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Abstract

We provide two ways to show that the R. Thompson group F' has maximal subgroups of
infinite index which do not fix any number in the unit interval under the natural action of F'
n (0,1), thus solving a problem by D. Savchuk. The first way employs Jones’ subgroup of
the R. Thompson group F' and leads to an explicit finitely generated example. The second
way employs directed 2-complexes and 2-dimensional analogs of Stallings’ core graphs, and
gives many implicit examples. We also show that F' has a decreasing sequence of finitely
generated subgroups F' > H; > Hy > ... such that NH; = {1} and for every i there exist
only finitely many subgroups of F' containing H;.

1 Introduction

1.1 The stories about F

Recall that the R. Thompson group F' consists of all piecewise linear increasing homeomor-
phisms of the unit interval [0, 1] with a finite number of linear segments with slopes of the
form 2", n € Z, and endpoints of the form 5, a,n € NU{0}. The group I has a presentation
with two generators and two defining relations [6l [I7] (see below).

The group F' is one of the most mysterious objects in group theory. For example, almost
every 6 months a new “proof” of amenability or non-amenability of F' appears. The reason
why all these proofs are wrong is that F' is very counter-intuitive. Statements which are
“obviously true” turn out to be wrong.

This can also be illustrated by the story of finding the Dehn function of F. First it
was declared exponential because a sequence of loops in the Cayley graph of F' was found
with exponential fillings, and it was “obviously impossible” to find fillings of these loops with
smaller area. Then it was proved to be subexponential and the most probable conjecture (for
the same reason as before) was that it is something like 2108’ Then a polynomial of degree
5 upper bound was found and it was conjectured that this bound is optimal. Then a few
lower bounds were found until Guba proved that F' has quadratic Dehn function, the smallest
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possible Dehn function of a non-hyperbolic finitely presented group (see the references in |17}
Chapter 5]).

1.2 Subgroups of F

Subgroups of F have been extensively studied (see, for instance, |5} [6l T3] 3] [T [7, I8 19 2]
[I0L 22]). For example, it is known that the derived subgroup [F, F] of F is simple, and every
finite index subgroup of F' contains [F, F] [6]. Finite index subgroups of F are described in
[2] and all solvable subgroups of F are described in [I]. It is also known [I3] that the wreath
products F' ! Z embeds into F (even without distortion [22]). One of the most interesting
and counter-intuitive results about subgroups of F is that in a certain natural probabilistic
model on the set of all finitely generated subgroups of F', every finitely generated nontrivial
subgroup appears with a positive probability [7]. The survey in this paragraph is far from
complete. We just wanted to give a rough description of the area.

In [I819] Dmytro Savchuk studied subgroups Hy; of the group F which are the stabilizers
of finite sets of real numbers U C (0,1). He proved that if U consists of one number, then
Hy is a maximal subgroup of F'. He also showed that the Schreier graphs of the subgroups
Hy are amenable. He asked [19, Problem 1.5] whether every maximal subgroup of infinite
index in [ is of the form Hy,}, that is, fixes a number from (0, 1)E|

In this paper, we are going to answer that question by establishing a maximal subgroup
of infinite index in F that does not fix any real number in (0, 1) (see Section [J). In fact we
give two solutions of this problem. One, explicit solution, gives an example as the preimage

of the subgroup ?, first described by Vaughan Jones [15] and then studied by us in [10],
under a certain injective endomorphism of F' (Theorem BIH). As a by-product of the proof,

we give a positive answer to a question asked by Saul Schleimer: we prove that ? is maximal
in a certain subgroup of index 2 of F' and, moreover, there are exactly three subgroups of F
containing F' (that fact, Corollary B4l is also very counter-intuitive).

Another, implicit, solution gives an example (in fact many examples) of maximal sub-
groups containing certain proper finitely generated subgroups H of F' which do not fix any
point in (0, 1) and satisfy H[F, F| = F. The most difficult part of that solution is to prove
that H is indeed a proper subgroup of F'. Note that the solvability of the membership prob-
lem for subgroups in F is a very interesting open problem (it is mentioned in [I3]) and the
generation problem is an important open case of the membership problem (we need to check
if the generators of F' are in the subgroup). To prove that H is proper we employ diagram
groups of directed 2-complexes [I4] and a 2-dimensional analog of Stallings foldings.

We also establish a nice property of Savchuk’s subgroups Hy.

Let us call a subgroup H of a group G of quasi-finite index if the interval [H,G] in the
lattice of subgroups of G is finite, that is there are only finitely many subgroups of G that are
bigger than H. For example, every maximal subgroup and every subgroup of finite index are
of quasi-finite index. We say that a finitely generated group G is quasi-residually finite if it
contains a decreasing sequence of finitely generated subgroups: G > G; > G4 > ... such that
each G; is of quasi-finite index in G and NG; = {1}. Clearly every residually finite group is

n the formulation of [I9, Problem 1.5] the words “of infinite index” are missing. D. Savchuk informed us that
this is a misprint. Obviously none of the finite index maximal subgroups of F fixes a point in (0, 1).



quasi-residually finite. Since the derived subgroup of the R. Thompson group F' is infinite
and simple, F' is not residually finite. Nevertheless, we prove that if U is a finite set of finite
binary fractions, then Hy is of quasi-finite index in F' (this is a natural generalization of a
result from [I§]), and hence F' is quasi-residually finite (Theorem [4.1).

2 Preliminaries on F

2.1 Generators and normal forms

The group F is generated by two functions xy and x; defined as follows [6]

, . t fo<t<i

2t ifo<t<i Lo .

1 e 1 1 2t — = 1f—§t§—

wo(t) =qt+5 if;<t<3 x1(t) = - 3
t+ = itz <t<s

s+3 fgsts<l T |

t+3 if2<t<l1

The composition in F' is from left to right.

Every element of F' is determined by its action on the set of finite binary fractions which
can be represented as .« where « is an infinite word in {0,1} where all but finitely many
letters are 0. For each element g € F there exists a finite collection of pairs of words (u;, v;)
in the alphabet {0, 1} such that every infinite word in {0, 1} starts with exactly one of the
u;’s. The action of F' on a number .« is the following: if « starts with u;, we replace u; by
v;. For example, rg and z; are the following functions:

Oa if t = .0«
10« if t =.100c
110 if t =101«
Alla  ift= .11l

Do if t = .00«
LL‘Q(t) = 10« if t = .0la X1 (t) =
dla ift = .1«

For the generators z(, z1 defined above, the group F' has the following finite presentation

[6] .
—1 -1
F = {(zg,21 | [0z, 27°] = 1, [zox] ", 2]°] = 1).
Often, it is more convenient to consider an infinite presentation of F'. For i > 1, let

Tiy1 = xfa where a’ denotes b~'ab. In these generators, the group F has the following
presentation [0]

(2:,1 >0 | 2]’ = 241 for every j < i).

