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Abstract

In this paper, we consider the group Aut(Q, <) of order-automorphisms of the rational numbers,
proving a result analogous to a theorem of Galvin’s for the symmetric group. In an announcement,
Khélif states that every countable subset of Aut(Q, <) is contained in an N-generated subgroup
of Aut(Q, <) for some fixed N € N. We show that the least such N is 2. Moreover, for every
countable subset of Aut(Q, <), we show that every element can be given as a prescribed product of
two generators without using their inverses. More precisely, suppose that a and b freely generate the
free semigroup {a,b}" consisting of the non-empty words over a and b. Then we show that there
exists a sequence of words w1, ws, ... over {a,b} such that for every sequence f1, fa,... € Aut(Q, <)
there is a homomorphism ¢ : {a,b}" — Aut(Q, <) where (w;)¢ = f; for every i.

As a corollary to the main theorem in this paper, we obtain a result of Droste and Holland
showing that the strong cofinality of Aut(Q, <) is uncountable, or equivalently that Aut(Q, <) has
uncountable cofinality and Bergman’s property.

1 Introduction

In [6], Galvin shows that every countable subset of the symmetric group Sym(€2), on any infinite set €,
is contained in a 2-generated subgroup. The orders of the two generators can be chosen to be almost any
values, and in particular, the orders of both of the generators can be finite. It follows that the elements
of any countable subset of Sym(2) can be obtained as compositions of just 2 permutations without the
use of their inverses. In other words, Galvin obtained the following theorem.

Theorem 1.1 (cf. Theorem 4.1 in Galvin [6]). Let Q be an arbitrary infinite set. Then every countable
subset of the symmetric group Sym(§2) on Q is contained in a 2-generated subsemigroup of Sym(€).

A bijection f : Q — Q is an order-automorphism when: x < y if and only if (x)f < (y)f. We denote
the group of order-automorphisms of Q by Aut(Q, <). In this paper we prove an analogue of Theorem
[Tl for Aut(Q, <). In an announcement Khélif [I3] Theorem 7], states that every countable subset of
Aut(Q, <) is contained in an N-generated subgroup of Aut(Q, <) for some fixed N € N. However, there
is no proof of Khélif’s assertion in [13], nor is the value of N mentioned. We give a proof of Khélif’s
assertion showing that N can, in fact, be 2.

A transformation of a set Q is simply any function from 2 to itself. Galvin was motivated by the
following two theorems and a question of Stan Wagon, who asked if “transformation” could be replaced
by “permutation” in Theorem

Theorem 1.2 (Theorem IV in Higman-Neumann-Neumann [9]). Every countable group is embeddable
in a 2-generated group.

Theorem 1.3 (Sierpiniski [I7] and Banach [I]). Every countable set of transformations on an infinite
set § is contained in a semigroup gemerated by two transformations of §2.

Analogues of Sierpinski’s theorem have been found for several further classes of groups and semi-
groups; see the introduction to [I6] for more details. Perhaps most relevant for our purposes is that
Galvin’s proof can be adapted to show that if G is the group of homeomorphisms of the Cantor space,
the rationals, or the irrationals, then any countable subset of G is contained in a 2-generator subgroup.
It was shown by Calegari, Freedman, and de Cornulier [3] that the homeomorphisms of the euclidean
m-sphere have the property that every countable subset is contained in a N-generated subgroup for some
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N € N (the specific value of N is not given in [3]). To our knowledge, these examples exhaust the nat-
urally arising non-finitely generated groups which are known to have the property that every countable
subset is contained in an m-generated subgroup, for some fixed m € N. This property is preserved under
taking subgroups of finite index, finite direct products, and arbitrary restricted wreath products, which
give rise to further examples.

The property investigated in this paper is somewhat stronger than the property mentioned above
and will be defined next. We write AT to denote the free semigroup freely generated by an alphabet A
and refer to a sequence of elements of AT as a sequence over A.

Definition 1.4. Let S be a semigroup, let T be a subset of S, and let A be an alphabet. Then a
sequence wi,Ws, ... over A is universal for T as a subset of S if for any sequence t1,ts,... € T there
exists a homomorphism ¢ : AT — S such that (w;)¢ = t; for all i € N.

If the alphabet A has m elements, then we will refer to (wy,),, oy as an m-letter universal sequence. If
a sequence is universal for S as a subset of S, then we simply refer to this sequence as universal for S.
Wherever it is possible to do so without ambiguity, we will also not refer specifically to the alphabet A.
Of course, the analogous definition of universal sequences for groups can be given using the free group.
However, we will not use the analogous definition in this article.

In an announcement, Khélif [I3] states that there is a finite letter universal sequence for Aut(Q, <).
However, neither the number of letters in the universal sequence, nor a proof of this statement, is given
in [13].

In this paper, in the spirit of Galvin’s Theorem, we will show that Aut(Q, <) has a 2-letter universal
sequence. In other words, every element from an arbitrary countable set can be given as a prescribed
product of two generators without using their inverses. The main result of this paper is the following
theorem.

Main Theorem (cf. Theorem 7 in Khélif [13]). There is a 2-letter universal sequence for Aut(Q, <).

We conclude the introduction by discussing some of the consequences of the Main Theorem. The
cofinality of a group G, denoted cf(G), is the least cardinal A such that G can be written as the union
of a chain of A proper subgroups. Macpherson and Neumann [I4] showed that the symmetric group on
a countably infinite set has uncountable cofinality; Gourion [8] showed that cf(Aut(Q, <)) > Ng; Hodges
et al. [I0] and Thomas [I8] proved the analogous results for the automorphism group of the random
graph and the infinite dimensional linear groups, respectively.

