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ABSTRACT. Given a graph I' = (V, E), the graph group on T', FT, is the group
generated by the vertex set V' with the defining relations being that two ad-
jacent vertices commute. In the following, the centralizer problem for graph
groups is solved and it is shown that, for some graph groups, aut(FT) is finitely
generated by generators which are natural analogues to the Neilsen automor-
phisms for a free group.

1. INTRODUCTION

Let T' = (V, E) be a graph. We define Fr, the graph group on T, be the group
with presentation (V' | [E]), where [E] denotes the set of commutators {[a,b] :
(a,b) € E}. The class of graph groups contains as extreme cases the free and the
free abelian groups. It is natural to consider those properties which are true for
both free and free abelian groups and to inquire whether they remain true for graph
groups. Similar objects were first studied by Kim and Roush, [6], and then by Kim,
Makar-Limanov, Neggers, and Roush, [5], who were examining the graph algebra.
Let K be a field, and I" be a graph. The graph algebra, K(T'), is the K algebra
generated by the vertices of I" subject only to the relations that two adjacent vertices
commute. Their main result was that two graph algebras are isomorphic if and only
if their graphs are isomorphic. They also characterized those monomials in K(T")
which commute, leading to the theorem that the centralizer of a monomial in a
graph algebra is also a graph algebra. Dicks, [1], found a free resolution of K as a
K (T") module with trivial action, which gives, for any ring R, an RF-free resolution
of R. This resolution allowed Droms, [2], to compute the integral cohomology ring
of Fr, which is what might be called the graph exterior algebra. Droms proved,
following the methods of Kim et al, that two graph groups are isomorphic if and
only if the graphs are isomorphic. This implies that the graphs are significant to
the group structure and are not simply a convenience indescibing the presentation.

In the following we give necessary and sufficient conditions for two elements to
commute in Fyp. There are two obvious ways in which a pair of elements may
commute in a graph group. On one hand, the elements may commute letter by
letter, that is, they are represented by two words such that every letter occurring
in the first word is adjacent in the graph to every letter occurring in the second
word. On the other hand the two elements may belong to a cyclic subgroup of Fr.
We show that a combination of these two effects accounts for all commutativity in
Fr.

As an application, we examine the automorphism groups of graph groups. A
striking fact about both free and free abelian groups is that their automorphism
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groups have essentially the same generators. If A = A(X) is a free abelian group
of rank N on the (ordered) set X, then aut(4) = GL(N, Z), generated by the
elementary matrices.

For a free group, F(X), the elementary transformations written multiplicatively
generate aut(F (X)) and are called the Nielsen automorphisms. They are defined
on the generators of F' as follows:

[N1]: Inversion: t, for some z € X with () = 27! and 1,(2) = 2 for
z € (X —ux),

[N2]: Transposition: oy, for z,y € X, 044(x) =y, 02,,(y) =z and 0, ,(2) =
z for z € (X — {z,y}),

[N3]: Transvection: T, for x,y € X, 75 ,(x) = 2y, Tpy(z) = z for z €
(X —a).

For a graph group, we define analogously the set of elementary automorphisms, of
Fr to consist of the following

[EN1]: Inversion: i, for some z € V with 1,(z) = 27! and 1,(v) = v for
ve(V—uz),

[EN2]: Graphic Automorphism: g4 for ¢ € aut(I'), g4(v) = ¢(v) forallv € V,

[EN3]: Dominated Transvection: T,,, for z,y € V such that (z,2) € £ =
(y,2) € B, T3 y(x) = 2y, Tpy(v) =v for v e (V —x),

[EN4]: Locally Inner Automorphism: Ay ¢, where x € V and C is a connected
component of I' — star(z), with L(v) = 2z~ tvz for v € C, L(v) = v for
veV -C.

These reduce to the classical case when the graph is discrete or complete, and
we will see that in the cases where I' is a tree or if I' is strongly two- connected
with girth greater than four, then they do generate aut(Fr.

2. WORDS

Given a word w on the letters V UV~ the length of w, |w|, is the number of
letters in the spelling of w, and the support of w, supp(w), is the set of elements v
in V such that v or v=! occurs in the spelling of w.

Let T' = (V, E) be a graph, Fr = (V | [E]) the graph group associated with T,
and let u € Fr. Then we define the length of u, |u|, to be the least number of letters
in any word representing u. We also define the support of u, supp(u), to be the set
of those vertices which occur in the support of every word representing u.

If w is a word containing no segment of the form vzv="' or v~lzv, where v is a
vertex adjacent to every vertex in supp(x), then we say that w is a graphicly reduced
word. If w does contain such a segment, then this segment can be replaced by x, and
it is easy to show that every word w can be transformed into a graphicly reduced
word in at most §|w| steps. It is easy to show that a given graphicly reduced word
representing u can be transformed in to any other graphicly reduced word for u by
a finite sequence of moves which do not affect the length of the words, i.e. replacing
a segment ab by ba, where a and b are adjacent vertices, (or inverses of vertices).
A word w is a graphicly reduced word for u if and only if |w| = |u|, and if w is a
graphicly reduced word for u then supp(u) = supp(w).

If u,v € Fp then |uv| < |u] + |v|, and if there is equallity then we say that the
product wv is a reduced factorization.
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Let w be a graphicly reduced word and let (a,b) be pair of non-adjacent vertices.
We define the projection of w onto {a,b}, denoted by w4y, to be the subword of
w obtained by deleting those letters in w which are not one of a, a~', b, or b=!. Of
course, the projection of w onto (a,b) will be the empty word if supp(w) is disjoint
from (a,b). Notice that the projection of a graphicly reduced word need not be
graphicly reduced. For v € F1 we define the projection of u onto (a,b), denoted by
Ufa,b}s DY Uf{ap) = W{ap}, Where w is any graphicly reduced word representing u.
It is easy to see that uyq ) is well defined. We define PB(u), the projection basis of
u, to be the set of all words which are projections of u onto pairs of non-adjacent
vertices. In the same way, for any vertex a we define uy,} to be the projection of
an element u onto a.

LEMMA 1. Let T be a graph whose complement I'° has no isolated vertices. Then if
two elements of FT have the same projection basis then they have the same length
and support.

Proof. Let u and w be elements in Fr and let v be a vertex of I'. Then since v is not
isolated in I'“ there is a vertex v’ which is non-adjacent to v. Since ug, v} = Wiy},
the number of occurrences of the vertex v in any graphicly reduced word for u or
u is determined, and the result follows. O

The following proposition amounts to a solution to the word problem.

ProproOSITION 1. Let T' be a graph whose complement has no isolated vertices and
let u,v € Fp. Then PB(u) = PB(v) if and only if u = v.