There is a natural notion of normal forms of elements of F' related to this infinite pre-

sentation (see [6]). A word w in the alphabet {zq, 1, 72, ... }*! is said to be a normal form
if

w=z ... xf::xj_nt” e xj_ltl, (2.1)
where

(1) zlgSzmyéjnz2]1,51,,sm,t1,tn>0, and



(2) if 2; and ;" occur in (Z)) for some i > 0 then either z;41 or ;) also occurs in ().

Every element of F' is uniquely represented by a normal form w. Moreover, the normal
form of an element w € F' is the shortest possible representation of the element as a word
in {zo,71,22,...}T". A word w of the form (ZI]) which satisfies condition (1) but not
necessarily condition (2) above, is called a semi-normal form.

Given a word w in the alphabet {zq, 21, 72,... }*, there is a simple algorithm for finding
the corresponding normal form of w (see [20]). First, one uses the following rewriting system
3.

(01) = x] — x4 for i > j.

(09) z;* x]—mcj l+1f01‘l>]
(03) z; ey — xjpim; ! for j > .
(04) :E_lx_l — xjﬁlx for j > i.
(05) x; x; — L.

(06) wiz; ol

The rewriting system is terminating and confluent (for the terminology see [17]), hence every
word w can be transformed by applying a sequence of rewriting rules to a unique word w’
for which no rewriting rule can be applied. That word w’ does not contain subwords that
are equal to the left hand sides of the rewriting rules, hence it is a semi-normal form (it is
easy to verify). It is obvious that the word w’ is equal to w in F' (see [20, Lemma 1]).

The method of getting a normal form from a semi-normal form will not be important to
us. Suffice it to know, that if w’ is a semi-normal form which does not satisfy condition (2)
above, then the length of the corresponding normal form will be at most |w’| — 2 (see |20}
Lemma 5]). Below, we will not distinguish between an element of F and its normal form.

Every normal form w is a product pg~! where p,q are positive words. The word p is
called the positive part of w and ¢! is the negative part of w. Every element whose normal
form is a positive word (i.e., its negative part is empty), is called a positive element. The set
of positive elements of F' forms a submonoid of F' because the rewriting rules do not increase
the number of negative letters in a word.

2.2  Jones’ subgroup

Vaughan Jones [15] showed that, similar to braids, elements of F' can be used to construct all
links. He also showed that a certain subgroup ? of F' can be used to construct all oriented
links. In [I0] we answered several questions of Jones about ? In particular we proved that

is isomorphic to the group F3 introduced by K. Brown [4]: it is a version of F' where all
slopes of the piecewise-linear functions are powers of 3 and break points of the derivative are
finite 3-adic fractions. We also showed that ? is generated in F' by elements zoz1, 1 T2, T2T3.
By conjugating 1z and xexs by (xoz1)™ one gets that for all n > 0, x,z,41 €



2.3 Directed complexes and diagram groups

The material from this subsection will be used only in Sections and 5.3l Here we basically

follow [14].

Definition 2.1. For every directed graph I' let P be the set of all (directed) paths in T,
including the empty paths. A directed 2-complex is a directed graph I' equipped with a set
F (called the set of 2-cells), and three maps top-: F — P, bot-: F — P, and ~': F — F
called top, bottom, and inverse such that

e for every f € F, the paths top(f) and bot(f) are non-empty and have common initial
vertices and common terminal vertices,

e ~!is an involution without fixed points, and top(f~—') = bot(f), bot(f~!) = top(f)
for every f € F.

We shall often need an orientation on F, that is, a subset FT C F of positive 2-cells,
such that F is the disjoint union of F* and the set 7~ = (F)~! (the latter is called the
set of negative 2-cells).

If K is a directed 2-complex, then paths on K are called 1-paths (we are going to have
2-paths later). The initial and terminal vertex of a 1-path p are denoted by «(p) and 7(p),
respectively. For every 2-cell f € F, the vertices ((top(f)) = t(bot(f)) and 7(top(f)) =
T(bot(f)) are denoted «(f) and 7(f), respectively.

We shall denote each cell F' by top(f) — bot(f). And we can denote a directed 2-
complex K similar to a semigroup presentaton (E | top(f) — bot(f), f € F) where F is the
set of all edges of K (note that we ignore the vertices of K).

For example, the complex (z | # — 22) is the Dunce hat obtained by identifying all edges
in the triangle (Figure ) according to their directions. It has one vertex, one edge, and
one positive 2-cell.

x

Figure 2.1: Dunce hat

With the directed 2-complex K, one can associate a category II() whose objects are
directed 1-paths, and morphisms are 2-paths, i.e. sequences of replacements of top(f) by
bot(f) in 1-paths, f € F. More precisely, an atomic 2-path (an elementary homotopy) is a
triple (p, f,q), where p, g are 1-paths in &, and f € F such that 7(p) = ¢(f), 7(f) = ¢(q). If ¢
is the atomic 2-path (p, f, q), then ptop(f)q is denoted by top(d), and pbot(f)q is denoted
by bot(d); these are called the top and the bottom 1-paths of the atomic 2-path. Every
nontrivial 2-path 6 on K is a sequence of atomic paths d1, ..., d,, where bot(d;) = top(d;+1)
for every 1 < ¢ < n. In this case n is called the length of the 2-path 6. The top and the



bottom 1-paths of 0, denoted by top(d) and bot(d), are top(d1) and bot(d,), respectively.
Every 1-path p is considered as a trivial 2-path with top(p) = bot(p) = p. These are the
identity morphisms in the category II(K). The composition of 2-paths ¢ and ¢’ is called
concatenation and is denoted ¢ o ¢'.

With every atomic 2-path 6 = (p, f,q), where top(f) = u, bot(f) = v we associate the
labeled plane graph A in Figure An arc labeled by a word w is subdivided into |w|
edges. All edges are oriented from left to right. The label of each oriented edge of the graph
is a symbol from the alphabet F, the set of edges in K. As a plane graph, it has only one
bounded face; we label it by the corresponding cell f of L. This plane graph A is called the
diagram of §. Such diagrams are called atomic. The leftmost and rightmost vertices of A are
denoted by ¢(A) and 7(A), respectively. The diagram A has two distinguished paths from
t(A) to 7(A) that correspond to the top and bottom paths of . Their labels are pug and
pug, respectively. These are called the top and the bottom paths of A denoted by top(A)

and bot(A).
u
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Figure 2.2: An atomic diagram

The diagram corresponding to the trivial 2-path p is just an arc labeled by p; it is called
a trivial diagram and it is denoted by &(p).

Let § =01 0630---06, be a 2-path in K, where 61, ..., J, are atomic 2-paths. Let A;
be the atomic diagram corresponding to §;. Then the bottom path of A; has the same label
as the top path of A;y1 (1 < i < n). Hence we can identify the bottom path of A; with the
top path of A; 1 for all 1 <i < n, and obtain a plane graph A, which is called the diagram
of the 2-path §.

Two diagrams are considered equal if they are isotopic as plane graphs. The isotopy must
take vertices to vertices, edges to edges, it must also preserve labels of edges and cells. Two
2-paths are called isotopic if the corresponding diagrams are equal.

Concatenation of 2-paths corresponds to the concatenation of diagrams: if the bottom
path of A; and the top path of As have the same labels, we can identify them and obtain a
new diagram Aj o As.