The strong cofinality of a group G, denoted scf(G), is the least cardinal A such that G can be written
as the union of a chain of \ proper subsets H; such that for all ¢ the following hold:

o H,=H;~':
e there exists j > ¢ with H;H; C Hj.

Droste and Holland [5] showed that scf(Aut(Q, <)) > Ro. A group G has Bergman’s property if for any
generating set X for G with X = X! and 1 € X, there is N € N such that G = X". Bergman [2]
showed that the symmetric group Sym(2), where € is an arbitrary infinite set, has this property, and it
is from this paper that the term Bergman’s property arose.

Theorem 1.5 (cf. [B]). Let G be a group. Then scf(G) > R if and only if cf(G) > Ry and G has
Bergman’s property.

Droste and Gobel [4] provide a sufficient criterion for certain permutation groups to have uncount-
able strong cofinality and hence Bergman’s property. Their criterion applies to the symmetric group,
homeomorphism groups of the Cantor space, the rationals, and irrationals.

The next lemma connects the notions just defined to that of having a universal sequence. It appears
as Lemma 2.4 in [I5] and is based on ideas in Bergman [2] and Khelif [I3].

Lemma 1.6. Let G be a non-finitely generated group and suppose that there exists a sequence (In),,cn
of natural numbers and an N € N such that every sequence (gn),cy ™ G is contained in an N -generated
subgroup of G and, for every n € N, there is a product of length l,, equal to g, over the N generators.
Then scf(G) > No.



Having a universal sequence over a finite alphabet is a stronger property than the condition in Lemma
Hence we obtain the following corollary.

Corollary 1.7. If G is a non-finitely generated group and G has an m-letter universal sequence for some
m € N, then scf(G) > V.

Bergman’s original theorem, that the symmetric group has Bergman’s property, follows immediately
from Galvin’s Theorem [T} Corollary [, and Theorem It is also possible to obtain the results of
Gourion [§] and Droste and Holland [5] as a corollary of our Main Theorem.

Corollary 1.8. scf(Aut(Q, <)) > Ry and so cf(Aut(Q, <)) > Ry and Aut(Q, <) has Bergman’s property.
Proof. This follows immediately from the Main Theorem, Corollary [[.7] and Theorem O

The ordered set (Q, <) is an example of a Fraissé limit, namely the limit of the class of finite linear
orders. Automorphism groups of Fraissé limits have many interesting properties; see, for example, [12],
[19], and [20]. It is natural to ask if results analogous to those obtained here for Aut(Q, <) hold for the
automorphism groups of different Fraissé limits.

Question 1.9. Let R denote the countably infinite random graph. Is it true that every countable set of
automorphisms of R is contained in an N -generated subsemigroup or subgroup for some fired N € N?
Does Aut(R) have a universal sequence over a finite alphabet? Or, more generally, is it possible to
characterise those Fraissé limits whose automorphism groups have either of these properties?

The paper is organised as follows: in the next section we provide the relevant definitions and some
general results about universal sequences, and order-automorphisms of Q. In Section [3, we reduce the
problem of finding a universal sequence for Aut(Q, <) to that of finding a universal sequence for a
subgroup; we also show that Aut(Q, <) has an 8-letter universal sequence. We prove our Main Theorem
in Section [l

2 Preliminaries

In this section we give the relevant definitions and some results about universal sequences for arbitrary
semigroups.

In this paper, the natural numbers do not contain 0, i.e. N = {1,2,3,...}. For m € N, let mN =
{mn : n € N}. The identity function on Q is denoted by id. If f,g € Aut(Q, <), then we define

1 = glloe = sup{|(2)f — (x)g] : = € Q} € RU{o0}.

We denote the conjugate f~'gf by g7, and the commutator f~'g='fg of f and g by [f, g]. The support
of f € Aut(Q, <) is defined and denoted as:

supp(f) ={z € Q: (v)f # z}

and the fiz of f is just fix(f) = Q\ supp(f). If X is a subset of Q, then we define the pointwise stabiliser
of X in Aut(Q, <) by
Stab(X) = {f € Aut(Q, <) : X C fix(f)}.

The restriction of an order-automorphism f to a set X is denoted f|x. If f setwise stabilises X, i.e.
(X)f = X, then f|x € Aut(X, <). It is well-known that every element of Aut(Q, <) (or any Polish
group with a comeagre conjugacy class) is a commutator; [, Theorem 2F], [11], [12], [19].

If U is a set, then we denote the set of sequences of elements of U by UN. If additionally U is a group,
then we use UN to denote the set of sequences of elements of U with componentwise multiplication.

Proposition 2.1. Let S be a semigroup, let U and V be subsets of S, and let (un),cn, (Vn),en be
sequences of words over some alphabet A. Then the following hold:

(i) of (un), ey is universal for U as a subset of S, then so is every subsequence of (un), cn;

i) (up is universal for U as a subset of S if and only if (u, is universal for UN as a subset
( ) ( )neN Y neN

Of SN,'



(iii) if (un),cn is universal for U as a subset of S and there exists B C S, and wi,ws, ..., Wyny1 in the
subsemigroup generated by B such that for every v € V, v = wiy1ways . . . Wi YmWm+1 for some
Y1,Y2,- -, Ym € U7 then

(wlum(nfl)Jrle o wmum(nfl)erwm-l-l)neN
is a universal sequence over AU B for V as a subset of S;

(iv) if m € N, (un),cy s universal for U as a subset of S, and (xy),cy i a sequence such that for
every n € N there are Yn1,Yn,2,---sYn,mn € U where T, = Yn1Yn,2* " Yn,mn, then there is a
homomorphism ¢ : AT — S such that

mn(n—1)/24+mn

H Uj (b:xn

i=mn(n—1)/2+1
for alln € N.