Proof. We induct on |u|. If |u| = |v] = 0, then v = v = 1 and there is nothing
to show. Now, let |u|] > 0 and let a be a vertex in supp(u) = supp(v) such
that a or a™!, say a, is the first letter in every projection in the projection basis
PB(u) = PB(v) in which it occurs. We know that such a vertex exists since u is
represented by some graphicly reduced word, and the first letter in this word will
have the property. Such a letter is not necessarily unique and will be called a first
letter of u. We have then that |[a™lu| = |[a7'v| = |u] — 1. PB(a"'u) is obtained
from PB(u) by simply deleting a from the beginning of every projection in PB(u)
in which it appears, and similarly for PB(a='v). So PB(a~!u) = PB(a~'v), hence

a 'y = a~'v by induction and thus u = v. [

3. THE CONJUGACY PROBLEM

Let u and v be elements of Fr. w and v are conjugate if and only if u can be
transformed into v by a finite sequence of moves of the form v — aua™!, where a
is a letter of Fr. It is clear that |aua™?| is equal to either |u| — 2, |ul, or |u| + 2,
and it is easy to show that if u and v are conjugate then the sequence of moves can
be chosen such that all length decreasing moves occur first.

We say that an element, u, in a graph group is cyclicly reduced if v cannot be
written u = au’a”! with |u| = |u’| + 2. An element can be cyclicly reduced by a
sequence consisting only of length reducing moves. The result does not depend on
the particular sequence, which is the result of

PROPOSITION 2. Every element uw € Fr is conjugate to a unique cyclicly reduced
element, CR(u), u = aCR(u)a™!, such that |u| = |CR(u)| + 2|c].
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Proof. Only uniqueness is at issue. Suppose there are cyclicly reduced element z
and y such that u = §z6~' = ByB~! are reduced factorizations of u. Let a be the
first letter of 0. If a is not a first letter of 3, then a is a first letter of y and a is not
an element of supp(3). Hence a1, the last letter of 51, must be a last letter of x,
contradicting the fact that y is cyclicly reduced. So a is a first letter of both 3 and
§, and we have the reduced factorizations § = ad’, 3 = a3, §'zd'~' = 'y !, and
the result follows by induction on |u]. O

COROLLARY 1. If u = pu'p~t, is a reduced factorization, then CR(u) = CR(u').

If u is conjugate to v then |CR(u)] = |CR(v)|. This reduces the conjugacy
problem to that for cyclicly reduced elements of equal length, which is clear.

4. THE CENTRALIZER PROBLEM

Let u and v be elements of Fr. We have that |uv| < |u| + |v|. There exists a
unique A such that
uw=uh with |u|=[u|+ |}l
v="h"'%" with |v|=[v/|+|h|, and
wo =u'v" with |uv| = [o/| + [v'].
Let {a,b} be a pair of non-adjacent vertices of I'. The projections us, ) and

V{a,p} Satisfy ug, 5y = uf{a)b} * hiap}s Via,b} = h{_al,b} * Uj[a,b} and (uv) (a5 = uf{a’b} *
vf{a b} where the symbol * denotes the juxtaposition of words. Note that h = 1 if
and only if v is a reduced factorization.

LEMMA 2. Let u and v be commuting elements of Fr such that uv is a reduced
factorization, and let {a,b} be a pair of non-adjacent vertices in I'. Then there
exists a word hy.y in the letters a, a~ ', b and b~ such that

Ufey = Ngey * hyey * -+ % hyey, with jefactors

’U{e} = h{e} * h{e} koeee ok h{e}7 with k:efactors .
Proof. Since wv is a reduced factorization, vu must also be one, since |vu| = |uv| =
[u| 4 [v|. So we have that ug.) * viey = (uv){ey = (VU){e} = Vye} * Ugey from which
the result follows. O

PROPOSITION 3. Suppose that u and v are commuting elements in Fr such that
wv is a reduced factorization, and the subgraph of T' generated by supp(uv) has
connected complement. Then there exists an element, h, in Fr such that both u
and v belong to the cyclic subgroup of Fr generated by h.

Proof. If |uga )| = [vfqpy| for all pairs e = {a,b} of non-adjacent vertices in T,
then the Lemmaimplies that vy = ugey, for all e, hence PB(u) = PB(v), u = v,
and we are done.

On the other hand, if j, ;, < kqp, say, for some non-adjacent pair {a, b}, then the
connectedness of the complement of I' implies that j. < k. for all non- adjacent
pairs e in I'. Thus every basic projection of u is a proper initial segment of the
corresponding basic projection of v, and v has the reduced factorization v = wv’.
Moreover, since both factors of the projection v(.; have the same support, u and
v’ satisfy all the conditions of the Lemma [2| and the result follows by induction on
lu| + |v]. O
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Let u,v € Fr such that there is no letter  such that we have simultaniously that
u=xu'r"! Jul = |v/|+2 and v = zvz~, |v| = |[v'| + 2. Then we say that v and v
are pairwise cyclicly reduced. It is easy to see that, given any two elements u and
v, there is a unique element z such that u = zu'z"1, |u| = |u'| + 2|z|, v = v’z 71,
|v| = |v'| + 2| Z|, and such that v’ and v’ are pairwise cyclicly reduced.

LEMMA 3. Let u and v be commuting elements in Fr such that |uv| < |u|+|v|, u and
v are pairwise cyclicly reduced, and the graph generated by L = supp(u) U supp(v)
has connected complement. Let g and h be defined by the equations

=g =h' with |ul= | +]g| = "] + A
v=yg " =v"h7! with |v] = ||+ |g| = [v"| + |}
wo = u'v' =v"u"  with |uv| = || + V| = || + [
Then L = supp(u) = supp(v) = supp(g) = supp(h).
Using this lemma we may show

PROPOSITION 4. Let u and v be commuting elements in Fr satisfying
(1) uo| <uf + |v]
(2) w and v are pairwise cyclicly reduced
(3) the induced subgraph of T' on the set L = supp(u) = supp(v) has connected
complement.

Then there exists an element h of Fr such that both u and v belong to the cyclic
subgroup of Fr generated by h, gp(h).

Proof. We first show that vu~! is a reduced factorization, then applying Proposi-
tion [3| will give the result. Suppose to the contrary that [vu=!| < |v|+ |u~!|. Then
there would be some letter, z, such that u = rz and v = sz are both reduced factor-
izations. By Lemma |3, = € supp(g), so that u = rz implies that both g = ¢’z and
v=g 1 =271s = 275" x are reduced factorizations. Similarly = € supp(h), so
h=z"'h and u = hu' = 2~ 'r' = ="z, also reduced, contradicting assumption
[2]. O

Proof. (of Lemma 2)

(1) supp(g) = supp(h); For any a in L we have |(ub)gay] = [tgay] + o] —
2|g{ay| and [(vu)(a}| = lvgay] + |tgay] = 2[hgayls 50 |gga}] = [h{ay] for all a
and supp(g) = supp(h).

