, compact, totally disconnected,

metrizable space without isolated points. Then X is homeomorphic to the Cantor space.

Definition 2.2. The Cantor set is defined as:

oo 3"—-1
3k+1 3k+2
c=pnUJ U (5

n=1 k=0
A Cantor space is any space which is homeomorphic to the Cantor set C.
Note that LO(G) is a totally disconnected since P(G) is totally disconnected. Further-

more, if G is countable infinite, we have that LO(G) is metrizable, since P(G) is metrizable.

Theorem can give a characterisation of the homeomorphism type of LO(G). This
characterisation is that LO(G) is homeomorphic with the Cantor set if and only if it

contains no isolated points. By isolated points, we mean open one-point sets.

In this thesis, we have that an isolated ordering is one where the positive cone P satisfies

{P}: ngw
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where g1, ..., g, are positive elements of G.

2.3 The Structure of LO(G)

Can we give LO(G) a natural G-action? Let (G, <) be a ordered group. Given g € G the

action of g on LO(G) is P — g~'Pg. Moreover, G acts on LO(G) by homeomorphisms,

n
since the image of a basic open set () U, under an action of ¢ is the basic open set
i=1

Y

Uj-14,4 19, Chapter 10]. We will be using this in Chapter 4| Section .

1=1

More often than not, we do not know the structure or the action of LO(G). An example
when the structure and the action are known is the Klein bottle. In Example [I.6] we saw
that the Klein bottle has exactly four orderings and that all orderings come from the short

exact sequence

1= {(y) > K— K/{y) =1,

note that K/(y) is generated by the cosets of z. The four orderings of K depend on if x

and y are positive or negative. Now LO(K) ={P,,, P._, P_,, P__}, where

e P, means that both x and y are positive;
e P, means that x is positive and y is negative;
e P, means that x is negative and y is positive;

e P means that x is negative, and y is negative.

Now, let us see what the action does to the above four orderings. Note that, from the

' =y~ and yaxy~! = x have that the sign of 2 does not change when we

relations, ryx~
conjugate by y and that the sign of y changes when we conjugate by y. Thus when we
conjugate the ordering P, we get the ordering P, _ and when we conjugate the ordering

P_, we get P__. Therefore the generator y acts trivially and the generator x acts by

swapping pairs of left-orderings (Figure .
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Figure 2.1: Action of the generators of K on LO(K)

Recall that K is not bi-orderable, thus every orbit of the action contains more than

one point.

Let us give another example of a group where the structure of LO(G) is known.

Example 2.1. Consider the braid group with infinite many generators, By,. We will show
that LO(Bw) is homeomorphic to the Cantor set. This group has the following presentation

[12, Chapter XIV, Proposition 2.10]

Boo:<0-17"'70-n7'“|O-io-j:0-j0-i7 fOT"Z—]’22

0i0;0; = 00,0, for |Z _]‘ = 1>

Let P C By, be the positive cone of a left-ordering of Bs,. Let H C P be a finite subset.
Furthermore, let BZ be the braid group with infinitely many generators where we shift the

generators by n, i.e., the generator o; becomes g;y,. We want to show that there exists an

1 such that aiPai_l is a positive cone of By, with P # aiPai_l and H C a,-Pai_l.

Fix an integer n such that H C B,,, where B,, is the braid group with n — 1 generators.

Note that B,, is the subgroup of By generated by the first n — 1 generators. Furthermore,
for i > n we have that every element h € H commutes with o;. Therefore, H = o;Ho; * C

o Po;t.

Now assume that there exists i > n such that P # o;Po;*. Then we have that B,

is isomorphic to By,. Thus both PN B and (0;Po; ) N B are positive cones of B™.
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Therefore, if P = 0;Po; " for some i > n, then By, and BY. are bi-orderable group, which
is a contadiction since Bs is not bi-orderable (this is because the braid o105 is conjugate

to its inverse; see [12] Chapter II Proposition 1.2. for a proof that By, is not bi-orderable).



Chapter 3

Amenable Groups

Amenability is an important property for groups. There are many different definitions
which characterise this class of groups. In this chapter, we will introduce the notion of
amenable groups using some of these characterisations. We will restrict our discussion to

discrete groups. We will be using amenable groups in Chapter

3.1 Definitions and Examples

Let us look at an interesting example of a non-amenable groups. To do this we need to

introduce Ponzi schemes:

Definition 3.1. [206, Lecture 3, Definition 3.2] Let G be a discrete group. A Ponzi scheme

on G is a function m : G — G such that

1. #m~(g) > 2 for all g € G,
2. there is a finite subset S C G such that m(g) € gS for all g € G.

One of the reasons we are looking at Ponzi schemes first is because they are easier to

understand than the following definition:

Definition 3.2. [11, Chapter 9, Definition9.1.1] Let G be a group. If there exists a

sequence of nonempty finite subsets of G, {F,}n>1 such that

| F\gF.|
A

31
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for all g € G, then we say that {F, },>1 is a Folner sequence.

Definition 3.3. [71, Chapter 9, Proposition9.1.2] Let G be a group. If G has a Folner

sequence, then G is amenable.

Theorem 3.1 (Gromov). [26, Lecture 3, Theorem 3.4] Let G be a group. Then G is not

amenable if and only if there exists a Ponzi scheme on G.

Recall the following definition:

Definition 3.4. [1]] Let G be a finitely generated group and H C G a set of generators
for G. The Cayley graph, Cay(G, H), corresponding to G has vertex set equal to G and
two vertices g1, go € G are connected by a directed edge from gy to gs if and only if there

exists h € H such that g = hgs.

Example 3.1. [26, Lecture 3, Example 3.1] Let us look at an example of a group that is
not amenable. Consider the free group Fo = (a, b). Assume that each vertex of the Cayley
graph of Fy represents a person holding one dollar. Let fi(g) denote the amount of money

that a person, an element g € Fy, has at time t. At time t = 0 we have
folg) = $1, Vg € TFy.

At a given time every person passes its dollar to a neighbour, h, which is closer to the
identity (by closer to the identity we mean that the path length between h and the identity,
1, in Cay(Fy, {a, a™t, b, b=1}) (see figure[3.1)) is minimal). Furthermore, we have that the

wdentity will keep its dollar as there is nowhere it can pass it to.

Now, at time t = 1 we have that all elements, except the identity element, have

fi(g) =93 for all g

and

fi(e) = $5.

The Ponzi scheme function is m : Fy — Fy defined by g — ¢'. If g = ning...n,,

(n; € {a*',b*1}) is a reduced word then g passes its dollar to ¢’ = niny...n,_1 and the
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wdentity keeps its dollar. Hence we have that every element more than doubled their money,
which satisfies condition (1) of the definition. By taking S = {a, b, a™', b='} we satisfy

condition (2) of Ponzi schemes.

b
a~ ! a
A
b
b b
. a~ ! a~? a . a .
p—! b1
b71
a~t a
rE——@¢— >0
b—l

Figure 3.1: Cayley graph of Iy with generators a and b

Example 3.2. [11, Chapter 9, Proposition 9.1.4] If G is a finite group, then G is amenable.
To show this we need to find a Folner sequence for G. Let {F,},>1 be a nontrivial sequence
of finite subsets of G such that F,, = G for alln > 1. Then

F,\ gF,
ALy yeq

lim
n—00 |Fn|

thus G is amenable.

Example 3.3. [11, Chapter 9, Proposition 9.1.5] The set of integers Z is an amenable
group. To show this we need to find a Folner sequence. Consider the following nontrivial

finite sequence of subsets of Z:
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Now, let g € Z be a fized point. Then for all n such that |g| < n we have
{0,...,9 — 1}, g>1

F\(g+F,) =140, g=0
{g+n,g+n+1,...,n—1}, g<-1.