Proof. (i). This is straightforward to verify.

(ii). (=) For every n € N, let X, = (Tm,n)men be a sequence of elements in U, i.e. (X,)nen is a
sequence of elements of UN. Then, by the assumption applied to (m,n)nen, for every m € N there exists
a homomorphism ¢,, : AT — U such that (un)dm = Tm . We define ¢ : AT — UN by

(w)¢ = (w)d1, (w)d2,...).

Then ¢ is a homomorphism and
(Un)P = (T1,n,T2ny--.) = Xn

for all n € N, as required.

(<) Let m : SN — S be defined by ((sn)neN)m = s1. Then 7 is a homomorphism. If (x,)nen is
a sequence in U, then by assumption there exists a homomorphism ¢ : AT — SN such that for all n

(Un)p = (Tny Tn,y - - ).
Hence ¢m : AT — S is a homomorphism and
(un)pm = ap
for all n € N, as required.

(iii). Let (z,)
U such that

nen be asequence of elements of V. Then for every n € N there exist yn 1,Yn,2, - - - Yn,m €

Tp = W1Yn,1W2Yn,2 - - - WmYn,mWm+1-

Since (uy)nen is universal for U as a subset of S, there exists a homomorphism ¢ : AT — S such that
(un)@ is the nth element of the sequence (y1,1,. .., Y1,m,¥2,15- > Y2,ms--- )y 1-€. (UGi—1ym45)P = ¥Yi,j for
all 4,7 € N where 1 < 5 < m. The homomorphism ¢ can be extended to the natural homomorphism
®: (AUB)T — S satisfying (b)® = b for all b € B. Then, for every n € N,

(W1 Uy (n—1)41W2 * * * Win U (n—1)4m Wi +1) P
:(wl)q)(um(nfl)Jrl)(I)(u@)q) T (wm)q)(um(nfl)er)(I)(wm-i-l)q)

=W1Yn,1W2 - . . WmYn mWm+1 = Tn,

as required.

(iv). Let (2n),cy be a sequence such that for every n € N there are y, 1,...,Ynmn € U such that
Tp = Yn,1 " Ynmn- Since (Up),y is universal for U as a subset of S, there exists a homomorphism ¢ :

AT — S such that (uy,)¢ is the nth element of the sequence (Y1,1, -, Yl.msY2,15 -« s Y2.2m, Y315 - - - 5 Y3, 3ms - - - )-



In other words, i j = (Umi(i—1)/245)¢ for all i, j € N where 1 < j < mi, since 22;11 mk =mi(i —1)/2.
Now

mn(n—1)/24+mn mn(n—1)/24+mn
H Uk d): H (uk)¢:yn,1"'yn,mn = Tn,
k=mn(n—1)/2+41 k=mn(n—1)/241
as required. O

Note that Proposition [ZIii) holds for arbitrary cartesian products as well as countable ones. The
proof of this result is similar to the proof in the countable case, but we will not use the more general
statement, and so we have limited ourselves to the countable case.

Lemma 2.2. Let f, g € Aut(Q, <) be arbitrary, let min{f, g} and max{f, g} denote the pointwise mini-
mum and mazimum of f and g, respectively. Then min{f, g}, max{f, g} € Aut(Q, <) and (min{f, g})71 =

max{f~t g '}.

Proof. Let h = min{f, g}, let k = max{f~1, g7}, and let x,5 € Q be such that + < y. Then (x)h =
min{(x)f, ()¢} < min{(y)f, (y)g} = (y)h, and so min{f, g} is order-preserving.

Suppose without loss of generality that (z)f < (z)g. Then (x)fg~! < x and so (z)hk = (z)fk =
max{z, (r)fg~'} = x. A similar argument shows that (r)kh = z, and so h and k are bijections, as
required. [l

3 A reduction of the problem

In this section, we prove four lemmas which reduce the problem of finding a universal sequence for
Aut(Q, <) to that of finding such a sequence for a subgroup. We also show that the order-automorphisms
of the rationals have an 8-letter universal sequence.

The first reduction involves the bounded automorphisms, for which we define:

B, ={g€Aut(Q,<) : [lg—id | <r}
for all » € Q, r > 0. Note that B, is not a subgroup of Aut(Q, <) for any r € Q, r > 0.

Lemma 3.1. Let (gn)nen be any sequence in Aut(Q, <). Then there exists p € Aut(Q, <) such that
gnP € By, for alln € N,

Proof. We will specify p in terms of the following injective order preserving mapping o : Z — Z. We
define o recursively, starting with (0)o = 0. Suppose that o is defined on m € Z. If m > 0, then define
(m + 1)o to be any value in Z such that

(m + 1)o > max{(m)og,, (m)og, ' :1<n<m};
and if m < 0, then choose (m — 1)o € Z such that
(m —1)o < min{(m)og,, (m)og, ' :1<n< —m}.