Note that for any atomic 2-path § = (p, f,¢) in K one can naturally define its inverse
2-path 61 = (p, =1, ¢). The inverses of all 2-paths and diagrams are defined naturally. The
inverse diagram A~! of A is obtained by taking the mirror image of A with respect to a
horizontal line, and replacing labels of cells by their inverses.

Let us identify in the category II(K) all isotopic 2-paths and also identify each 2-path of
the form 6’65~ 16” with ¢’6”. The quotient category is obviously a groupoid (i.e. a category
with invertible morphisms). It is denoted by D(K) and is called the diagram groupoid of



K. Two 2-paths are called homotopic if they correspond to the same morphism in D(K).
For each 1-path p of I, the local group of D(K) at p (i.e., the group of homotopy classes
of 2-paths connecting p with itself) is called the diagram group of the directed 2-complex K
with base p and is denoted by DG(IC, p).

The following theorem is proved in [12] (see also [14]).

Theorem 2.2. If K is the Dunce hat (see Figure[ZT]) and p is the edge of it, then DG(K, p) is
isomorphic to the R. Thompson group F'. The generators g, x; of F' are depicted in Figure
(all edges in the diagrams are labeled by x and oriented from left to right).

i) T

Figure 2.3: Generators of the R. Thompson group F

Diagrams over I corresponding to homotopic 2-paths are called equivalent. The equiv-
alence relation on the set of diagrams (and the homotopy relation on the set of 2-paths of
K) can be defined very easily as follows. We say that two cells m; and 73 in a diagram A
over K form a dipole if bot(m) coincides with top(m2) and the labels of the cells 7 and 7o
are mutually inverse. Clearly, if 71 and m form a dipole, then one can remove the two cells
from the diagram and identify top(m;) with bot(ms). The result will be some diagram A’.
As in [12], it is easy to prove that if ¢ is a 2-path corresponding to A, then the diagram A’
corresponds to a 2-path ¢’, which is homotopic to §. We call a diagram reduced if it does not
contain dipoles. A 2-path § in K is called reduced if the corresponding diagram is reduced.

Thus one can define morphisms in the diagram groupoid D(K) as reduced diagrams over
K with operation “concatenation + reduction" (that is, the product of two reduced diagrams
A and A’ is the result of removing all dipoles from A o A’ step by step; that process is
confluent and terminating, so the result is uniquely determined [12, Lemma 3.10]).

3 Savchuk’s problem

3.1 An explicit example
Let G be the subgroup of F' generated by the elements yo = zoz2 and y; = x1x2.

Lemma 3.1. The subgroup G is isomorphic to F' and the map x; — y;, i = 0, 1 extends to
an isomorphism F' — G.



Proof. The generators yq, y1 satisfy the defining relations of F' and do not commute. Since all
proper homomorphic images of F are Abelian [4, Theorem 4.13], the defined homomorphism
from F onto G is an isomorphism. O

Proposition 3.2. The group G is composed of all elements w € F' whose normal form is of
even length. In particular, G has index 2 inside F'.

Proof. Clearly, the normal form of every element in G is of even length. For the other
direction, we will prove in several steps that for every i,j > 0, the element xflxj-ﬂ belongs
to G.
Step 1: For every n > 0 the element z2 belongs to G.
Indeed,
z2 = (zoxa)(z129) " (wo2) € G.

Since zgr2 € G we have z; 'z 23 = xory! € G, hence rzxy 23 = w319 = zo24 € G.

Furthermore z; 'z 23 = zoz; ' € G.
Since 22 € G and zoz2 € G, we have that (z2)%0%2 = 222021 € G, hence xoz- ' € G. Thus
0 ) 0 0245 ) 5 )
we have that :onglxyt;l = xoxz_l € @G, so ,’EQ(Eal = :Eglxl € G and zoz1 € G.
Since, xgre = 170 € G We have xlxoxo_zxoxl = x% € (. Thus, for every n > 0, we have

2n

(I%)IO = x%+2n € G.

Similarly, xoxgl, :E% € G imply that xgx3 = zoxg € G. Thus

x2x0x52x0x2 = x% eq.
Conjugating by x3" shows that for any n > 0, #3,,, € G. So finally we have that 22 € G
for all n > 0.
Step 2: The element x;2z; 1 belongs to G for all ¢ > 0.
Indeed, we already have that xgx1,x122 € G. Now

Toxs = (2920) (75 ) (Tow3) € G.

Conjugating x172 and xaz3 by 22" for every n, gives that for every n > 0, the element
TnTnt1 € G.

Step 3: The element x;x; belongs to G for every ¢ < j.

The proof is by induction on the difference j —i. For j —i € {0, 1}, the statement follows
from Steps 1 and 2. If j —¢ > 1, then

ziwj = (@itie) (7475)-
From Step 2, z;z;41 € G. By the induction hypothesis and Step 1, z; .5 z; = 2,2 (zi12;) €

G.
Step 4: The element xflel belongs to G for all ¢, > 0.

Indeed, by Step 1, it’s enough to consider words of the form =z;x; since xflel =
(;vl-_%)(xi;vj)(x;%) where €,6 € {0,1}. Thus, Step 3 and the relation x;x; = xjr;+1 for
1 > j complete the proof. O



From Proposition B2 it follows that G = (xox2, X021, T122, Taws) = <?, xoT2). We will
prove below, that for every w ¢ ?, we have (?, w) 2O G. We start with the following special
case.

Lemma 3.3. We have: <?,x3> =G.
Proof. In the proof of [I0, Lemma 4.4, we proved that z3z1(zoz122) "t € F. Thus,
Toe = g 2 (wiry (vow1w2) ") wd (2923) € (?,x%},

SO (?, x3) contains zoxs and thus, contains G. The opposite inclusion follows immediately
from Proposition O

Lemma 3.4. Let w = x;x; for j > i > 0 such that j # i + 1. Then <?,w> =G.

Proof. Proposition implies that the subgroup <?, w) is contained in G. We prove the
other direction in several steps.
Step 1: The lemma holds for ¢ = 0 and any j # 1.
Indeed, for zgxs, it follows from the definition of G. The case j7 = 0 is Lemma For
Jj=3
x5 = (zox1)(vox3) (T273)” ? , TT3),

and we are done by the previous case. For j > 3,
T02j—2 = (2j-552)(w02;)(wj125)* € (F moxy),

SO (?, xoxj) contains <?, zoxj—2) and we are done by induction.
Step 2: The lemma holds for every ,j > 0 such that j > i + 1.
Indeed, for ¢ = 0 this is true by Step 1.
We prove the statement for every even ¢ by induction. For ¢ =2 and j > 3,

xoxj—2 = (zox1)(waxj)(T122)” ? , LT ).
Thus, zoxj—2 € <?,3:2:1:j> and by Step 1 we are done. For any even ¢ > 2 and j > i+ 1,
Ti—oTj_o = (T;%;) (If’ml) ? VLT ).
Thus, by the induction hypothesis for i — 2 we are done.
Now, suppose i,j > 0, 7 is odd and j > ¢ + 1. Then
Tipi@irz = (2i0) " (@iwin) (@0 2ie0) € (B zizy).