Now
(
co,g—1
091 ol .
| Fn n
[Fa\ (9 + F)] 0]
= :0’ g:O
o Fn‘+ 1 1
{g+n,9g+n+1,....n— }|:M7 g< -1
\ | Fol n
Hence,
1im@:0, g>1
n—,oo N,
i NG EI o= 0, g=o0
lim 2 =0, ¢g<-1.
n—oo N

Thus we have that {F),},>1 is a Folner sequence for Z, which implies that Z is an amenable

group.

3.2 Different Characterisations of Amenability

In this section, we want to prove that three different characterisations of amenability are

equivalent.
Definition 3.5. [2, Chapter 9] Let X be a set. The set of all bounded functions of the

form X — R is denoted by (> (X, R).

Here, (>°(X, R) is a real vector space where the binary operations are pointwise addition

and scalar multiplication.
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If we have a group G with a left G-action on X then we have a natural G-action on
(X, R) as follows

6 : G x (X, R) - (2(X, R)
(9. f) > fog™

Definition 3.6. [2/, Chapter 9, Definition 9.1.1] Let G be a group. A left-invariant mean

on {*(G,R) is a linear map pu : (G, R) — R such that

1. (Normalisation.) If 1g is the constant map: g — 1, then pu(lg) = 1;

2. (Positivity.) If f € (*(G,R) is non-negative (i.e., f(g) > 0 for all g € G), then

u(f) > 0;

3. (Left-invariance.) For all f € (*(G,R) and all g € G we have that u(g - f) = p(f),

where - is the left-action of G on (*°(G,R).

Theorem 3.2. [26, Lecture 3, Exercise 3.8.2 and Proposition 3.11][11, Chapter 9,

Lemma9.2.1] If G is a countable discrete group, then the following are equivalent:

1. G is amenable;

2. For all finite subsets S of G and every € > 0, there is a nonempty finite subset F of

G such that

| A\ sF |

<e€ Vs e S
| F'|

(this is also called almost-invariant);

3. There is a left-invariant mean on {>*°(G,R).

Proof. [20, Lecture 3][11, Chapter 9] (1) = (2) Suppose G admits a Fglner sequence,
call it {F, },>1. Let S be a finite subset of G and € > 0. Then for each s € S we can find
t(s) € Z such that

| Fu\sFu | _

< Vn > t(s).
A ()
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Take m = magxt(s), then we have that F), satisfies
se

| Fon \ $Fn |

<e€ Vs € S.
| Fi |

For (2) = (1), assume that (2) holds. Let S; C Se C --- C S, C ... be finite subsets

of G such that G = J 5,. For each (n,m) € Z x Z, let F, ,,, be the set corresponding to
1

Sy, from condition (2) using ¢ = —. By condition (2) we have that F), ,, satisfies
m

[ Frim \Fnm | 1y g
| Enm | m

We want to show that F),, is a Fglner sequence. Let g € G. There exists k such that

g €S, for all n > k. Thus

Foun\ gFnn 1
| 5 \g ) |§_ VQGSnwhenevernZk.
| Fn,n | n
Thus
F, . n,n .
tim Lo \gFn | g 1
ool | Fn,n ‘ n—oo N
and
: UBSS
D
Therefore,
. ‘Fn,n\an,n’_
BT

which implies that F,, , is a Fglner sequence.

Now we will present a sketch of a proof that (1) implies (3). Let {F,},>1 be a Fglner

sequence and f € (*(G,R). Let us consider

1
ma(f) = 15 ;nf(x)

T
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We have that m,,(f) is the average value of f on the set F},, and thus m,(f) is a mean on
(G, R). Since F, satisfies condition (2) of the theorem, we have that m,,(f) is “almost”
left-invariant. This is because the linearity and left-invariant condition may not hold
(i.e., mp(g - f) = m,(f) may not hold). To make m,(f) left-invariant we can choose a

subsequence {n;} such that the limit m(f) = klim mn, (f) exists. Such a choice can be
—00

made using either ultrafilters, Hahn - Banach Theorem, or a clever application of the

Axiom of Choice (see [26, Lecture 3)).

To show that (3) = (1), (3) = (2), or (2) = (3), we need to use functional analysis,

which is beyond the scope of this thesis. Proofs can be found in [27] Chapter 12 Section
12.3. O

One important characterisation of amenability which we will use in the coming chapters
is that a group G is amenable if every space X with a G-action has an invariant probability

measure (see Corollary . Let us recall the definition of probability measure:

Definition 3.7. [16, Definition 1.12] Let G be a discrete group acting on a compact metric
space X. We define a G-invariant finite additive probability measure on P(X) p with the

following properties

2. W(AUB) = u(A)+ n(B), A, B C X disjoint;
3. 1(gA) = u(A), forge G and A C X.

Corollary 3.1. [26, Lecture 3, Corollary 3.12] Let G be an amenable group which acts
on a compact metric space X by homeomorphisms. Then there exists a left-invariant

probability measure 1 on X.

Proof. [16] Let G' be an amenable group. Let m € (*°(G,R) — R be a left-invariant mean
on G. We want to show that there exists a probability measure on ¢>°(G,R) which is

invariant under multiplication from the left. Firstly, let A C G, then define pu(A) = m(14),
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1, geA

where 14(g) = {0 g A

Let us show that p is a measure:
e u(G)=m(lg) =m(l) =1,

e Let A, B C GG and note that 14,5 = 14 + 15. Thus
(AU B) = m(laus)

= m(1A+ 13)

— 1(A) + u(B).

e Let A C G and g € GG and note that
g-1a(h) = 1a(gh)

_J1, gheA
10, gh¢ A

_J1, hegA
10, he¢gtA

= 1,-14(h).

Thus
nlg ™ A) = m(lg-14)

Lastly, pick xy € X and define t : G — X by t(g) = gxo. Then we can define a

finitely additive G-invariant probability measure on X as follows:

7:P(X)—[0,1]
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3.3 Properties

In this section, let us introduce some important properties of amenable groups.

Proposition 3.1. [2], Chapter 9, Proposition 9.1.6]

(a) Subgroups of amenable groups are amenable.

(b) Consider the following short exact sequence

1 N G

Q 1.

Then G is amenable if and only if N and ) are amenable.

Proof. [24, Chapter 9, Proposition 9.1.6]

(a) Assume that G is an amenable group and let N be a subgroup of G. Since G is
amenable we have that there exists a left-invariant mean pg. Consider the inclusion

map ¢ : N — G. Then we can define a left-invariant mean of N as

fiy : (°(N,R) = R

[ pa(iof)

Thus subgroups of amenable groups are amenable, i.e., N is amenable.

(b) Assume that GG is amenable, then by part (a) we have that N is amenable. We, now,
have to show that () is amenable. Consider the surjective homomorphism 7 : G — Q.

Then define a left-inavriant mean on () as

>*(Q,R) =R
[ po(mof).

Therefore () is amenable.
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Conversely, assume that N and () are amenable groups. Thus we have that there
exists left-invariant means pn and pg for N and @), respectively. We want to build

a left-invariant mean of g for G.

Let f € (G, R) and consider the map f': Q — R (i.e., f' € £*°(Q,R)) defined by
f'(gN) = un(f,), where f, € £*°(N,R) is a the function defined by f,(n) = f(g-n)
for all the cosets of gN. Then we have that

pe (G, R) - R

defined by uc(f) = po(f’)

is a left-invariant mean for GG, which implies that G is amenable. To show it is
indeed a left-invariant mean, we need to show that ug satisfies the conditions of
Definition [3.6] Let us show the first condition. Because N and @ are amenable
we have that pn(1) = 1 and pg(l) = 1, where 1 is the constant map. Take
f =1 ¢€ (*(G,R). Then we have that fy,(n) = f(g-n) = 1(g-n) = 1. Thus

frel>(Q,R)is f'(gN) = un(f,) = pn(1) = 1, which implies that
pe(l) = po(f') = ne(l) = 1.
The remaining conditions will follow similarly.

