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Abstract

In this paper we prove that the fixed subgroup of an arbitrary
family of endomorphisms ;, i € I, of a finitely generated free group
F, is F-super-compressed. In particular, r(N;c;Fix ¢;) < r(M) for
every subgroup M < F' containing N;erFix ¥;. This provides new
evidence towards the inertia conjecture for fixed subgroups of free
groups. As a corollary, we show that, in the free group of rank n, every
strictly ascending chain of fixed subgroups has length at most 2n.

1 Introduction

Let F be a finitely generated free group, and let endomorphisms of F' act
on the right, x — x1.

Given an endomorphism 1 of F, its fixed subgroup, denoted Fix 1), is
the subgroup of elements in F fixed by ¢, Fix ¢ = {z € F|z¢y = z}. If
U = {4; |7 € I} is a family of endomorphisms of F', we denote by Fix ¥ the
subgroup of elements simultaneously fixed by all ¢;, Fix ¥ = N;¢Fix ;.

Following the terminology introduced in [11], we say that a subgroup
H < Fis 1-endo-fized if H = Fix ¢ for some endomorphism ¢ € End(F).
And we say that H is endo-fized if H = Fix ¥ for some family of endomor-



phisms ¥ C End(F). The concepts of I-auto-fized, 1-mono-fixed, auto-fized
and mono-fized subgroups are analogously defined.

Bestvina-Handel [2] proved that, if ¢: F — F is an automorphism, then
r(Fix 1) < r(F'), improving the previously celebrated result of Gersten [7]
about finite generation of such fixed subgroups. Immediately after Bestv-
ina and Handel announced their result, Imrich-Turner published [8], where
they extended it to arbitrary endomorphisms. Some years latter, Dicks-
Ventura [5] introduced the concept of inertia and showed that the fixed
subgroup of an injective endomorphism of F' is F-inert. A subgroup H < F
is called F-inert when r(H N K) < r(K) for every K < F. This result
was another extension of the Bestvina-Handel Theorem. Since the family of
F-inert subgroups is closed under intersections, an easy corollary was that
the rank of an arbitrary mono-fixed subgroup of F' is also bounded above
by the rank of F. However, in [5] problem 2, it was asked if fixed subgroups
of arbitrary endomorphisms of F are necessarily F-inert, and in [18] it was
conjectured that, in fact, they are. This is still open and we will refer to it
as the “ inertia conjecture”.

Using inertia, Bergman [1] showed that the rank of an arbitrary endo-
fixed subgroup of F' is always bounded above by the rank of F', even without
the injectivity hypothesis on the involved endomorphisms. This was the first
evidence in favour of the inertia conjecture.

In [5] the concept of compression of a subgroup of F' was introduced,
being a necessary condition for its inertia. We re-estate it here along with
some technical variations.

Let F*" = F/F’ be the abelianization of F' and let 7: F' — F 2" be the
corresponding projection. For any given subgroup H < F, the abelian rank
of H with respect to F, denoted r *°(H; F), is defined as the rank of the free
abelian group Hr = HF'/F', that is, the rank (as an abelian group) of the
image of H under the global abelianization 7m. Note that, in general, this is
not the same as r(H #P).

Definition 1.1 Let F' be a free group and H < F.

We say that H is F-compressed if r(H) < r(K) for every H < K < F..

Similarly, H is called F-strictly-compressed when r(H) < r(K) for every
H<K<F.

Finally, H is called F-super-compressed if for any subgroup H < K < F,
one has both r(H) < r(K) and r(H) + r*®*(H; F) < r(K) + r**(K; F).
Equivalently, H is F-super-compressed if H is F-compressed and, for ev-
ery K < F strictly containing H but having the same rank, r*®(H; F) <
r*P(K; F) is satisfied.



Clearly, every F-strictly compressed and every F-super-compressed sub-
groups of F' are F-compressed. Also, every F-inert subgroup of F' is F-
compressed, but it is not known if the converse is true. This was stated
in [5] as Problem 1, and in [18] as the “compressed-inert conjecture”.