Since 7 + 1 is even, we are done by the previous case.
Step 3: The lemma holds if i = j.
Indeed, for ¢ = j = 0, this is proved in Step 1. For any ¢ > 0,
Tzt = (zic1@i)z; 2 (2izig) € (?,:172>

K2

and thus we are done by Step 2. O



In order to extend Lemma [3.4] to arbitrary words w, we shall need new definitions and a
few auxiliary lemmas.

Let w be a positive normal form. To find the normal form of the product x;w for some
i > 0, one uses the rewriting rule (01) from X, as long as possible. That is, if w = x;, ... 2,
and i1 < 4, then z; moves over x;, and becomes ;1. Then if for the second letter ia < i+1,
then z;4; continues moving and skips over z;,.

Definition 3.5. Let w = x;, ...xz;, be a positive normal form. We say that the letter z;,
i > 0 skips over w if x;w = wx;y, in F.

Lemma 3.6. Let w = x;, ...x;, be a positive normal form and z;, ¢ > 0 a letter. The
following assertions hold.

(1) The letter x; skips over w if and only if for all j = 1,...,n we have i; <i+j — 1.

(2) If x; skips over w, then for all k > i the letter xy also skips over w.

Proof. Part (2) follows immediately from Part (1). Indeed, if the inequalities in (1) hold
for ¢ then they hold for all k¥ > . Let us prove Part (1). If for all j = 1,...,n we have
ij <i+4j—1, then x; clearly skips over w. For the other direction, assume that z;w = wz;y
in I’ but there exists j = 1,...,n such that i; > ¢+ j — 1. Let r be the minimal such j
and ws the suffix of w starting from ;.. Let w; be the prefix of w of length r — 1, so that
w = wyws. Applying the rewriting rule (o1) to z;w as long as possible, we get the normal
form wix;yp—qws.

We claim that there must exist a sequence of applications of rules from ¥ (a derivation)
turning w4, into w1x;4,—1we. Indeed, since X is confluent and terminating there is a
unique semi-normal form which one can get by applying a sequence of applications of rules
from ¥ to the word wx;4,. The resulting semi-normal form is necessarily positive, and as
such, it is a normal form. By uniqueness, it must be equal to wyz;y,—1ws.

Since the word wx;4, is positive, a derivation applied to it must consist entirely of
applications of (o1). Each application of (o1) increases the sum of indices of letters in the
word. In contradiction to the sum of indices of letters in w4, = wywex;4, being strictly
greater than the corresponding sum for the normal form wiz;,—1ws. O

Definition 3.7. Let w = x;, ...x;, be a positive normal form. We say that w is a block if
x;, # x;, and for every j =1,...,n we have i; < i1 + J.

Remark 3.8. Let w = x;, ...x;, be a positive normal form. It follows form Lemma [3.6]
that w is a block if and only if

(1) w contains at least two distinct letters; and

(2) 4,41 skips over w; equivalently, x;, skips over w for all k > i;.

Since the equalities z;w = wx;4, and x{lw = wz; +1 in F' are equivalent, one could replace

the second condition of Remark B.8 by the condition: xflw = wxfin for all k > ;.

n

Intuitively, a block is a positive normal form with at least two distinct letters, such that
for all 4, if the letter x; skips over the first letter of w, then it skips over the entire w.
Examples of blocks: zgx1, ZC%$2$7, etec.

Lemma 3.9. Let B =x;, ...x;, be a block. Then

10



(1) If B’ is a translation of B, i.e., B' = x;, 4k ...x;, + for some k > 0, then B’ is also a
block.

(2) For every j # i1 we have x;lB = B’z !, where B’ is a translation of B and r > 0.

(3) If By = x4, ...x;, is not a block (in which case, we say that B is a minimal block),
then there exists j € {2,...,n} such that i; =i, +j — L.

Proof. (1) Follows easily from the definition.

(2) If j > i1, then by Remark[3.8 xjilB = Bx]iﬁn Otherwise, the rewriting rule x}lxi —
:Ci+1x;1 for i > j, shows that :v;lB = B’x;l, where B’ is a translation of B (with the
translation number k = 1).

(3) If x;, = @, 41, then B satisfies (3) for j = 2. Otherwise, B being a block, implies
that i = i1 and thus the length |B] = n > 2. It follows that the first and last letters of

By are distinct. Thus, if B is not a block, then there exists some j7 = 2,...,n such that
ij > ia+j—1=11+j—1. Now the fact that B is a block guarantees that ¢; < 7; +j. Thus,
;=1 +7—1 -

Lemma 3.10. Every double coset C' = ?a? of ? contains a positive element w such that
for every w' € C, we have |w| < |w/|.

Proof. Let w € C be an element of minimal length. If w is positive, we are done. Otherwise,
it is possible to replace w by a positive word, without increasing its length, as follows. Let
:1:1-_1 be the last letter in the normal form of w. Replacing w by w(z;x;y1) yields a word
in C' of the same length, with the negative part of the normal form being shorter. Thus,
proceeding by induction, gives the result. O

Lemma 3.11. Let C be a double coset of ? and let w be a positive normal form of minimal
length in C. Then w does not contain any block.

Proof. We begin by making a general observation. Let W be a normal form which contains
a block B. Thus, we have W = w; Bws for some possibly empty w; and ws. It follows easily
from Lemma B9)(2) that if one multiplies W from the left by x;l for some j, then either

z7'W is shorter than W, or xj_lW is of the form w}B’w} for some w}, B',w} such that
|wi| = w1, |wh| = Jwa| + 1 and such that B’ is a translation of B.

Now, let C' = w? be a double coset of ? and use Lemma 3.0 to assume that w is a
positive normal form of minimal length in C. We claim that w does not contain any block B.
Indeed, assume by contradiction that w is of the form w = w; Bws for some minimal block
B. Tt is possible to replace w by an element w’ € C of the same length, such that w’ = B'w}
where B’ is a translation of B, as follows. If w; is empty, we take w’ = w. Otherwise, let
wy = zjw). Then w” := (vjzj41) 1w = %:31“/1/37”2 € C. By the above observation and
the minimality of w we have that w” = w| B'w}, when |w}| = |w]| = |w1| -1, |wh| = |ws| +1
and B’ is a translation of B. Proceeding by induction on the length of the prefix wq, we get
the result.

Thus, we shall assume that w = Bws. Let B = x;, ... %;,. Then

-1 -1 -1 -1
t= (2, Ti41) W= Ty 2y Bwy =2 20y ., we € C.
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By lemma [B9(3), the minimality of the block B implies that there exists some j = 2,...n
such that i; = i; +j — 1. If j is the minimal such index, then the letter x;, cancels in ¢ with

Ty 1+1, in contradiction with w having minimal length in C' (by Lemma BI0). O

Theorem 3.12. Let w € F'\ F. Then the group <?, w) contains G. If the normal form of
w is of even length, then (?,w> = (. Otherwise, (?, w) = F.

