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Abstract

We introduce the function ag (and B¢), defined in [11], that measures
the gap between an (outer) automorphism of G and its inverse. We
give an alternative proof of the lower bound for af, of the free groups,
and give an improvement for the lower bound of Sf,. Furthermore, for
the first time, a study of the function agg(i,ny for the Baumslag-Solitar
groups BS(1, N), |N| > 1, is made, and we prove that it grows linearly.
Finally, in an independent way, we define the same concept over the virtual
automorphisms and prove that the equivalent function for the free groups
has an exponential lower bound.
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1 Introduction

In this work we analyse and explain a way to measure the difficulty of inverting
an automorphism of a finitely generated group G, following the definition first
introduced by M. Ladra, P. V. Silva and E. Ventura in [11]. This article serves
as main source and motivation to a great part of our work.

We reintroduce the concept of norm of an automorphism, which gives an
idea of its complexity, and the auto-gap function ag(n) that measures the
maximal difference between a norm of an automorphism and that of its inverse,
intuitively telling us how difficult it is to invert the automorphism. The same
construction can be done for the outer automorphisms of a group, with the
analogous outer-gap function Sg(n).

In this work, we dedicate the majority of our time in studying these concepts
for two important families of groups: the free groups and the Baumslag-Solitar
groups BS(1, N) for |[N| > 1.

For the free groups, we give an alternative proof of the results given in [11].
We try to improve the bounds described in the article, by giving a description of
all its automorphism from a different point of view. Even though we are unable
to prove stricter bounds for ap_ (n), we expose some results that might serve as
foundations for a future proof and make some new observations. We also study
the growth of Br (n) and we are capable of giving a slight improvement to its
lower bound for the free groups of rank 7 > 2, from n"~! given in [11] to n”. We
also give a complete description of these functions for the free group of rank 2,
giving a new version of the proof in [11].

For the first time, the function agg@,n)(n) is studied for a new non-trivial
case: the Baumslag-Solitar groups BS(1, N) for |[N| > 1. We make an exhaustive
description of its automorphisms that allow us to prove that agg(i,n)(n) grows
linearly. This is an interesting result, as it shows that the task of finding these
functions is quite difficult and complex in general.

We end this work with a new development motivated by an open question
from [11]: in this paper it was asked whether there exists a group G whose auto-
gap function ag is exponential. We are not able to answer this question (which,
as far as we know, remains open) but we define a variation of o, namely vg s,
and prove that it is certainly exponential for free groups of rank r > 2. This
new function vg s, called virtual-gap function and associated to each finitely
generated group G together with a fixed ordered finite generating set S, measures
similarly the worst case difference between the norm of a virtual automorphism
and its inverse. It generalises a in the sense that the automorphism of G are
special cases of virtual automorphisms, while the set of these latter ones is much
bigger; in particular, ag,s(n) < vg,s(n). While far from being an answer to the
question posted in [11], our result that vg, s is at least exponential (where F. is
the free group of rank r > 2 and S is a free basis for it), shows that functions
similar in spirit to ag can certainly be exponential.

To define this function, we need to introduce the concept of Schreier graphs
and some related results. A technical problem here is that we have not been
able to show that vg s is independent of the chosen set of generators, even up
to multiplicative constants (as it is nicely the case for the ag function).

Finally, we would like to remark that in this thesis, we have also tried to
prove many results which apparently seem true, without success, which includes
trying to prove that ag(n) < Bg(n)n or improving the bounds of the free groups.
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2 First definitions

Let’s introduce the notation and a few basic observations we are going to use
throughout this thesis: G will denote a finitely generated group with a finite
generating set S = {z1,...,zs} such that 15 ¢ S. By definition of generating
set, all elements g of G can be written as

g=aiiaiz ol
with 4q,...,4 € {1,...,s}, &, = £1 and 0 <1 < co. We say this way of writing
g € G is an expression of g over S, and the set of all such expressions are
called the words in S. It is not unusual to find two different expressions for the
same element, such as (0,1) + (1,0) and (1,0) + (0,1) for (1,1) in the group Z?2
over the generating set S = {(1,0),(0,1)} (these expressions are different, but
when viewed in Z2, they correspond to the same element). We can also have
an expression with a trivial relation, that is, the expression containing :ci;vi_l or
x; Lo for any z; € S. These expressions are trivial when viewed in G, so given
any expression, we can apply a reduction, that recursively removes all z;z; !
or a:;lxi from the expression, until no more are left. Any expression without
trivial relations is said to be reduced.

Given a fixed finite generating set, we can define a metric over G with respect
to S, called the word metric, such that for all g € G, |g|s equals the length I of
the shortest expression of g over S. This is a well-defined norm and satisfies
the following properties: |Lals = 0, [gls = lg~ s, lgg'ls < lgls + |¢'ls and
lg"] < |n| - |g|s for all g,¢' € G and n € Z [3].

By taking S to be finite, we obtain that the balls in this metric (in particular,
those centred at the origin, the trivial element) are finite, that is,

Bs(n) ={g € G |lgls <n}

is finite for all non-negative integers n. This allows us to define the notion of
growth in G by studying how |[Bg(n)| grows when n — oo. The first problem we
encounter, is that this growth depends on the generating set we picked as, in
general, |Bg(n)| # |Bg/(n)| for different finite generating sets S # S’. But this
can be solved if we introduce the following equivalence [8].

Definition 2.1. Let f,g: N — R>( be two non-decreasing functions. We say
that f is dominated by g (or that g dominates f), denoted f =< g, if there exists
a constant C' > 1 such that f(n) < Cg(Cn) for all n > 0. We say that f and g
are equivalent, denoted f ~ g, if f < g and f = g. Likewise, we’ll write that

f=gif f<gand f#g.

The relation ~ is a well-defined equivalence, and it can be easily verified
that the following results are met: polynomials dominate those of lower degree:
0 <1<n=<n*<---<n¥ < ... and any positive polynomial p(n) is
equivalent to n” if and only if it has degree k. A function that is equivalent



2  FIRST DEFINITIONS Alex Miranda Pascual

to a polynomial is said to have polynomial growth, and this notion is extended
to include those of constant growth, linear growth, quadratic growth, etc. Any
function that dominates all polynomials is said to have superpolynomial growth.
Some examples of functions of superpolynomial growth include ™" for all a > 0.
Note that ™" < e’ if and only if & < B and a™ ~ b for all a,b > 1. If
f ~ €™, then we say that f has exponential growth, and if f < €™, we say
that f has subexponential growth. A function that has both superpolynomial and
subexponential growth is said to have intermediate growth, like, for example, ™"
for 0 < a < 1. This list is not exhaustive, since there are other functions
dominating all the previous growths, such as n! or n”, and others in between,
such as 1 < /n" < n [2, 8].

Going back to our explanation, let us define the growth function of G relative
to S as the non-decreasing function fs : N — N defined as fs(n) = |Bg(n)|
(usually it is denoted as 8g, but we are dropping this notation to avoid confusion
with definition 2.2). This depends on S, but it can be proven that fs(n) ~ fs/(n),
for any two finite generating sets S and S’ of G. This allows us to define the
growth rate of finitely generated groups, independently of the choice of S. It
is easy to see that, for any finitely generated group G and any finite set of
generators S, fg is of at most exponential growth [2, 8]. We are not going to
enter in more detail into the growth rate of groups.

Since all the calculations and results we are going to state in this work
depend in some way on the generating set we consider, it is necessary we find an
equivalence such that the results don’t depend on the chosen generating set. In
particular, our functions will be equivalent using this equivalence relation we
defined.

2.1 Inversion of automorphisms

In this subsection, we introduce the notions on the automorphisms and outer
automorphisms that are needed to understand the results we will give in the
thesis. The automorphism group Aut(G) of a group G is defined as the set of
all automorphisms of G equipped with the conjugation as its operation. We
let automorphisms act on the right, g — gy = (g)p; and compositions work
accordingly: for all 1,2 € Aut(G), p1p2 acts as g — gp1 — gp1pa.

We define the subgroup of inner automorphism group Inn(G) as the (normal)
subgroup of conjugations of Aut(G), which is isomorphic to the quotient of G by
its centre. In this work, we are denoting the conjugations as vy, (hvy, = g~ hg).

We define the outer automorphism group as the quotient

Out(G) = AUt(G)/Inn(G),

where we are denoting the representative of ¢ € Aut(G) in Out(G) as [¢] [7].

Now we introduce the definitions of norm of an automorphism and an outer
automorphism, that were first given in [11]. We know that any automorphism ¢
is determined by the image of ¢ over the elements of S. We define the norm
of ¢ with respect to S = {x1,...,x5} (or, the S-norm for short) as

lells = lipls;
=1
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and the norm of ® € Out(G) with respect to S as
P||s = mi .
1915 = min{]ill}

Once again, the finiteness of S guarantees that ||¢||s is always defined and
that there is a finite number of automorphisms of a certain bounded norm, and
consequently, there’s also a finite number of outer automorphisms of a bounded
norm. Note also that since x;¢ is not trivial for any i, ||¢||s > s and ||[¢]||s > s
for all ¢ € Aut(G). Also, we have that |gp|s < |g|s|l¢lls: if |gls = I, then there

exists a word of length  on the elements in S such that g = 7' x> - - - 25! and so

l l
lgels = (@5 aiz - -ai)els < D lalels < D llells = Hlells = lglsllells:
j=1 j=1

As the paper states, it is natural to compare |¢||s and ||¢~!||s, and if one
happens to be significantly larger than the other, we can intuitively say that
inverting the automorphism ¢ is hard, and respectively for an outer automor-
phism. The following definition arises with the purpose of measuring the worst
case difference between ||¢|s and ||~ !||s (and ||®||s and |[®~1||5).

Definition 2.2 (Auto-gap and outer-gap functions [11]). We define the auto-
morphism inversion gap function of G with respect to S (or auto-gap function,
for short) as the function ag,s : N — N such that

ag,s(n) = max{|¢ ™5 | ¢ € Aut(G), |[¢lls < n}.

Analogously, we define the outer automorphism inversion gap function of G
with respect to S (or outer-gap function) as the function Sg,s : N — N such
that

Ba,s(n) = max{||@7"||s | @ € Out(G), [|®]|s < n}.

In both definitions, the maximum of the empty set is defined as 0.

We will more frequently use the notation ag and Ss when the G is clear
from the context. Observe first of all that both functions are well-defined and
non-decreasing. Also, if G is not trivial, ag(n) = Bg(n) = 0 if and only if n < s,
since the identity has always norm s.

The first result we have is a direct comparison between both functions:

Proposition 2.3. For any group G and any generating set S, Bs(n) < ag(n).

Proof. Let ® be the outer automorphisms such that | ®|s < nand ||®@71|| = 8(n).
Let ¢ be a minimal element in ® (such that ¢ € ® and ||¢||s = ||®||s). Then,
ot € @71, Therefore,

Bs(n) = |27 < [lg™!]| < as(n),
because ||¢lls = [|®]|s < n. O

Once again, this function depends on the choice of .S, but one can see that
for any pair S, T of finite generating sets of G, we have that ag ~ ar, with ~
as in Definition 2.1. This result requires the following lemma from [11].
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Lemma 2.4. Let G be a finitely generated group and let S = {x1,...,xs} and
T ={y1,...,y:} be two generating sets of G. Then there exists a constant C > 1
such that, for all p € Aut(G) and ® € Out(G),

1
clellr < llells < Cllelir,

1
clelr < |2lls < Cl|@flr.

Proof. We take M = max{|yj|ls | j = 1,...,t} and N = max{|z;|r | ¢ =
1,...,s}, and we let C = M Nst > 1. We can easily verify that |g|s < |g|TM
and |g|r < |g|sN for all g € G. Then, for every ¢ € Aut(G), we have

lells = [z1pls + - + [zsls
<l|zrpolrM + - + |zsp|r M
< M(lzilrllellr + - + |zs|rllellr)
= M(|z1lr + - + |zs|T)lellT
< MNs|¢llr
<Clellr.

Furthermore, if ¢ is an automorphism in ® such that || ®||r = |||/, then

1®ls = minglig]ls} < [1¥lls < Clivllr = Cll®]ir-

By symmetry, we have ||¢||r < C||l¢|ls and ||®||r < C||®]|s, so the statement
follows. O

Theorem 2.5. Let G be a finitely generated group and let S = {x1,..., x5} and
T={y1,...,yt} be two generating sets of G. Then, ag ~ ar and Bs ~ PBr.