The main result in the present paper is Theorem 3.3, where a simple
argument (making use of theorems of Bergman, Takahasi, Martino-Ventura,
Bestvina-Handel and Dyer-Scott) is given to prove that arbitrary endo-
fixed subgroups of F' are F-super-compressed. In particular, they are F-
compressed, providing new evidence in support of the inertia conjecture.

For this purpose, we will also make use of the concept of algebraic exten-
sion. Following [9], a pair of subgroups H < K of F is called an algebraic
extension if H is not contained in any proper free factor of K. Note that,
in general, if 1: FF — F is an endomorphism and H < K is an algebraic ex-
tension, then H1) < K1 need not be algebraic (while in fact it is, if ¥ is an
automorphism). A result of Takahasi [15] states that any finitely generated
subgroup H of F' has a finite number of algebraic extensions, i.e. there are
only finitely many subgroups K < F' such that H is contained in K but
not in any of its proper free factors. Simpler arguments for this result were
recently given independently by Ventura [17], Margolis-Sapir-Weil [10] and
Kapovich-Myasnikov [9]. This result will be crucial in the proof of our main
result.

The structure of the present paper is the following. In section 2 we prove
some general properties of the three concepts of compression for subgroups
of free groups. In section 3 the main result (Theorem 3.3), namely the
F-super-compression of endo-fixed subgroups of F, is proven. Finally, in
section 4 we apply the results to better understanding ascending chains of
endo-fixed subgroups of free groups.

2 Properties of compression

In this section we prove that the three concepts of compression behave well
with respect to free products.

Lemma 2.1 Let U,V be finitely generated subgroups of a free abelian group.
Then,
r(U4+V)=rU)+r(V)—r(UnV).

Proof. Noting that r(U) = dimg(U ®z Q), the formula follows from the
corresponding result in linear algebra. O



A subgroup R < F'is called a retract of F' when the identity Id: R — R
extends to a homomorphism p: F — R, called a retraction. For example,
free factors of F' are retracts of F.

Lemma 2.2 Let F be a free group and let R < F be a retract of F. For
every H < R, r**(H; R) = r*?(H; F).

Proof. The equality between the abelian ranks with respect to R and F
is clear if we show F' N R = R’. One of the inclusions is obvious. To show
the other, let p: ' — R be a retraction and note that if the commutator of
x,y € F lies in R then [z,y] = [z,y]p = [xp,yp] € R’, since zp,yp € R.
Thus, F'NR<R'. O

Proposition 2.3 Let F be a free group and H = Ax B a finitely generated
subgroup.

1) If H is F-compressed then A is also F-compressed.
it) If H is F-strictly-compressed then A is also F-strictly-compressed.

i11) If H is F-super-compressed then A is also F-super-compressed.

Proof. Let L be an arbitrary subgroup of F' containing A. Consider
K = (L,B), which is a subgroup of F' containing H, and having rank
r(K) <r(L)+r(B).
Suppose that H is F-compressed. Then,
r(A)+r(B)=r(H) <r(K) <r(L)+r(B).

So, r(A) < r(L). This proves (i).

Now, suppose that H is F-strictly-compressed. By (i), A is F’-compressed
and hence, to see (ii), it only remains to show that r(A) < r(L) whenever
A < L. Suppose then that A < L. If A < L < A % B then A is a proper
free factor of L and we are done. Otherwise, there exists x € L, © & A x B.
Thus H < K and, by hypothesis,

r(A)+r(B)=r(H) <r(K)<r(L)+r(B).

So, r(A) < r(L). This completes (ii).

Finally, suppose that H is F-super-compressed. By (i), A is F-compressed
and hence, to see (iii), it only remains to show that r*®(A4; F) < r®(L; F)
whenever A < L and r(A) = r(L). So, suppose that A < L and r(A) = r(L).



Note that, by the equality of ranks, L cannot be contained in A x B and so,
H < K. Also,

r(H)=r(A) +r(B)=r(L)+r(B) > r(K).