Proof. We denote H = (?, w). It suffices to prove that H O G, since the rest of the theorem
follows easily from Proposition Clearly, we can replace w by any element of the double
coset C = FuwF. Thus, by Lemmas and B.I1] we can assume that w is positive and
does not contain any block. If w = z; for some ¢ > 0, then H = F. If w is of length 2, then
w = x;z; such that j # ¢+ 1 (indeed, w is not a block). Thus, we are done by Lemma [3.4]
If |w| > 2, we write w = w'x} where j >0, n > 1 and w' is either empty, or its last letter is
not x;. If w’ is empty, then

Tj@jrien = (vj2501)" € H
and we are done by Lemma B4l Assume that w’ is not empty and let k = |w’|. If
(x) j>k and x;_pw =w'zj,

then z,_y skips over w’ and so x;_j+1 also skips over w’ (Lemma B.6(2)). As such we have
that

(TjopTj—py1)” = (w/x?)fl(xj,kxj,mrl)w/x? = (w/x?)flw/(xjxfrl)x?
= (w/x?)flw/x?"_lxﬁrmrl = TjTjyn+1 € H
and we are done by Lemma 3.4

Thus it suffices to prove that (*) must hold. Assume by contradiction that it doesn’t.
Note, that in that case, for every i > 0, if x; skips over w’ then z; skips over the entire
w. That is, if for some i, we have x;w’ = w'x;1, then xiw’x;‘ = w’x?kaJrn. Indeed,
x;w' = w'ziip implies that xiw'x? = (w'ka):r}‘. If i + k > j, the result is clear. If
d=j—(i+k) >0, then since x; skips over w’ and i + d > i, by Lemma B.6[(2) we have
Titqw' = w'z;, in contradiction to (*) not holding (note that i +d = j — k > 0).

Let 7 be the minimal index such that z;w" = w'z;1f. Let w' = x;, ... x;,. We claim that
there is some index i, such that 7,, =i 4+ r — 2. Indeed, x; skipping over w’, implies that for
all =1,...k, we have i, < i+r—1 (Lemmal3.0(1)). If for all r, we have that i, <i4+r—2,
then one can replace z; with 2;_1, by contradiction to the minimality of i (note that i > 1).

Let B be the suffix of w starting from x, for r as above. That is, B = x;, .. -z Let
A be the prefix of w of length r — 1 so that w = AB. Then from the above, z;w = x;AB =
Axiyr-1B = ABw;k1p. In particular, z;y,._1 skips over B. Since the first letter of B is
x;, = Xiyr—2 and the first and last letters of B are distinct, B is a block inside w (by Remark
BY), in contradiction to the choice of w.

O
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Remark 3.13. There are several descriptions of the subgroup G of F. Vaughan Jones in

[15] mentioned that F is contained in the subgroup G’ of F' consisting of functions whose
slope at 1 is of the form 22", n € Z. In [2] that subgroup is denoted by K12 (it is proved
there that this subgroup is isomorphic to F'). Clearly Theorem B.12 shows that G’ = G.

Saul Schleimer asked (private communication) whether there are subgroups strictly be-
tween ? and G. Theorem [3.12] answers that question:

Corollary 3.14. ? is a maximal subgroup of infinite index inside G.
The next theorem gives a counterexample to Savchuk’s problem [19, Problem 1.5].

Theorem 3.15. Let U: F — G be the isomorphism taking z; to y;, i = 0,1 (see Lemma

BI). Then H = \I!_l(?) is a maximal subgroup of infinite index in F' and H does not
stabilize any z € (0,1).

Proof. It follows from Corollary 314l that H is a maximal subgroup of F' of infinite index.
Recall that yy = xgx2 and y; = x122. One can check that

ToT1 = You1Ys Y1 Yo

Thus, L .
U zgxy) = TOT1T T, To = Tox1Z4 € H.

On binary fractions, g = zox125 L acts as follows:

Oa if t = .00«
10« if t =.010«
g(t) =< .1100ac  if t = .01l
1101a if ¢t = .10«
Alla ift =11«

It is clear from the binary description, that zox125 * does not stabilize any = € (0,1). Indeed,
U changes a prefix of every binary fraction other than 0 = .0 and 1 = .1%. O

Since ? is isomorphic to the Thompson-Brown group F3 [I0], we have

Corollary 3.16. The R. Thompson group F' has a maximal subgroup which is isomorphic
to Fg.

3.2 Implicit examples

Here is another idea how to prove existence of maximal subgroups of infinite index in F
which do not fix a point in (0,1). We will show below that this idea actually works.

Let g,h be two elements of F such that My = (g,h) does not fix a point in (0,1).
Suppose that the images of g, h in the free Abelian group F'/[F, F'] generate the whole group
F/[F,F]. Then M, cannot be contained in any non-trivial subgroup of finite index in F
because subgroups of finite index all contain the derived subgroup [F,F]|. If My # F,
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then My is contained in a maximal subgroup M of F' (by Zorn’s lemma since F is finitely
generated), and M is of infinite index in F' and does not fix any point in (0, 1). The problem
is how to prove that My # F'. As we have mentioned in the introduction there is no known
algorithm to decide when two (or any finite number > 1) of elements of F' do not generate
the whole F'. But here is a partial algorithm which works quite often even when the images
of these elements in F/[F, F| generate the whole F/[F, F].

Recall the procedure (first discovered by Stallings [2I]) of checking if an element g of a
free group F;, belongs to the subgroup H generated by elements hq, ..., hy. Take paths labeled
by hi,..., hx. Identify the initial and terminal vertices of these paths to obtain a bouquet
of circles K’ with a distinguished vertex o. Then fold edges as follows: if there exists a
vertex with two outgoing edges of the same label, we identify the edges. As a result of all
the foldings (and removing the hanging trees), we obtain the Stallings core of the subgroup
H which is a finite automaton A(H) with o as its input/output vertex. Then g € H if and
only if A(H) accepts the reduced form of g. It is well known that the Stallings core does not
depend on the generating set of the subgroup H.

In the case of diagram groups we will use the same strategy but instead of automata we
will have directed complexes and instead of words - diagrams. We give the construction for
general diagram groups and then apply it to Thompson group F.

Definition 3.17. Let K = (Ex | Fx) be a directed 2-complex. A 2-automaton over K is a
directed 2-complex £ = (E; |Fz) with two distinguished 1-paths p, and ¢, (the input and
output 1-paths), together with a map ¢ from £ to I which takes vertices to vertices, edges
to edges and cells to cells, which is a homomorphism of directed graphs and commutes with
the maps top, bot and ~'. We shall call ¢ an immersion.

For example, every diagram A over K is a 2-automaton with a natural immersion ¢a
and the distinguished paths top(A) and bot(A).

Definition 3.18. Let £, £’ be two 2-automata over K. A map v from £’ to £ which takes
vertices to vertices, edges to edges and cells to cells, which is a homomorphism of directed
graphs and commutes with the maps top, bot,”! and the immersions is called a morphism
from £’ to £ provided ¥ (pz/) = pe, ¥ (qe) = qc-

Definition 3.19. We say that a 2-automaton £ over I accepts a diagram A over K if there
is a morphism v from the 2-automaton A to the 2-automaton L.