We will show that no more than one point from (Z\ [—(n — 1),n — 1]) o lies between z and (z)gy,
for all x € Q and for all n € N. Let z € Q and n € N be arbitrary and suppose that there exists
y € Z\ [—(n —1),n — 1] such that (y)o lies between = and (z)g,. There are four cases to consider
depending on the signs of © — (x)g, and y. If z < (x)g,, and n < y, then z < (y)o and so (x)g, < (y)ogn.
By the definition of ¢ and since n <y, (y + 1)o > (y)ogn. Hence (z)gn < (y)ogn < (y + 1)o and so
(y + 1)o is not between (x)g, and z. Thus o has the required property. The other cases are analogous.

Let p € Aut(Q, <) be an extension of the function o : Z — 7Z and let 2 € Q be arbitrary. There are
two cases to consider: (z)p < (z)pgn and (x)p > (x)pg,. We will only give the proof in the first case,
the proof of the second case follows by a similar argument.

For every n € N, there exists at most one y € Z\ [-(n — 1),n — 1] such that (y)p = (y)o lies
between (z)p and (z)pg,. Since p € Aut(Q, <), it follows that (z)p < (y)p < (x)pgn if and only if
r <y < (2)pgnp~!. In other words, there is at most one y € Z \ [—(n — 1),n — 1] that lies between
and (2)g,?  for all # € Q and n € N. Therefore |(z)gn,?  — 2| < 2n for all z € Q and n € N. O



Lemma 3.2. Letr € Q, r > 0, and n € N be arbitrary. Then B, C (B,)".

Proof. Let g € By, be arbitrary. We use induction on n to show that there exist 2y € B, and ha € By, _1)
with g = hl_lhg. We define h; piecewise as follows:

r—r if(x)gt<z—7r
(x)hy =< (2)g~! ifz—r<(2)gi<a+r
r+r ifz+r<(z)gt

Then
hy = max{min{z > z +7r,¢g '}, x>z — 1}

and so, by Lemma 22 h; € Aut(Q, <). It is clear from the definition that hy € B, and so h; ™' € B,.
We will show that ho = h1g € B;.(,—1). Let x € Q be arbitrary. There are three cases to consider. If
(x)g7! <x—7r, thenx < (r—7r)g and so (z)h1g = (x—7r)g > z. But g € By, and so z—r+rn > (x—7)g.
Hence z < (z)hig <z +r(n—1). lfz —r < (2)g7! < x + 7, then (x)h1g = (z)g~'g = x. In the final
case, it follows, by a symmetric argument to the first case, that © — r(n — 1) < (x)h;g < x and so
hlg € Br(nfl)- U

If m,n € Z, then we denote the set {mi+n : i € Z} by mZ+n and the pointwise stabiliser of mZ+n
in Aut(Q, <) by Stab(mZ + n).

Lemma 3.3. Let f € Aut(Q, <) be defined by (z)f =x + 1. Then
By s C Stab(2Z) - Stab(2Z)”.

Proof. Let g € By3 be arbitrary. Then 2n + 2/3 < (2n + 1)g~' < 2n 4 4/3. The closed interval
[2n + 2/3,2n + 4/3] is a subset of the open interval (2n,2n + 2) for all n € Z. Therefore there is
h € Stab(2Z) such that (2n + 1)h=! = (2n+ 1)g~! for all n € Z. Since Stab(2Z)’ = Stab(2Z + 1)
and (2n + 1)h~lg = 2n + 1 for all n € Z, it follows that h=lg € Stab(QZ)f. Thus g = h-h™lg €
Stab(2Z) - Stab(2Z)', as required. O

If n € 2N, n > 2, then we define
I, = U(ni+2,ni—|—n) N Q.
i€z
Lemma 3.4. Letn € 2N, n > 2. If f € Aut(Q, <) is defined by (x)f =x+ 1, then

n/2 )
Stab(22) C [ ] Stab(L,)"".

=1

Proof. Let h € Stab(2Z) be arbitrary and for every ¢ € {1,...,n/2} define k; € Aut(Q, <) by

() = (x)h fxenj+2i,nj+2i+2], jeZ
B otherwise.

Then clearly h = ky -k 5 and k/ € Stab(I,,) for all 4, as required. 0

In the following corollary we show how the previous four lemmas can be used to reduce the problem
of finding a universal sequence for Aut(Q, <) to that of finding a universal sequence for Stab(l,,) as a
subset of Aut(Q, <) for any m € 2N, m > 2.

Corollary 3.5. Let m € 2N, m > 2, and let A be an alphabet. If there exists a universal sequence
over A for Stab(Il,,) as a subset of Aut(Q, <), then there is a universal sequence for Aut(Q, <) over

AU{f 1)



Proof. Tt follows from Proposition 21J(iii) and Lemmas B3] and B4 that if there is a universal sequence
over A for Stab(/,,) as a subset of Aut(Q, <), then there is a universal sequence (uy), cy for B3 as a
subset of Aut(Q, <) over the alphabet AU {f, f~'}. We define the sequence (wy,),,cy over AU{f, f~'}
by

6n(n—1)/2+6n

i=6n(n—1)/2+1
for all n € N.
Suppose that (gn),cy is an arbitrary sequence in Aut(Q, <). Then, by Lemma 3.1} there exists

p € Aut(Q, <) such that g,? € Bs, for all n € N. Since Ba, C (31/3)6" for all n € N (by Lemma [32)),
it follows from Proposition 2ZI|(iv) that there exists a homomorphism

¢: (AU{f, )7 — Aut(Q, <)

such that
(wn)¢ = gn?