]

Proposition 3.2. [35, Chapter 2, Proposition 2.8.8] Let Gy C Go C -+ C Gy,... be

amenable groups. Then G :=|J G, is amenable.

n

Proof. [35, Chapter 2, Section 2.8] We use Folner sequences. Let S C G be a finite set.

Given € > 0 we have that S C G, for some n. We know that (G,, is amenable, thus we

have that there exists F,, C G,, such that

. |FN\9Fn|_
A

for all g € S. Thus G is amenable. ]
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Proposition 3.3. [11, Chapter 9, Corollary 9.2.7] Let G be a countable abelian group.

Then G is amenable.

Proof. By Proposition [3.2]it is enough to show that finitely generated abelian groups are
amenable. This follows from the fundamental theorem of finitely generated abelian groups,

Example |3.2] Example |3.3, and Proposition (3.1}

]

Proposition 3.4. If G is an amenable group, then G has no non-abelian free subgroups.

Proof. The proof follows from Proposition [3.1] and Example O
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Chapter 4

A conjecture by Peter Linnell

We have seen that not all left-orderable groups are Conradian left-orderable groups. An
example of such a group is the infinite braid group B [0, Chapter 10, Problem 10.11].
Thus a question we can ask ourselves is: What other condition must we include for a left-
orderable group to always be a Conradian left-orderable group? We have seen (Corollary
that including locally indicability is one answer (in fact, local indicability is not just
sufficient but also necessary). Another answer is including the condition of amenability.
This chapter aims to look at what has been done in linking amenability to Conradian

left-orderable groups. Throughout this chapter, we consider G a discrete group.

Recall that a group G is locally indicable if every nontrivial finitely generated subgroup
H has an infinite cyclic quotient. In 1977 [3, Theorem 7.3.1] it was proved that a locally
indicable group is left-orderable; however, the converse is not true [2]. Furthermore,
in 1993, [8, Theorem A], it was shown that left-ordered elementary amenable groups
are locally indicable. Moreover, in 1999, Peter Linnell [22] the following question: Are
left-ordered amenable groups locally indicable? In 2006 Dave Witte Morris answer this
question and showed that amenable left-ordered groups are locally indicable (see Section

for the proof of this theorem). In 2001 Peter Linnell [23] formulated the following

stronger statement:

Conjecture 4.1. [23, Conjecture 1.1] Let (G, <) be a left-ordered group which does not

contain a non-abelian free subgroup. Then G is Conradian left-orderable.

43
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Then in 2006, Dave Witte Morris [25] investigated Peter Linnell’s conjecture and
showed that amenable left-orderable groups are locally indicable (this is Theorem 4.1)).

Amenable groups are a natural class of groups to consider in light of Proposition

The structure of this chapter is as follows: We will be presenting three research articles

and each article will have its own section. The articles are

e Dave Witte Morris: “Amenable groups that act on the line” [25]; this is Section ,

e Peter Linnell, Dave Witte Morris: “Amenable groups with a locally invariant order

are locally indicable” [21]); this is Section

e Yago Antolin, Cristobal Rivas: “The space of relative orders and a generalisation of

Morris indicability theorem” [I]; this Section [4.3]
The proofs of the main theorems in all three articles follow the following four steps:

e Step 1: Define a topological space and find an action by homeomorphisms of the

given group G}

e Step 2: we use the fact that the group G is amenable (co-amenable, in the case of
the third article) to find an invariant probability measure on the topological space

defined in Step 1;
e Step 3: we use the Poincaré Recurrence Theorem to find a recurrent point;

e Step 4: we use the previous steps to tie everything together with Conradian orders

(local indicablility, a generalization of Conradian order, respectively).

4.1 Research Article 1

In 2006 Dave Witte Morris proved the following theorem:

Theorem 4.1. [25, Theorem B] If G is an amenable left-orderable group, then G is locally

indicable.
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See Chapter [1] Section [1.7] for the definition of locally indicable.

Because we want to show that G is locally indicable, we can assume without loss of
generality that G is a non-trivial, finitely generated group [25]. We review the proof of
Theorem [4.1] via the next 4 steps:

4.1.1 Step 1: Topology and an Action by Homeomorphisms

Let LO(G) be the collection of all left-orderings of a group G. Recall that in Chapter 2
we saw how we can give LO(G) a topology. Also, recall that LO(G) C P(G) and LO(G)

has subbasic sets of the form:

U, =V,NLO(G) = {P € LO(G) | g € P}
Us =ViNLO(G) ={P e LO(G)| g ' € P} = Uy,

where Vj is the subset of sets containing g and V is its complement of P(G). Thus we

have that U, is a subbasic set of the subspace topology. A basic open set is

ﬂUgn g € G.

Furthermore, from Proposition [2.1) we know that LO(G) is a closed subset of P(G) and

thus it is a compact topological space.

Let < be an ordering on GG. In Chapter [2] we saw that there is an action of g € G by

homeomorphisms which sends P to g7'Pg. It is an action by homeomorphisms because

n n
the image of a basic open set (] Uy, under an element of g is the basic open set () Uy-14,,.
i=1 i=1

4.1.2 Step 2: Applying Amenability

Let G be a group which acts on the compact metric space LO(G). Since G is an amenable
group, by Corollary [3.1] we have that there exists a left-invariant probability measure, f,
on LO(G).
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4.1.3 Step 3: Recurrent Ordering

Recall the Poincaré Recurrence Theorem:

Proposition 4.1 (Poincaré Recurrence Theorem). [25, Proposition 3.1] Let X be a
measurable space with probability measure p. Consider the homeomorphism f: X — X
which preserves the measure v and let A C X be any measurable subset. Then there exists

a subset B of X such that u(B) = 0 and for all a € A\ B, there exists a sequence of

positive integers {n;}n>1 so that f"(a) € A for every i.

Note that as long as we avoid the "bad” points, which there are not that many, we

have that the iterates ™ (a) will return near to a infinitely often.

Definition 4.1. [25, Definition 3.2] Let (G,<) be a left-ordered group. We say that
< is recurrent for every cyclic subgroup if for all finite subsets {gi,...,gn} such that
g1 < go < -+ < gn and for all g € G there is a sequence {n;} such that

g19™ < < gng™
for every i.

Proposition 4.2. [25, Corollary 3.4] Let G be a countable amenable left-orderable group.
If there exists a left-invariant probability measure, u, on LO(G), then G has a left-invariant

order that is recurrent for every cyclic subgroup.

Proof. Let GG be a countable amenable, left-orderable group, P its positive cone and < its
corresponding left-ordering. Let g € G. Because G is amenable we have that there exists
a probability measure on LO(G). Consider a sequence of distinct elements of G, g1,. .., g,

We can apply the Poincaré Recurrence Theorem with X = LO(G) with the transformation

r—1
P+ g7'Pg in the role of f, and the basic open set ) Uptgis for A. Then we have that
=1 07

r—1
there exists a set B, 4, 4. of measure 0 such that for all P € 'ﬂ1 Uptginn \ By gi....q. there
1=

exists a sequence of positive integers nq,no,...,n;,... such that

gig" << grg™ Vi,
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n—1
ie,g"Pg e U,
i=1

—1 .
9; 9i+1

The union | J B has measure 0 (since G is countable), thus there exists a positive

9,91,--+,9r

cone P which is not in |J By g, ... 4. This order is recurrent for every cyclic subgroup. O

r—1
Note that the basic open set [ Ug=1g:11 does not need to have positive measure. This is
=1 7

because when we take the union UB, 4, ., , since G is countable, it will still have measure
0. Thus we have that there exist a point P which is outside of this union UB,,, ., i.e.,
P & UB,,, . .- If the positive cone P satisfies the inequality ¢; < g» < --- < g,, then we
have that for this collection of elements P ¢ B, ,, ., ; this means that P is a recurrent

point.