Hence, by the hypothesis, r(H) = r(K) and r**(H; F) < r**(K; F). Now,
using Lemma 2.1,

r(Km) =r(Lw)+r(Hr) —r(Lr N Hr),
where 7: F — F 2P denotes the abelianization map. But A< LNH, so

rP(KGF) < r(L; F) +reP(H; F) — r2P(A; F)
< r(L;F) +r*(K; F) — r*P(A; F).

Hence, 7*?(A; F) < r2P(L; F). This completes (iii). O

Proposition 2.4 Let F be a free group, and A< H<F, B K <F and
M < F be subgroups such that ' = H « K x M.

i) If A is H-compressed and B is K-compressed then A x B is F-com-
pressed.

it) If A is H-strictly-compressed and B is K-strictly-compressed then
Ax B is F-strictly-compressed.

i11) If A is H-super-compressed and B is K-super-compressed then A x B
18 F-super-compressed.

Proof. Let AxB< L<F=HxKxM. Writng A<L,=LNH<H
and B < Lg = LN K < K, the Kurosh Subgroup Theorem ensures us the
existence of a subgroup L’ < F such that L = L * Lg * L’.

Assume the hypothesis in (i). Then, r(A) < r(La), r(B) < r(Lg) and
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S0
r(A* B) =71(A) +7(B) <r(La)+7(Lg) +r(L)=r(L).
This proves (i).

The same argument works to prove (ii), with the additional observation
that if A+ B < L then either A < L4, or B < Lg or L' # 1. Thus, by
the hypothesis in (ii), either r(A) < r(La), or r(B) < r(Lg) or L' # 1.
In this situation, the inequality in the above computation is strict, that is,
r(A* B) <r(L).

Finally, assume the hypothesis in (iii). Using (i) it only remains to prove
that if A* B < L and 7(A % B) = r(L) then r**(A % B; F) < r*(L; F).



In this situation, r(A) = r(La), 7(B) = r(Lp) and L' = 1. But either
A < Ly, or B < Lp so, by the hypothesis, either r**(A; H) < r**(L4; H)
or r*(B; K) < r**(Lp; K). Thus, using Lemma 2.2,

r*?(Ax B; F) (A F) +r**(B; F)
ab A H) +r**(B; K)

(4;
(4;
ab(LA,I—I) + rab(LB,K)
4b(
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F)+r*(Lp; F)
ab * LB7 )
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3 Compression of fixed subgroups

In [12], Martino-Ventura gave an explicit description of 1-auto-fixed sub-
groups of finitely generated free groups. We state it here for later use.

Theorem 3.1 (Martino-Ventura, [12]) Let F be a non-trivial finitely
generated free group and let 1 € Aut(F) with Fix ¢ # 1. Then, there exist
integers r > 1, s > 0, Y-invariant non-trivial subgroups K1,..., K, < F,
primitive elements y1,...,ys € F, a subgroup L < F, and elements 1 #
W, € Hy =Ky %+ K, % (y1,...,y5), j =0,...,5 — 1, such that

F=Ky*-xK.*(yp,...,ys) * L
and y;9 = h;-flyj forj=1,...,s; moreover,

Fix ¢ = (w,... ,wr,yflhoyl, e ,y;lhs,1y3>

for some non-proper powers 1 # w; € K; and 1 # h; € H; such that
hjth = Bihh 7t i=1,...,r, j=0,...,s = 1. O

Using Theorem 3.1 and the standard covering theory for graphs (see [14],
[17] or [9]), we can extend Theorem 2.2 in [17] to arbitrary l-auto-fixed
subgroups of F. Namely, we will show that for any given automorphism
Y: F — F, every subgroup of F' strictly containing Fix 1 has either bigger
rank or bigger abelian rank than those of Fix 1. After this, we will have all
the ingredients to prove our main result, stating the F-super-compression
of any endo-fixed subgroup of F'.