Let A be a diagram over K with top and bottom paths having the same labels (i.e., a
spherical diagram in terminology of [12]). Let us identify top(A) with bot(A). We can
view the result as a 2-automaton £’ over K drawn on a sphere with the distinguished paths
p=q=top(A) = bot(A). The 2-automaton L’ clearly accepts A, and any diagram of the
form AoAo....

Suppose we want a 2-automaton that accepts all reduced diagrams that are equal to A™
for some n. Then we should do an analog of the Stallings foldings. Namely, let £’ be the
2-automaton as above. Now every time we see two cells that have the same image under
the immersion of £’ and share the top (resp. bottom) 1-path, then we identify their bottom
(resp. top) l-paths and identify the cells too. This operation is called folding of cells (see
[14, Remark 8.8]). Clearly the result is a directed 2-complex and the immersion of £’ induces
an immersion of the new directed 2-complex. Thus we again get a 2-automaton. Let £ be
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the 2-automaton obtained after all possible foldings in £’. Then A o A o ... is still accepted
by L. But also the reduced diagrams A™ are accepted by L for every n.

More generally, let Aq, ..., A,, be (reduced) diagrams from the diagram group DG(K, u)
i.e., diagrams over [ with the same label u of their top and bottom paths. Then we can
identify all top(4;) with all bot(4;) and obtain a 2-automaton £’ over K with the distin-
guished paths p = ¢ = top(4;) = bot(A;). We can view L' as a “bouquet of spheres”. That
automaton accepts any concatenation of diagrams A; and their inverses. Let us do all the
foldings in £’. We obtain a 2-automaton L.

The proof of the following lemma is quite similar to the proof of [I2] Lemma 3.10] and is
left to the reader as an exercise.

Lemma 3.20. The rewriting system where objects are finite 2-automata over a directed
2-complex K and moves are foldings, is confluent and terminating.

By Lemma 320 and [I7, Lemma 1.7.8] the 2-automaton £ is uniquely determined by L£'.

Remark 3.21. Since folding is a “local” operation, Lemma [3.20implies that even if we start
with an infinite directed 2-automaton over a directed 2-complex K, the end result of all the
foldings does not depend on the order in which the foldings are performed.

Lemma 3.22. The 2-automaton £ accepts all reduced diagrams from the subgroup of the
diagram group DG(K, u) generated by Aq,..., A,.

Proof. Suppose that cells 7 and 75 ! form a dipole in a diagram A accepted by £, p1 =
top(m1), ¢1 = bot(m;) = bot(ms) , p2 = top(ms), and A’ is obtained from A by removing
this dipole. We claim that then A’ is also accepted by £. This will immediately imply the
statement of the lemma. To prove the claim let ¢ be a morphism from A to £ which takes
both top(A) and bot(A) to the input/output 1-path of £. Then the images of the cells
my, o are cells in £ that have the same images under the immersion of £ into K and share
a common top or bottom path. Hence these two cells must be the same in £. Therefore
d(p1) = ¢(p2). Hence ¢ induces a morphism ¢ from A’ into £. The morphism ¢ coincides
with ¢ on top(A) and bot(A). Hence £ accepts A’. O

Remark 3.23. Suppose A/, ..., A’ is another generating set of H = (Aq,...,A,) and all
diagrams A are reduced. Let £’ be the 2-automaton corresponding to A}, ..., Al . It is easy
to see that since A; is accepted by £ and A is accepted by L for every i, j, we have L' = L.
Thus £ does not depend on the choice of generating set of the subgroup H (we can even
use any infinite generating set, the resulting 2-automaton will be the same). Thus £ can be
called the Stallings 2-core of the subgroup H.

Remark 3.24. In general the 2-automaton £ constructed above can also accept diagrams
not from the subgroup H = (A1,...,A,) but in many cases it accepts only the diagrams
from H. In that case we call H closed (see Section [H).

Lemma can be used to construct many proper subgroups of F' that 1) do not fix
a point in (0,1) and 2) whose image in F/[F, F] is the whole F/[F,F] (and hence prove
existence of examples solving Savchuk’s problem). We illustrate this by the following

Lemma 3.25. The subgroup H = (x, £L'1£L'2(E1_1> is a proper subgroup of F' and satisfies the
two properties 1) and 2) above.
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Proof. Tt is easy to check that xo does not fix a point in (0,1) which implies 1). The image
of z1xox7 ! in F/[F, F| coincides with the image of 1. Hence H[F, F] = F which implies 2).
It remains to prove that H is a proper subgroup of F. We shall prove that =1 ¢ H.

Let us denote the positive cell of the Dunce hat (x | # — 2?) by m. The diagrams for zo
and 1 xgacfl viewed as 2-automata are in Figure B4 below (the immersion to the Dunce hat
maps all positive cells to 7, and all edges to the only edge of the Dunce hat).

€g

€1

€2 il

V2

€3 ey es
73
V4
€6

er

Y12 €20

Figure 3.4: The diagrams for xy and xla:gxl_l

Together the two diagrams have 20 edges (labeled by ey, ...,es) and 12 cells (labeled
Y1, .,712). To construct the 2-automaton L for these two diagrams, we first need to identify
the top and the bottom paths of both diagrams. So we set e; = e7; = es = ezg. Now the
positive cells 1, V4,75, 712 need to be folded because these cells share the top 1-path e;. So
we need to identify v1 = 4 = v5 = 12 and the edges es = e3 = e1p and e5 = eg = eg = €19.
Now the cells v3, vg, 711 have common top edge e5. So we need to fold these three cells.
Thus Y3 = Y6 = Y11, €4 = €11 = €17, €5 = €16 — €18. Then the cells Y7 and Y10 share the
top edge e4. So we set vz = 710, €13 = €14. Furthermore 79 and 3 now share the top edge
e5. So we need to set e4 = e15. No more foldings are needed, and the 2-automaton L is
presented in Figure (there the cells and edges are supposed to be identified according to
their labels: all e; edges are the same, all vy7-cells are the same, etc.).

Now suppose that x; is accepted by £. The diagram A for xz; with labels of edges and
cells is in Figure We should have a morphism ¢ from A to £ sending f; and fio to e;.
Then (d1) = 1(d6) = 71 since L has only one cell with top edge e;. This forces 9(f2) = ea,
¥(f3) = ¥(f9) = es. Since L has only one positive cell with top edge e5, we should have
¥(d2) = 3. That means ¥(fy) = eq,¥(f5) = e5. Again L has only one positive cell with
top edge ey. Therefore ¥(d3) = 77, hence ¥(fs) = e12,%(f7) = e13. Now ¢ must map the
positive cell d4 to a cell with bottom edges (f7) = e13 and ¢(f5) = es. But L does not
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Figure 3.5: The 2-core for (xq, z1292] ")
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Figure 3.6: The 2-automaton for x;

have such a cell, a contradiction. This contradiction shows, by Lemma B.22] that H does
not contain x; and hence is a proper subgroup of F. [l

Remark 3.26. One more way to show that H = (z, xlxgxfl) is a proper subgroup of F' is
to prove that H does not act transitively on the set of finite binary fractions from [0, 1]. That
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can be also done using the 2-core of H (see [8]). One can ask whether a maximal subgroup
of F of infinite index can act transitively. The answer is “yes", see [§]. That gives a strong
negative answer to Savchuk’s question.