4.1.4 Step 4: Tying Everything Together with Conradian Or-

derings

Lemma 4.1. [25, Lemma 4.3] Let (G, <) be a left-orderable group where < is recurrent

for every cyclic subgroup, then G is Conradian [l

Proof. Let g, h be positive elements of the group. Since we have that g > 1, then recurrence
implies that there exists n; such that gh™ > 1h™ = h™ for all 7. Since we also have h > 1,

then h"™ > h, thus gh™ > h for all i, which implies that the order is Conradian. O]

Let G be a left-ordered group such that its left-ordering is recurrent for every cyclic
subgroup. Then by Corollary and Lemma we have that G is locally indicable. This
concludes the proof of Theorem [4.1]

Not all Conradian ordered groups are recurrent orderable, and there exist Conradian

left-orderable groups which are not recurrent orderable.

1See Chapter [1| Section for the definition of Conradian order.
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4.2 Research Article 2

Definition 4.2. [2], Definition 2.2] Let G be a group. We say that a partial order < on

G is locally invariant if for all x,y € G such that y # 1, then either xy > x or xy~' > .

In 2013 Peter Linnell and Dave Witte Morris [21] improved Dave Witte Morris’ result,

Theorem [4.1] as follows:

Theorem 4.2. [2], Theorem 1.1] If G is an amenable group which has a locally invariant

ordering, then G is locally indicable.

We outline a proof when G is countable of Theorem with the following 4 steps:

4.2.1 Step 1: Topology and Action by Homeomorphism

In Dave Witte Morris’ paper [25], we have seen that the space of left-orderings on G was
used. Unlike the first research article where we used left-invariant orderings on G, here we

will be using binary relations on G.

How can we give the set of all relations which define a locally invariant ordering a

topology? Using a similar method as we have shown in Chapter [2| let X be any set. To

2XxX with the set of all functions

give P(X x X) or 2X*X a topology we can identify
f: X x X — {0,1}. Furthermore, we can view 2¥*% as the Cartesian product of | X x X|
copies of the set {0,1}. By Tychonoff’s Theorem, we have that for any set X, 2X*¥ is a

compact Hausdorff space when equipped with the product topology E]

The subbasis of this topology are the following sets:

Uy) ={5 C X x X | (z,y) € 5}

2We do not need X to be a compact topological space. Recall that {0,1} is a compact space and by
the Tychonoff’s theorem an arbitrary product of compact spaces is compact, i.e., | X x X| copies of {0,1}
is compact, which implies that 2X*X is compact for any set X.
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Note that U, ) is both open and closed.

Since the U, ,’s are a subbasis, we have that the open basic sets are
n
(Ve @i € X, Vi.
=1

We denote by LI(G) C P(G x G) the set of all relations which define a locally invariant
ordering. In this embedding we have that the locally invariant ordering < corresponds to
R € G x G by setting x < y if and only if (z,y) € R. It can be shown that LI(G) using a

similar method to the one we have presented for LO(G).

The group G acts on 29%¢ by both left and right translations. Thus we have that

there exists an action of G x G on 2¢%¢ defined as follows: Given (g,h) € G x G, set

bgn) : P(G x G) = P(G x G)

(z,y) € pgn)(R) <> (gzh™",gyh™") € R.

Let us check that this is an action. For this we need to show that
(2, ¥) € P(g,n) © Do, 1) (R)

is the same as (2, y) € Pgs, ne)(11). We have

(@, Y) € dg.n) © P(s,0y(R) <= (gszt™'h™", gsyt™'h™") € R

and

(z, y) € prgs.ney(R) <= (gsx(ht)~", gsy(ht)™') € R

< (gsat™'h7t, gsyt'h™') € R.

n
This is an action by homeomorphisms since the image of a basic open set () Uz, 4,),
i=1

where x;, y; € G for all i, under the action of (g, h) € G x G is the basic open set

n

M Ulgawsh—1, gyh-1), Where z;, y; € G for all 7. It restricts to an action of homeomorphisms
i=1

on LI(QG).
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4.2.2 Step 2: Applying Amenability

Let G be a group which acts on the compact metric space LI(G). Since G is an amenable
group, by Proposition [3.2] we have that G' x G is amenable. Now by Corollary [3.1] we have

that there exists a left-invariant probability measure, p, on LI(G).

4.2.3 Step 3: Recurrent Locally Invariant Ordering

Definition 4.3. [21, Definition 2.8/ Let G be a group and R a relation on G, i.e.,

R € 26%G. We have that R is recurrent for (g, h) € G x G, if for every finite

F={(z1,n),. ., (xp, yx)} CG X G:

with (z;, y;) € R for all i, there exists a sequence of positive integers {n;} such that

k
P(gni, iy (R) € ﬂl Via;,y;) Jor alli. We say that R is recurrent if it is recurrent for every
]:

element of G x G.

This means that R is recurrent if:
(7,Y) € gnipniy(R) <= (g™xzh™™ g"yh™™) € R.

Then recurrent for (g,h) means that there exists n; such that (z1,41),..., (2, yr) €

¢(gni’hni)<R), i.e.,
T1 <Y, T < Yp = gUx;hT < gy b Vi=1,... k.
This means that if < is a locally invariant ordering, then, by using Poincaré’s Theorem,
we have that the locally invariant order, <, is recurrent.

Corollary 4.1. [2], Corollary 3.6] Let G be a countable, amenable group with a locally

invariant order. Then the locally invariant order < on G is recurrent.



4.2. RESEARCH ARTICLE 2 51

4.2.4 Step 4: Tying everything together with locally indicability

Proposition 4.3. [21, Proposition 4.1] Let G be a group and < be a recurrent locally

variant order. Then:

1. Let H = (x) be a cyclic subgroup of G. By restricting < to a left coset of H we get
either:

=gri<grl<g=<gr<grt<..., (4.1)

or

=g i grt =g gr - gt ... (4.2)

for g,x € G with x # 1.
2. The set P ={g € G| g > 1} is closed under multiplication.

3. The group (G, <) is left-ordered.

Proof. 1. Fix 1 # oz € G and g € G. Then locally invariant implies that either
gr = g or gr—' = g. Suppose that gr = g. Then by local invariance applied
to gr and x either gr? = gz or gz(z™') = gz (which contradicts our assump-
tion). Thus ¢ < gz < gx? < .... Similarly, by assuming gz~ = g we get that

e <gr?<grt<g.

Now (4.1)) happens when gz~! < g and g < gz and (4.2) happens when gz~ > g

and g > gx.

Let us assume neither (4.1) nor (4.2)) hold. Then either gz—! = g and g < gx or

gr~! < g and gr < g. Using gz~ = g and g < gz we get:
g%gx%gx2-<gx3-<...

and

gx_l < gx‘Z < gx‘s < ...
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2 we have that there exists a

Because < is recurrent for x and since gz < ga~
positive integer k such that (gz~1')z*"? < (gr=2)z**2. This means gz*™ < gz*,

which contradicts ¢ < gr < gz < .... Similarly we arrive at a contradiction if

gr~! < gand gr < g.