Proposition 3.2 Let F' be a finitely generated free group and let ¢: F — F
be an automorphism. Then, for every K with Fix ¢ < K < F, either
r(Fix ) < r(K) or r*?(Fix ¢; F) < r*®(K; F).



Figura 1.

Proof. The result is clear if Fix ¢ = 1. So, assume Fix ¢ # 1.

Consider the description of Fix ¢ given in Theorem 3.1. Now, the ar-
gument works exactly as the proof given for Theorem 2.2 in [17]. The
core graph Z corresponding to Fix ¢, with base point v and the corre-
sponding labels on edges and circles, is depicted in Fig. 1. Let E' be the
set of edges in Z whose deletion disconnects the graph; for j = 1,...,s
denote by e; the edge in E’ with label y;. Observe that, since hj_; €
Kq%-- %K, % (y1,...,y;j—1), none of the edges in the component of Z — E’
containing ce; has label y;.

By Theorem 1.7 in [17], it is enough to prove that any proper extension
Fix ¢ < K given by a quotient Z of Z has either bigger rank or bigger
abelian rank than those of Fix . Fix one such K (and the corresponding
Z # Z), and let J be the set of those j such that some vertex in the
component of Z — E' containing te; gets identified with some vertex of a
different component of Z — E.

Suppose J # 0, and let jo be the largest element of J. Clearly, there is
a closed path in the quotient graph Z based at @ which crosses exactly one
edge labelled y;,, and only once. This closed path determines an element
in KF'/F' belonging to a complement of (Fix ¢)F’/F’ in Fab. Thus,
raP(Fix ¢; F) < r*P(K; F).

This leaves the case where J = (), that is, where vertices in different
components of Z — E’ remain unidentified in Z # Z. In this case, Z is
the same as Z with every component of Z — E’ replaced by some quotient
of itself (with at least one of those quotients being proper). For every
i=1,...,rand j = 0,...,5 — 1, the elements w; and h; are not proper
powers, so the subgroups (w;) and (h;) are F-strictly compressed. Thus, by



Proposition 2.4 (ii), (wi,...,w,) is F-strictly compressed too. We deduce
that r(Fix ¢) < r(K). O

Note that Proposition 3.2 is not saying that 1-auto-fixed subgroups of F'
are F-compressed, since the statement leaves the possibility of the existence
of some subgroup Fix 1 < K < F with bigger abelian rank but smaller rank
than those of Fix ¥ (in fact, in the case J # () we have no control on the
rank of the graph Z). In the next theorem we give an argument showing,
in particular, this compression.

Theorem 3.3 Let F' be a finitely generated free group. Any endo-fized
subgroup of F is F-super-compressed.

Proof. Let ¥ C End(F). First, we will prove that Fix ¥ is F-compressed.
Then, using Proposition 3.2, we will extend this to show that it is F-super-
compressed.

By [7], Fix U is finitely generated. Let r be the minimum among the
ranks of all those subgroups of F containing Fix ¥. Note that r < r(Fix ),
and the equality holds if and only if Fix ¥ is F-compressed.

Consider M = {M < F|Fix ¥ < M, r(M) =r} # 0. Observe that,
by the minimality of r, every M € M is an algebraic extension of Fix W.
Hence, by [9], [10], [15] or [17], IM]| < co.

By [11] Corollary 3.4, there exists ¢ (in the submonoid of End(F) gen-
erated by W) such that Fix U is a free factor of Fix ¢. Furthermore, it is
easy to see that, for every positive integer s, ¢ restricts to a finite order
automorphism of Fix ¢°, whose fixed subgroup is Fix ¢ itself. So, by a
result of Dyer-Scott [6], Fix ¢ is a free factor of Fix ¢°. Hence, Fix U is a
free factor of Fix ¢® for every s > 1.