1is an automorphism of Aut(Q, <) and so

for all n € N. Conjugating by p~
0:(AU{f /)" — Au(Q, <)

defined by (x)0 = ((x)gb)’fl is a homomorphism and (w,, )0 = g, for all n € N. In other words, (wy),, <y
is a universal sequence for Aut(Q, <) over AU {f, f~1}, as required. O

We will prove the Main Theorem in the next section. Since it is significantly more complicated to
prove that there is a 2-letter universal sequence for Aut(Q, <), we first show that there is such a sequence
over an 8-letter alphabet. Thus for any reader who is only interested to learn that there is a universal
sequence over a finite alphabet, the next theorem ought to suffice.

Theorem 3.6. There is a universal sequence over an 8-letter alphabet for Aut(Q, <).

Proof. By Corollary BH] it suffices to find a 6-letter universal sequence for Stab(l;) as a subset of
Aut(Q,<). We set Q = Z x Z x Q equipped with the usual lexicographic order. Then since ) is a
countable dense linear order without endpoints, it follows that € is order-isomorphic to Q. We consider
Aut(Q, <) instead of Aut(Q, <) in this proof. Set Qp = {0} x {0} x Q and

Stab(2\ Qo) := {g € Aut(Q, <) : supp(g) C Qo}.
Since ) is a bounded open interval in 2, there is an order-isomorphism
0:(41—-1,4i+3)NQ — Q

for all ¢ € Z such that

(4, 4i +2) N Q) 0 = Q.
Conjugation by 6 is a group-isomorphism from Aut((4: — 1,4i + 3) N Q, <) to Aut(€2, <) mapping
Stab(((4¢ — 1,47+ 3) \ (4¢,4i +2))) N Q) to Stab(2\ Qo). It follows that there is a group-isomorphism
from Stab(4Z — 1) to the direct product Aut(€2, <)” mapping Stab(I) to Stab(©\ Q¢)%. Therefore it
suffices, by Proposition [Z[ii), to show that there is a 6-letter universal sequence for Stab(€2 \ Q) as a
subset of Aut(Q2, <).

Let (gn),cy be such that g, € Stab(Q2\ Qq) for all n € N. Then, since every element of Aut((2, <)
is a commutator, there exist ha,—1, ho, € Stab(Q \ Qp) such that g, = [han—1, hoy] for all n € N. Since
supp (hy,) C Qq, for every n € N, we can define h,, € Aut(Q, <) such that (0,0, z)h,, = (0,0, (z)h,) for
all z € Q.

We define a, b, ¢ € Aut(£2, <) by

3, (z)han) ifi=—-2n, j=0
(i,4,w)a = { (i,4, (x)han—1) fi=2n—1,j=0
J, ) otherwise,
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(i,7,2) ifi=0

for all (i,7,2) € Q. Tt is routine to verify that a,b, c € Aut(£, <).
If (0,0,2) € Qg is arbitrary, then

b1—2‘n,

(0,0, z)a (2n —1,0,2)ab' ™" = (2n — 1,0, (2)han_1)b" 2" = (0,0, (z)hon_1)

= (Oa Oa :L')hQn—l € QO
and
(0, O,JU)abznC = (=2n,0,2)ab®"c = (—2n,0, (x)hap)b*"c = (0,0, (2)ha,) = (0,0, x)ha, € Q.

Hence on o, at least, [a® ", a®"°] equals [hon_1, han] = gn.

Since supp(a) C Z x {0} x Q,

supp (ablizn) =supp(a)b' " CZ x {0} x Q

and )
supp (ab nc) C(Zx {1} x Q) U Q.

1—2n

Thus supp (abun) N supp (abznc) C Q. Since a’ and a®"¢ also fix Qo setwise it follows that

supp ([abun,abznc]) C Qq. Hence, for all n € N,

1-2n 2n
|:ab 7ab C:| = [hanla h?n] = gn-

The map that takes each letter in the alphabet A = {a,a™%,b,b=% ¢,c™!} to the corresponding element
of Aut(Q, <) defined above extends to a unique homomorphism ¢ : A* — Aut(Q, <) and we have just
shown that ([a® ", a""%))¢ = g, for all n € N.

Thus, since (g,),,cy Was an arbitrary sequence of elements of Stab(€2\ ), it follows that the sequence

pl—2n b2 e ) 1
(la" "™ ) 1
is universal for Stab(Q \ Q) as a subset of Aut(Q, <) over the 6-letter alphabet A, which concludes the
proof. [l

The proof of Theorem establishes the existence of an 8-letter universal sequence for Aut(Q, <);
we will now construct such a sequence explicitly.

Let m € 2N with m > 2 be fixed, let (wy),y be a universal sequence for Stab(/,,) as a subset of
Aut(Q, <) over some alphabet A, and let (gn), oy be an arbitrary sequence of elements of Aut(Q, <).
By Lemma Bl there exists p € Aut(Q, <) such that g,? € Bs, for all n € N. Hence, by Lemma B.2]
there exist Uy 1,Un,2,- .., Un,6n € Biyz such that

6n
gnl = H“’” (2)
i=1

forallm € N. Let f € Aut(Q, <) be defined by (z)f = z+1. Then, by Lemma[33] there exist vy ;.1,n. 2
in Stab(2Z) auch that

Un,i = Uni,l* Un,i,Qf (3)
for all n € N and 1 < i < 6n. By Lemma B4, there exist ¢ j,1,%n,i5,2--,tnijm/2 € Stab(l,,) such

that
m/2

2k
Un,ij = H tnigk’ (4)
k=1

forallneN, 1 <i<6n,1<j<2.