(2) supp(v') = supp(v”); This follows since

[ugay] = [Way | + 19¢ay | = [ufay] + gy -

Similarly we have supp(v’) = supp(v”).

(3) L = supp(u) = supp(v); Suppose to the contrary that, say, there is a vertex
b € L—supp(v). Since b is connected to supp(v) by a path of non-edges, we
may assume that b is non-adjacent to a vertex ¢ € supp(v). Let e = {b,c}.
We have that

Ufpe}y = u{{b,c} *giey = ey * “/{,bm}’
Ulbe) = U} = 9o * Viey = ey * Iy, and

(W) ey = (V) = u/{b,c} * vf{c} = v'{’c} * U/{Ib,cp
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and we see that all the various factors in these three equations are non-
trivial. The factors u’{b7 o and u’{’b7 ¢} are non-trivial since b is an element
of supp(u). To see that hy. and vf{’c} are non-trivial let k denote the
position of the first b in the projection uy 3. Then by the third equation
k= [v{ 4 (k—|h{cy]), and so [v], | = [hfc}|. Since vy} is non-trivial, both
v’{’c} and hg. are non-trivial. It follows easily that the remaining factors
are non-trivial.

Fact 1. The equations

ui[m,y} * Hzy}r = h{%y} * u{{/w,y}7

—1 / _ " -1
Izt ¥ Ve = Vieyy ¥ h{x,y}v and

/ / " "
Uy} * Vay) ey} * Hay}
with all factors non-trivial, imply that ug, , = z*u’{’;y} xz~ L and Vizy} =

" -1 ; i o
ZHRVG 2T, with z equal to one of x, y, or their inverses.

" —1 _ n —1
(hep * 2 and vy ) = 2 * Vig ¥z,

with 2z equal to either c or its inverse.

If ¢ is a first letter of u, then we must have reduced factorizations u =
cxe™! and v = cyc™!, contradicting assumtion [2].

Suppose then that c is not the first letter of u, that is, there is a letter ¢y
in supp(u) so that {c,c;} is not an edge in I' and ¢; occurs first in ugcc,y-
Since ¢ is both the first and the last vertex in ug, .y and vy ¢y, and all the
factors g¢p.cys Pv,c}s u’{b,c}, v%hc}, u’{’b,c}, and vf{’b7c} are non-trivial, it follows

Thus we have that ug, ) = 2z *u

that the projections grcy, hyey, u’{c},, v’{c}, uj{’c}, andﬂv%’c} are allﬂnon—trivial.
Then we have that g(cc,y, Pic,er} Ueerb Yieerd Weer ) and Vlc,cr} AT€ all

non-trivial and we can apply the fact to get that ug. ., = 2 * u’{’é’cl} * 271,

and vic e} = 2 * v”écl} * 271, with z either ¢; or its inverse. We may now
continue in this way to find co, c3, etc. until we find a letter, ¢, which is
a first letter of u. We must now have that u = ckxcgl and v = ckyclzl are
reduced factorizations, contradicting assumption [2].

(4) L = supp(g); We define two subsets, C and S, of L. S, the set of survivors,
is given by S = L — supp(g) = L — supp(h) and C, the set of casualties,
by C = (L — supp(u')) U (L — supp(v’)). No letter can be both a casualty
and a survivor, since if, say, x € L — supp(g) and = € L — supp(u’), then
x € L —supp(u), a contradiction. On the other hand every letter of L is
either a casualty or a survivor, since to say that a is neither a casualty
nor a survivor is to say that none of the projections, g¢.}, h{a}, u’{a}, v’{a},
uf{’a}, or vj{a} is trivial, and we have seen that such an situation leads to a
contradiction to the fact that v and v are pairwise cyclicly reduced. Thus
the sets C' and S partition the set L.

CrLAaM 1. Let a and b be non-commuting elements of L. Then either both
a and b are elements of S, or both are elements of C.

Proof. Let b be the last letter of w4 y-

If b is a survivor, then b is not an element of supp(g) and so ug, 5 =
uf{a7b} x g{a,b} = uf{mb} * g{ay- Since b is the last letter we must have that
|9{a}| = 0, that is, a is a survivor also.
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If b is a casualty, say b is not an element of supp(u’) = supp(u”), then
Ufaby = Piap) * u’{’a}, and since b is the last letter of uy, 3,y we must have

that |u’{’ a}| = 0, that is, a is a casualty also. This proves the claim. O

Thus the complement of the induced subgraph I'( L) has been partitioned
as a disjoint union of graphs

I(L)° = T(C)° UT(S)".

Since this graph is connected, one of the factors is empty, and since the
product uv is not a reduced factorization, there are elements which do
not survive. These elements must be casualties. Therefore there are no
survivors, and supp(g) = L as claimed.

This completes the proof of lemma O

We may now give necessary and sufficient conditions for two elements, u and v,
to commute in a graph group.

Let u and v be two pairwaise cyclicly reduced elements which commute in Fr and
let L = supp(u) Usupp(v). L induces a full subgraph I'(L) of T" whose complement
decomposes uniquely into connected components

I'(L) =B UByU---UBy.

So every vertex in B; is adjacent in I' to every vertex in B; for ¢ # j. This induces
unique reduced factorizations of v and v as u = wjus---ux and v = v1vy ...V,
where each of u; and v; is supported only by vertices in B; and such that each
pair u; and v; satisfies the conditions of either Proposition [3] or Proposition [4
Thus there exists elements h;, 1 < i < j, such that u; and v; belong to the cyclic
subgroup of FT generated by h;.

We have proved the following

PROPOSITION 5. Let u and v be elements of Fr which are pairwise cyclicly re-
duced. Then u and v commute if and only if there are reduced factorizations
U= ULz ... Uk, and UV = vV V2 ...V, Such that the following conditions hold:

(1) there is an element h; such that both w; and v; belong to the subgroup
generated h;.

(2) supp(h;) is disjoint from supp(h;) for i # j,

(3) every vertex in supp(h;) is adjacent to each vertex in supp(h;), ¢ # j,

COROLLARY 2. If two elements, u and v, commute in a graph group, then any pair,
h; and hj, defined above, also commutes.

COROLLARY 3. If u and v are pairwise cyclicly reduced and commute in Fr and if
u 18 not cyclicly reduced, then one of the u;’s is not cyclicly reduced and thus v; = 1.

COROLLARY 4. If two elements, u and v, commute, then we can find an element,
p, such that pup~' and pup~! are both cyclicly reduced.