Now choose an arbitrary M € M. Since the rank of a subgroup never
increases when taking images, it is clear that M, = My* € M, for every
k > 0. By the finiteness of M, there exists an integer £ > 0 and a positive
integer s > 1 such that My s = Mip® = M. Since r(Mgys) = r(My),
¢® restricts to an automorphism of My, say ¢}, € Aut(My). Now, using
Bestvina-Handel Theorem,

(Mg NFix ¢%) = r(Fix ¢}, ) < r(Mg) = r(M) = 1.

But we noted above that Fix W is a free factor of Fix ¢°®. Hence, it is also a
free factor of My, NFix ¢°. Thus, r(Fix ¥) < r that is, r(Fix ¥) = r. This
means that Fix ¥ is F-compressed.

It remains to show 72 (Fix W; F) < r**(M; F'), assuming M # Fix V.



In [16], Turner showed that the stable image of ©*,
R=0Ni>1F(¢°) = Ni>1F',

is a retract of F' where ¢® restricts to an automorphism. Let ¢% € Aut(R)
denote the restriction of ¢® to R. Observe that Fix ¢} = Fix ¢° since
Fix ¢* < R.

Having proved that endo-fixed subgroups of F' are F-compressed, and
using Proposition 3.2, we see that Fix ¢° = Fix (% is R-super-compressed.
Recall that Fix W is a free factor of Fix ¢® and hence, by Proposition 2.3 (iii),
Fix ¥ is also R-super-compressed.

Now, observe that M} cannot be equal to Fix W. For, if it were, then as
@ acts as the identity on Fix W which is a proper subgroup of M, the map
o : M — M, would be a surjective map with non-trivial kernel between
two free groups of the same rank. As finitely generated free groups are
Hopfian, this cannot be the case and hence Fix ¥ < M.

But, since r(Fix ¥) = r = r(M}) and M}, < R, the R-super-compression
of Fix W implies that

P (Fix ¥; R) < r**(My; R)
and, by Lemma 2.2,
P (Fix ¥; F) < r*P(My; F).

Finally, since ©* : M — M, induces a surjective homomorphism from
MF'/F' to MF'/F', we have

P (Fix U; F) < r*®(My; F) < r**(M; F).
This completes the proof. O

Corollary 3.4 Let F' be a finitely generated free group. Any endo-fixed
subgroup of F' is F-compressed.

4 Ascending chains of fixed subgroups

In this last section, we use the information obtained before to analyze
strictly ascending chains of endo-fixed subgroups of a finitely generated free

group.

Theorem 4.1 In a free group F of rank n, every strictly ascending chain
of endo-fized subgroups has length at most 2n.

Furthermore, there exist such chains of length 2n — 1, even using only
1-auto-fixed subgroups.



Proof. By the above Theorem 3.3, the function r(—) 4 r2?(—; F) strictly
increases in any step of such an ascending chain. And, clearly, its minimum
and maximum values among endo-fixed subgroups of F', are 0 (for the trivial
subgroup) and 2n (for F itself), respectively. So, strictly ascending chains
of endo-fixed subgroups of F' have length at most 2n.

Now, we need to construct such a chain with length 2n — 1, and using
only l-auto-fixed subgroups. Let {z1,...,2,} be a basis of F. Given two
integers 1 < p < ¢ < n, let r;s,t > 0 be such that p =r, ¢ = r+ s and
n =1+ s+ t. Define ¢, , to be the automorphism of F' given by

Ypg: F — F
T, I, t=1,...,r
T z{o:j, j=r+1,....,r+s
Ty m,zl, k=r+s+1,....,r+s+t.

It is not difficult to see that
Fi _ —1 —1
X Ppg = (T1, ooy Ty T T1T g 15 - Ty (L1 Ty

We have 7P (Fix v, ; F) = r = p and r(Fix 1, ;) = r+s = ¢q. The following
is a strictly ascending chain of 1-auto-fixed subgroups with length 2n — 1:

1<Fix¢1<--<Fix i, <Fixg, < ---<Fix¢pp, =F O

The previous result leaves the four questions weather the length of the
longest strictly ascending chains of 1-auto-fixed, 1-endo-fixed, auto-fixed or
endo-fixed subgroups of the free group of rank n, is either 2n — 1 or 2n.
For n = 2 the four questions coincide since the four families of subgroups
do coincide (see Theorem 3.9 in [17]). For n > 3, the families of 1-endo-
fixed and 1-auto-fixed subgroups are known to be different (see [13]), while
in [11] the families of 1-auto-fixed and auto-fixed subgroups are conjectured
to coincide. So, in general, the four questions are not the same.