Finally, combining equations ([2), (@) and () above we have that

6n 6n 6n [m/2 o m/2 -
gn? = [ ni =T nia - vnin?) = [ | T] tniae” - I tniiow? (5)
i=1 i=1 i=1 \ k=1 k=1
for all n € N.
The set

T={thijr:neN1<i<6n,1<j<21<k<m/2}
is contained in Stab(/,,) and (wy), oy is universal for Stab(/,,) as a subset of Aut(Q, <). Hence, if the
elements of T' are ordered in any way, then there exists a homomorphism ¢ : AT — Aut(Q, <) that
maps wy, to the nth element of T'. Specifically, if we order T" according to the usual lexicographical order
on the tuples (n, 4,7, k), then ¢, ; ; , is in position

) — 1
(JT)m + k= (n,i, 4, k).

3mn(n—1)+ (i—1)m+
In other words,
(Wi gy) = (w3mn(n—1)+(i—1)m+—(j}”"‘ +k) ¢ = tnijk-

We may extend ¢ to a homomorphism ¢, : (AU {f, f‘l})Jr — Aut(Q, <) mapping the letters f and
f~! to the automorphisms f and f~1, respectively. Then by (B]) above it follows that

6n m/2 m/2
2k41
H H W(n,i,1,k)e H w(n,i,?,k)bf o1
i=1 \ k=1 k=1
6n m/2 m/2
2k 2k+1
:]._.[ H (w(nﬂ}lyk)bf )¢1 : H (w(n,i,Q,k)Lf ) 01
i=1 \ k=1 k=1
6n m/2 m/2
2k 2k+1
= H H tn,i,l,kf . H tn,i,?,kf = gnp
i=1 \ k=1 k=1

for all n € N. Conjugation by p~! is an automorphism of Aut(Q, <). Composing ¢; with this automor-

phism gives another homomorphism ¢y : (AU {f, ffl})+ — Aut(Q, <) and

6n m/2 m/2 )

2k 2k+1 -
I woiaw - T wonizm.” $2 = (9a")" = gn
=1 k=1 k=1

for all n € N. Since (gn),cy Was an arbitrary sequence of elements of Aut(Q, <), it follows that the
sequence with nth term equal to

6n [m/2 m/2
2k 2k+1
H H w(n,i,l,k)bf . H w(n,i,2,k)Lf
i=1 \ k=1 k=1
6n [m/2 m/2
f2k: 2k+1
= H H W3mn(n—1)+(i—1)m+k ’ H Wamn(n—1)+(i—1)m+2+k
i=1 \ k=1 k=1
3n(n+1)—1 [m/2 m/2
2k 2k+1
= H H wmz‘+kf : H wm<2;'+1)+kf
i=3n(n—1) \ k=1 k=1
is universal for Aut(Q, <) over the alphabet AU {f, f~1}.
In the case that m = 4, the nth term of this universal sequence is
3n(n+1)—1
2 4 3 5
H w4i+1f 'w4¢+2f 'w4¢+3f 'w4i+4f . (6)
i=3n(n—1)



Letting (wy), <y be the sequence given by () now gives the universal sequence

3n(n+1)—1
H [ab78i71 , ab8i+2c]f2 . [ab78i73 ’ ab8i+4c]f4 . [ab78i75 ’ ab8i+6c]f3 . [ab—Si—7 , ab8i+sc]f5
i=3n(n—1)

neN

for Aut(Q, <) over the alphabet {a,a=!,b,b=1 c,c™L f, f~1}.

4 Proof of the Main Theorem

In this section we prove the Main Theorem, which we restate for the convenience of the reader.
Main Theorem. There is a 2-letter universal sequence for Aut(Q, <).

If X is a totally ordered set, then we denote by X* the set X U{oco} where the order of X is extended
by adjoining a maximum element oo ¢ X.

We identify Q with the set Q2 = Z x Z* x Z* x Q* equipped with the usual lexicographic order. Then,
as in the proof of Theorem [3.6] 2 is order-isomorphic to Q. It is straightforward to verify that there is
an order-isomorphism ¢ from Q to Q such that QN (4n — 1,4n + 1) is mapped to

Qn = {n} x {0} x {0} x (=1,1)
and Q N [4n — 2,4n + 2] is mapped to
{a€:(n—1,00,00,00) < a < (n,00,00,00)},

for every n € Z. Moreover, ¢ can be chosen so that the function f obtained by conjugating = — = + 1
by ¢ satisfies
(6,5, k,0) f* = (i + 1,5k, )

for all (4,7, k,z) € . We will only make use of powers of 4 in the remainder of the paper, and so we
do not require (or give) an explicit description of the action of f itself on .

We consider Aut(£2, <) rather than Aut(Q, <) for the remainder of this section.

Let (hn), ey be an arbitrary sequence of elements in Stab(Q\ (J, ¢z Q12n). We will show that there
exists g € Aut(, <) such that

[(g . gf’”) (gf%)n"ffzs, (g . gf’”) (QM)R] = hy,

for all n € N. In other words, Stab(Q2\ U
over {f,f~1,9.97"}.