. Assume that there exists z and y, with > 1 and y > 1, but xy % 1. From (1) we

have that < is a total order, and thus 1 > xy. Then, because x > 1 > xy, we have

that > zy and from (1) we obtain

T ay -y’ -,

thus

1= 2y = ay", foralln € Z*.

Furthermore, < is recurrent for y and « > 1. Using part (1) we have that for x > 1

there is some n € Z* such that xy™ = 1y™ = 1, which is a contradiction.

. Let P be the positive cone of <. Given x € G a nontrivial element of G and using

part (1) with g = 1 we get that either z € P or x7* € P. Now, using part (2) we

have that P is closed under multiplication. Thus (G, <) is a left-ordered group.

]

To finish the proof of Theorem , assume that G is a countable group (because we

want to show that G is a left-orderable group we may assume that G is finitely generated

[20, Chapter 3]. Hence, we can assume that G is countable). Using Corollary we have

that G has a locally invariant order <. Now by part (3) of Proposition we have that

(G, <) is left-ordered. Now using Theorem and Step 4 of its proof, we have that GG is a

locally indicable group.

4.3 Research Article 3

In 2018 Yago Antolin and Cristobal Rivas extended this result to groups acting on the line,

which may or may not be amenable, but contain large point-stabilisers. A generalization
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of amenability is co-amenability, and a generalization of Conradian left-ordering is G
surjects onto Z if G is finitely generated. Recall that in Corollary we showed that G is

Conradian left-orderable if and only if it is locally indicable.

Definition 4.4. [1/ Let G be a group and H a subgroup of G. We say that H is co-
amenable in G if when G acts on a compact space by homeomorphisms such that H

preserves a probability measure, then G preserves a probability measure.

A generalization of Theorem is:

Theorem 4.3. [1, Theorem 1.2] Let G be a finitely generated left-orderable group. Suppose
there is a proper, relatively convex (see below for a definition) co-amenable subgroup. Then

G surjects onto 7.

We outline a proof of this theorem below:

4.3.1 Step 1: Topology and Action by Homeomorphism

Definition 4.5. [1, Definition 1.3] Let G be a left-orderable group and C' a proper subgroup
of G. Recall that C' is relatively convex in G if there exists a total order < on G/C such
that if fC < gC then hfC < hgC for all f, g, h € G. We say that < is a relative order
of G with respect to C.

Rivas and Antolin [I] noted that a subgroup C of G is relatively convex if and
only if there exists P C G a nonempty semigroup such that: (i) CPC C P and (ii)

G = PU P ' C. Such subsets P can be identified with the set of relative orders. Let
LOg(G) be the set of P C G such that P satisfies:

(i) CPC C P and

(i) G=PU P ' UC, where C is a relatively convex subgroup.

To prove that the space LOg(G) is compact (using a similar method as the one

presented in Chapter [2)) we need a different characterisation of relative convexity.
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Lemma 4.2. Let G be a left-orderable group. A subgroup C' is relatively convex in G if

and only if there exists P C G such that

1. PNP1 =0,
2. P.PCP,
3. Cp:=G\ (PUP™Y) is a subgroup of G,

4. ¢cPdC P forallc,d¢ PUP™.

Let LOg(G) to be the set of P C G satisfying these properties.

We want to show that LOg(G) and LOg.(G) \ 0 are the same, meaning our notion of
relatively convex agrees with Antolin and Rivas’. Thus we need to show that if P is a
set satisfying the conditions (i) and (ii) from above, then P satisfies the conditions from

Lemma 4.2 and vice-versa.

Suppose that there exists C' relatively convex in G and P satisfying (i) CPC C P and

(il) G = PU Pt U C. Then we have that P satisfies (1)-(4) of Lemma [4.2}

1. PN P! = is true, because G = P LU P71 U C is a disjoint union.
2. P- P C P is true because P is a semigroup.
3. Cp:=G\ (PUP)is asubgroup because Cp = C and G=PU P UC .

4. cPd C P is true for all ¢,d € C because CPC C P.

On the other hand, assume that P is nonempty and satisfies conditions (1)-(4) of

Lemma [4.2] Then we need to show that Cp is relatively convex and P satisfies

(1) CpPCpCP

(i) G=PUPUCp.
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Now (i) CPC C P and (ii) G = PUP~'UC follow from part (4) and part (3), respectively,
of Lemma [£.2]

Lastly, we need to show that Cp is a relatively convex subgroup. Let P’ C Cp be a
positive cone and set Q = P’ U P. Let us show that @ is a positive cone. For this we
need to show that Q- Q C Q and Q UQ ' U {id} = G. Let ¢ € P’ and d € P. Then
cd € PUP, thus Q- Q C @ (property (4) is used). For the second one we have that
Q~'=(P)'u P! Thus

QU 'U{l} =P UP)U((P)TuP ) u{L}

=G.
Define fC, < gC,, if and only if f~'g € Q. Not that this definition is independent of the

coset representatives. Furthermore, recall that by Theorem the order < is left-invariant.

Thus we have that C), is a relatively convex subgroup of G.

Thus LOgq(G) \ 0 is the same set that Antolin and Rivas [I] have in their paper, but

defined differently.

Since LOgq(G) C P(G), the subbasis of the topology of LOg.(G) are the following

sets:
Ug = Vg N LORel(G)

US = VN LOpa(G),

where Vg, Vi C P(G). The basic open sets are (] Uy, N (] Ug .
‘ i=1

=1

Theorem 4.4. LOg.(G) with the topology described above is compact.

Proof. Note that LOpg.(G) C P(G) and that P(G) is compact. Thus we need to show
that LOg.(G) is a closed subset of P(G). To do this let us see the ways a subset X C G

fails to be an element of LORg.(G). This happens if X does not satisfy one of (1) — (4).

Let us check that (1)-(4) are closed conditions by showing the complements are open.
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(1) X such that X N X! = ) is an open set, by a proof similar to that of LO(G) is

compact (Theorem [2.1]) .

(2) X such that X - X ¢ X is an open set, by a proof similar to that of LO(G) is

compact (Theorem [2.1]).
(3) Consider X such that Cp := G\ (X U X ') is not a subgroup. Thus either

(a) there exists g € Cp such that g=! ¢ Cp, or
(b) there exists g, h € Cp such that gh ¢ Cp, or

() id ¢ Cp.

If (a) holds, then there exists g ¢ X U X! such that g~! € X U X!, which is not
possible. Note that (c) cannot happen, since X N X! = .

Now, if (b) holds, then g, h € G\ (X U X™!) and gh € X U X! so that
X e [UsnUsnUsNUg | N [Ugh UUgny-1] = Wy,

Therefore,

xXe |J W

g,heG

if and only if X satisfies (3)(b). Note |J W, is open.
g, heG

(4) Consider X such that cXd ¢ X for some ¢, d ¢ X UX 1. If cXd ¢ X, then there
exists g € X such that cgd ¢ X, hence X € U, U Ucga for some g, which is open.

Thus the collection of all such X is | U (U, UU:,), which is open.

cgd
¢, dgXUX 1 gEG
Hence LOg(G) is a closed subset of P(G), which implies that LO g (G) is compact. [

Note that () € LOg(G) and this will pose a problem when we use the Poincaré
Recurrence Theorem, because the empty set is a fixed point of the G-action and when

we use the Poincaré Recurrence Theorem the empty set might always be the recurrent point.
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However, if we add in Lemma the condition that G is finitely generated, then

LOga(G) \ {0} is also compact. This is because if {gi, ..., g,} are the generators of G,

then {0} = N UZ N U?_. is an open set. In other words, the only P C G satisfying (1)-(4)
i=1 i

and containing no generators is the empty set.