In the following proposition we show that, in the cases n = 2 and n = 3,
and for 1-auto-fixed subgroups, the exact maximum length is 2n — 1. In the
remark below we point out a reason why it seems difficult to extrapolate
the arguments given to the general case.

Let F be a free group of rank n > 1.

Let 0 < p < g <n be two integers. A subgroup H < F is said to be of
type (p,q) if r*?(H; F) = p and 7(H) = ¢q. And, given also 0 < p’ < ¢’ < n,
an inclusion H < K of subgroups of F' is said to be of type “(p,q) < (p’,q")”
when H is of type (p, q) and K is of type (p’, ¢'). Note that, by Theorem 3.3,
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any strict inclusion of endo-fixed subgroups is of type “(p,q) < (p’,q')”,
where p < p’, ¢ < ¢/, and at least one of these two inequalities is strict.

By Corollary 3.4 in [11], Corollary 2 in [16], and Proposition 1 in [3],
any endo-fixed subgroup of F’ with rank n is automatically 1-auto-fixed, and
contains a primitive element. Thus, no endo-fixed subgroup of F' is of type
(0,n). Hence, the inclusion types “(0,n — 1) < (0,n)” and “(0,n) < (1,n)”
do not appear in any ascending chain of endo-fixed subgroups. Clearly, the
type “(0,1) < (1,1)” is also impossible there, because any endomorphism
fixing a power of an element, fixes the element itself. We will see below
that all the other possible inclusion types can be realized by 1-auto-fixed
subgroups.

Proposition 4.2 For n = 2 and n = 3, the length of the longest strictly
ascending chains of I1-auto-fized subgroups of the free group of rank n, is
2n — 1.

Proof. Let F be a free group of rank n. We already know the existence of
strictly ascending chains of 1-auto-fixed subgroups of F' with length 2n — 1.
Assume now that Hy < Hy < --- < Ha, is such a chain with length 2n and
we will reach a contradiction when n =2 or n = 3.

Since in any inclusion the value of r(—)+72"(—; F) increases, the length
of the chain forces Hy to be of type (0,0), Ha, of type (n,n), and every
inclusion in the chain of type either “(p, q) < (p+1,¢q)” or “(p,q) < (p,q+1)”
for some p, q.

Suppose n = 2. The impossibility of the inclusion types “(0,1) < (1,1)
“(0,1) < (0,2)” and “(0,2) < (1,2)” leads immediately to a contradiction.

»
)

Suppose n = 3. The impossibility of the inclusion types “(0,1) < (1,1)”,
“(0,2) < (073)77 and “(073) < (1,3)” implies that Hy, Hy, Hy, Hs, Hj;
and Hg are of type (0,0), (0,1), (0,2), (1,2), (2,3) and (3, 3), respectively.
Furthermore, the type of Hy is either (2,2) or (1,3).

By Theorem 3.1, there exists a basis {a,b,c} of F and two non-proper
powers w, h € (a,b)’ such that Hy = (w,c thc). Note that, since w # 1 has
trivial abelianization, K = (a, b) is the smallest free factor of F' containing
w. Consider the core graph Xs corresponding to Hs, which consists of two
circles labelled w and h, and an edge e with label ¢ from a vertex ce in the
circle with label h to a vertex Te in the circle with label w (and with e
being the base point). Since r(Hsz) = r(Hsz) = 2, the inclusion Hy < Hj
is algebraic and so, the core graph X3 corresponding to Hgs is a quotient
of X5. In particular, the image of e, say ¢’, is the unique edge in X3 with
label ¢. If X3 — {e’} were disconnected then Hy = Hj (because w and h
are not proper powers), which is not the case. Thus, X3 — {e’} is connected

11



and hence, it is a circle with two (possibly trivial) hairs going to te’ and 7e¢'.
Now, let u € K be the label of a (possibly trivial) path in X3 — {¢’} from
Te' to we’. Tt is clear that Hs = (w,uc).