Let w € Fr. and let By, Bo, ..., By, denote the connected components of the com-
plement of I'(supp(CR(w))) and write CR(u) = ujug ... uy, such that supp(u;) =
B;. Each u; belongs to a maximal cyclic subgroup whose generator, h;, is uniquely
defined up to sign. We call h; a pure factor of u, and denote the set of pure factors
of u by PF(u). Note that the pure factors of u are cyclicly reduced. We also define
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link(u) to be the set of all vertices in I' which are not elements of supp(CR(«)) but
which are adjacent to every vertex in supp(CR(u)).
Proposition |5 now implies

THEOREM 1 (The Centralizer Theorem). The centralizer of an element u = pCR(u)p~*
is conjugate by p to the subgroup of Fr generated by link(u) U PF(u).

Moreover, the set PF(u) = {h1,...,hi} generates a free abelian group of rank k
and

cent(CR(u)) = (h1) ® (h2) ® -+ ® (hi) ® Fr(ink(u))-

Recall that a graphical subgroup of a graph group Fr is a subgroup which is
generated by a (full) subgraph of T'. Tt is a consequence of the centralizer theorem
that the centralizer of any element of a graph group is itself a graph group and is,
in fact, isomorphic to a graphical subgroup. It is not in general true that every
subgroup of a graph group is itself a graph group.

5. AUTOMORPHISMS OF GRAPH (GROUPS

5.1. Elementary Automorphisms. One striking similarity between free and free
abelian groups is that their automorphism groups have the same generators. If F'
is free of rank n, then aut(F') is generated by the Neilsen transformations, which,
written additively, generate aut(F'/[F, F]) = GL(n, Z) in the form of the elementary
matrices.

Let F be a free group and let S be a basis for F. The Nielsen transformations
are as follows:

[N1]: Inversion: i, for some x € X with () = 27!

z € (X —ux),
[N2]: Transposition: o, for z,y € X, 05 4(2) =y, 044(y) =z and 0, 4(2) =
z for z € (X — {z,y}),
[N3]: Transvection: 7., for x,y € X, 7, ,(z) = zy, Tuy(z) = z for z €
(X — ).
Strictly speaking, the transpositions are redundant.

Since a graph group is a generalization of both the free and free abelian groups,
it is natural to expect that some variation on this theme will hold true.

Replacing S with the set V of vertices of I', the inversions also define auto-
morphisms of the graph group Fr. Many of the transpositions and transvections,
however, fail to define endomorphisms of Fr.

Given a transvection 7 : x — zy, 7 defines an automorphism of Fr if and only
if y is adjacent to every vertex to which z is adjacent. Following [5], we define a
partial order on the vertex set of a graph by setting y 1 « if given any other vertex,
z, distinct from z and y and which is adjacent to x, then z is also adjacent to y,
and we say that b dominates a. Thus the transvection 7 defines an automorphism
of Fr if and only if y dominates x, and we call T a dominated transvection.

A Transposition x < y defines an endomorphism, hence an automorphism, if
and only if x 1 y and y O z, however such transpositions are not sufficient in
general to generate those automorphisms of F1 which simply permute the vertices.
Fortunately these automorphisms are neatly described as those automorphisms of
Fr which are induced by automorphisms of the graph I', which will be call graphic
automorphisms.

and ¢,(z) = z for
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The inversions, dominated transvections, and graphic automorphisms do not
in general generate aut(Fr). For example, if T" is the pentagon of Figure [1| then

FiGURE 1.

the order relation JJ on the vertices is trivial, so that there are no dominated
transvections at all. The inversions and graphic automorphisms generate a finite
group of automorphisms all of which preserve the length of the elements of Fr, in
particular, containing no inner automorphisms of Fr.

Augmenting this list of automorphisms to include those inner automorphisms
corresponding to conjugation by vertices of I' will not serve in general to generate
aut(Fr). For example, consider the graph consisting of two pentagons joind at a
vertex. Again, the order relation J is trivial for this graph so that there are no
dominated transvections. Define an automorphism as in Figure [2| It is clear that

e f e f

FIGURE 2. A Locally Inner Automorphism

this cannot be obtained from inner, inverting and graphic automorphisms. We will
call such an automorphism locally inner.

Recall that for any vertex v in I, link(v) = {z € V | (v,z) € E}, and star(v) =
link(v) U {v}. Let C be any connected component of I' — star(v). We define a map
A=Ay from V into Fr by setting

Mz) = wvav lif xis a vertex in C, and
Az) = xif x is not a vertex in C.

Note that A defines an automorphism of Fr and that there are only finitely many
such A. We call A\ a locally inner automorphism.

DEFINITION 1. We define the set of elementary automorphisms of Fr to consist of
the following:



HERMAN SERVATIUS DEPARTMENT OF MATHEMATICS COLLEGE OF THE HOLY CROSS WORCESTER, MA 01610

[EN1]: Inversion: i, for some x € V with 1,(z) = 271 and 1,(v) = v for

ve(V—uzx),
[EN2]: Graphic Automorphism: g4 for ¢ € aut(l'), g4(v) = ¢(v) for all
vevV,

[EN3]: Dominated Transvection: 7., for z,y € V such that (x,2) € E =
(1,2) € B, Ty () = 23, 7ey(v) = v for v € (V — 2),

[EN4]: Locally Inner Automorphism: A, ¢, where x € V and C is a con-
nected component of I' — star(z), with L(v) = 2~ vz forv € C, L(v) = v
forveV —-C.

Note that the condition in [EN4] we may require that |C| > 1, since if C' consists
of a single vertex then that vertex is dominated by v, so that A, ¢ can be written
in terms of dominated transvections and inversions.

CONJECTURE 1. The elementary automorphisms generate aut(Fr).

We will prove some results in support of Conjecture [I} In particular, we show
that it is true if I is a tree or, on the other hand, if I is star two-connected and has
girth greater than four. We will also show that the collection of graph groups for
which the Conjecture [I] is true is closed under the operations of free product and
direct sum.

Note that, in contrast to the Nielsen automorphisms for a free group, the graphic
automorphisms are not redundant, as can be seen in the case of the pentagon.

5.2. EN-Equivalence.

DEFINITION 2. Let ' and f" be two automorphisms of Fr. We say that f' and f"
are EN-equivalent if f'h' = h" f”, where h' and h"' are both products of elementary
automorphisms.

This is an equivalence relation on aut(FT) and we would like to show that every
automorphism of F1 is EN-equivalent to the identity.

As in the case of free groups, it is convenient to work with bases rather than the
automorphisms themselves, and while for a free group a basis is just a generating
set of minimal cardinality, a basis in a graph group is in fact a graph. In precise
analogy with free and free abelian groups, we define a functor U from the category
of groups to the category of graphs which sends each group G to the graph U(G),
called the underlying graph of G, whose vertex set is G itself and in which two
elements are adjacent if and only if they commute. U has a left adjoint F' which
sends each graph I" to Fr, the graph group on I'. The adjoint isomorphism is

(1) ¢ : hom(Fr, G) — hom(T, U(Q)),

and the elements of hom(I', U(FT1)) corresponding ¢(aut(FT)) are called bases of the
graph group Fr, with the basis corresponding to the identity called the preferred
basis of Fr.