Proof. We need to see there exists a constant C' > 1 such that

e ([#]) st < v

We use the constant C' from the previous lemma. If n < s, then ar(|Z]) =
ag(n) = 0 so the inequality holds. If n > s, then

G), lells < n}
< max{|l¢”"[|s | ¢ € Aut(@), [lollr < Cn}
<max{Clle~ |z | ¢ € Aut(G), llgllr < Cn}
= Cmax{[l¢~"|7 | ¢ € Aut(G), |¢|r < Cn}
= Car(Cn).

as(n) =max{|[¢""|s | ¢ € Aut(

By symmetry, ar(n) < Cag(Cn) and therefore,

Lor([2]) <as(c]2]) <astm)

proving the result for a. Changing « for 5 will give us the other result. O
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This theorem allows us to define a class of functions for each group, which is
independent of the choice of generating set S. We'll denote them as ag and Sg.
Let’s give some small useful results before we start with the main examples.

Proposition 2.6. Let ¢ € Aut(G) and x; € S where S is a finite generator set
of G. Then,

vz lls = llells| < 2IS].

Proof. The proof is direct if we consider the extreme cases. It is clear that if
we apply vz, to (z;)p, we add two letters, which might or might not cancel out
with the start or end of (x;)¢. So the maximum difference between |(x;)¢|s
and |(z;)¢Ye,|s is 2. Now, since ||¢||s is the sum of the length of (z;)¢ for all
x; € S, we have that the maximum difference is 2|S|, with the maximal values
corresponding to all or none of letters cancelling out. O

Applying the same reasoning, we can prove:

Corollary 2.7. Let ¢ € Aut(G) and g € G. Then,

levglls = llells| < 218lgls-

Note that we could have a group without automorphisms of a certain norm.
The following proposition tells us that there cannot exist arbitrarily big intervals I
such that no automorphism has norm in I, if certain conditions are met.

Proposition 2.8. Let G be a finitely generated group such that Inn(G) = G/z(c)
is infinite, and let S be a finite generating set for G. Then N = {||¢|ls |
© € Aut(G)} intersects non-trivially with all positive intervals of length larger
than 2|S].

Proof. Since Inn(Q) is infinite and there’s only a finite number of automorphisms
of any fixed norm, it is clear that we have conjugations of norm as large as we
want.

Let I = (a,b) be a positive interval such that |b — a| > 2|S]. Take g € G
such that ||v,|ls > b, and consider a reduced expression of g = x;! ---z;'. Let
gk = 23! ---x;" for all k < 1. By Proposition 2.6,

||‘(p79k+1||5 - ||3079k||5} < 2|S|7

so the sequence {||¢v,, ls}i—o goes from [lid||s = | S| to ||v,]ls with a maximum
difference of 2| S| between two consecutive terms. This implies that {||¢7,, [|s }—o
intersects non-trivially with I. O

Theorem 2.9. The group Aut(G) is finite if and only if ag(n) ~ 1, except
when G is trivial, where ag(n) ~ 0.
If Inn(G) = G/z(a) is infinite, then n =< ag(n).

Proof. If Aut(G) is finite, there exists N > 0 such that [|¢| < N for all ¢ €
Aut(G). If N is the smallest value such that the previous verifies, then it implies
that ag(n) = N for all n > ng, so ag(n) ~ N. Observe that we have N = 0 only
in the trivial group, since the trivial group is generated by the empty set and
therefore, is the only group with no automorphisms of positive norm (the identity
has always norm s). Conversely, if ag(n) ~ 1, then there exists a value N such
that ag(n) = N for all n > ng, which implies that Aut(G) is finite.
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Now suppose Inn(G) < Aut(G) is infinite. We know that ag for any S tends
to infinity, since there’s only a finite number of automorphisms of a bounded
norm. Suppose n A ag(n), so for every C' > 1 there exists an m > 0, such that
Cag(Cm) < m.

Choose C = (2|S5])?, and let m > 0 be an integer such that Cag(Cm) < m.
By Proposition 2.8, there exists an automorphism ¢ such that Cm — 2|S| <
[1]ls < C'm, and its inverse has norm [[¢)~!||s < | %] because Cag(Cm) < m.
Then,

as(|g]) = max{lle™ |5 | ¢ € Aut(G), [lells <
= max{|l¢™"||s | ¢ € Aut(G), [l¢|ls <

= max{||¢lls | € Aut(G), [l s
> [¢lls = Cm —2|5],

1}

A
?E?EQ\S

IN

and
(2S])*m = 2|S| = Cm —2|5| < as(|%]) < Cas(Cm) < m,

which is a contradiction for all m > 1. Hence, n =< ag(n). O

This proposition doesn’t give a result for the cases where Aut(G) is infinite
and Inn(G) is finite, such as some infinite abelian groups, which brings up the
question of whether there exists a group G such that 1 < ag(n) < n. If it were
to exist, then it would be virtually abelian on one hand, but it also means that
there would exist positive intervals as large as we want that don’t intersect with
{llells | ¢ € Aut(G)}, because if not, we could recreate the proof of the theorem,
and we would be done.

The same question can be made for Out(G), on whether there exists a group
such that 1 < Sg(n) < n. Note that we can see that the analogous result of the
theorem holds whenever Out(G) is finite.

3 Free groups and its auto-gap function

In this section we are giving an alternative construction for the results of [11]
relevant to the free groups F). of rank r. It is known that the automorphism group
of the free group Fy = Z is Zs, s0 ap, ~ 1 by Theorem 2.9. For the non-abelian
free groups (r > 2), we are using the following classical theorem to give structure
to Aut(F,), that will allow us to make some interesting constructions.

Theorem 3.1 (Nielsen [9]). Let S = {z1,..., 2.} be a basis of the free group F,,
r > 2. Then its automorphism group is generated by these four automorphisms
(three in the case of r = 2)

a1 ={x1 — X9, Ta > T3, ..., Ty — T1}

ag = {x1 — xa, Tg > 1, Ty — x4 for alli £ 1,2}
ag = {x1 — xl_l, x; — x; for alli £ 1}
ay = {x1 — z122, T; > 24 for all i # 1}

This theorem gives us a minimal generating set for Aut(F;.). Observe that
Sym,. := (a1, as) is the subgroup of all permutations of the elements of S. We’ll
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abuse the notation and denote every ¢ € Sym, with the same symbol as the

corresponding permutation of {1,...,r}, since they are in bijection. We will

also denote the transposition xz; <= x; as 7; ;j, which is an element of order 2.
We also define, for all i # j, the following automorphisms

vi = {zi = x; ", 2k ay, for all k # i},
Hij = {3% = ZiTj, Tk > Tk for all k # i},
Aij = A{zi = 2@, 2p — ay, for all k # i},

which are well-defined automorphisms of the free group because they correspond
to the following combinations of elements from Theorem 3.1:

Li = T1,i03T1 4,
Hig = T2,5T1,iQ4T1,iT2,5,

-1
Aij = Lifhy j Li-
We can also compute easily their inverses: Li_l =1; and

pig = {wi = izt oy — ay for all k # i},

T Tiy Tk T, for all k # i}.

/\Zj-lz{xil—»a:

We will say that ¢; is an automorphism of type ¢, p1; ; and u;jl are automor-

phisms of type 1, and A; ; and )\;jl are automorphisms of type \. We are also
referring to the collection of automorphisms of type p and A, as automorphisms
of type k. As a consequence of these definitions, the following result arises

Lemma 3.2. Let o € Sym, and i # j. Then the following relations are satisfied

L0 = O'LG(Z-)
Hi jO = Olho(i),o(4)
Aij0 = 0 (i),0(5)-

Proof. Checking step-by-step, the result is clear: the automorphism ¢;0 corre-

sponds to

1 1

T o Tk b Te(k)

for all k # i, so clearly t;0 = 01,(;). Meanwhile, ji; jo corresponds to

Ty o iy To(i)To(j)
{I,'k | ,’Ek [ — .’I,'a.(k,)

for all k # i, so clearly p; jo = opiy(i),0(;)- Analogously, Ai jo = 0As(i),0()- U

Lemma 3.3. Leti,j, k € {1,...,r} be pairwise different. Then, the following
verifies:

) t; commutes with p; g, and \j .
i) it = i+ and Nj it = L\
Hjiti = Z/,L]-ﬂ- gyt = LN g -

-1
i) pi gt = Ll')\i7k.
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Proof. Note the third point is direct from the definition we gave: \; j = L”LZ; Ly
Note also that if 4, j and k are all different, then it is direct that ¢; commutes
with pj, and Aj 5, which is the first point. So we only need to prove the second
one, which will be done step-by-step as before. Observe that y; ;¢; only changes
-1

3

-1
T F— Tjx; V Tx;

T, +— T; — T

while Li,LL;Z-l only changes

xr, +— x;l — x{l
1

Tp o T o TT
so immediately, they are equal. Analogously, we obtain that A;;¢; = LZAJ_S O

With these lemmas, the following result is direct.

Theorem 3.4. All automorphism ¢ of the F,. can be written as
Lp = O-['K’ihjl K’i27j2 U K’innjnl

where m > 0, ¢ € Sym,., ¢ is a composition of automorphism of type ¢, and
1 — L. . .
Kig.ju € {lu’ikvjk“uik,jk’)\ik:jk7)\’ik}jk} such that ix, jr € {1,...,1}, ix # j.

Proof. By Theorem 3.1, any automorphism can be written as a finite combination
of a1, ag, ag and ay. Remember that (o, as) = Sym,., 11 = ag and p1 1 = aa.

Lemma 3.2 allows us to move all permutations that appear in the expression
of ¢ to the left-most part of the word, simply by changing the automorphism of
type ¢, p and A for other automorphisms of the same type. Therefore, we obtain
that the left-most part of ¢ is a permutation o.

Now we do the same operation but with the automorphism of type ¢ using
Lemma 3.3. This allows us to place these automorphisms just right of ¢ by
changing automorphism of type « for automorphisms of the type k. O

This expression of the automorphisms is going to be very useful to estimate
the value of the norm ||¢||s for the automorphism ¢ of the free group. Let’s
start with this proposition that motivates the expression.

Proposition 3.5. Let ¢ € Aut(F,), o € Sym, and ¢ be a composition of
functions of type . Then

loells = lleells = llealls = llells = llels-
Proof. We have that

lells = lzpls = D leoyls

zeS zeS

for all permutations o € Sym,. = Sym(S), so ||op|ls = ||¢lls- We also have that

27 ols = [(ze) s = |zgls, so [plls = [l¢lls-
Let z € S and consider its minimal reduced expression of xz¢ over S:

€1

= 51 ..
T =T Ty

10
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with 41,...,4; € {1,...,r} and ¢; = %1, such that |xp|s = I. Observe that
composing with ¢ doesn’t change the length since it is just a permutation of the
letters in .S; and observe also that composing with ¢ just changes the sign of all
the powers of some certain letters, but never reduces the word length. Thus,

leolls = lletlls = llells- O

So this allows us to understand the structure of all automorphisms of the
free groups from another point of view. From Theorem 3.4 and Proposition
3.5 we deduce that to find the auto-gap and outer-gap functions we must only
check the norm of every product of automorphisms of type k. If we were to
find an algorithm that calculates the norm of an automorphism in function of
these k’s, then we would easily compute the auto-gap and outer-gap functions,
since ¢ = Kiy j, Kiy js - - - Kir, j,, Das inverse o=t = n;j)jm e Hi_l}jl’ which follows
the same structure.

Finding an algorithm that works in general may be quite complex, but we can
easily prove the following theorem, which gives the upper bound for the norm
of such elements. It is based on the observation that every automorphism x; ;
adds one z; (or xj_l) for every xz; we have.

The theorem requires a previous definition: For any ¢ = K4, j, - Kipn jm s
we consider the sequence (ki j,,...,Ki,, j,) and define a chain C in ¢ as a
subsequence (kg jr, ...,k jr) such that j, =4, for all k < t. We say that
this chain ends with j;. We also define the set of chains of ¢ as C¥, and the
subset of those that end with ¢ as C;.