4 F is quasi-residually finite

Let G be a finitely generated group. Recall that a subgroup H < G is of quasi-finite index
if the interval [H, G] in the lattice of subgroups of G is finite, and G is quasi-residually finite
if it has a decreasing sequence of finitely generated subgroups G > H; > Hs... of quasi-finite
index in G with NH; = {1}. In this section we prove

Theorem 4.1. The R. Thompson group F' is quasi-residually finite.

Proof. Let U be a finite set of finite binary fractions in (0, 1) and Hy be the stabilizer of this
set in F'. It is clear that if U; C Us C Us... and UU; is the set of all finite binary fractions in
(0,1), then F > Hy, > Hy,... and NHy, = {1}. It is also clear that each Hy is isomorphic
to the direct product of |[U|+ 1 copies of F', hence is finitely generated. It remains to show
that Hy is of quasi-finite index in F'. In fact we will prove more:

Claim 1. The lattice L; of subgroups of F' containing Hy; is anti-isomorphic to the
Boolean lattice Ly of subsets of U, and the map V +— Hy for V' C U is an anti-isomorphism
from L2 to Ll.

We shall prove

Claim 2. Let g € F\ Hy. Then the subgroup (Hy,g) contains one of the subgroups
Hy where V is a proper subset of U.

Note that Claim 2 implies Claim 1. Indeed, every subgroup G of F' containing Hy is
generated by Hy and a sequence of elements g1, go, ... such that g ¢ Hy and for every i,
gi+1 € (Hu,g1,--.,9:). By Claim 2, G is equal to (Hy, g1, g2, . ..) where V is a proper subset
of U and by induction on the size |U| the subgroup G is equal to Hyy for some W C U. Now
it is obvious that if V' # W, then Hy # Hy and that V' C W if and only if Hy < Hy.
Hence the map V — Hy from the lattice of subsets of U to the lattice of subgroups of F
containing Hy is a lattice anti-isomorphism.

Let us prove Claim 2. Let ug,...,u, be the elements of U in increasing order. Let us
denote ug = 0. Since g ¢ Hy, it does not fix one of the numbers u;,j > 1. Let u; be
the smallest number in U not fixed by g. Let V = U \ {u;}. It is enough to show that
Hy C (Hy,g). To do so, we will prove first that (Hy, g) contains some element of Hy \ Hy.

Let Uy C U be the subset of elements of U which are not fixed by g. In particular u; € U,.
Since for any u € Uy, the elements in the orbit ¢"(u) for n € N are all distinct, there is a
power k € N for which ¢*(U,) NU = (). By [6, Lemma 4.2] there is a function h € F which
fixes all the points in U U g¥(Uy \ {u;}) and does not fix g*(u;). In particular h € Hy. Let
g1 = g*hg*. Then g fixes all u € U \ {u;} (recall that composition in F is from left to
right). By construction, g1 does not fix u;. Therefore g1 € (Hy,g) N (Hy \ Hy).

To finish the proof, we will show that (Hy,g1) = Hy. Since Hy and g; are contained
in Hy one inclusion is trivial. For the other direction, let f € Hy. We can assume that f
does not belong to Hy, so in particular f(u;) # u;. Since f is increasing, either f(u;) < u;
or f~1(u;) < u;. Without loss of generality let f(u;) < u;. Similarly we can assume that
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91(u;) < u;. Lemma 4.2 of [6] implies that the group Hy acts transitively on the set of finite
binary fractions from the interval (u;_1,u;). Therefore there exists an element hy; € Hyy such
that fhi(u;) = g1(u;). Therefore p = fhygy ! fixes u;. Since p also belongs to Hy, we get
that p € Hy. Therefore f = pgi1hy* € (Hy,g1). O

Remark 4.2. Tt is easy to see that the proof of Theorem 1] can be adapted for every group
G of order preserving maps  — @ where @ is a dense subset of R provided G is locally
transitive meaning that for every open interval (a,b) in R the subgroup of all elements of G
fixing @ \ (a,b) pointwise acts transitively on (a,b) N Q. Thus every such group G is quasi-
residually finite. That includes the group Homeo™ (R) of all increasing homeomorphisms of
R.

Certainly not every finitely generated group is quasi-residually finite. The simplest (to
explain) example is a torsion Tarski monster where every proper subgroup is finite and cyclic
[16]. More generally every infinite group with the descending chain condition on subgroups
is not quasi-residually finite.

For every non-residually finite group, it is interesting to know if it is quasi-residually
finite. The next problem lists some of the most famous non-residually finite groups.

Problem 4.3. Is any of these groups quasi-residually finite:
e The free Burnside group B,, , for all sufficiently large exponents n and rank m > 2,
e The Higman group H = {(a,b,c,d | b=tab = a?,c tbc = b?,d ted = ?,a " da = d?),
e The Baumslag-Solitar group BS(2,3) = (a,b | a® = b=1a?b),
e The Baumslag group B = {(a,b,c | ¢ tac = b, b~ tab = a?),
e The R. Thompson groups T" and V7

Remark 4.4. Recently Jordan Nikkel showed (unpublished) that the R. Thompson groups
T and V are quasi-residually finite.

By Theorems[3I2and Claim 1 in the proof of Theorem [Z1] if H is Jones’ subgroup ? or
one of Savchuk’s subgroups Hy; for a finite set U of binary fractions, then the interval [H, F]
in the lattice of subgroups of F' is modular (in fact, distributive): the three-element chain in
the first case and a Boolean lattice in the second case. If H is a finite index subgroup of F',
then it is normal in F and F/H is Abelian because H contains the derived subgroup of F.
Hence the lattice [H, F] is also modular.

Problem 4.5. Is there a subgroup H of F' of quasi-finite index such that the interval [H, F]
is not a modular lattice?

Finally notice that there are finitely generated and infinitely generated maximal sub-
groups of F' (say, H{,) is finitely generated if « is a finite binary fraction, and infinitely
generated if « is irrational [19]). Since F' is finitely generated, every proper subgroup of F
is contained in a maximal subgroup of F.

Problem 4.6. Is it true that every finitely generated proper subgroup of F' is contained in
a finitely generated maximal subgroup of F'?

We cannot finish the paper about F' without asking an amenability question.
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Problem 4.7. Is the Schreier graph of Jones’ subgroup ? amenable?

Note that if the answer is “no”, then I itself is not amenable.

5 Some further results and open problems about sub-
groups of [

Since the paper was submitted several new results about subgroups of the Thompson group
F have been obtained by the authors. Here we list some of these results.