Note that, by definition, f‘if1 = ¢fo~ ! is the map 2 — x + 1 and so the order-isomorphism ¢f ! =
(0f Lo 1 = (pfd~1)~t¢ maps [48n,48n + 2] to Q12,, for all n € Z. Hence

nez 12n), as a subset of Aut(Q2, <), has a universal sequence

Stab(Iis)* " =f¢~ ! Stab(Iss)éf " = Stab(Q\ | Q12a)-
nez

Thus, it will follow that Stab(I4g), as a subset of Aut(Q, <), has a universal sequence over {f, f~1, 9,971}
and so, by Corollary BH Aut(Q, <) has a universal sequence over the same alphabet. Once we have
defined g, we show in Lemma[£.2] that the group generated by f and g equals the semigroup generated by
f~48g and f. More precisely, each of f, g, f~!, and g~ is equal to an explicit product over f~*®¢ and
f, which is independent of the sequence (h,,),, . Therefore we will have shown that there is a universal
sequence for Aut(Q, <) over the alphabet {f~*g, f1.

Since (hm)men is a sequence in Stab(2\ U, ci97 2n), it follows that hp,|o, € Aut(§2,, <) for all
m € N and n € 12Z. Every element of Aut(Q,, <) = Aut(Q, <) is a commutator, and so there exist
Emns k—mn € Aut(£2,, <) such that

[k—m,nz km,n] = hm|Qn

10



for all m € N, n € 12Z and we define ko, to be the identity for all n € 12Z. For every m € Z and
n € 127 there exists k., € Aut((—1,1) N Q, <) such that

(TL, Oa 0; y)km,n = (na 0; Oa (y)lgm,n)

where y € (—=1,1) N Q.
To define the required g, we specify four auxiliary order-automorphisms a, b, ¢, d of €2:

(4,4, m, (= )l%m) ifi€24z, j €27, x e (—1,1)

(i, j,m, (2)k,, ) ifie2d4Z, je2Z+1, z€(-1,1)
(i,j,m,x)a = < (i,5,m, (z )l?: mz) ifi €247 +12, j €27, x € (—1,1)
(i,5,m, (2)k), ;) ifi€24Z+12, j€2Z+1, x € (—1,1)
(i,4,m,x) otherwise,
(i,j+1,m,z) ifie24Z
(i, j,m,2)b = < (i,j—1,m,z) ifie 247 + 12
(i,4,m,x) otherwise,
(i,4,m+1,2) ifie 24Z
(i,j,m,z)c = < (i,5,m—1,2) ific24Z+12
(i,7,m,x) otherwise,
(i,j,m,x+2) ifie24Z, (j,m) # (0,0)
(i,4,m,x)d = < (i,j,m,x—2) ifie24Z+12, (j,m) # (0,0)

(i,4,m, ) otherwise.
It is routine to verify that a,b,c,d € Aut(Q, <) and that

o =7t =t A =d7Y, be=cb.

)

We are now able to define the second automorphism g € Aut(Q, <) required to generate (hy), cy:

4 12 2
g=ab-I oY af” (7)
Since
supp(ab) C 12Z x Z* x Z* x Q, Supp (cf4) C (12Z + 1) x Z* x Z* x Q*
12 5
supp ((b*l)f ) C (12Z+3) x Z* x Z* x Q*, supp (bf ) C(12Z+7) x Z* x Z* x Q*,
12
the supports of ab, ¢f 4, (b’l)f , and df * are disjoint. In particular, this implies that these automor-
phisms commute.
Lemma 4.1. (ab)? = b2
Proof. From the definitions of a and b, we have that:
i,7+1,m, (2)km,) ifi€24Z, j €27, x € (—1,1)
o)k L) ifi€24Z, j€2Z+1, x € (—1,1)
komi) ifi€24Z+12, j €27, x € (—1,1)
kZy,;) ifi€24Z+12, j€2Z+1, z € (-1,1)
(,4,m,z)b otherwise.

(i (

( ()
(i,7,m,x)ab = (i,7—1,m, (x)

(i,] (x)

If 4,5,m,x do not fulfil any of the first 4 conditions in the displayed equation above, then clearly
(i, §,m, x)(ab)® = (i,j,m,z)b2. If i € 247, j € 2Z, and z € (—1,1), then

(i,j, m, z)(ab)2 = (7”] +1,m, (x)]}mz)ab = (7”] +2,m, (z)l_fm,z]};n?z) = (iv.ja m, :L')b2

The remaining cases follows by similar arguments. |

11



Lemma 4.2. The semigroup generated by f~*%g and f is the group generated by f and g. More precisely,
each of f, g, f~1, and g~"' is equal to a fixed product over f~*8g and f which is independent of the
sequence (hn), cy-

Proof. Let S be the semigroup generated by f~*8¢g and f. Clearly f and g = f48(f~%8¢) are in S. We
48
will now show that (¢2)) = g2
12
Since ab, ¢/, (b_l)f , and d/*° commute and (ab)? = b* (Lemma 1)),
f4 o f12 fZS f4 o f12 f28
9> = (ab)*(c)” (072 (@) = (P) (b7 (d?)
Therefore, by equation (),

28

)" = )™ ((02>f48)f4 ((bfz)f“)fu ((dz)f48)f I N = A

Thus s
g7 = () 9= (R FET R () € 8, (®)
and so
FH=0Y g = U (T ) (g () €8, (9)
which concludes the proof. (|

In the following three lemmas, we show that

l(g-gf12)<gf4)mgf2g, (g-gf12)<gf4)m] = [acmd,af’"} = hum,

for all m € N. .
Suppose that u, v € Aut(Q, <) are such that supp(u), supp(v) C 12ZxZ*x Z* xQ*. Then supp (uf ) N

supp (Uf4j) = () for all 4, j € Z such that 47 # 45 (mod 48). It follows that uwf" and v/ commute for

any such 4, j, and, in particular, this holds when u or v is any product of a, b, ¢, or d.
FoA\™ p-28 fma\ ™
_ g ) — g9 m —m
Lemma 4.3. [(g.gf 12)< ) 7(g.gf 12)< ) ‘| = [ac d g° } for all m € N.