Let’s also give a quick example. The automorphism s 2K2,1K2,354,553,5, has
five chains of length 1 (because m = 5), three chains of length 2: (k;2,k2.1),
(K12, k2,3) and (ko 3, k3 5); and one of length 3: (k1 2, k23, K35)-

Theorem 3.6. Let ¢ = Ky, ji Kig jo =" Kivy g - LhEN
lells <7+ #C7.

We have an equality if and only if ¢ doesn’t make any cancellations.

Proof. For this proof, we are considering (z,) as words in S rather than elements
in F, that is, we aren’t removing any trivial expression (z;z; L and x; Y2;) and
we are leaving them as such each step of the way. We are defining #;p as the
number of x; or [L’;l in the words (x;)¢ for all ;. Then, it is clear that

lolls < 3 #ie,
i=1

where the inequality comes when we consider the trivial reductions in F.. Clearly,
if no cancellations are done throughout the construction of ¢, the equality holds.

We claim that #;p = 1+ #C/. If this holds, then the result is direct. We will
prove it by induction over m. Case m = 0 is immediate. If m =1 and ¢ = &, 5,
then we have only one chain and ||pg|| = 7 + 1. So, the equality follows.

Now suppose that the result holds for m — 1, and we prove it for m. We have
that ¢ = 9~ j, where 9 is a product of m — 1 automorphisms of type ~. By
construction of ¢, #,p = #,;9 + #:9 and #rp = #, for k # j, since k; ; only
adds one z; for every z;, and we are not considering cancellations.

11
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Observe that the number of chains ending at k& # j is the same in both

and ¢, so
Hip = #it = 1+ #C = 1+ #Cf,
by the induction hypothesis.

Now let’s see that #;¢0 = 1+ #Cf. We can see that the chains of ¢ that end
at j are: the chains that already start at j in ¢, the chains (C, k; ;) where C is
a chain that starts at 4 in ¢, and (; ;). So, #Cf =1+ #C;p + #C;b and, by the
induction hypothesis,

#ip = # + #ip
=1+ #C + 1+ #C)
=1+4#C;.

Thus, the claim is proven. O

By the theorem, it seems that choosing a combination of x’s such that there
are a lot of chains in one direction, but very few in the other, we can construct
an automorphism with a big gap. Note also that a chain of length ¢ implies the
existence of at least t — k 4+ 1 chains of length & for every k < t.

The only problem we have to solve is the case of the cancellations, since
they can reduce this gap by an undetermined size. Finding a way to solve this
problem has resulted to be a very complex computational exercise, since there
are multiple different expressions with several types of cancellations, and many
of them are not replaceable by simpler expressions.

Immediately, if ¢ is the product of positive automorphisms of type k (that
is, a product of either u; ; or A; ;), then ¢ doesn’t have any cancellations, and
therefore its norm is given by the equality in Theorem 3.6. It is not true that a
product of negative automorphism of type x doesn’t have cancellations, but if
we were to find a positive product ¢ with a lot of chains, and whose inverse had
very few, then we would have a big gap between ||¢||s and [|¢~1||s. This would
give a lower bound for the auto-gap function of the group.

Intuitively, the following example makes use of our reasoning: the product

Y = H1,2M42,3 " hr—1,r

is positive and corresponds to a chain of maximum length (r — 1), and its inverse
-1 -1 -1 -1
Y =M1 pMe—o -1 H12
has no chains of length larger than 1. More precisely, ¢ has r — k chains of
length k for every k < 7, 50 |[@lls =7+ 353 (r—k) =7+ r(T L _ T(r;l) and
~Lhasonly r—1, so ||<p||5 < 2r —1. We can then compute dlrectly o1, that is

-1 .
1 Tix ifi<r
(zi)p Z{ e
T, ifi=r,

which certainly doesn’t have any cancellations and has norm 2r — 1. We also

describe ¢ for later:

(i)p =

a:i(xiﬂ)cp =Tit1Ti42 " Tp ifi<r
T, ifi=nr.

12



3 FREE GROUPS Alex Miranda Pascual

Observe also that adding a final term pu, ; adds a chain of longer length in
both ¢ and its inverse o1,

The problem we must bear in mind is that there’s a finite number of generators,
and we want results to hold for n arbitrarily large. With this example in mind,
we can replicate the lower bound for the auto-gap function of the free group F,
given in [11]. We are also denoting «, and 3, as the respective functions of F,

with respect to the basis S, as in the article.

Theorem 3.7. Let r > 2, then the auto-gap function of the free group dominates
the polynomial of degree r: n” < a,.(n).

Proof. For any m > 0, consider the automorphism
., —m —m —m
P=Hpplyr—2p—1"""H12)
and its inverse,
-1 _ m ., m m
¥ = HigM23 Hp—q e

Observe that there are (r — 1)m chains in ¢; and m*(r — k) chains of length k
in ¢ for all k < r, and since it is positive

r—1
e~ s =7+ m*(r—k),
k=1

which is a polynomial of degree r — 1 over m.
These automorphisms are

(1) {xix;”f ifi<r

Ty ifi =r,
_1 {xi(acml)go_l ifi <r

Ty ifi=r,

where (for i <r —1)

T = (i1 (@i (- (o ()™)Y
starts with the letter z;,, ends with z,, and has length m +m? + --- +m"!
in S. In particular, no cancellations occur in ¢, so ||¢|ls = r + m(r — 1).

Thus, if |[¢|ls = n, then m = 2= and [¢~!||s is a polynomial of degree r — 1

(xﬁ-1)§0

over n, so n" ! < a,.(n).
A simple observation will let us improve the lower bound. Let «; ; denote

the conjugation of z; by x; (only changes x; — z; x;xj, and leaves the other

generators fixed). It is a well-defined automorphism in F;. because v; ; = )\;]1 i j-
Now consider @ = gowf,f, which has inverse, ¥~ ! = W;flgo_l. Then,

T ifi<r—1
(i) = ep_yxPa; ™™ ifi=r—1
r'weay " ifi=r,
(z)v~ ! = zi(zfy e ifi<r
v - . .
() (@)™t ifi=r.

13
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Observe now that 1 has chains of length 2, and 1! has chains of length r,
so it has a polynomial over m of degree » number of chains by a same argument
as before.

They aren’t positive, so we must check their norm manually. It is easy to see
that m(m — 1) cancellations occur in v, and that ||¢||s = 7 + m(r — 1) 4+ 4m,
which is a polynomial of degree 1 over m.

On the other hand, if a cancellation occurs in ¢~ ", it is in the expression
of (x,)1~1, since it is the only word with both positive and negative letters,
but as we have stated before, [(z7")p ']~ and [(z]*)¢ '] ends with 27 ' and
starts with x1, respectively. Since x; # z, for r > 2, there are no reductions
in [(27) e Y o, (7). Also, we already know that [(z]*)¢ '] has length
1+m+---4+m"in S, and the image of the other generators has lower length
(for m big enough), thus ||)~!||s is a polynomial of degree r over m.

So taking [|¢||s = n, we deduce n” < a,.(n). O

1

Observe two details from this proof: first that both the automorphism and
its inverse which provide the lower bound have cancellations, and that by using
the technique of the positive word we described before, we obtained the lower
bound n"~!. Even though a proof cannot be provided, some experimentation
seems to indicate that we cannot improve this bound using a positive automor-
phism; and it seems that by using the conjugation “trick”, we cannot improve
the lower bound by more than one degree.

The question on whether this bound can be improved, or an upper bound
can be given, remains still open, but it seems that an automorphism of norm
n with a bigger gap than ~ n”, if it were to exist, must be of a very complex
nature and with carefully placed cancellations.

We make a quick remark before ending the subsection:

Remark 3.8. Let’s talk a bit more on some simple cancellations that might
occur. For example, we might have um/\j_,il that only changes

-1

Ty F—— Ty —— Lik; Ty = Ty
—1

Zj Zj AR

;. jl, which doesn’t have cancellations
and therefore could be easily replaced. But if we take Mi,jﬂj,i/\j_,il (with a new
automorphism of type k in between), that only changes

which essentially corresponds to 7; jt;A

Ty F— T;T; F— TiTjT; l‘il‘i_ll‘jl‘i = TjTq
-1
Zl'j [ SL']‘ — .’Ej{Ei — ‘Ti iEj.’EZ',

we have that it cannot be (easily) replaced by an automorphism without cancel-
lations.

Similarly, p,;u; jl is trivial, but if we place the automorphism p; ; in between:
ui’j,uj’i,u;jl, we have that it changes
]
T; T — TjT; — Z;T;T

e xriéx,

T, +H—— X;T; F— T;XT;T; —— T j il

T;T;x

Vi 9

which has norm r + 3 and some cancellations. Once again, it cannot be (easily)
replaced by an automorphism without cancellations.

14
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One observation to make is that in the majority of cases, a cancellation in ¢
implies a cancellation in ¢~!, for example, (ui7juj7i)\j_7il)*1 = Aj7ipj_,}u;]1 only
changes

1

eeml 201
TixT; = BT,

—1
Tj = T;T; F—— TiT;T; — xix]

which contains a similar cancellation of that of its inverse, but has a slighter
larger norm (one unit more).

3.1 Outer-gap function of the free groups

Let’s give once again an alternative proof of the results on the outer-gap function
given in [11], that has an improvement to the given lower bound. As always,
some previous results and definitions are needed.

Definition 3.9. Let ¢ € Aut(G), x; € S and € € {£1}. We define z5-a;(¢) as
the value —1 if the reduced expression of x;¢ starts with x7, and 1 otherwise.
Similarly, we define z5-w;(¢) as the value —1 if the reduced expression of z;¢
ends with z; ©, and 1 otherwise.

Then, we define the x5 -evaluation of ¢, x5-val(p), as the sum of the values
of a; and wj.

We can see that the possibles values of x-val(p) are the even integers in
[—2r,2r]. The following result arises directly from the definition:

Proposition 3.10. Let ¢ € Aut(G), x; € S and e € {£1}. Then,
lpveslls = llplls = a-val(e).

Proof. By construction, for every generator z;, |zjpv2:[s = |z; (z;p)zi|s, and
then

i) If ;¢ starts with 25 and ends with 2; %, then |z, |s = [7;0[s — 2.
ii) If 2;¢ verifies only one of the previous conditions, then |z, |s = [z;¢]s-
iii) If 2 doesn’t verify either condition, then |20, |s = |z;p|s + 2.

More precisely, in every case this corresponds to |xj<p'yz§|s = |zjo|s +
x-a;(p) + 25-w;(p), and so

T
5= |zjevals

Jj=1

= lzjels + 3 (a5-a,(p) + 5-w;(p))
J=1 J=1

= llglls + z7-val(p). 0

Lemma 3.11. Let ¢ € Aut(G), z; € S and € € {£1}. If x5-val(p) > 0, then
:c?—val(go%f) > xf-val(y) > 0 for all $§- € SUS™! such that x? #ax;c.

15
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Proof. By Proposition 3.10, [[¢72:[ls > [[¢lls, so when conjugating by z7, we

have exactly r — %xf—val(go) < r cancellations, which means that the number j

such that (z;)¢v,< ends with 27, plus the number of j such that (z;)pvze starts
with x;°, is exactly r + %xf—val(go). In particular, since x‘; # x; ¢, we obtain
x?—val(go%f_) > af-val(yp) > 0. O

In particular, this lemma tells us that
leVaeaslls = vz vaslls = lovaclls-

Corollary 3.12. Let ¢ € Aut(G), x; € S and ¢ € {£1}, and let g € F,. If
x5 -val(p) > 0 and ||ovglls < |l¢lls, then the reduced expression of g doesn’t start
with x5.

Proof. Let g = a7 ---x;' be the reduced expression of g. Suppose it starts
with z*, then, applying Lemma 3.11 recursively, we obtain

0 < 27'-val(p) < xfj—val(gp%fll) << afival(py,e ),

i1 -1
and applying Proposition 3.10,
lells < llevasills < - < llevger.azlls = lells,
which contradicts the initial hypothesis. O

Immediately from this result we obtain:

Corollary 3.13. Let ¢ be an automorphism and let ® be its class in Out(F}.).
If x5 -val(p) > 0 for all generators x; and signs e, then ¢ is minimal in ® (that
is, || @lls = llolls)-

Now, this result will allow us to prove the lower bound for the outer-gap
function. This is a slight improvement of the lower bound for the case r > 2
given in [11], which was n" 1.