5.1 Stabilizers of finite sets of points

As noted above, if a finite set U C (0, 1) consists of finite binary fractions, then the subgroup
Hy, the stabilizer of U in F, is isomorphic to the direct product of |U| 4+ 1 copies of F.
It is mentioned in [I8], that if U = {a} where « is irrational, then Hy is not finitely
generated. In [I1] we clarify the algebraic structure of Fy; for arbitrary finite U. For every
such U = {aq, @z, ..., a, } where a1 < ag < ... < ay, we define its type 7(U), as the word of
length n in the alphabet {1,2,3} as follows: for every 4, the ith letter in 7(U) is 1 if o is a
finite binary fraction, 2 if a; is a rational but not a finite binary fraction, 3 if «; is irrational.

Theorem 5.1. (1) If 7(U) = 7(V') then Hy and Hy are isomorphic.

(2) Hy is finitely generated if and only if U does not contain irrational numbers. In that
case the minimal number of generators of Hy is 2k + m + 2 where k is the number of 1s in
7(U) and m is the number of 2s in 7(U).

In each case, we completely describe Hy; as an iterated HNN extension of a direct product
of several copies of F', several copies of the derived subgroup [F, F] of F and several copies of
the normal subgroup L of F of all functions with slope 1 at 0. In particular, if « is a rational
number which is not a finite binary fraction, then Hy,y is isomorphic to the ascending HNN
extension of F x F corresponding to the endomorphism ¢ defined as follows (it does not
depend on « by Theorem [G.1]):

¢2 (l‘o,l)—} (,To@l,l),
(1,1) = (z1 ® 1,1),
(1,170) — (l,xl),

(1, ,Tl) — (1,&[:2)
where 1 is the identity function and the sum f & g of two functions f,¢g in F' is defined as
the function from F which on [0, %] coincides with the shrunk by the factor of 2 copy of f,
i.e., Lf(2t), and on [%, 1] coincides with the shrunk by the factor of 2 copy of g shifted by %,
Le., zg(2t—1)+ 3.
5.2 Amenable maximal subgroups

Problem 5.2. Does F' contain an elementary amenable maximal subgroup?

The problem is open, but the following result was recently obtained by the first author.
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Theorem 5.3 (Golan [8]). There is a sequence of finitely generated subgroups B < K < F
such that B is elementary amenable and maximal in K, K is normal in F and F/K is
infinite cyclic.

Note that the subgroup B is isomorphic to one of Brin’s subgroups of F from [3]. Also
note that K contains the derived subgroup of F', hence it contains a copy of F. Thus K is
amenable if and only if F is.

5.3 The closure operation on the lattice of subgroups of F
The notion of 2-core of a subgroup of F' gives rise to the following natural notion.

Definition 5.4. The closure C1(H) of a subgroup H of F' is the subgroup of F' consisting
of all diagrams that are accepted by the 2-core L(H) of H.

It is clear that all usual conditions of the closure operation are satisfied, that is, H <
Cl(H) (Lemma B22)), CI(CI(H)) = CI(H) and if H; < Hs, then Cl(H;) < Cl(Hy). If H
is finitely generated, then the 2-automaton L£(H) is finite, and so the membership problem
in CI(H) is decidable, hence the distortion function of CI(H) is recursive. Recall that it is
still not known [I3] whether the distortion function of every finitely generated subgroup of
F' is recursive, and in fact no finitely generated subgroup with super-polynomial distortion
function is known.

Problem 5.5. Is every closed subgroup of F' quasi-isometrically embedded, i.e., its distortion
function is linear?

The closure operation preserves several properties of a subgroup. For example, it is not
hard to see (and follows from Theorem .9 below) that the closure of every non-trivial cyclic
subgroup generated by a function that has no fixed points except 0 and 1 is cyclic. Moreover,
using the description of solvable subgroups from [2] the first author proved

Theorem 5.6 (Golan, [8]). If H is finitely generated and solvable of class k, then C1(H) is
also finitely generated and solvable of class k.

Still the following problem is open.
Problem 5.7. Is it true that if H is finitely generated, then C1(H) is finitely generated?

Note that in Theorem [5.6] one cannot replace “solvable” by “elementary amenable”. In-
deed, if B is the group from Theorem [(.3] then there is a copy of B in F' whose closure
contains a subgroup isomorphic to F'.

Definition 5.8. Let h € F. Then components of h are all elements of F' that coincide with
h on a closed interval [a, b] with finite binary a, b and are identity outside [a, b] (in that case
h necessarily fixes a and b).

For example, if h = f @ g, then f@ 1 and 1 g are components of h. Clearly components
of h pairwise commute and h is a product of its “minimal” components, i.e., components
with connected support (the set of all non-fixed points of [0, 1]).
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It is easy to prove that if A is in a subgroup H of F', then the components of h are in the
closure of H. The converse was conjectured by Guba and the second author about 20 years
ago, and was recently proved by the first author of this paper.

Theorem 5.9 (Golan, [8]). The subgroup CI(H) coincides with the subgroup of H generated
by all components of elements of H. Moreover Cl(H) coincides with the subgroup of F
consisting of piece-wise linear functions f (with finitely many pieces) such that every linear
piece of f is a restriction of a linear piece of some function from H.

This theorem immediately implies the following

Corollary 5.10. Let X be any subset of the unit interval [0,1]. Then the stabilizer of X
in F is a closed subgroup of F, that is CI(H) = H. Thus all Savchuk’s subgroups Hy and

Jones’ subgroup are closed.
Problem 5.11. Is it true that every maximal subgroup of F' of infinite index is closed?

Every closed subgroup H of F' is a diagram group. Indeed, it is a diagram group of
the 2-automaton L£(H) viewed as a directed 2-complex. Moreover closed subgroups can be
characterized “abstractly” as precisely the diagram groups DG(K, a) where a is an edge and
K is a directed 2-complex where every positive cell has the form ¢t — Ir (¢,1,r are edges) and
no foldings can be performed (which means that for every ¢ there is only one cell of the form
t — Ir, and for every pair (I,7) there is only one cell of the form ¢ — Ir). Indeed, if K is
such a directed 2-complex, then mapping every edge to = and every cell t — Ir to x — 22
gives a morphism from K to the Dunce hat (Figure 2]) and it is not difficult to prove that
the corresponding homomorphism from DG(K, a) to F' is injective and the image is closed
(that follows from Theorem [£.9)).

Problem 5.12. Suppose that CI(H) = F and H is not inside a proper subgroup of finite
index of F. Is it true that H = F7?

The positive answer to Problem would give an easy algorithm to decide whether a
finite set of elements of F' generates the whole F', i.e., solves the generation problem for F'.
Indeed first we decide whether these elements are not inside any finite index subgroup of F'.
That can be done by looking at their images in F'/[F, F']. Then construct the 2-core L(H)
and check if it coincides with the 2-core L(F).

Note that in [9], the first author proved that the generation problem for F' is in fact
decidable (the notion of 2-core is also used in the algorithm from [9]).

Note also that a positive answer to Problem would imply a positive answer to
Problem B0l Indeed, if H < F is a non-closed maximal subgroup of infinite index in F
then CI(H) = F and H is not contained in any proper finite index subgroup of F'.
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