Now when we use the Poincaré Recurrence Theorem, we will get a recurrent point

which is guaranteed not to be the empty set.

Proposition 4.4. Let G be a group. Then we have that G acts on LOgy(G) \ {0} by

conjugation. If P is a relative cone with respect to C C G, then for any g € G, gPg™! is

a relative cone with respect to gCg~'.

Proof. We need to show that gPg~! is a relative cone with respect to gCg~t. To do this

we need to show that gPg~! satisfies the conditions in Lemma . Le., we need

1. gPg ' NngP gt = 0;
2. (gPg~")(gPg™") C gPg™";
3. gCpg~t:=G\ (gPg ' UgP~1g™!) is a subgroup;

4. cgPg~'d C gPg~! for ¢,d ¢ gPd N gP g~
Let us show that conditions (1)-(4) from above are true.

1. gPg ' N gPg~! = () is true because P is a relative cone.

2. (gPg Y (gP7tg™1) C gPg" is true because P is a semigroup and P is a relative

cone.

3. To show that gCpg~! := G\ (gPg ' UgP~tg™1) is a subgroup, we need to show that

gCpg~! is closed under multiplication and inverses. Let f, h € G\ (gPg 'UgP~tg™1).
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Then consider f, h ¢ gP g~ and fh € gP~*g~!, which implies
g 'fg, 97 hg ¢ PU P

— g 'fg, 97 'hge Cp=C\ (PUP™)
— g 'fhg e Cp

— g 'fhg¢ PUP

= fh¢ gPg UgP g™

— fhe gCpg .

4. Assume cPd C P for ¢, d ¢ PU P~'. We want to show that cgPg~'d C gPg~'.

Note that
c,d ¢ gPg 'UgP ¢! = ¢ 'cg, g7 dg ¢ PU Pt

Thus, g~ 'cgPg~'d C P (since P satisfies condition (4)). Therefore cgPg~d C

gPg 1.

O

n
The action is by homeomorphisms, this is because the image of a basic set (1) Uy, under
i=1

n

an element g € G is the basic open set (1) Uy-14,,.
i=1

4.3.2 Step 2: Applying Co-amenability

Proposition 4.5. [1, Corollary 2.6] If C is a relatively convex subgroup of G, then C

fizes every point P € LOpy(G) \ {0} for which C = Cp.

Proof. Let P be arelative cone with respect to C'and ¢ € C. Then G = cP~ !¢ 'LUCUcPc!.

By Lemma [4.2| we have that cPc™' C P, which implies that cPc™! = P. O

We have that the space LOgq(G) \ {0} is compact and C acts with a fixed point
and because C' is co-amenable, we have that there exists a probability measure, y, on

LOg(G) \ {0}. The probability measure is the Dirac measure.
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4.3.3 Step 3: Recurrent Ordering

Definition 4.6. Let P be a relative cone with respect to C with corresponding relative
order <. We say that < is recurrent for every cyclic subgroup if for every g € G and every
finite sequence gy, ...,q, in G such that g;C < --- < g,.C, there exists positive integers
n; — 0o such that

gg"C << g.gmC.

Corollary 4.2. Suppose G is a finitely generated group and C is a relatively convex
subgroup. Assume that there exists a G-invariant probability measure, p, on LOge(G)\{0}.

Then G admits a nontrivial relative order which is recurrent for every cyclic subgroup.

Proof. Let G be a finitely generated group and g, ..., g, its generators. By using the

Poincaré Recurrence Theorem we have that there exists a set By, 4 of measure 0

,
such that for all P ¢ (| Uy-14,4 \ By, 4 there exists a sequence of positive integers
i=1

ni,Na,...,MN;, ... such that
qg"C < <ggtC Vi

The union |J B has measure 0, thus there exists a positive cone P ¢ (J By, ...g.-

9:915--+,9r

This order is recurrent for every cyclic subgroup.

,
Note that the basic open set [ U,-1,,, does not need to have positive measure. This is
i=1

because when we take the union UB since (G is countable, it will still have measure

9:915--,9r)

0. Thus we have that there exist a point P which is outside of this union UB,,, ., i.e.,
P ¢ UB,,, .. .- If the relative cone P satisfies the inequality ¢g;¢™C < --- < ¢,¢™C, then

: this means that P is a recurrent

we have that for this collection of elements P ¢ By, o

point.
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4.3.4 Step 4: Tying everything together with a generalization

of Conradian Orderings

In order to show that G surjects onto Z we need a generalisation of Conradian order. This
generalisation has been developed by Andrés Navas in [29] and is called “crossings”. Let

us define what a crossing on an action is:

Definition 4.7. [1, Definition 3.2.] Let (T, <) be a totally ordered space and G a group
acting on (T, <) by order-preserving bijections. Let f,g € G and u,v,w € T. We say that

(f,g;u,v,w) is a crossing for the action if:

I.u<w<vw

2. g"u < v andu < f"v for everyn € N

3. there exists M, N € N such that fNv < w < gMu.

We can relate Conradian orderings with crossings as follows:

Theorem 4.5. [30, Theorem 1.4] If (G, <) is Conradian, then the left-action of G on

itself has no crossings.

Proof. Assume < is not a Conradian ordering and let f, g € G be positive elements such
that fg™ < g for every n € Z*. We want to show that there exists a crossing (i.e., we want

to show that (f, g : u, v, w) is a crossing) for (G, <) where u =1, v = f~'g, and w = ¢°.

For n = 2 we have that fg?> < ¢g and thus we have that ¢*> < f~!g. Using g > 1 we get

that 1 < ¢g*> < f7lg,ie, u<w <w.

From fg" < g where n € Z* we have that ¢" < f~!'g. Thus g"u < v. Furthermore,
since f and g are positive elements of G we have that f"~'¢g > 1. Thus f"v > u for all
n € ZT. Lastly, observe that f(f™'g) = g < ¢, thus fYv < v for N = 1 and ¢* < ¢° is

w < gMu for M = 3. O



4.3. RESEARCH ARTICLE 3 61

Note that actions without crossings give maps onto the integers when the group is

finitely generated [1].

Lemma 4.3. [1, Lemma3.7] Let G be a group and < be a relative order of G with respect
to C that is recurrent for every cyclic subgroup. Then the left-action of G on (G/C, <) is

an action without crossings. If G is a finitely generated group, then G surjects onto Z.

Using Lemma [4.3] we have that: if G is a finitely generated group and < a relative
order of G which is recurrent for every cyclic subgroup, then G surjects onto Z. This

concludes the proof of Theorem [4.3]
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Chapter 5

Unique Product Property for Groups

We want to give a generalisation of the theorems we saw in Chapter[d] We saw that in order
to investigate Peter Linnell’s Conjecture 4.1} we required our group to be amenable. Then
we weakened left-orderablility to locally invariance, and lastly, we weakened amenability
to co-amenability. What is a weakening of locally invariance? One weakening of locally
invariance is the unique product property. What is a group with the unique product

property?

Definition 5.1. [32] Let G be a group. Let A, B C G any two finite subsets of G. We
say that G has the unique product property if for all A, B C G, there exists at least one
element x € G such that v = ab (a € A and b € B) has a unique representation. The
product ab will be called a unique product for A and B. We denote by U(A, B) the set of

all unique products from A and B.

The unique product property fits with the classes of algebraic properties we have

defined from Chapter [I] to Chapter [ as follows: let

(A) bi-orderable;
(B) recurrent left-invariant orderable;
(C) locally indicable;

(D) Conradian orderable;

63
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(E) left-orderable;
(F) locally-invariant orderable;
(G) unique product property (UPP);

(H) torsion-free.