Proposition 3.14. Let r > 2. Then the outer-gap function of the free group F,
verifies n” < B,(n).

Proof. We take the automorphisms ¢ and 7.1 := A, i tr1 defined in Theorem 3.7,
and we consider

_ _ ., —m —-m —m
w =$Vra1 = M’l‘—l,T‘M’I‘—Q,T‘—l e /1’1,2 Vr1-

If we check the image of its generators, we obtain

Tz ifi<r—1
(X)) = § xpqay My ifi=r—1
xy " ifi=r,

and observe that since r > 2, x1, z,_1 and z, are pairwise different, so the
expressions above are reduced. Therefore, |plls =+ m(r — 1) + 4m.
We can compute easily its inverse, that is

-1 _ -1 —-1_ -1, m & m m
(0 =Yra® = VeiM12H23 Hr—1ps

16
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such that
1

et JEia)e” ifi<r
e {[(ac;n)so-l]xr[(w)so-lrl iti=r,
where

(@) = (g (@i (- (mpq (@)™)™ - )™)™

Hence, [(27")¢ '] ends with 2,_j2™ and [(2])¢ '] "' starts with z ™",
so in [(27)e Hz [(27) 7! only m cancellations occur. Since |(z")p~1|s is
a polynomial of degree r in m, and only m cancellations occur in the expression
for (x, )=, |(x,)1 s and ||¢||s are both polynomials of degree 7 in m.

Now let’s compute the evaluations of both automorphisms to see that they
are minimal.

We easily find the first and last letters of the reduced expressions of (z;)v

and (r;)y~!, which are summarized in the following table

starts with  ends with
( (ng¢ T x;rll foralli <r—1
Tp_1)Y Tr—1 X1
(z)y 931_1 T
(z)y~! T , forall 4 < r
(xr)¢71 X1 Il_l

So, the evaluations of ¢ and 1 ~! are the following (for 1 < i < r)

z1-val(y) = 2r — 2 zy-val(yp~1) =2r — 6
zyt-val(y) = 2r — 6 7 val(yp~t) = 2r
x-val(y) = 2r — 4 zi-val(yp~l) = 2r — 2

x; val(y) = 2r z; val(yt) = 2r

x-val(y) = 2r r-val(yp~l) = 2r

x,; Lval(y) = 2r o lval(yp™l) =2r —2(r — 1) = 2.

Observe that all of them are non-negative for all » > 3. By Corollary 3.13,
we obtain that both expressions are minimal, so if ) € ® € Out(G), then ||®||s
is a polynomial of degree 1 in m, and ||®~!||s is a polynomial of degree 7 in m,
proving that n” < S,(n). O

In the following section we will study in detail the case r = 2 and observe
that the theorem doesn’t hold for this case.

The article [11] proves also an upper polynomial bound of degree M,.. The
degree of this bound is considerably big and requires understanding the outer
space, which we are not covering in this thesis.

Intuitively, it seems that «..(n) < B,(n)f(n) where f(n) is polynomial, but
we have been unable to construct a proof nor counterexample. If this were to be
true, then «,.(n) would also be of polynomial growth.

3.2 Upper bound for the free group of rank 2

Now let’s prove the upper bound for the free group of rank 2. We will need
to introduce some previous results. We defined in all non-abelian free groups

Vi = )\173-1%4 as the conjugation of the generator x; by x; (with the image of

17
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the other generators unchanged), but, only in the free group of rank 2 does this
coincide with the conjugation by x;, v,, € Inn(F3z). This, together, with the
fact that for any g € G and ¢ € Aut(G),

PYg = Vgp1 and P = PYge,
allows us to assume that j; j = A; j7; in the free group Fs, and immediately:

Proposition 3.15. In the free group F5, there exists g,h € Fy such that, for
any product of positive automorphisms ki, j, of type K,

€1 €l €l

LU . . = ?1 . LY (Cfl . = ?1 . LY . .
Kit g Ky i Hiy gy Hiy 5. Vg )\Zla]l /\H,leh'

So essentially, there’s no difference between A; ; and p;; if we can add
conjugations. So by considering our calculations in Out(F5), we can greatly
simplify them, because [i; ;] = [Ai;]. In this section, since we are going to work
mainly in Out(F»), we are dropping the [ -] to simplify the notation.

Before that, we state these two results on the elements of Aut(F;). We
are denoting 7 as the non-trivial permutation of Sym,, and we are naming the
subgroup generated by Sym, and the automorphisms of type ¢ as the letter
permuting group LPs.

Lemma 3.16. Let {i,j} = {1,2}. Then the following equalities verify
Nij = TLz‘/Ji_,jlﬂj,u
Hig = TLi)\;jl)\j’i.

Proof. It can be proven that the equalities hold step-by-step. For example,
ni,u;jluﬂ equals

Ty +F—— T T [ — Z; — X;T;
1 —1
Ty P Ty e Xy e Il T Ty
which is clearly \; ;. Analogously, we have the other equality. O

Corollary 3.17. Let {i,j} = {1,2} and k,m > 0. Then, the following equality
verifies

—k k—1 -1
Mg 5 MTz = ”j/\j,z‘ /\i,j/ﬁ?fi .
Furthermore, we have that ﬂ;fﬂ?}i = TLju;‘f);lui,juZLi_l in Out(Fy).
Proof. Substituting the previous lemma, we obtain
—k —k41 -1 —k+1 -1 k-1 -1
i g N;nz = /%‘,j+ LiT/\i,jl‘;?i = T>‘j7i+ Lj)‘i,jﬂz‘?i = ”j/\j,i Ai,j/’d?fi .
The relation in Out(F3) is immediate from this. O
So now let’s suppose we are in Out(F3), so every product of automorphisms
of type k can be written as a product M of automorphisms of type u. Also, since
there are only four different automorphisms of this type in F» (p1,2, p2,1, and
their inverses), we can write every M as M{* M52 --- M2 where ay, € Z\{0},
and My, is p,; ; for k odd, and p;; for k£ even. We say such expression has m

syllables. We also denote M} as the opposite, that, is p; ; if My = p;,; and p;;
if Mk = Hi,j5-

18
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Lemma 3.18. Suppose we are in Out(Fy). Let ¢ = M{*My?--- M be a

m
product of automorphisms of type v as previously described. Then, ¢ can be

written as EPE', where P is a product of positive automorphisms of type p and
67 5/ € LP2

Proof. Let’s prove it by induction on m. If m = 1, then a; > 0 and we are done;
else if aq < 0,
=M= M

where ¢ is an automorphism of type ¢, which is also of the wanted form.
Suppose it is now true for values smaller than m, and we prove it for m.
Observe that if a,, < 0, then

o= M@ M - M@ = My My - Mo

for some ¢ automorphism of type ¢ and ¢ := M; “* M, “*--- M, %, with the
last exponent positive, allowing us to reduce to the following case.

Let a,, > 0. If there are no negative exponents in the expression of ¢, we are
done; otherwise, let aj be the last negative exponent. Since k < m, a1 exists
and it is positive. By Corollary 3.17,

ap A oK+l *1—ap—1 ak+1—1
M, Mk+1 = T [ M) ]\/.I'k]\fk_~_1 ,

with —ay — 1,ax41 — 1 > 0 and ¢ an automorphism of type ¢. Therefore, by
Lemmas 3.2 and 3.3,

o= MM - [ M M M M
= o[ M) (M) (M) T M M T M

Now we are going to express ¢ as Tip’ P’ where ¢’ and P’ are defined as
follows:

i) If —ax — 1 > 0, then we define them as

(p/ = [Ml*]*th . [M;;_l]*akfl [M:],ak,l
P = MkMZﬁl_l o MO

ii) If —ax —1 =0 and ap1; —1> 0, then

(M)~ MO My = [My_ ]~
and we define
= [My]Te [Mgiﬂ—akﬂﬂMZﬁl—l)
Pli= M M

iii) If —ag — 1 =ag41 — 1 =0 and m > k + 3, then we define

P M (M) s

k+3
/. Ak+4 a
Pli= M M
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iv) If —ap — 1 =axr1 — 1 =0and m € {k+ 1,k + 2}, then we define

(pl = [Mﬂ_al - [M];kil}_akfl+1+ak+27
P’ :=id,

where apyo :=0if m =k + 1.

Observe that in all cases, P’ is a positive product of automorphisms of type u
(or the identity) and ¢’ is a product of automorphisms of type u (or the identity).
Observe also that in cases i), ii) and iii), the last exponent of ¢’ is positive (but
not necessarily in case iv)). In these cases, we take ¢’ P’ written as described,
and apply the same construction recursively until the remaining expression has
all positive exponents, or we arrive to a case iv).

If we end with all positive elements, then ¢ is of the form £P, with P a
product of positive automorphisms of type p and € € LP;.

Otherwise, if at some point we arrive to case iv), then the corresponding
¢’ P’ = ¢ has fewer than m syllables, so we can apply induction to ¢’, and we
are done. O

We need to introduce a definition for the next result. We say that a word
in S is cyclically reduced if it doesn’t both start with ¢~! and end with ¢ for
any ¢ € SU S~ and that ¢ is cyclically reduced if both (z1)¢ and (z2)p are
cyclically reduced. A consequence of being cyclically reduced is that all its
evaluations are positive, so by Corollary 3.13, every cyclically reduced expression

in ¢, verifies [¢lls = [[[¢]]ls-

Theorem 3.19. All automorphisms ¢ of the free group of rank 2 can be written
as

Y= é.P’Ygg/,

where £,&' € LPy, P is a product of positive automorphisms of type i and g € Fy
such that | Plls + 2|gls < |l¢lls-

Proof. Here we are following directly the proof of [11]. We are also using the
notation from the article and denoting ¢ as n,, ., where u = (z1)p and v = (x2)e.
Remember that every ¢ is completely determined by these two elements.

It is direct from Lemma 3.18, Theorem 3.4 and the definition of outer group,
that there exists &,&" € LP,, P a product of positive automorphisms of type
and g € F; such that ¢ = £Pv,¢’. The only condition we need to see is that
[Plls +2lgls < [|ells-

We prove it by induction over m = |[¢||s. If ||¢|ls = 2, then the result
is direct from Lemma 3.11 and Proposition 3.5, since ¢ is cyclically reduced.
Suppose true for norms smaller than m and let’s prove it for m. If u and v are
cyclically reduced, then once again the result is clear. So suppose, without lost
of generality, that u is not cyclically reduced, that is, there exists c € S U S™!
and v’ € Fy such that u = ¢~ /c and |u|g = |u'|s +2 > 3.

It is then not possible that v neither begins with ¢~! or ends with ¢ in
its reduced form. Suppose by contradiction that this is the case, then the
reduced form of u™ = ¢~ (u/)™c always starts with ¢ and ends with ¢~ for all
m € Z\{0}, and the reduced form of v™ neither starts with ¢=! or ends with
¢, for all n € Z\{0}. We also can check one-by-one that uv*!', v*lu, u=to*!
and v*lu~! don’t have any cancellations for this the same reason. Since 7,
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is a well-defined automorphism of Fy, (u,v) = Fy, and so every element can be
written as ¢ o™ u™20"2 - ™™t with m,, n; € Z\{0}, except for possibly m;
and n; which could be 0. Since no cancellations in-between the powers of v and v
occur in the previous expression, and [v"|g > 1 and |u™|s = 2+ |(u')™| > 3 for
all n,m € Z\{0}, every word of length 1 (the element of S) must be a power
of v, and so the only remaining possibility is that ¢ = v™ for some n, but this is
a contradiction because v" doesn’t end with ¢ for any n.

So v starts with ¢! or ends with ¢, and therefore |cve™t|s < |v]g. Now, we
factor 7y,, = My’ cve—17e, and observe that

1M cve—1lls = [W'ls + |eve™ s < Juls — 2+ vl = [[Mu,0lls — 2.

Therefore, by the induction hypothesis, there exists £,£' € LP,, P a product
of positive automorphisms of type p and h € Fy such that ¢ = £Pvy,¢" and
|Plls + 2|h|s < |1y coe-1]ls. Note finally, that |(h){'|s = |h|s since ' cannot
produce any cancellation (it just permutes letters and changes all signs of some
generators), so 1y, = {PYRE Ye = EPE ynyere, With

IPlls +2[(h)& cls < [IPlls + 2|hls + 2 < 17w cve-1 ls + 2 < [|nu0lls,
which proves the result. O

Now we can prove the following big results.