Proof. Since g = abe!” (b’l)f deS, it follows that
g = (@) e
and so ) iz N
—12 _ 28 - -8, 16
g-g" " = (abe” 07 dT) ((a0) 7).
Since the only pair (44,4j) of powers of f in {0,4,12,28} x {—12,—8,0,16} in this product such that
4i = 45 (mod 48) is (0,0), it follows that

g-g' " = (@b el Cacl (b)Y al

Also e .,
-\™ myf? m(p—m my f>
(7)) = (™’ e =) @y’
The only (4i,45) in {—12,—8,0,4,12,16} x {—4,0,8,24} such that 4i = 4§ (mod 48) is (0,0), which
implies that
T 12
(g ) gfflz) (9 ) _ (ab)f712cf78a07mcf4(b_l)f dflGdf28.

Next

—16

o =) T

12



and the only (47,45) in {—12,—8,0,4,12,16,28} x {28, 24, 16,0} such that 4i = 4j (mod 48) is
(0,0). Therefore

s (gf 4) gf—28 12 s my g 12 e eos
(Q'gf ) = (ab)! ¢ a0 df T df

and hence

as required. O
Lemma 4.4. [acmd, acfm} lo = lE—mmnskmanllo, = hmla, for all n € 12Z and m € N.

Proof. Let z € (—1,1) and let m € Z be arbitrary. If n € 247Z, then (n,0,0,2)c™ = (n,0, m,x), whereas
if n € 24Z 4 12, then (n,0,0,2)c™ = (n,0, —m, z). Hence, in either case (i.e. if n € 12Z)

(n,O,O,x)aCim = (n,0,0, (2)km.n) = (n,0,0,2)km n

and, similarly,
(n,0,0,z)a® = (n,0,0,2)k_m n-

Since d fixes the points in {2 with second and third component equal to 0, it follows that
(n,0, O,x)acmd = (n,0,0,2)k_pm n-

In other words, since Q,, = {n} x {0} x {0} x Q, it follows that a® "|q, = km., and a® 4|, =k_pmn €
Aut(9y,, <), n € 12Z. Thus

a0 " [, = a0, 0" "o, | = Kokl 0, = Balo,

as required. O

We will use the following observation in the proof of the next lemma. If f and g are permutations of
aset X and Y C X, then

supp (f9)NY = supp(f)gNY = (supp(f)NYg ') g. (10)
Lemma 4.5. [acmd, acfm} fizes Q\ U, e102 n pointwise for all n € Z and m € N.

Proof. Let m € N be fixed. Using the definitions of a, ¢ and d it is not difficult to check that for all n € Z
and i,j € Z*, both a¢" % and a¢ " map the set

An,ij = {n} xA{i} x {7} x Q"

to itself. Hence it suffices to consider the action of a®”¢ and a® " on any given A, ; ;. If n ¢ 127, then
Ay ; is fixed pointwise by a,c, and d and we are done. So we may assume that n € 12Z. For simplicity,
we will in fact assume that n € 247. The proof in the case that n € 247 + 12 is analogous and omitted.

If (4,7) # (0,0), then, using (I0),

m 71
supp (ac d) NAp;;j (supp )N Anﬁiyj(cmd) ) c"d

(supp(a) N Ay i j—m)c™d
({n} x {i} x {7 —m} x (=1,1))c™d
{n} x{i} x {5} x (1,3)

c
c
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and

supp (acfm) Ay = (supp(a) N Ay, ;™)™

= (supp(a) N Ap i j+m)

({”} {i} x {j+m}x(=1,1)c™
{n} x{i} x {7} x (=1,1).

c
c

Thus the supports of a®” ¢ and a® " are disjoint on A, ; ; if (4,5) # (0,0), and so [acmd, acfm} fixes such
A, ;. pointwise.

cm

c"d
,a

It only remains to show that [a } fixes Ay,.0,0\ 2y, i.e. all points of the form (n, 0,0, z) where

x & (—1,1). In fact, using the definitions of a,c and d it is easy to verify that such (n,0,0,x) are fixed
under both a"% and a® . O

We have shown that the sequence over the alphabet {f, f~1, g,¢7 '} with nth term equal to

—12 o4 \n 28 —12  f 4 —n
Wy = [(g : gf (@ )9 a(g : gf )(g ) ]

is universal for Stab(l;g) as a subset of Aut(Q, <). Using (§)) and (@) we can write
9= """,
gt = (R (),
FH= BB B ()

and substituting these values in to w, yields a universal sequence over {f, f~*8g} for Stab(lss) as a
subset of Aut(Q, <). Combining this with equation (@), at the end of previous section, it is possible to
obtain an explicit universal sequence for Aut(Q, <) over the alphabet {f, f~%8g}. However, the resulting
expression is too long to include here.
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