We have that the class of bi-orderable groups is inside the class of recurrent left-invariant

orderable groups which is a subset of locally indicable groups and so on, i.e.,

(A)c(B)c(C)c (D)C(E)C (F)C(G)C (H)and (D) C (O).

The second and third inclusions were presented in this thesis (the second is Lemma
4 in Chapter 4, and the third one is Corollary Chapter 1), the first inclusion can be
found in [18], the fifth and sixth inclusions can be found in [18] and the seventh inclusion
can be found in [I3]. Note that it is an open problem whether or not (G) C (F), and
in the next section, we will give an example that torsion-free groups are not UPP. (IL.e.,
that (G) C (H) is proper.) Note that every let-orderedable group has the unique product
property [14, Chapter 1, Section 1.4.3]. The converse is not true, i.e., groups with unique
product property are not left-ordered; this was proved in [I9, Appendix A, Theorem A.1].

Furthermore, in [2], it was proved that left-ordered groups are not locally indicable.

We can write all of this as a directed graph, Figure [5.1, where the edges of the graph
denote the containments between the classes of groups. Note that the edge (C) to (D) is
reversible, which means that (C) if and only if (D). As noted above, it is an open problem

if (G) implies (F), all the other edges are not reversible.

Going back to Chapter [d] we saw that if we add the condition that the group is
amenable, then some of the above implications are reversible (see Figure , the red
edges correspond to implications whose converse hold under the additional assumption
of amenability. We saw that amenable left-ordered groups are indicable (see Theorem

and that amenable groups with a locally invariant ordering are locally indicable (see
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Figure 5.1: Directed graph which represents the implications for the defined class of groups

Theorem {4.2)). Thus a question one can ask is what condition we must include for a group
with the unique product property to make it left-ordered? In light of the theorems from
Chapter [d] we have that amenability might be an answer. Theorem makes natural the

following question

Question 5.1. [14, Chapter 4, Question 4.1.11]: Are amenable groups with the unique

property product left-orderable?

Figure 5.2: Directed graph under the additional assumption of amenability
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5.1 Torsion-free groups are not UPP

Before we try to answer Question Let us look at an example of a torsion-free groups

which does not have the unique product property.

Consider the group [32]:

G=(v,yla o=y yla?y=a?).

To show that G is torsion-free and does not have the unique product property we will

follow [31, Chapter 9, Proposition 37.1] and [I4, Chapter 1].

Given

z(a,b,¢) = (a+1,1—b,—c)

y(a,b,c) = (—a,14+b,1—c),

consider H = (z,y) C Isom(RR?). It can be checked that x,y satisfy the same relations as

G, and in fact H = G.

Note that every element of H is a map f : R? — R? defined by
fla,b,¢) = (upa + uy, vob + v1, W + ¢ + wy),

where uy, v, w; € Z and ug, vy, wy € {£1}.
In fact, there are only four kinds of elements :

(Type 1) fi(a,b,c) = (a+ z,—b+y,—c+ z), where z and y are odd and z is even;
(Type 2) fala,b,c) = (—a+ z,b+y,—c+ z), where z is even and y and z are odd;

(Type 3) fs3(a,b,¢c) = (—a+z,—b+y,c+ z), where z and z are odd and y is even;
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(Type 4) fi(a,b,c) = (a+ z,b+ y,c+ z), where z, y, and z are even.

Let T denote the set of all functions of Type 1, Type 2, Type 3, and Type 4. Then we
can check that (7, o) satisfies the conditions of a group. For the closure condition, let f;

be a function of Type 1 and f; be a function of Type 2. Then
fio fala,bc) = fi(—a+z,b+y,—c+ 2)
= (—a+2x,-b,¢)

which is of Type 3. The other 15 cases are similar to verify. The other group conditions

can be shown similarly.

Furthermore, the generators of H are in T, thus H C T'. If we show that T is torsion-

free, then we have that H is torsion-free and hence G is torsion-free.

To show that T is torsion-free, we need to show that fi, fo, fo, fi # 1, for n € Z\ {0}
and fi1, fa, f3, f4 # 1, and that products of f;’s are different from the identity. Let us look
at fy:

fao--ofila,bc) = (a+nw,b+ny,c+nz) # 1.
—_—

n times

The other cases follow similarly.

To show that G is not UPP, consider the subset S = Az U By U C(xy) of G, where
A={1,27% a7 o, a7 (ay) 7, (ay)?)
B ={1, 2% y=* y(ay)’, (ay)’, 2%y *(zy)*}

C = {(ey)*, (xy)}.

Then |S| = 14 and S - S has no unique product. Unfortunately there is no simple way to

check all products by hand, this was done in [32] using a computer.
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5.2 Another characterisation of UPP

Let us look at another characterisation of the unique product property, called the two

unique product property.

Definition 5.2. [j|/ Let G be a group and A, B C G such that |A| > 2 and |B| > 2. We
say that G has the two unique property if there are at least two distinct elements, c1, ca,
of AB each of which has a unique expression as a product, ¢; = a;b; where a; € A, b; € B
are unique products. Let TU(A, B) be the set of all pairs of unique products for A and B

where |A|,|B| > 2 are finite:

TU(A, B) = {(c1, ca) | c1, ¢c2 are unique products for AB}.

In [34], it was shown that the unique product property is equivalent to the two unique

product property.

5.3 Question

Now, going back to Question [5.1] we have that if the Question were true, then the

proof is likely follow the four steps we have seen in Chapter [4] i.e.,

e Step 1: Topology and action by homeomorphism
e Step 2: Using amenability to get a probability measure
e Step 3: Recurrence and Poincaré Recurrence Theorem

e Step 4: Tying the previous steps with left-orderability.

5.3.1 Step 1: Topology and Action by Homemorphism

Let us try to tackle the topology part of Step 1. Let

U(G)={U(A,B) | A, BC G, A, B finite and nonempty} C P(G)
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be the set of all sets of the form U(A, B) where A, B C G with |A|, |B] > 1, A and B
finite. Recall that P(G) has a topology (see Chapter [2), thus U(G) will inherit a topology

from P(G).

We need U(G) to be compact for us to apply Step 2, Step 3, and Step 4. This is

equivalent to U(G) being closed since P(G) is a compact Hausdorff space.

Let us show by using a counterexample that U(G) is not compact. Let G = Fy, = (x,y).

Counsider the subsets

Al = {Zd}a AQ - {Zdu y}? s 7Ak - {Zdu Y, 7yk_1}7 B = {l’}
Then U(Ay, B) = {x, yx, y*r, ..., y* *x}. Observe that | U(Ay, B) |= k and that

U(Ay, B) CU(Ay,B) C -+ C U(A4_1,B) C U(Aw B) C ...

Now, taking the klim U(Ag, B) = | U(Ag, B) we get a infinite set which is not in our
—00 k=1

space U(F,) (this is because of the way we have defined the space), thus U(F}) is not

compact.

This is a bad definition of a space U(G) in the sense that our space is not compact. If
we can find a topology of U(G), which gives compact spaces, it is reasonable to assume
that Step 2, Step 3, and Step 4 will be similar to Step 2, Step 3, and Step 4 from Section
41l

Alternatively, because the two unique product property and the unique product prop-
erty are equivalent we can try the set TU(G) of all sets of the form TU (A, B) C P(G x G)
where A, B C G with |A]|, |B| > 2, A and B finite. Recall that P(G x G) has a natural
topology (see Chapter [}, thus TU (A, B) will inherit a topology from P(G x G).

We need TU(G) to be compact for us to apply Step 2, Step 3, and Step 4. This is

equivalent to TU(G) being closed.
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However, TU(G) is not compact. To show this, let G = F;, = (z,y). Consider the

subsets
Ay = {id,y}, Ay = {id,y,yz}, LA =Hidy, . ,yk_l}, B = {id,z}.