Theorem 3.20. The auto-gap function of the free group Fy is aa(n) ~ n?.

Proof. By Theorem 3.7 we have that n? < as(n), so we just need to see that
az(n) < n.

By Theorem 3.19, every automorphism of the free group is of the form
@ = &Pv,& where £,&' € LP,, P is a product of positive automorphisms of type
pand g € Fy such that || Pl|s + 2[|g|s < [|¢]|s. Its inverse is

8071 _ 5/717;1P71§71 _ 6/71P717h§71,
with h = [(g~H)P71].
Let’s compute their norms in S. By Proposition 3.5,
lells = 1Pyglls and [lo™ s = [P~ lls
and by Corollary 2.7,
le™ s < 1P~ s +4lhls < [P7HIs +4lg7 s~ s = [P~V Is (L + 4lgls)-

Observe that since P is positive, no cancellations occur and its norm is equal
to 2 plus the number of chains (on its expression as product of automorphisms of
type k), by Theorem 3.6. Observe also that in Fy, any ¢ and ¢! have the same
number of chains, since there are only two elements. Therefore, ||P~!||s < || P||s-

Hence, applying this inequality and ||P||s + 2|g]s < ||¢|ls, we obtain

le™ s < [IPlls(1 +4lgls) < llells(1 +2[l¢lls)-
In conclusion,

az(n) = max{[l¢™ s | ¢ € Aut(F), |[¢lls < n}
< max{[|lplls(1+2[l¢lls) | ¢ € Aut(F2), [[¢lls < n}
=n(1+ 2n),

and so as(n) ~ n?. O

21



4 BAUMSLAG-SOLITAR GROUPS Alex Miranda Pascual

Proposition 3.21. The outer-gap function of the free group Fy is Ba(n) = n.

Proof. We are going to see that ||[¢]||s = ||[¢]!||s, which proves the result. By
Theorem 3.19, every outer automorphism can be written as [p] = [EP¢'] where
& € LP, and P is a product of positive automorphisms of type p. Since P is
positive, it is cyclically reduced, and we can easily see then that £P¢’ is also
cyclically reduced.

Finally, we see that P! is also cyclically reduced. This is because the
(reduced) expression (z;)P~! over S uses only the letters z; and xj_l for j # 1.
Consequently, there are also no cancellations in its construction, so ||P|ls =
| P~Y|s, by the same argument from the proof of Theorem 3.20.

In conclusion, by Proposition 3.5,

Ilellls = IEPENs = 11EPE ls = 1Pl
=P s = 1€ P s = € P s = NIl s O

4 Baumslag-Solitar group BS(1, IV) and its auto-
gap function

Now let’s study the ag(n) function over a new family of groups: the Baumslag-
Solitar groups BS(1, N) = (a,t | tat~* = a®) for N € Z, |[N| > 1, with respect
to the generating set S = {a,t}. Firstly, we are going to mention some of this
group’s basic properties and define its automorphism group.

Note that manipulating the relation tat~! = a”, we obtain ta = a™Vt and
at™! = t~'a. Inverting the equations gives us that ta™! = ¢Vt and =1t~ =
t~ta=", so we can easily verify then that

toqbf = ofN ¢ alt= = t—*qfN"

for all @ > 0 and 8 € Z. Given any expression over S of any element of BS(1, N)
we make the following observations. First, we can see that we can move the
positive powers of ¢ to the right-most side of the word, and also move the negative
powers of ¢ to the left-most side by raising (the necessary times) a to the N-th
power (or by the above formulas). For example,

_ _ 3 _ _ 3 2 _ 2 3 _
t3at 1a2t 3:aN t3t 1a2t 3:CLN a2N t2t 3:a2N +Nt 1.

Now, given a finite expression of an element w € BS(1, N), we define the
total z-exponent of an expression of w, denoted |w|;, as the sum of all exponents
of all z € S appearing in an expression of the element. We can easily see that
the total t-exponent is an invariant of the expression of the element, while the
total a-exponent is not well-defined for elements in BS(1, N).

We will be using Britton’s Lemma, that is applicable because BS(1, N) are
particular cases of HNN extensions:

Lemma 4.1 (Britton’s Lemma [5]). Let w be a word over S = {a,t}. If w
equals the trivial element in BS(1, N), then it is the empty word, or it contains
a subword of the type ta®t™" or t—'a*Nt, for some o € Z.

Corollary 4.2. In BS(1,N), a™ = o™ if and only if n = m.
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Proof. The left implication is direct. Suppose that a™ = a™ in BS(1, N), then
a" ™™ = 1gg(1,n) and by Britton’s Lemma (4.1), n = m. O

These observations allow us to introduce this proposition given in [3],

Proposition 4.3. Every element in BS(1, N) can be uniquely written as a word
of the form t~Palt” with p,r > 0 and q € Z, and such that if N|q then pr = 0.
This expression is called the normal form of the element.

Proof. By the previous observations it is clear that any element in BS(1, N) can
be written as ¢t Pa%t" with p,r > 0 and ¢ € Z. Note that if N|q (say, ¢ N = q)
and p,r > 0, then t=Pq? N¢r = =17 7 =1 which is also of the previous form.
This transformation can be done recursively as long as N divides the exponent
of a and both of the exponents of ¢ are non-zero, allowing us to conclude that
all elements in BS(1, N) can be written as ¢t Pa%¢" with p,r > 0 and ¢ € Z such
that pr = 0 if N|q.

Now let’s see that this expression is unique. Let ¢t Pa%t” = t=P a9t be two
such expressions representing the same element in BS(1, N). Since the total
t-exponent is an invariant, r —p = r’ — p’. Suppose without lost of generality
that p’ <p,sop—p ' =r—1"=:5>0. Then,

—paqr — —p' g 4’ q _ p—p' d' ' —r _ s q'y—s _ q¢'N°®
t o't =t " a't <= al=t a?t =ta’t " =a ,

and therefore ¢ = ¢’ N® by Corollary 4.2. If N f ¢, then ¢ = ¢’ and s =0 (p = p’
and r = r’). If instead N|q, then by hypothesis pr = p’r’ = 0, and together with
p—p =r—1r"=s>0 we obtain that s = 0. In conclusion, the expression is
unique. O

We are also going to study the powers of elements of the form ¢~PadtP+!,
for p > 0 and ¢ € Z. Clearly, for all m > 0
(t—paqtp+1)m _ (t—paqtpﬂ)(t—paqtpﬂ) ™ (t—paqtp—&-l)
= t7Pa%(ta?)(ta?) "~ (ta?)tP !
= t7Pa9(a™Nt)(a?Nt) "7 (a1t
= t7PqITaN (1qaN) "0 (4N P+

— tfpaq(1+N+~-+Nm_1)tmfltp+1
and we’ll also denote 1 + N +---+ N™" L ag ¥,,.

4.1 The automorphism group of BS(1, N)

Now let’s understand the automorphism group of BS(1, N). We’ll construct and
see the structure of all automorphisms and their inverses following the explanation
in [15], but giving the complete description of the group’s automorphism. Clearly,
any endomorphism of BS(1, V) is completely determined by its image of a and
t. Also, any endomorphism ¢ must verify

ap =t"Palt" and to=t"“d’t7
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with p,7,a,7 > 0 and ¢, 3 € Z. If we are interested in having these in normal
form, we’ll impose: if N|g, then pr = 0, and if N|3, then oy = 0. To ensure
that ¢ is well-defined, the relation must be preserved, that is (tat~!)p = a™¥ .
Since the total exponent sum of ¢ is invariant, we have that |(tat=!)¢|; =
—|tpls + lapls + |tels =7 —p and [aV¢|; = Nlag|; = N(r — p), thus r = p since
N #1.

We assume therefore that p = r and compute the images of both tat~!
and a”¥ by ¢. We have that

(tat™Y)p = (Pt (t7Pa%P)(t™ Y a"PtY) = t— Pt Pt atVtPa Pt
= 4 PgPNT qaN” BN ypyo  y—p—eqaNTypte

and a™p = t7Pa?V P, so conjugating both expressions by ¢t P~

vy _ oy a+1
qdN" = gmptptagNyp—p—a _ N

and gN7 = gN®*! so either ¢ = 0 or v = o + 1. Thus, using the previous
notation, ¢ is an endomorphism if and only if p = r and either ¢ =0 or v = a+1.
Note also that if ¢ = 0, then ap = 1pg(1,n), which tells us that ¢ is not an
automorphism. So we are just studying the other case, since this one doesn’t
interest us. Summing up, any automorphisms in BS(1, N) must verify that

ap =tPa9t? and tp =t “aPtoH!

with p,a>0and q,8 € Z, ¢ # 0.

Now we want to study the sufficient and necessary extra conditions we must
impose to guarantee invertibility. We will use the well-known property that
BS(1, N) groups are Hopfian, that allows us to conclude that ¢ is invertible if
there exists an endomorphism ¢ such that p¢ =id. As a consequence, we will
have that ¢ = ¢~!. Clearly, since ¢ is going to be invertible we suppose ¢ # 0
to obtain that

ap =t""a’t" and té =ttt
with r,§ > 0 and s,e € Z such that s # 0. Now, we impose that p¢ = id, so,

using the relation we computed before,

= a(p9)

(t7PatP)p = (t0a Pt TP(tT ") (L0 a0 TP
(t 4 aZpthr(S) (tfraqstr)(tfé EEptp+6)
(
t

P~ 6@ aZpté)(t raqstr)(t—é aZptp-i-é)

p— 6a—62pt rt6aqst—6tr 6Eptp+6

e S — _ T T
—tP ) Ta eXp, N aqu asEpN tp+5+r
_ tfpféfraqu‘sthré«Fr

_ t—p—f"aqstp-i-?"'

Therefore,

—p— ptr
a®® = Pt7at P77 = o

and gs = NP'", In particular, ¢ and s must divide a power of N.
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We also need to see what happens when t = t(¢¢), which makes use of the
previous calculation

t = t(pg)

(t*aaﬂta+1)¢ _ (t76ast6+1)704(tfrastr)ﬂ(tﬂiast&rl)oﬁl
[(t75a£t5+1)fa(tfrastr)ﬂ(tftsaat&kl)a} (t76a5t6+1)
[
t

t—a—raﬂsta—i-r] (t—5a5t6+1)

P 4 atr
a—r 5aﬁsN asN ta+r+5+1

—a—r—3§ BsN°4+eNTT" 5+1

— T aﬁs +e toc+r+ + ,

s0, @SN +eNHT Ips(1,n) and hence eN®*" = —BsN°. This relation allows
us to define t¢ depending on the other constants, that is:

— S a+r
td) —t 5a5t6+1 —t d—a rasN t5+o¢+r+1

— tfﬁfafrafﬁsN{stéjLaJrr«Fl _ tfafraf,@stoz«errl.

In conclusion, we have that

Theorem 4.4. Let ¢ be an endomorphism of BS(1, N). Then ¢ € Aut(BS(1, N))
if and only if ¢ verifies

ap =t"Palt? and tp=t"“aPtot!

for some p,a >0 and q, 8 € Z, such that q # 0 divides a power of N. We will
call this automorphism ©p ¢ o8-

The inverse of Yp.q,a,8 15 Pr.s,a+r,—ps, where v >0 and s € Z verify qs =
NPFT,

Observe that any choice of r > 0 and s € Z such that gs = NPT is satisfied,
gives a unique @, 5 otr,—gs by the group’s relation, so the inverse is well-defined.

Let’s make a quick note about having |ap|s and |ty|s in normal form, since
it is always preferable, and necessary for later. If we suppose that they are, that
is, if N|g, then p = 0, and if N|3, then o = 0; then we can ensure that |ag|s is
also in normal form, by choosing r > 0 and s € Z as the smallest absolute values
satisfying ¢s = NP™". On the other hand, |t¢|s is much harder to reduce into
normal form, since we might have N|f8s and o+ r > 0, and any representation
in normal form must take into consideration whether N, or any of its powers,
divide s or not, which is not direct nor easy.

By imposing normal form, we obtain that this analogous result that ensures
some uniqueness

Theorem 4.5. Let ¢ be an endomorphism of BS(1, N). Then ¢ € Aut(BS(1, N))
if and only if ¢ verifies

ap =t"Palt? and tp=t"“aPtot!

for some p,a > 0 and q, 8 € Z, such that ¢ # 0 divides a power of N, if N|q
then p =0, and if N|3, then a = 0.