It is clear by examining abelianizations that any two bases for a graph group
must have the same number of vertices, which number has been defined to be the
rank of the graph group. It has been shown, see [3], that any two bases of a graph
group are isomorphic.

DEFINITION 3. Two bases of Fr are EN-equivalent if one can be transformed into
the other by a finite sequence of moves of the following forms, where ¢ : T — U(Fr)
s a basis of Fr
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[EN1]: replace ¢p(v) with ¢(v)~t for some v in T,

[EN2]: replace each ¢(v) with ¢(o(v)) for some o in aut(T),

[EN3]: replace ¢(v) with ¢(v)p(w) for some pair of verices v and w in T such
that w dominates v.

[ENA4]: replace ¢(v) with ¢(a)p(v)d(a)~t for each vertex v in some connected
component C' of T' — star(a) for some fixed vertex a in T,

[ENS5]: replace each ¢(v) with h(p(v)) for some elementary automorphism h
Of Fp.

Fact 2. Two automorphisms are EN-equivalent if and only if their corresponding
bases are EN-equivalent.

FAcT 3. A basis is EN-equivalent to I if and only if its corresponding automorphism
can be written as the product of elementary automorphisms.

5.3. General Reduction Theorems.
PROPOSITION 6. If two bases are conjugate, then they are EN-equivalent.

Proof. Let v be avertex in I" and let X7, ..., X} denote the vertices of the connected
components of I' — star(v). Then the product

)\U,Xl )\U,Xg s >\’U,Xk

of elementary automorphisms transforms the basis V' into the basis v=1Vv, so that
if two bases are conjugate by a vertex then they are EN-equivalent, and the result
follows. O

The partial order 1 that has been defined induces an equivalence relation on
the vertex set, and we denote the equivalence class of a by [a], [a] = {v €V :a O
vand v O a}. Each equivalence class must generate a subgraph which is either
complete or discrete and we will abuse terminology and say that an equivalence
class is complete or discrete.

Let D denote the set of vertices in I' which are dominated by a non-adjacent
vertex and let C' denote the set of vertices in I' which are adjacent to every vertex
dominating them, so C =V — D.

FAacT 4. D contains every vertex which belongs to a non-singleton discrete equua-
lence class in T'. C' contains every vertex which belongs to a non-singleton complete
equivalence class in I'.

Proof. The first statement is immediate. For the second, suppose that v is both
equvalent and adjacent to v’. Let w be any vertex dominating v. Then w dominates
v’ also, and so is adjacent to v since v’ is. Thus v belongs to C. O

Fact 5. No element of D domminates any element of C.

Proof. Suppose to the contrary that we have. v € C, w € D, and w Jv. w is
dominated by some vertex, z, which is not adjacent to w. Since both x and w
dominate v, both are adjacent to v. Since w dominates v, w is adjacent to x, a
contradiction. [l

FacT 6. If v is an element of C, then the set of vertices dominating v, Dom(v),
generates a complete subgraph of T'.



HERMAN SERVATIUS DEPARTMENT OF MATHEMATICS COLLEGE OF THE HOLY CROSS WORCESTER, MA 01610

PROPOSITION 7. Ewvery basis of Fr is EN-equivalent to a basis, 0, § : T — U(Fr),
such that every vertex in supp(CR(6(v))) dominates v, with at least one vertex
equivalent to v. Moreover, either

1H)vecdC

(2) cent(CR(0(v))) = cent(v) = Fr(star(v))

(3) Ewvery pure factor of 8(v) is supported by a single vertez,
or

(1) veD

(2) Every pure factor of 6(v), except perhaps hy, is supported by exactly one

vertex which strictly dominates v and is adjacent to v,

(3) No vertex in supp(z’) is adjacent to v.
(4) cent(CR(Q(v))) = cent(h1 = <h1> 024 FF(link(hl))

Proof. In what follows let f be an automorphism of Fr, let p be a vertex of I' and

let # = CR(f(p))-
LEMMA 4. If z € supp(n) then val(z) > val(p).

Proof. We have seen that the centralizer of f(p) is conjugate to the subgroup
cent(m) = (h1) ® (h2) ® -+ @ (hx) ® Frink(r)), Where PF(7) = {hy,---,hr}. So
cent(7) is a graph group of rank k + |link(7)|. But rank(cent(p)) = val(p) + 1, so
val(p) + 1 = k + |link()|.

Let « € supp(w), then x € supp(h;) for some 4, and  must be adjacent to at
least one vertex corresponding to each of the £ — 1 other pure factors, and also to
each of the vertices in link(7). Thus val(z) > k — 1 + |link(7)| = val(p) and the
lemma is proved. O

LEMMA 5. There exists a vertex, x, in supp(w) such that val(z) = val(p).

Proof. We examine the induced map, f’, on the abelianization of Fr. Order V
such that the valences of succesive vertices is non-increasing, and represent f’ by the
square matrix M. Let r denote the number of vertices of valence greater than val(p).
The first 7 columns of M consist only of zeros beyond the r’th row. If every vertex in
supp(m) had valence greater than val(p) then the column corresponding to p would
also have zeros below the r’th row, giving r + 1 such rows, a contradiction. [

LEMMA 6. The vertices of valence val(p) in supp(w) belong to a single equivalence
class. Moreover, let a be a vertex of valence val(p) in supp(w). The pure factors
for f(p), PF(f(p)) = {h1,...,hi}, satisfy one of the following sets of conditions:
either;
(1) [supp(h1)| > 1,
(2) If a € supp(hq), val(a) = val(p), then every vertex in supp(h1) dominates
a and is non-adjacent to «,
(3) hiyi=2,...,k, is supported by one vertex and that vertez strictly dominates
a and is adjacent to o, and
(4) cent(m) = cent(hq),
or;
(1) [supp(h1)| =1 foralli=1,...,k,
(2) for all 8 € supp(w), ™ dominates o and is adjacent to «, and
(3) cent(m) = cent(a).
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Proof. As before, let the pure factors of  be denoted by hy, ha, ..., hg.

Case 1: h; is supported by more than one vertex. In this case every vertex
in supp(m) whose valence is the same as that of p must lie in supp(h;) as
well. Since if « is a vertex in h;, i > 1, then « is adjacent to at least two
vertices in supp(hy), at least k — 2 vertices corresponding to the other pure
factors, and every vertex in link(r). Altogether,

val(a) > 24+ k — 2 + |link(n)| = val(p) + 1.