Then TU(Ay, B) = {(id,id), (id, x), (y,id), (y, ) (y?, id), (y*, x), ..., (y* 71, id), (y* 1, x)}.

Observe that | TU(Ag, B) |= 2k and that

TU(Ag_1, B) C TU(Ay, B).

Now, taking the klim TU(Ag, B) = |J TU(Ag, B), we get a infinite set, thus TU(F3) is
— 00 k=1

not compact.

This is a bad definition of topology of TU(G) since our space is not compact if
we can find a topology of TU(G) which gives compact spaces it is reasonable to assume

that Step 2, Step 3, and Step 4 will be similar to Step 2, Step 3, and Step 4 from Section [4.2]

Even though we do not have a compact topological space, let us try to see how the rest
of the steps will proceed. Before we go to Step 2, we need to find subbasis of the topology,

the basic open sets and an action by a homeomorphism.

Since U(G) C P(G), the subbasis of the topology of LOg.(G) are the following sets:
Uy =V, NU(G)

Us = Venu(G),

where Vy, Vi C P(G). The basic open sets are (] Uy, N (] Ug..
i=1 j=1

Similarly to Chapter [4, we have that there exists an action of G on U(G). This ac-

1

tion is an action by conjugation which sends U(A, B) to gU(A, B)g~'. Let us show

that U(A, B) — gU(A,B)g~'. TFor this we need to to show that gU(A,B)g~' =
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U(gAg™",gBg™"), where
gU(A,B)g~" = {gabg™" | gabg™" is a unique expression}

U(gAg~", gBg ) g = {gag 'gbg™" | gag~'gbg™" is a unique expression}.

Let gabg™ € gU(A, B)g™!, where gabg™! is a unique expression. Then

gabg™' =gag~'gbg”', g lg=1

-1

We need to show that gag 'gbg~! is a unique expression. Let gcg™' € gAg~! and

V= gag=tgbg—'. Then

gdg™t € gBg~! such that gcg~tgdg™
gcg~'gdg™" = gag~'gbg™"

= cd = ab

= c=aand d=0.

Thus gag—'gba~! is a unique product, and hence gU (A, B)g~! C U(gAg~', gBg™!). Simi-

larly, we can show that gU(A, B)g~' D U(gAg~',gBg™') This is an action by homeomor-

n
phism becasue the image of a basic open set [ U,, under an element ¢g € G is the basic
i=1

n
open set [ Uyg,g-1-
i=1

5.3.2 Step 2: Left-invariant Probability Measure

As we have seen in Chapter [4, to move to Step 2 of the proof, we need our group to act
on a compact space by a homeomorphism. However, the way we have defined U(G) does
not make it a compact topological space. Nevertheless, let us assume that we somehow

have constructed a left-invariant probability u on LO(G).
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5.3.3 Step 3: Recurrent Point (or ordering)

Because we want to show that G is a left-orderable group, we may assume that G is finitely

generated [20, Chapter 3, Corollary 3.1.1] and hence we can assume that G is countable.

What we need for Step 3 of the proof is that G admits a recurrent point and also, we
want to use the Poincaré Recurrence Theorem. In Chapter [ we saw that in Step 3 in
the three articles we used the fact that our group, G had an ordering (a left-ordering, a

locally invariant ordering, and a relative ordering, respectively).

Definition 5.3. Let G be a group with the unique product property. We say that a point
U(A, B) € U(G) is a recurrent point if for every g € G and every finite sequence g1, . . ., gn

there exists a positive integer n; — oo such that
g"U(A, B)g™ € ﬂ .

Proposition 5.1. Let G be a countable amenable group which has the unique product
property (or the two unique product property) and let T be a left-invariant measure on

U(G) (or TU(G)). Then G admits a recurrent point.

Proof. Let G be a countable amenable group and U(A, B) € U(G). Using Step 2, we
have that there exists a probability measure, 7, on U(G). Consider a sequence of distinct
elements of G, g1, ..., ¢g,. We can apply the Poincaré Recurrence Theorem with X = U(G)

with the transformation U(A, B) — gU(A, B)g~! in the role of f, and the basic open set

iy

Uggig—t for A.Then, we have that there exist a set C, g, . 4. of measure 0 such that

=1

n

for all U(A, B) € () Uygig-1 \ Cyog1.....g, there exists a sequence of positive integers {n;}i>1
i=1

such that

" U(A, B)g MGQgML
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The union of UCy 4, ., has measure 0 (since G is countable), thus there exists a point

U(A, B) which is not in UC,

9.91...9n- LThus G admits a recurrent point. O

5.3.4 Step 4: Tying the previous steps together

From Step 3 we have that there exists a recurrent point U(A, B). This means that for

every U(A, B) € [ U,, and g € G, then there exists n; € co such that

=1

g"U(A,B)g™™ =U(g" Ag™",g"" Bg™™).

Now, we have that U(A, B) is a finite set such that for every element of the group there

exists infinitely many n;’s such that ¢"U(A, B)g~™ = U(g™Ag ",¢g"" Bg™"™) € () U,,.
i=1

Note that this happens only for some groups.

For example, this does not happen for a free group. Let F,(x1,...,z,) be the free

group with n generators. Consider S = {ay,...,a,} CF,, where a4, ...,a, are reduced

T

words where a; # a; (i # j) and where S € |J U,,. If S were a recurrent point, then
i=1

r

for all h € F,, there exists a positive integer n; — oo such that " Sh™" € |J U,,. This
i=1

happens if and only id h™a;h™" € S, i.e, K" Sh™ = S. However, this is not possible.
Consider a; = x;, ...x;, € S be a word from S of biggest length and let ¢ = ¢(a;), where
{(a;) is the length of a;. Now take z; € IF,, an element that does not commute with a;.

When we conjugate a; by z7', where m > ¢ we know that at one point we will get that

m

Lj

ajx;™ is still longer than the longest a; after we have reduced everything that can be

reduced. Thus as we conjugate a; with higher power of z; we will get longer and longer

words. Hence aj’a;z;™ ¢ S, which implies that for all h € F,, there exists n; — oo such

that h™Sh=" ¢ |J U,,.

=1



74

CHAPTER 5. UNIQUE PRODUCT PROPERTY FOR GROUPS



Chapter 6

Conclusion

In Chapter [ Sections we have seen that in order to investigate Peter Linnell’s
conjecture we needed to add the condition that the group is amenable and we needed
to weaken left-orderability to locally invariance. In Chapter [4] Section we have seen
that Dave Witte Morris’ result can be extended to groups acting on the line by giving a

generalisation of amenability.

In Chapter [5| we proposed generalisations of the theorems presented in Chapter
by weakening the locally invariance condition and replacing it with the unique product
property and the two unique product property, respectively. However, when we tried to
tackle Step 1 of the proofs we saw that there is no obvious topological space to build on
and mimic the proofs. If we able to somehow overcome this and construct a probability
measure £ on U(G), then our next hurdle will be to understand what

n

g"U(A,B)g " =U(¢g""Ag ", ¢g""Bg ") € ﬂ Uy,

i=1

means and how we can tie it with left-orderability.
Further works investigating Peter Linnell’s conjecture will require to either:

1. define the set of all unique products property or the set of all two unique products

in such a way that their respective topological spaces are compact, or
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2. if we assume that we can construct a probability measure p on U(G) we need to

analyse how to link the existence of a recurring point with left-orderability, or

3. weaken the amenability condition by replacing it with the non-existence of non-

abelian free subgroups.

However, either of these things will require a new idea because there is no way to

replicate the established proofs.
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