Let a be the automorphism of F defined by a — a, b — b, ¢ — u"'c.
By looking at the corresponding core graph, it is clear that Hza = (w,c),
is F-strictly-compressed (again using the fact that w € K is not a proper
power). Hence, Hj is also F-strictly-compressed, which implies that Hy
(and so Hya) is of type (1, 3).

Let ¢ € Aut(F') be such that Fix ¢ = Hy > Hs = (w,uc), and let
Y = a~pa. A simple computation shows that Fix ¢/ = Hya > (w,c). We
noted above that K is the smallest free factor of F' containing w = w’, so
K is ¢’-invariant. Then (and using also the fact that ¢’ fixes ¢) it is easy
to see that Hyar = Fix ¢’ = Fix ¢} * (¢). But Hya is of type (1, 3), hence
Fix ¢} < K is of type (0,2). This is a contradiction with the fact that
Fix 9 is a l-auto-fixed subgroup of the free group K, of rank 2. O

Remark 4.3 Note that the argument given in the previous observation
for the case n = 3 is global in the sense that, assuming the existence of
a chain of length 2n, we get a contradiction by analyzing more than one
consecutive inclusion. It is impossible to do this locally, that is, looking
only at some particular inclusion in the chain, because, as we see below, all
possible types of inclusions except “(0,n — 1) < (0,n)”, “(0,n) < (1,n)”
and “(0,1) < (1,1)” can be realized by automorphisms.

Let {x1,...,2,} be a basis of F.

Let 1 < p < ¢ < n be two integers and choose r,s,t > 0 and v, 4 as in
the proof of Theorem 4.1.

Suppose that p+1 < ¢. Then, s > 1 and changing the v, ,-image of
Ty from x{“xrﬂ to 41 we obtain another automorphism 1 of F' such
that

Fix ¢ = <.’IJ1, sy Ly L1, .T;_&2.’L‘11‘T+2, R 7x;isxlmr+s>'

Hence, Fix 9, 4 < Fix # is an strict inclusion of 1-auto-fixed subgroups of

type “(p,q) < (p+1,9)".
Suppose that ¢ +1 < n. Then, t > 1 and changing the v, ;,-image of
f oy et btai th t his
Trpsyr1 from z 7 ) to x) ZTr+s+1 We obtain another automorphism
of I’ such that

. -1 ~1 -1
Fix ¢ = (21, ..., &p, T 1041, o Ty (B1 T gsy Ty g 1 T1 T gs 1)

Hence, Fix 9, 4 < Fix % is an strict inclusion of 1-auto-fixed subgroups of
type “(p,q) < (p,q+1)".
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Now, let 0 = p < ¢ < n—1 be two integers with 1 < ¢q. Choose 7,s,t > 0
such that r = 2, ¢ +1 =r+ s and n = r + s +t. Define 1)y 4 to be the
automorphism of F' given by

Yo F — F
o [Ilaz2]71$1[9317x2]
T2 [$1,$2]f1$2[$1,$2]
zrj — [z, 22, j=3,...,r+s
T ;1:,;1, k=r+s+1,...,r+s+t.
It is not difficult to see that
Fix 1o 4 = ([z1, %2], x;l[xl, xa|xs, ... ,x:js[xl, 2| Tris),

which is a l-auto-fixed subgroup of type (0,1 + s), that is, (p, q).
Suppose 2 < ¢q. Then, s > 1 and changing the g ,-image of x3 from
[r1,72]323 to 23 we obtain another automorphism ¢ of F' such that

Fix ¢ = <[9:1,x2],x3,le[xl,:Eg]z4, . ,x;_is[:cl,xg]:zrr+s>.