The inverse of ©p g.a,8 15 Pr.s,atr,—gs Wherer >0 and s € Z are the smallest
absolute values such that gs = NPY" (in particular, if N|s then r =0).

Note that with these restrictions, |ayp|s, |tels and |ap™t|s are in normal
form, but not necessarily [to~t|s. In this case we say ¢ is in normal form.
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Note also that each choice of values satisfying the hypothesis gives a unique
automorphism and inverse, and that s and r are completely determined by p
and ¢, and even though, we cannot express implicitly r and s in terms of p and ¢
in a general way, we can bound them, as we see in the following lemma. In
this lemma, we are directly stating the inequalities that are needed for the final
result.

Lemma 4.6. Using the previous notation for ¢ in normal form, we have that
the inequalities r < log, [q| and logy| |s| < p + log, |q| verify.

Proof. Let’s prove that r < log, |g|. Let m > 0 be the integer such that ¢ J N™~!
and ¢|N™ (take m = 0 if ¢ = £1). By construction, there exists ¢’ € Z such
that g¢ = N™ and N J ¢'. We are going to see the result in two parts, first
r <m and then m < log, |q|.

For the first inequality, observe that we have ¢/ NP = ¢’qs = sN™, and so

i) If m < p, then N™*P="|s and therefore r = 0 < m.
ii) If m = p, then ¢’ N” = s and since r, s are minimal, ¢ = s and r =0 < m.
iti) If m > p, then ¢ N" = sN™ P and r # 0, so N f s. Therefore, s = ¢’ and
r=m-—p<m.

Let see now that m < log, |¢q|, which is equivalent to 2™ < |q|, so we prove
this one. Being clear for m = 0, suppose m > 0. Let |N| = p;---py be the
decomposition of |N| into primes (with p; < ps < --+ < pg). We see that
there exists I € {1,...,k} such that p]"|¢. Note that if this wasn’t the case,
then q|(py -+ pr)™ ! = |N|™! because ¢|[N™ and p" } q for all i, which is a
contradiction with the minimality of m. Therefore, there exists [ such that pJ”|q,
and thus 2™ < pj* < |g|. In conclusion, r < m <log, |q|.

Now let’s prove logy[s| < p +log, |g|. From the relation ¢gs = NP*" we
obtain the inequality

log|n| Is| < log|n| s +log|nlal =p+,
and applying the first inequality, we obtain

log| | [s| < p+log, [ql- O

4.2 Auto-gap function of BS(1, N)

To prove the value of the auto-gap function of BS(1, N), we will need just one
more essential result, that comes from [3].

Proposition 4.7. Let g be an element in BS(1,N) of the form w = t Pat"
with p,r >0 and q € Z, ¢ # 0. Then

lgls < D(p+r+logn lg| + 1).

where D is the constant D = |[N|+1 > 1.
Additionally, if the previous expression for g is in normal form, then

lgls > C(p+r +loglql),

where C' is the constant 0 <
well-defined base.

m < 1 and the logarithm is taken in any
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Proof. To prove the first inequality, we will need to write g in a short enough way.
Note that the present expression g =t~Pa?" is too long because [g| > log x| [ql-
We need to find an alternative, more clever way.

We write |g| in base |N| as

n
lq| = Z%‘|N|l
i=0

with 0 < ¢; < |N| and ¢, # 0. Depending on the signs of ¢ and N, there
exists a choice of signs ¢; € {£1} such that ¢ = Y./ £;¢;N'. We have that
n = [log|y|lq|| and that

t7Pait" = tPgfodote1qi N+ Fengn N yr
_ n
=t PQEOCIOamth . a€nqu tr
L T R e A A Al
= t*p(asoqotaslmt cee taE"q"tfn)tr.

Observe that |a®i%¢

s < |NJ, so
‘t*Paqth — |t*P(a€0<I0ta€1Q1t . tGEnqnt*n)th
< |t_p‘S + |a60qot|s 4+ 4 |a5n,7IQn—1t‘S + |a6nqn|s + |t_n|S + |tr‘S
<p+(n+1)|N|+n+r
<p+r+(N|+1)(n+1)
<(Nl+DE+r+n+1)
< (IN[+1)(p+ 7+ logn lg| + 1).

For the lower bound, let |g|s = k and let by - - - by, be a minimal expression of ¢
over S (where each b; € SUS™!). We define a sequence of elements go, g1, . . , gk
such that go = 1g(1,n), gi = b1---b; and g = g. Let t7P7a%t"" be the normal
form of g; for all i. Since g; is the identity, the sequence {p; + r;}¥_, must go
from 0 to p + r in k steps. Since the t-exponent in ¢ is invariant under any
expression, the sequence might increase or decrease by at most one unit every

step, and therefore p +r < k.
Now consider the sequence {|g;|}¥_,, that changes as follows:

i) If bi+1 =t, then Gi+1 = git and |ql| = |qi+1|.

ii) Ifb; 1 =t~ %, then g; 11 = gt~ and |g;| = |gi11|, except when r; = 0, where
we have that

Gir1 = git_l =t Pigli¢—1 = t—Pi—la/N(Ii,

and so log |qi+1| = log |N|+log|q;| > log|q;|. Therefore, |g;11]| stays constant
with respect to |¢;| or increases by a multiplication by |N]|.

1

iii) If bj;1 = a*!, then g;11 = g;a™ and

. . . — : T4 .
Gis1 = gi&il _ t_plaq’t“ail —t plaqzﬂ:N tri

and so |q7;+1| = |qi + N" " with
respect to |g;|.

. Therefore, |g;+1| varies at most by |N
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Consequently, since r; < p; +1; < k,
|gi41| < max{|Ngil, |gi| + [N|"}
< max{|Ngil, ;] + [N|*}
< |Ngi| + NI,
and recursively (starting with |go| = 1), we obtain
lal = la| < INllge—1| + |N|*
< INI(IN]lgr—2| + [N1*) + | N|*
= |NPlgr—2| + [N|*** + |N|* < -

k-1 k—1
< IN[Flgo| + ) INJFF =Y " |N|FH
i=1 i=0

< kN7 < kN,
Therefore, log |g| < logk + 2klog |N| < k + 2klog|N| = k(1 + 2log |N|) and
p+r+loglg <k+k(1+2log|N|)=2k(1+ log|NJ).

And finally, dividing by 2(1 4 log|N|), we obtain

C(p+r+loglq|) = 3

1
W(P‘FT‘H%WD <k=|gls.

Note that all operations for this last inequality work with the logarithm taken
in any basis, so we did denote it without the subscript in its notation: log. [

Now, will use these bounds to prove the following ones for the norms of an
automorphism and its inverse.

Lemma 4.8. Let ¢ = ¢, 4.0.8 be an automorphism of BS(1, N) in normal form.
Then,

lells > C(2p + 2a0+ 1 + log, || + log, |q|),
o~ s < D(2p + 2a + 3 + log, | 8] + 61og, |q]),

where C~1 = 2(logy [N| + 1) and D = |N|+ 1 (in the case 3 = 0, we substitute
the undefined value logy |B| for 0 in the previous expressions).

Proof. In this proof we are using the notation of Theorem 4.5. By definition
of norm we have that ||¢|ls = |ap|s + |te|s and ||~ s = |ap~ s + [te~ s,
so we will only need to compute the respective lower and upper bounds for the
length of those images of the generators. We start with the case S # 0.

Since ¢ is in normal form, we obtain a lower bound for |ap|s = |t Pa%t?|g
and [tp|s = [t~%a’t**T1|5 using Proposition 4.7 (where we choose the logarithm
in base 2):

lapls > C(2p + log, [q])
tels > C(2a + 1+ log, |8]),
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and therefore,

lells > C(2p + 20+ 1 + log, | 3] + log, |q|).

Applying now the upper bound from Proposition 4.7 for |ap~t|s = [t "a’t"|s
and |to~ g = [t~ Ta" Pt 5 we obtain

lap™!|s < D(2r +logy |s| + 1)
lto™ s < D2r + 20+ 1+ log | [Bs] +1)
= D(2r + 2a + 2 + log | |B] + log x| Is]).

Note that the expression of |tp~!|s is not in general in normal form, but this
was not required for the upper bound in the proposition.
Now, applying the inequalities from Lemma 4.6, we get

lap™ s < D(2log, |q| + p +log, [q| + 1)
lto™ s < D(2logy |q| + 20 + 2 + log x| |B] + p + logs |g]).

Finally, using the fact that log|y| < log, as functions over [1,00), we obtain
the last result:

e~ lls < D(2p + 2a + 3 + log, | B| + 61log, |q]).

Now we just need to make a comment about the case f§ = 0. Remember
that by the definition of normal form, this implies that & = 0 and so |ty|s =
[t71p|s = |t|s = 1. We can still use the bounds for |ap|s and |ap~!|s to obtain
that

lells > C(2p +1logylg]) +1 > C(2p + 1 +log, |q|),
e~ s < D(p+3logy lq| + 1) +1 < D(2p + 3 + 61og, |q|),

which are the wanted inequalities. O

Theorem 4.9. The auto-gap function of the Baumslag-Solitar group BS(1, N)
with |N| > 1 verifies that a(n) ~ n.

Proof. Observe the value my, := 2p + 2o + 1 + log, | 3] + log, |g| is completely
determined by ¢ = ¢}, 40,8 € Aut(BS(1, N)) in normal form (taking into consid-
eration the substitution for the case 8 = 0 as before). Therefore,

2p + 200+ 3 + logy | B + 6logy [¢] < 12p+12a0+4 6 + 61og, | 5| + 61og, |g| = 6my,,

so, by Lemma 4.8, we have that |¢|ls > Cm, and

_ 6D
o~ s < 6Dmy, < ?||<PHS-

This is valid for every ¢ € Aut(BS(1, N)), so

a(n) = max{|l¢™"[|s | ¢ € Aut(BS(1,N)), |l¢lls < n}
< max{% [[¢lls | ¥ € Aut(BS(1,N)), [l¢]ls < n}
6D
= ?n,
proving that a(n) < n.
Finally, we get the other direction, n < «a(n), because Inn(BS(1, N)) is indeed
infinite (2.9). O
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Observe that we end up with a function of linear growth, which is one of the
simplest cases of growth, but that the proof is actually quite complex. This tells
us that finding the auto-gap function of a group, in general, is a very difficult
task to complete.

5 Bounding the gap between a virtual automor-
phism and its inverse

Let us introduce the concept of virtual automorphism of a group and some of its
properties, as described in [14].

Definition 5.1 (Virtual automorphism). Let G be a group. A virtual automor-
phism ¢ of G (also denoted ¢ : G --» G) is a group isomorphism ¢ : H — K,
where H and K are subgroups of G of finite index. We refer to H as the domain
of ¢, and we denote it by Dom ¢; and, as usual, we refer to K = Im ¢ as the
image of ¢. We denote the set of virtual automorphisms of G as VAut(G).

For every virtual automorphism ¢ we can consider inverse, ¢! : K — H.
Also, for every subgroup H of G of finite index, we can define the identical
virtual automorphism over H as idy : H — H such that h — h for all h € H.
Note also that Aut(G) C VAut(G).

This set has an operation that gives it the structure of a monoid. Let
¢1: H — K; and ¢9 : Hy — K5 be two virtual automorphisms of G, then
we define its product as

P12 (Ha N K )py" — (Ha N K1)
ho ' — hos

and clearly VAut(G) is closed by this operation, since the intersection of sub-
groups of finite index is a subgroup of finite index:

[G:HyNKq ) <[G: HJG: K] <0

and we know that (H N K)¢ = (H)¢ N (K)¢ for all ¢ group isomorphisms
and H, K subgroups. This operation is also associative, and idg is the identity
element of this operation, so VAut(G) is a monoid, but it isn’t a group, since the
property of invertibility isn’t satisfied (we have for ¢ : H — K that ¢¢~! = idy
and ¢~'¢ = idg, but generally idg, idg # idg).

It is not important for our work whether VAut(G) is a group, a monoid
or none of the former; the only necessary condition is that there is a notion
of an inverse for every virtual automorphism. We can check in the previous
sections that the property that Aut(G) and Out(G) are groups is not used in the
definition of the auto-gap and outer-gap functions, or in main results (2.4 and
2.5); and that the only places where the group axioms are used is for specific
calculations of some bounds.