So every vertex in supp(w) with valence val(p) is contained in supp(hy).
But every vertex in supp(h) is adjacent to at least

|supp(ho)| + - - - + [supp(hx)| + [link ()|
vertices, that is,

|supp(he)| + - - - + |supp(hx)| + val(p) + 1 — k

vertices.
Since there is, by Lemma a vertex in hy with valence val(p), it follows
that |supp(hz2)| = -+ = |supp(hg)| = 1, and the pure factors ha, ..., hy

consist of individual vertices. Moreover, we have identified all val(p) vertices
which are adjacent to a vertex of valence val(p) in supp(h1). They consist
of link(w) together with hs, ..., hg. So if a is a vertex of valence val(p) in
supp(hy) then every other vertex in supp(h;) dominates o and no vertex in
supp(hy) is adjacent to . In particular all vertices in supp(7) with valence
val(p) are equivalent, and [«] is discrete if |supp(hy| > 1.

We see also that the vertices supporting hs, ... hi all strictly dominate
«a and are adjacent to a.

Case 2: Each pure factor hi, 2 < i < k, is supported by a single vertex.

Then h; is adjacent to h; for all j # 4, and also with each vertex of
link(7), a total of (k — 1) + |link(7)| = val(p) vertices. So if h; is a vertex
of valence val(p), then every h; dominates h; for all j. In particular, those
h;’s of valence val(p) are all equivalent to h;.

Note that, in this case, the equivalence class of « is complete if there is
more than one h; with valence val(p).

O

Thus we can associate to each vertex p in I' the equivalence class of those vertices
of " in supp(CR(f(p))) which have valence val(p). This defines a map, F, from
the vertex set of I' to the vertex set of the quotient graph I'/[—]. Following Kim
[5], or Droms [3], it can be shown that F is a graph morphism and lifts to a graph
automorphism of I'. Applying the graphic move corresponding to the inverse of this
automorphism gives a basis with the desired properties. This completes the proof
of the Proposition [7} O

PROPOSITION 8. Ewvery basis of Fr is EN-equivalent to a basis, 8, which satisfies
the conclusion of Proposition[], and is such that for each vertex v in C we have
that O(v) is conjugate to v. Moreover, the set [v] is congugate to the set [0(v)].

Proof. Let 6 be a basis satisfying the conclusion of proposition [8] and let v be a
vertex in C. Suppose that the proposition is true for all vertices in C' of valence
greater than that of v.
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We assume that 0(v) is cyclicly reduced. Then if w is adjacent to v, we have
that every vertex in supp(f(w)) is in star(v). If w dominates v, then w is in C' and
every vertex in supp(CR(6(w))) dominates v, since w dominates v and every vertex
in supp(CR(6(w))) dominates w. Since each vertex dominating v is adjacent to v,
it follows that 6(w) is cyclicly reduced. So if w srictly dominates v, then ¢(w) = w.

Consider the set, Dom(v), of vertices which dominate v. Dom(v) contains [v] to-
gether with those vertices which strictly dominate v. Dom(v) generates a complete
graph in I'. We may now apply dominated transvections to assume that supp(8(v'))
is contained in [v] for each v’ equivalent to v. There is now a reduction of 6(v) until
f(v) = v for all vertices v in [v] by the result for free abelian groups. O

PROPOSITION 9. Ewvery basis of Fr is EN-equivalent to a basis, 8, which satisfies
the conclusion of Proposz'tion@ and is such that (v) contains only one pure factor
for each vertex in T.

Proof. First modify the basis until it conforms with the conclusions of the previous
proposition. Then those #(v) having more than one pure factor correspond to
vertices in I" outside C'. The reduction procedes in order of decreasing valence. If
the valence of v is maximal among all vertices in I', then there is nothing to show.

Assume that 0(v) is cyclicly reduced with more than one pure factor and that
6(w) contains only one pure factor for each vertex of I' whose valence is greater
than that of v. Except for the first pure factor, which is supported by some vertices
equivalent to v itself, the pure factors of 6(v) are supported by indiviual vertices
which dominate v and are adjacent to v. Such vertices must belong to C, and so if
w is such a vertex, we have that 6(w) is conjugate to w. But since w is adjacent to
v, it must be a conjugate by a word whose support is contained in link(v), so that
in fact f(w) = w, and a sequence of dominated transvections will remove w from
among the pure factors of 0(v).

In this way we can remove the remaining superfluous pure factors in the basis
0. O

In sum we have

THEOREM 2. Every basis of Fr is EN-equivalent to a basis, 0, such that for each
vertezx, v, in I, we have

(1) if v is an element of C, then 6(v) is conjugate to v itself, and moreover [v]
is conjugate to the set [0(v)].

(2) if v is an element of D, then 0(v) has exactly one pure factor which is
supported entirely by vertices which dominate v and are not adjacent to v,
some of which must be equivalent to v.

Let ¥ denote the collection of graphs such that their graph groups satisfy the
Conjecture |l We know from the classical theory that ¥ contains the complete and
discrete graphs.

Given two graphs I' and Q, their disjoint union is the graph I' U Q which has
vertex set the disjoint union of the vertex sets of I" and 2 and whose edge set is the
disjoint union of their edge sets. The join of T and € is the graph I'+Q = (T'°UQ°)¢,
that is, the join is obtained from the disjoint union by connecting every vertex in
the first factor with every vertex in the second factor.

THEOREM 3. X is closed under U and +.
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That is to say, if two groups satisfy the Conjecture [I} then their free product
and their direct sum do as well.

Proof. For the join, let T' have join components {I'; : i = 1,...,k}, with each T
an element of 3. Since the singleton components play a special role, let us choose
notation so that they all occur first in the list {I';}, so there is a j < k so that T;
is a singleton for all ¢ < j. These singleton components will all be equivalent in I"
and will also be of maximal valence in I'. Thus, if 8 is a basis of F1, we have that 6
is EN-equivalent to a basis, which we will also call 8, with 8(v) = v for each vertex
v making up an entire join component of I". Furthermore, since such a v dominates
all the other vertices in I', we may apply dominated transvections to assume that
v is not an element of supp(d(w)) for w # v.

Now, let x be a vertex in a non-singleton join component of I'. The pure factors
of 6(z) are supported by vertices dominating x, since the only vertices which both
dominate z and belong to a different join component are precisely those vertices
making up singleton join components. But we have already applied dominated
transvections to assume that CR(6(x)) is supported entirely by the component
containing x. Since each I'; is in ¥, the result follows.

In the case of the union, let I" have the connected components {I'; : ¢ = 1,...k},
with I'; a singleton component if and only if 4 < j for some j < k, as before.