Hence, Fix 19 , < Fix 1) is an strict inclusion of 1-auto-fixed subgroups of
type “(0,q) < (1,9)".

Suppose ¢ < n — 2. Then ¢ > 1 and changing the ¢ 4-image of Z,yst1
from x;ﬁsﬂ to [x1, mg]r+5+1xr+s+1 we obtain another automorphism 1 of
F' such that

Fix ¢ = ([z1, $2L$§1[$1; Tolxs, . .. 7$;+15[£E1, $2]$r+s,x;is+1[$1,$2]$r+s+1>~

Hence, Fix v , < Fix 1 is an strict inclusion of 1-auto-fixed subgroups of
type “(0,q) < (0,q +1)”.

Finally, the only remaining case is p = ¢ = 0. And it is obvious that
there are inclusions of fixed subgroups of type “(0,0) < (0,1)”. O

Acknowledgments

Both authors thank Warren Dicks for interesting comments and sugges-
tions and for improving some aspects of the paper. The first named author
gratefully acknowledges the postdoctoral grant SB2001-0128 funded by the
Spanish government, and thanks the CRM for its hospitality during the last
period of this research. The second named author gratefully acknowledges
partial support by DGI (Spain) through grant BFM2000-0354.

13



References

1]

G.M. Bergman, Supports of derivarions, free factorizations and ranks
of fixed subgroups in free groups, Trans. Amer. Math. Soc., 351 (1999),
1531-1550.

M. Bestvina, M. Handel, Train tracks and automorphisms of free
groups, Ann. of Math., 135 (1992), 1-51.

D.J. Collins, E.C. Turner, An automorphism of a free group of finite
rank with maximal rank fixed point subgroup fixes a primitive element,

J. Pure Appl. Algebra, 88 (1993), 43-49.

D.J. Collins, E.C. Turner, All automorphisms of free groups with max-
imal rank fixed subgroups, Math. Proc. Cambridge Philos. Soc., 119
(1996), 615-630.

W. Dicks, E. Ventura, The group fixed by a family of injective endo-
morphism of a free group, Contemp. Math., 195 (1996), 1-81.

J.L. Dyer, G.P. Scott, Periodic automorphisms of free groups, Comm.
Alg., 3 (1975), 195-201.

S.M. Gersten, Fixed points of automorphisms of free groups, Adv.
Math., 64 (1987), 51-85.

W. Imrich, E.C. Turner, Endomorphisms of free groups and their fixed
points, Math. Proc. Cambridge Philos. Soc., 105 (1989), 421-422.

I. Kapovich and A. Myasnikov, Stallings Foldings and Subgroups of
Free Groups, J. Algebra, 248, 2 (2002), 608-668.

S. Margolis, M. Sapir and P. Weil, Closed subgroups in pro-V topologies
and the extension problems for inverse automata, Internat. J. Algebra
Comput. 11, 4 (2001), 405-445.

A. Martino, E. Ventura, On automorphism-fixed subgroups of a free
group, J. Algebra, 230 (2000), 596—607.

A. Martino, E. Ventura, A description of auto-fixed subgroups in the
free group, preprint, http://www-eupm.upc.es/~ventura/.

A. Martino, E. Ventura, Examples of retracts in free groups that are
not the fixed subgroup of any automorphism, to appear in J. Algebra.

J.R. Stallings, Topology of finite graphs, Invent. Math., 71 (1983),
551-565.

14



[15] M. Takahasi, Note on chain conditions in free groups, Osaka Math.
Journal 3, 2 (1951), 221-225.

[16] E.C. Turner, Test words for automorphisms of free groups, Bull. Lon-
don Math. Soc., 28 (1996), 255-263.

[17] E. Ventura, On fixed subgroups of maximal rank, Comm. Algebra, 25
(1997), 3361-3375.

[18] E. Ventura, Fixed subgroups in free groups: a survey, Contemp. Math.,
296 (2002), 231-255.

15