Even though we are not going to work with it, there’s a group that derives
from VAut(G) to whom we must dedicate at least a paragraph. The definition
of this group requires the introduction of the following relation.

Definition 5.2 (Commensurable virtual automorphisms). We say that two
virtual automorphisms ¢, : H; — K7 and ¢5 : Hy — K5 are commensurable
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if there exists a subgroup H < HiNH> of finite index in G, such that ¢1|g = ¢d2|x.
In this case we write ¢1 =~ ¢s.

We can easily verify that the relation ~ is an equivalence over VAut(G).
Note that all identical virtual automorphisms are commensurable to idg, so in
particular ¢! ~ idg and ¢~ '¢ ~ idg for all virtual automorphism ¢, and thus
VAut(@)/~ with the induced operation has the structure of group. This group is
called the abstract commensurator of G, denoted Comm(G).

More information about the abstract commensurator can be found in [1, 14],
but we are working instead with VAut(G) because it is simpler and because, as
we said, the condition of being a group is not needed.

We are now interested in searching a way to understand the gap between a
virtual automorphism ¢ and its inverse ¢! in similar sense. The main idea is
to find analogous definitions to those of Subsection 2.1.

Since deducing a set of generators for a subgroup is a non-trivial task that
can be done in multiple ways, we need to find a way to canonically assign a finite
generating set to every subgroup of finite index in G. Hence, we introduce the
concept of Schreier graphs.

5.1 Schreier graphs

The definition of Schreier coset graph and the proof of Schreier’s Lemma, from
where we are basing this section, can be found in [4, 6, 12].

Definition 5.3 (Schreier coset graph). Given a finitely generated group G, a
generating set S = {z1,...,2zs} of G and a subgroup H < G of finite index
m, we define Schreier’s coset graph T' = I'(G, H, S) as the finite directed graph
whose vertices are the right cosets {H = Hg,...,Hgn} of H in G, and whose
edges are (Hg;, Hg;x;) (the edge from Hg; to Hg;x;) for all i =1,...,m and
7 =1,...,s. These edges are labelled canonically, that is, the edge from Hg; to
Hg;z; is labelled as x;.

We must make some quick comments and observations from this definition.
As we said, the graph is directed, with s different outgoing edges labelled with
x1,...,xs for each vertex Hg;, but there are also s incoming edges, corresponding
to the edges (Hgixj_l,Hgi) for all j = 1,...,s, also labelled with z1,...,z,.
Therefore, Schreier coset graphs are regular, but bear in mind that the graph
can contain loops and multiple edges.

Since Schreier graph is directed, we are denoting its set of edges as EI'", and
we are defining the set

ET™ ={e ' :=(v,u) € VI?| e = (u,0) € ETT},

that can be thought as the edges running in the opposite direction. They are
also labelled: the edge (v,u) € ET'~ is labelled with the inverse of the label of
(u,v) € ETT (if (u,v) is labelled as z;, then (v,u) is labelled as x;l) We let
ET =ETtTUET~ denote the disjoint union of both edge sets, and we define a
new graph T':= (VI,ET).

Note that if we are in Hg;, and we follow an edge from EI'" labelled with z;
(respecting the direction of the edge), we end up at Hg;x;, that is, we end up to
the right multiplication of Hg; by x;, when we view them as cosets. Analogously,
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if we decide to follow the edge from EI'~ labelled with arj_l, then we end up at
H gizj_l, which corresponds to the right multiplication of Hg; by x;l.

We label all walks v over I' by concatenation. Formally, if v goes through
the edges eq,es,...,e; in that order (and respecting the direction), then its
label ¢(v) is the word in S of length [ such that the i-th letter is the label of e;.
As always, £(7y) can be seen as an element of G, and every element of G can be
written as the label of a walk on the graph starting at any vertex of the graph.

If we follow the walk labelled with £(y) = 27!25? --- 27 that starts in Hg;,
we will end up at Hg;zj x;? a5’ . This proves that the graph is connected,

because every non-trivial element g; € G can be expressed as 7' z;? - - 27/, and

therefore H is connected to Hg; by a walk labelled with zf'x72 - - - 3.

Note also that if we consider a closed walk + in H (starting and finishing
at H), then we have that H = H - £(~y), which happens if and only if {(y) € H,
so actually H = {£(v) | 7 is a closed walk in H}. Clearly, the words in S are in
bijection with the walks starting at H (or at any other point), and even more
precisely, the reduced words in .S are in bijection with the walks in H without
any backtracking (so that at no point does it go through the same edge twice in
a Tow).

In I, for every incoming edge from u to v, there’s an outgoing edge from
to v, that allows us to think that I' is an undirected graph (by viewing every
pair of these edges as a unique non-directed edge).

Let us introduce some new notation needed to prove Schreier’s Lemma: for
any tree ¥ and any two distinct vertices u, v, we denote the unique walk from u
to v along ¥ as T[u,v], and we define T[v, v] as the empty walk. By definition of
tree, these walks are well-defined and unique. Also, if v and +" are walks that,
respectively, end and start at the same vertex, we can define its composition, -+,
in the usual way. Moreover, £(y-v') = £(v) £(y') in G.

With all these observations, Schreier’s Lemma can be proven

Lemma 5.4 (Schreier’s lemma). Let ¥ be a spanning tree of I = T'(G, H, S).
For all e = (Hg;,Hg;) € ET'", we define X, = ((T[H,Hg;|-e-%[Hg;, H)),
which is trivial in G if e € EX. Then,

H=(X,|ecEIT\ET),

and more precisely, {X. | e € ETT\EZX} is a generating set for H with at most
m(s—1)+ 1 elements. Also, X,-1 = X .

Proof. Since T is connected, ¥ is well-defined and so is every T[Hg;, Hg;]. Clearly,
if e=(Hg;,Hg;) € ET'T, then T[H, Hg;] - ¢-T[Hgj, H| is a closed walk in T". In
particular, X, € H for alle € EI'". If e € EZ, then this closed walk is over the
tree T, so it cannot have a cycle and its label must be trivial in G, so we can
exclude them as generators of H.

Now let’s see that H C (X, | e € ETT\ ET): we consider a non-trivial h € H

with a reduced expression h = z7'2;? - - - x7/, and the closed walk in T" starting

i1
at H with label 2’ x72 - - - 2f!. Say this walk corresponds to y = ej* -€5” -+ - e,
where each e € ETT labelled with z;, . If ei’fl e, ei’“ correspond to all the

edges (in order) that are not in the tree, then v can be written as

o €k, € Eky
/7_")/1.6161 .’Y2nek2 ..... /yr-ekr '77’—"-1
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where 1 = e - - ek'zl 7 (or 71 is the empty walk when et = ei':l) v =
€
k’:’ 11++11 . ;Lf for all t = 2,...,r (or empty when ek Mo ezkt ') and
Vr41 = ek’“fll ~~~~~ e;' (or empty if ek’w =¢;'). Observe that all these walks are

completely contained in .

Now we are going to prove that h = £(y) can be written in G as a product of
elements in {X. | e € ET"\ ET} and their inverses. Using the previous notation,
we have that, forallt =2,...,r,

n =T[H Haflaf? -2

1k —1

— €1 62“_ kt 1 51 62'.' Eky—1
vt = T[Huwy] ,Hzx; x

Thy—1

Yrp1 = T[Hj e -z Ekr Hailx Eznwll] T[Hz;! 52“.30?1% H]

Zk’

and since ~; are walks over the tree,

Cye) = OF[HaS a2 -z, HaP a2 )

Thy_q1’ 11 712 Thy—1

= ((T[HaS a5 - xf:::; ,H]) ((T[H, Hal a2 - 2241)).

Thy—1

In conclusion,

() = [m) £ e Ao+ 160 U] )
= [é( [H erl 52"' j,il 11}) (Ekl)][é(T[erl 52...1-?’“1 H])

((Z[H, Hr;l a3} ff:;ll])e(eikz)][f(f[ffﬂcffmff»Tf:;H])

)

k

O(S[H, Haf a2 xf;:ll])g(e PO [Has! a2 - xf::,H])
_ XEkl X€L2 . .XEkT

€ky <Xk, Cky

This proves that every element h € H can be written as the product of
elements of {XF! |e € ETT\ET}. Thus, H = (X, |e € ETT\E%F).

Finally, since I and ¥ are finite graphs, {X, | e € ETT\ E%} is a finite set
of cardinality at most |ET"| — [ET| (equality holds if and only if all X, are
pairwise different as elements of G'). We have that I is a s-regular finite graph
with m vertices, and ¥ is a spanning tree of I', so [ET|+ 1= |VE| = |VT|, and

H{X.|e e ETT\ET}| <sm—-m+1=m(s—1)+1. O

Observe that Schreier’s Lemma serves as direct proofs of the following two
important results in group theory.

Corollary 5.5. Every subgroup of finite index of a finitely generated group is
finitely generated.

Corollary 5.6. Let G be a finitely generated group and m > 1 fived. Then,
there are a finite number of subgroups of G of finite index m.

We also know that the number of subgroups of index n might be very big, as
shown in [10].

Note also that this generating set is not necessarily minimal, and might even
contain repeated elements and trivial ones. This won’t cause any problems, but
is a thing to bear in mind. This bound cannot be improved, as shown by this
well-known result.
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Theorem 5.7 (Schreier’s index formula). Let F,. be the group of rank r and H
a subgroup of finite index m. Then,

rank(H) =m(r —1) + 1.

Here we are not proving this result, but we can find a proof in [10].

As previously stated, we are interested in defining a set of generators of H
that only depend on G and S, and this lemma gives us a transversal that only
depends on the spanning tree €. This set is called as Schreier’s transversal,
which is defined as T = {{(%[H,v]) | v € VZ}. Observe that the elements of
the 7 verify the fact that if 25'a$>--- ! € T, then 272}’ - xfj € T for all
i<l

As we said, the generating set of H depends on the choice we make of the
spanning tree, so what we need to find now is a way of canonically constructing
such a tree, in a way that depends only on the original group G and its generator
set S.

Let’s explain how we can do this: We define an order < in S,

T <To << Tg

that induces an order in S U S~1 as follows:

1 1

T < Ty < <y <a]t<ayt << ay
where xi_l is omitted if it has appeared before (for example, when x; is order 2).
We denote this generating set with a fixed order as S = (5, <). This allows us
to define the spanning tree ¥ = T(I', S) step-by-step using a recursive algorithm.

Proposition 5.8 (Algorithm for the construction of T). The following algorithm
allows us to construct a canonical spanning tree T = (T, S) over T =T(G, H, S):

1. We start with ¥ being just the vertex H, and we initiate an ordered sequence
of vertices {o;}; that for now only includes H.

2. Then the recursive algorithm is applied, until i) cannot be satisfied:

i) We take the first element Hg; in the sequence {o;}; that has a neighbour
in I' that is not already a vertex of X.

it) We get the smallest element x? in SUS™Y (with respect to <) such that
H gi:v;’ ¢V<Z.

iti) We add this vertex to the end of the ordered sequence, and also to ¥
together with the edge that connects it to Hg;.

3. The algorithm ends after the m-th step (considering the initial step as one),
when T is a spanning tree of T

Proof. We just need to see it is well-defined. The algorithm only depends on S
and the original T, so if we see that ¥ is a well-defined tree in every step, and
that the algorithm correctly stops when ¥ is a spanning tree and not before,
then we are done.

Let’s see that it is a tree every step of the way. The initial step corresponds
to a tree, so let’s prove the recurring part. If i) is satisfied, then ii) must be also
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satisfiable. Choosing a vertex that is not already in V ¥, guarantees that when
we add it to the tree together with the connecting edge, that it won’t be already
connected to any other edge, so the resulting graph is a well-defined tree.

Now let’s see the algorithm stops after the m-th step, that is when ¥ is a
spanning tree. If it stops before, then that means that we have a proper subset
of VT such that it is not connected to any of the other vertices outside the set,
which directly contradicts connectivity of T'. O

In conclusion, we have described a generating set for a subgroup H of finite
index that only depends on the Schreier graph and the order we give to S. In
the following subsection we are denoting the canonical generating set of H < G
with respect to S we just described as T = T(G, H, S).