Let 6 be a basis of Fr. Modify 8 by EN moves until it satisfies the conclusions
of Theorem 2] If v and w are vertices in different connected components and v
dominates w, then w must be isolated in I'. Thus, if x is not isolated in I', we
must have that the pure factors of 6(z) are supported entirely by the connected
component of z. We may apply locally inner moves to assume that 6(z) is cyclicy
reduced. It follows that for every vertex, y, in the component of x, we have that
6(y) is supported entirely by that component. Since the component is in X, we may
assume that 6(y) = y.

We procede thusly for each non-singleton component of I" until we have modified
# until it is the inclusion on each vertex of I except perhaps those vertices which
are isolated. The isolated vertices, however, are all equivalent and are dominated
by every vertex in I', and the result follows from Nielsen. O

THEOREM 4. Let ¢ be a basis for Fr satisfying theorem[3 Let v be a vertex and
let Y be a connected component of I' — star(v). Then if v € supp(¢(y)) for some
y €Y, then v € supp(¢(z)) for allx €Y.

Proof. We show that v € supp(¢(z)) for some x adjacent to y and not adjacent to v,
and the result will follow by connectedness of Y. ¢(y) commutes with ¢(z), so that
there is a unique element z such that ¢(y) and ¢(z) have the reduced factorizations
d(y) = zy'27 1 and ¢(x) = za'2~! with 2’ and ¢’ pairwise cyclically reduced. The
vertex v does not support either x’ or 3/, since that would imply that v is adjacent
y or x respectively. So v supports z, hence v supports ¢(z). O

5.4. A Theorem of Free Groups. To work some examples, we need to examine
closely the case of bases of a free group. Theorem [5| which follows, generalizes a
theorem in [4].

DEFINITION 4. A set B in a free group with preferred basis, X, is said to be Nielsen
reduced if for any three elements by, by, and bz in B U B~! we have that

(n1): b; #1
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(n2): bib; # 1 = |bbj| > |bil, |by]
(1’13): b1b2 7£ 1,b2b3 ?é 1= |b1b263| > |b1| - |b2| + |b3|

THEOREM 5. 4 Let P = {p1,...,pn} and Q = {q1,...qm} be finite sets and set
D=PUQ.

Let F(D) denote the free group on the set D, and let (D) = {6(d) : d € D} be
a new basis for F(D) such that 0(q) is conjugate to q for each q in Q.

Then (D) can be Nielen reduced by a finite sequence of the following moves and
their inverses

[M1]: Replace 0(p) with 6(p)0(d), or 8(d)8(p), for some p € P, and some d,
d#p,deD.
[M2]: Replace 0(q) with 6(d)8(q)0(d)~1, for some q € Q, and d € D.
Furthermore, if for some d € D, we have 0(d) = d, then 6(d) is not disturbed in
the reduction.

Proof. Choose a well-ordering, >, of the set DUD™!. This induces a well-ordering,
which is also denoted by >, on the set F(D), whose elements are identified with the
reduced words which represent them, as follows: Set w > w’ if either |w| > |w’|, or
|lw] = |w'| and and w is greater than w’ in the lexicographical ordering of the set
of reduced words of length |w].
If w is a word, we define the left half of w, L(w), to be the initial segment of w
of length (|w| + 1), where [t] denotes the integer part of ¢.
Now, define a new well ordering, denoted by >, on the set F(D) by setting
y K z if either;
min{L(y), Ly} < min{L(), L(=")},
or
min{L(y), L(y~")} = min{L(z), L(z~")}, and
max{L(y), L(y™')} < max{L(z), L(z"1)}.

Note that if |y| < |z| then y < z.

We shall show that if (D) is not Nielsen reduced, then we can apply one of the
moves [M1] or [M2] to strictly reduce the set 6(D) in the well ordering >>.

There are a number of cases. Let p, ¢ and d be elements of PU P~ QU Q™ !,
and D U D! respectively.

(1) If |6(p)8(d)| < |0(p)| or |8(d)8(p)| < |08(p)|, then we may use one of M[1] or
M][2] to replace 6(p) with 8(p)0(d) or 6(p)d(q) respectively, strictly reducing
6(D) with respect to >, hence with respect to >>.

(2) If (nl) is satisfied for all appropriate elements of D and |8(p)0(q)| < |6(q)| or
|0(q)0(p)| < |0(q)], then, since less than half of §(¢) cancels in the product,
and since 0(q) = aga~! for some «, we have that |0(p)0(q)0(p) | < 6(q) or
10(p)~10(q)0(p)| < |6(q)| respectively, and a move of type [M2] will reduce
6(D) with respect to >>.

(3) If |0(q)0(q")| < 10(q)|, then there are two cases;

(a) |16(q)0(q")| > 16(¢")|, so that less than half of 8(g) cancels in the prod-
uct. Since 0(q) = aga~! for some «, we must have that |6(q’)0(q)0(q’) 7| <
|6(q)| so that a move of type [M2] will reduce (D).

(b) 10(¢)0(¢')|is less than both |0(q)|and|0(q")]. We may write 0(q) =
aga~t and 0(¢') = B¢/B7!. Since more than half of both 6(g) and
6(q") cancel in their product, we must have |a| # |3], since, otherwise,
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a = f# and thus ¢~' = ¢/, a contradiction. Suppose w.lo.g. that
IB] > |a| and set 8 = «qd, reduced as written, for some 6. Then
(ag ta N (agéqg' 6 g ta ) (aga™t) = adq'é6ta~! (not necessarily
reduced as written), so that |6(q)0(¢')0(q)~*| < |0(¢')| and a move of
type [M2] reduces (D) with respect to >>.

(4) 160(d)0(d")| > |6(d)|, |6(d")]| for all elements d and d’ in D U D~!. Then we
consider a triple z,y,z € DUD™!, with zy # 1, and yz # 1. Since no more
than half of y cancels in either of the two products zy and yz, we may write
z=2'a"l, y =ay/ B!, and z = B2’ such that the products 2’y and y'2’
are both reduced as written. There are two cases.

(a) If b # 1, then ayz = a'y’z’ is reduced as written, so that |zyz| =
lz| — |y| + || + 2|y'| > |=| — |y| + |#|] and =z, y, and =z satisfy Nielsen’s

conditions.

(b) If b = 1, then since less than half of y cancels in either of the two
products, we must have that || = [8] = 3|y| < 1|z, 1|z|, and that
P #q

We have (3 # «, so let us suppose that o < (3. There are two cases.

(i) 2 € PU P~!, in which case yz = a2z’ < 8z, so that a move of
type [M1] will reduce 6(D).

(ii) = € QU Q7' in which case, since |8 # 3|z|, we may write
z = B2"B71, reduced as written, for some 2. Now yxy ' =
az"a”! <« B2"B371 = 2, so that a move of type [M2] reduces
6(D).

Note that for any element d in D, none of the moves described above increase
the length of 6(d), so that, in particular, if 6(d) = d, then it is left undisturbed in
the reduction process.