5.2 Norm of a virtual automorphism and the virtual-gap
function

We define the norm of a virtual automorphism ¢ : H — K of G with respect
to an ordered finite generating set S as

lolls =[G H] Y |tdls

teT

where T' = T(G, H,S). Two important observations go behind this definition:
Corollary 5.10 and Proposition 5.11.

Proposition 5.9. Let ¢ € VAut(G) be such that Dom¢ = G, S = {z1,...,2s}
be a finite generator set of G and S any order of S. Then,

Igl1s = Isdls.

seS

Proof. We have that Dom ¢ := H = G, and by construction, I'(G, G, S) is a
bouquet with |S| = s loops. The associated tree T is simply a single point and
the generating set T is

T={X.|ecET\ET}={lg-2-1g|xeS,x#1g} =35,

where the order of § doesn’t play any part, since there are no edges in ¥. In
conclusion,

I6l$ =[G =G> [tdls =D lsels- m

teT seS
Corollary 5.10. Let ¢ € Aut(G) C VAut(G), S = {x1,...,xs} be a finite
generator set of G and S any order of S. Then,
lells = llells-

Proposition 5.11. For every n > 0, there exists a finite number of virtual
automorphisms ¢ of G such that ||¢||s < n.

Proof. Since [G : Dom¢] < ||¢||%, every virtual automorphism ¢ such that
lo]1% < n must also verify [G : Dom ¢] < n, so we have a finite number of choices
for the possible domains for these virtual automorphism, by Corollary 5.6.

35



5 VIRTUAL AUTOMORPHISMS Alex Miranda Pascual

Now, for every possible fixed domain H, we have that all virtual automor-
phisms ¢ : H — K < G are completely determined by the image of the
generators of H, but since S and T are finite, we have only a finite number of
possibilities for these images to ensure they have a bounded norm. O

Remark 5.12. The addition of the term [G : H] in the definition of the norm
is vital in ensuring that there’s no infinite number of virtual automorphisms of a
bounded norm, in any finitely generated group.

Let’s see this. Suppose |- [|%" defined as before but without the factor
[G : HJ, and consider the group Z with generating set S = {1} (it has only
one order, so we don’t need to refer to it). For every odd m > 0, consider the
virtual automorphisms ¢,, : mZ — Z such that meo,, = 1. Its Schreier graph
T'(Z,mZ,S) is the cycle graph C,,, and after applying the Algorithm 5.8, we

m—1 m+1

obtain the tree formed by removing the edge e = (™5, ™5=). From Schreier’s

Lemma (5.4), we obtain that the only element of T" is m. Therefore,

pmlls" =D [tdmls = [momls = [1]s = 1.

teT

Its inverse, on the other hand, is ¢, ! : Z — mZ. By Proposition 5.9,
¢t 15" = m, so

— V/ v — V/
max{[l¢ 5 [ ¢ € VAut(G), [l9]ls" < 1} > max {[lg7,' |5 = m} = oo,
m odd

We see that this missing factor, [Z : mZ] = m solves this problem.

We can now define the following function that, analogously to the auto-gap
and outer-gap functions, pretends to measure the maximum gap between a
virtual automorphism and its inverse, or intuitively, the worst case difference

between ||¢||s and ||¢~!]|s, for all ¢ € VAut(G).

Definition 5.13 (Virtual-gap function). We define the virtual automorphism
inversion gap function of G with respect to S (or wvirtual-gap function, for short)
as the function vg s : N — N such that

ve,s(n) = max{[|¢~ |5 | 6 € VAut(G), 4[5 < n}

Once again, the maximum of the empty set is defined as 0. We will also
denote it simply as vs whenever possible.

Note that it is well-defined by Proposition 5.11. Also, immediately from
Corollary 5.10, we obtain the following result:

Proposition 5.14. For any group G and ordered generating set S, Bs(n) <
as(n) <wvs(n).

Despite the analogous nature of the definition of the virtual-gap function
to the auto-gap and outer-gap functions, a problem arises. We cannot give
analogous versions of Lemma 2.4 and Theorem 2.5, since the bounding constant
of the lemma directly depends on the virtual automorphism, more concretely,
on the index of its domain. We are going to prove that the analogous constant
given in the lemma cannot be bounded for all virtual automorphism.

We need a previous proposition to prove this
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Proposition 5.15. Let I' be a finite s-reqular directed graph, with a selected
vertex vg, such that each vertex has only one incoming and only one outgoing edge
labelled with x; for each x; in a finite set S of size s. Then T is the Schreier graph
[(F(S), H,S), where F(S) denotes the free group generated by S, in particular,
of rank |S|; and H is a subgroup of F(S) of finite index |V .

Proof. Let I' be such graph, and observe that we can construct a walk starting
at this vertex labelled with any word in S, by the hypothesis of this graph. Now
take any closed walk in vg in I" labelled with w, then it is clear that the set of all
these labels generates a subgroup H of F(S), since a composition of elements
corresponds to a closed walk in vg. We name vy as H from now on.

Let g; be the label of a walk from H to another vertex v, then name it Hg;. Re-
peating this for all the vertices, we obtain that VI' = {H = Hgy, Hgs, ..., Hgn}
with g1 = 1p(s). Observe now that every w € F'(S) corresponds to a reduced
word in S and therefore, there’s a walk over I' starting at H and ending at
some Hg; labelled with w, and so wg, ! is the label of a closed walk in H. Thus,

wg;' € H <<= w € Hy;.

In particular, every element in F, belongs to one and only one of the finite
right cosets H = Hgy, Hga, . . ., H gy, which proves that H is a subgroup of F(S)
of finite index m. Now, it is easy to see that I is indeed T'(F'(S), H, S) following
the definition. O

Another proof of this proposition is given in [13]. Using this result, we can
see the following:

Remark 5.16. Let’s see that the virtual-gap function depends on S. Consider
the following finite directed 2-regular labelled graph T’ with m > 2 vertices
{0,...,m — 1}, and with an edge labelled a and a parallel edge labelled b from 4
to i+ 1 (mod m), for all i € {0,...,m — 1}. The image below corresponds to
the case m = 3:

By Proposition 5.15, we have that this graph corresponds to f(FQ, H,,S)
for S = {a,b} a base of F» and H,, a subgroup of finite index m.

Consider the two different orders of S: S = {a < b} and &' = {b < a}, then,
by Schreier’s Lemma (5.4) and the Algorithm 5.8, the respective generating sets
for H, T and T’ verify the following two conditions:

i) a™eT and ™ € T".
ii) No word in 7 has more than 1 b’s, and no word in 7" has more than 1 a’s.

Consequently, [b™|r > m and |a™|r > m, and if we take a look at the

constant C' in Lemma 2.4, we see it must be larger than m?.
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Since we can construct this for all m > 2, we cannot bound all norms between

all virtual automorphisms by the same constant C| since it must be larger

than m?2.

It is possible that the result still holds, but we have been unable to prove so.
Therefore, it is necessary to specify over which ordered generating set we are
talking about. It may be possible to define the virtual-gap function in such a
way that vs ~ vs/, or weaken Definition 2.1 to ensure this.

5.3 Virtual-gap function of the free groups

In this subsection we give a lower bound for virtual-gap function for the free
group F,., r > 1, with respect to an ordered basis S. Let v, s denote such
function, then

Theorem 5.17. In the free group Fy 2 Z, vs(n) = n.

Proof. We just need to see that ||¢[|5 = [|¢~ (S for all ¢ € VAut(G). We know
that the subgroups of finite index of Z are mZ for all m € Z\{0}, and that
Aut(Z) = Aut(mZ) = Zs. So, the only isomorphisms such that ¢ : mZ — m’Z
are those verifying m¢ = +m/’.

Following Remark 5.12, we see that T'(Z,mZ,S) is a directed cycle, and
therefore, the generating set obtained from the Algorithm 5.8 is the label of the
full cycle, which is m. So T'= {m}, and by definition of norm

lolls = [Z: mZ] Y |td|s = m|mg|s = m|E£m’|s = mm'.
teT
Symmetrically, we also obtain that
675 = [Z:m'Z) Y [to~ s = m'[m'¢ s = m'|+ m|s = m'm,
teT’
so in conclusion, [|¢||% = ||~ |3. O
Now let’s prove a lower bound for the non-abelian free groups.

Theorem 5.18. In the free group F,., r > 2, we have that

n
> — .
Vr,S(n) = rgzlgl}\li {mam(r—l)-&-l,S([mJ) }

Proof. We fix r > 2. By Theorem 5.7, we have that the subgroups H of finite
index m of F, have rank

rank(H) = m(rank(F,) — 1)+ 1 =m(r — 1) + 1,

but since H is a subgroup of F,., it must be free by Nielsen-Schreier’s Theorem [16].
So, all subgroups of index m are isomorphic to Fy,—1)11. Furthermore, if
¢ : H — K < F, is a virtual automorphism with [F, : H| = m, then
H = K = F,(,—1)+1, because the rank of a group is an invariant by isomorphism
(and thus, [F), : K] = m). So all virtual automorphism of index m correspond to
an automorphism of the free group Fy,(,—1)4+1, allowing us to write v, s(n) as

vrs(n) = max{[l¢~ |5 | ¢ € VAut(F,), [¢]5 < n}
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> max{m||¢" s | m > 1,6 € Aut(Fpi_1y41), mll¢lls < n}
= maxfmax{m|¢~!ls | ¢ € AU(Fnr-1)42):m[¢]ls < n}}

= max {mmax {||¢_1||S | ¢ € Aut(Frr—1)41), 19lls < U:LJ }}

n
= rrgg}N( {mam(r—1)+1,s<[mJ> }7

where the inequality comes from the fact that we need to fix the basis. O

Let’s quickly observe that the result of previous value is well-defined, because
My (r—1)4+1,5(| 7 ]) = 0 for all m such that = < m(r — 1)+ 1 (in particular,

when m >, /-%5 =:n'), and therefore,

n n
Vr,s(n)Zgnlng( M (r—1)+1,8 {EJ = Iax | Mm(r—1)+1,5 {%J .

Now let’s give a lower bound using the bound we have for «;..

Theorem 5.19. The virtual-gap function v, s(n) for the free group F,., r > 2,
has exponential growth.

Proof. By Theorems 3.7 and 5.18,

vsio) 2 mas {maweons ([ 7] ) = mae {1

and we will obtain the result by studying in more detail the equation f,(m) :=
%Jm(r_l)H over m € Ry with n fixed.

First observe that this function is not continuous. We have a discontinuity
point in every point such that = is an integer, so in m = % for all £ € N (and
only in these). It is an increasing function in the continuous intervals defined by
these discontinuity points, that is, it is continuous and increasing in (,CLJr17 %] for
all kK € N, and also in (n,00). The maximum of f,, over the intervals ( T z]
is fo(%) = 2k#0=DFL = pk% (=D Observe also, that the maximum value in
each of these intervals coincides with the function g,(m) := m(%)m(’“_l)“.

m|

40000

20000

Figure 1: Plot of f,(m) (in blue) and g, (m) (in red) for the case n = 21 and
r=2.
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Studying g,(m) and its derivative g},(m) = n(r — 1)(In(Z) — 1)(2)r—1m

allows us to conclude that it is a positive bell-shaped function with a unique
maximum in % and limit 0 when m — 0 and when m — oo, so it is clear that
we have the maximum of f,(m) is either when m = & or m = Z. A simple
algebraic manipulation allows us to see that

In(%) = n2z (=1 « p3sr=1) = fn(%)7 because n88"("—1) < pbon(r—1)

for all n > 0, so the maximum is at m = .
But here we are interested in the maximum over the positive integers and
not the positive real numbers. That’s why we impose that n is a multiple of 3

to unsure that % is an integer. So, changing n +— 3n we obtain

m(r—1)+1 n(r—1)+1
vs(3n) = max {m fmJ } =n PHJ — pan(r=1+1
meN m n

and by definition of function domination (2.1), we can see that vg(3n) ~ vg(n)
and that n3"("=D+1 ~ [37=1" since 37("—1 < p3n(r—D+1 and p3rtr—H+1 <
13" In conclusion, v, s is of exponential growth. O

One of the most interesting questions the article [11] asks is whether there
exist a group with an auto-gap function of exponential growth. We cannot give
a direct answer to this question, but we can contrast it with the result we just
have seen: there exists a group with a virtual-gap function of exponential growth,
showing that there are functions similar nature to ag can be exponential.
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