This completes the proof of Theorem O

5.5. Automorphisms of a Tree Group. In this section we will show that the
automorphism conjecture is true if the graph is a tree. We remark that it has
been shown by Droms [2] that a graph group is the fundamental group of a three
manifold if and only if every component of the graph is a tree or a triangle, so this
result will establish the Conjecture[I] for graph groups which are also three manifold
groups.

Let T = (V, E) be a tree, and partition V by V = P U Q, where P is the set of
pendent vertices in I', i.e. those vertices of valence one.

The partial order we have defined on the vertices of a graph is particularly simple
in the case of a tree. If v and w are vertices in T" and v dominates w, then w must
be pendent. If p is a pendent vertex and p is adjacent to v, then the set of vertices
dominating p consists of every vertex in star(v).

THEOREM 6. The automorphism group of Fr is generated by elementary automor-
phisms.

Proof. Let 0 be a basis for Fr.

Since T is a tree, the only vertices not belonging to the set C, defined in section
2, are the pendent vertices. Thus by Theorem [2] we have that 6 is EN-equivalent
to a new basis, 0, such that 0(v) is conjugate to v for every non-pendent vertex, v,
and for every pendent vertex, p, with p adjacent to v, we have that supp(CR(f(p)))
is contained in link(v).
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Let v be a non-pendent vertex. By applying an inner automorphism, we may
assume that (v) = v. Then we will have that supp(6(y)) is contained in link(v)
for each vertex y in link(v). Notice that, since T" has no circuits, link(v) generates
a free subgroup of Fr, hence so does 6(link(v)), and the theorem will follow from
theorem [5| The moves [M1] and [M2] of the theorem are restrictions of elementary
moves to §(link(v)). O(link(v)) is a basis for the free group whose preferred basis
is link(v). Since, see Lyndon [7], chapt 1, the length of an element of a Nielsen
reduced basis is exactly 1, applying the theorem reduces the length of every basis
element in f(star(v)) to 1. If w is a non-pendent vertex in star(v), then 8(w) = w.
It is clear, then, that there is a sequence of graphic and inverting moves such that
6(p) = p for any pendent vertex in star(v). Thus 6 can be reduced to the identity
on star(v).

The non-pendent vertices of a tree form a connected set, (also a tree), so we can
continue this process to reduce 8 to the identity on all of T

This completes the proof of theorem [6} O

5.6. Automorphisms of a Star Two-Connected Graph Group. If a graph I’
such that the deletion of any vertex leaves a connected non-singleton graph then I'
is said to be two-connected. Two-connectedness is equivalent to the property that
every two vertices are joined by two disjoint paths, or that every pair of vertices
belongs to an elementary cycle.

Let T' = (V, E) be a two-connected graph such that, for all v € V', T’ — star(v)
is connected. We say that I' is star two-connected. A graph is star two-connected
if and only if every two points are connected by two paths such that the distance
between the paths is greater than one.

We will prove the

THEOREM 7. If I is star two-connected and contains no triangle or square, then
aut(Fr) is generated by the elementary automorphisms.

For the graph group of a star two-connected graph I" every locally inner auto-
morphism is in fact inner. If " also contains no triangles or squares, then no vertex
dominates any other vertex. To see this, let a dominate b in I'. If a is adjacent
to b then b must have valence one, otherwise there would be a triangle, but a two-
connected graph has no vertices of valence one. If a is not adjacent to b, then, since
b is neither isolated nor of valence one, b is adjacent to at least two vertices, say ¢
and d, in which case {a, ¢, b,d} forms a square.

So we have from theorem [7 that

THEOREM 8. If T is star two-connected and contains no triangles or squares, then
out(Fr) is generated by the inversions and graphic automorphisms. In particular,
out(Fr) is finite.

Examples of such graphs are n-gons with n > 4, or the graph of the dodecahe-
dron.

LEMMA 7. Let T' be star two-connected and containing no triangles or squares and
let ¢ be a basis for Fr. Then ¢ is EN-equivalent to a basis such that four consecutive
vertices are fized.

Proof. Since I is two-connected, every two vertices lie on an elementary cycle. Take
any cycle M of minimal length. M must be a full subgraph of I' by minimality and
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the length of M must be greater than four. Denote any four consecutive vertices
along M as follows:

Since no vertex in I' dominates any other, we have that every vertex is in C, and,
by theorem |2| we may assume that ¢(v) is conjugate to v for each vertex v. Since
a and b are adjacent, ¢(a) commutes with ¢(b) and by corollary |4} there is an
element p such that ¢(a) = pap~! and ¢(b) = pbp~*, so that applying an inner
automorphism yields a new basis 6 with 6(a) = a and 6(b) = b.

Now, 6(c) = pcu~?, with the support of i contained in link(b). Suppose x is an
element of link(b) distinct from a and ¢. Then z is not adjacent any vertex in the
cycle M other than b. z is not adjacent to a and ¢ since I' has no triangles, x is
also not adjacent to the vertices in M — b which are adjacent to a and c since I" has
no squares, and lastly, = is not adjacent to any other vertex of M since that would
“short circuit” M, contradicting its minimality in I". Thus a and ¢ are connected
by the path M — b in T' — star(x). Since 6(a) = a is not supported by z, neither
is 6(c) by theorem [l so supp(#(c)) is contained in {a,c}. This implies that 6(a)
and 6(c) generated the subgroup of FT generated by a and ¢. By theorem [5| then,
supp(u) is contained in {a}, in which case conjugating 6 by a suitable power of a
yields a new basis § with 6(a) = a, (b) = b, and 0(c) = ¢. By the same aurgument,
for §(d) = ddd~1, § can only be supported by the vertex b, and conjugating 6
by a suitable power of b yields a basis § with 6(a) = a, 0(b) = b, 0(c) = ¢, and
0(d) = d. O

Proof. (of Theorem 6) Let ¢ be a basis. ¢ is EN-equivalent to a basis 6 for which
four consecutive elements of a minimal circuit M are left fixed, say the segment

a b c d

r—————o0—— 0

We show first that 8(m) = m for all vertices m in M. Suppose to the contrary and
without loss of generality that e is the other vertex adjacent to d in M and that
6(e) # e. Then, as before, 6(e) must be supported at most by the vertex ¢. But
this contradicts theorem |4} since ¢ does not support 6(a) = a and a is connected to
e in I' — star(c).

Now, Suppose that v is any vertex in I' for which 0(v) # v. Let 0(v) = ®vd~1,
and let y be a vertex in supp(®) distinct from v and non-adjacent to v. We have
that T' — star(y) is connected and contains v together with at least two vertices
of M, since the length of M is greater than five. But this would imply that y
supports the image of both vertices, which is a contradiction. Thus 6(v) = v for all
vertices (]
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