FUNDAMENTA
MATHEMATICAE
158 (1998)

Computing Reidemeister classes
by

Davide Ferrario (Milano)

Abstract. In order to compute the Nielsen number N(f) of a selfmap f: X — X,
some Reidemeister classes in the fundamental group 71 (X) need to be distinguished. In
this paper some algebraic results are given which allow distinguishing Reidemeister classes
and hence computing the Reidemeister number of some maps. Examples of computations
are presented.

1. Introduction. Let X be a finite CW-complex and F' : X — X be
a given map. The generalized Lefschetz number L(F) is defined to be the
alternating sum of the Reidemeister traces of F' (see [Hu]). It lies in ZR(F),
the free Z-module generated by the F-Reidemeister classes in m1(X). The
Nielsen number N (F') is the minimum number of nonzero summands in the
sum representing L£(F') and gives a lower bound for the number of fixed
points of maps homotopic to F. For background on Nielsen fixed point
theory, the best general references are [B, J].

As McCord pointed out in [McC], a great deal of work has been devoted
to the question of computation of N (F'). Several results of this work can be
easily written in terms of L(F'). For example, if X is a Jiang space then L£(F')
is an integral multiple of a certain known element (see [J, McC]); if F' is a
fibre map then formula (1) of Section 5.2 below holds true (see [Y, HKW]);
if X is a nilmanifold or a solvmanifold (see [McC]) then F' can be factored
through a sequence of fibrations and hence formula (1) can be used. More-
over, X is defined to be of Jiang type if L(F') # 0 = N(F) = #R(F), where
#R(F) is the Reidemeister number, and L(F) = 0 = N(F') = 0. It has been
recently proved by Wong [W] that a wide class of homogeneous spaces are of
Jiang type. For such spaces therefore the question is to compute the Reide-
meister number of the map. Again, the useful trace-formula of [Hu| allowed
Fadell and Husseini [FaHu] to compute generalized Lefschetz numbers and

1991 Mathematics Subject Classification: Primary 55M20; Secondary 55P99.
Key words and phrases: Reidemeister numbers; fixed point theory; Nielsen numbers.

(1



2 D. Ferrario

hence some Nielsen numbers on surfaces. Davey, Hart and Trapp [DHT] im-
proved upon this algebraic method, and again one of the essential steps was
to distinguish Reidemeister classes. In brief, once either £(F') is known or
X is of Jiang type, it is only left to distinguish Reidemeister classes.

The aim of this article is to give some algebraic results which allow one
to distinguish Reidemeister classes and hence to compute R(F'). Let G be a
group and f : G — G an endomorphism. Let R(f) denote the set of Reide-
meister classes in G. The most used and known method is the abelianization
of G: if [G, @] is the commutator subgroup of GG, then the induced projec-
tion ¢, : R(f) — R(f;[G,G]) can distinguish classes with distinct images
in R(f;[G, G]). Moreover, in the abelianized group G/[G, G| classes can be
distinguished as left cosets of Im(1 — f), where f is the endomorphism in-
duced on G/H. As shown in [B, J], if f is eventually commutative, then g,
is a bijection. Another kind of result is given in [FeHi]: if G is a finite group,
then #R(f) is the number of ordinary conjugacy classes (w) in G such that
(f(w)) = (w)-

The main idea we use to compute R(f) is the following: consider a normal
subgroup H < G such that f(H) C H; let ¢, : R(f) — R(f; H) be the pro-
jection onto the quotient. Let [x1] denote the Reidemeister class of z; € G.
Then R(f) is the disjoint union of all the counter-images g; (g« ([z1])) for

Ty

[z1] € R(f; H). For any x; € G there is a natural surjection i, : R(fy' ) —
-1
45 *(g«([z1])) induced by the inclusion i : H — G, where f;* : H — H is

defined by fﬁfl(aﬁ) = x1 f(x)zy ! for all z € H (see Section 2). Using the
results of Sections 3 and 4, for any x; we find a subgroup 7,, < H and a

surjection in the opposite direction A4 : ¢; (g« ([z1])) — R(f5 ;T%,) which
is injective under the hypotheses of Lemma 3.2. The main result is The-
orem 4.1, which allows us to split the question of computing Reidemeister
classes in G into two problems: computation of classes in G/H and in H/T,,
for some z1 € G.

The paper is organized as follows. In Section 2 some preliminaries on
Reidemeister classes are given; in Section 3 the main idea is developed: the
subgroup T and the surjection A are defined for the simpler case of base
point [z1] = [1]. In Section 4 Theorem 4.1 is proved, and as corollaries some
additive formulae are given which estimate R(f) and allow computing it
exactly in some interesting cases. In Section 5 we directly apply these results
to fibre maps; after some preliminaries Theorem 5.1 and Corollaries 5.2
and 5.3 are directly deduced from Theorem 4.1 and Corollaries 4.2, 4.3 of
Section 4.

Examples are given to illustrate the method and the results. Example 1
is an easy example of an endomorphism f and a subgroup H < G such that
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the induced map 7. is not injective. In Example 2 the method is used to
distinguish two Reidemeister classes, defined in [DHT], in a purely algebraic
way. In Examples 3, 4, 5, 6 and 8, Theorem 4.1 and its corollaries are used
to compute exactly #R(f). In Example 7 a non-eventually commutative
endomorphism f is defined such that R(f) = R(f;[G, G)).

I would like to thank R. F. Brown, Z. Kucharski, E. Hart and R. Piccinini
for their kind help, comments and suggestions. I would also like to thank
the referees for their comments that helped to improve on this paper.

2. The Reidemeister action. Let G be a group and f : G — G an
endomorphism. The Reidemeister (left) action induced by f on G is defined
by setting -z := gz f(g—!) for all g,z € G. The orbit set R(f) is called the
Reidemeister set of f. If FF: X — X is a self-map of a space X and F; :
m1(X) — 71 (X) is the endomorphism induced on the fundamental group, a
function cd : Fix(F') — R(F;) can be given such that cd(y;) = cd(y2) if and
only if y; and yo belong to the same Nielsen fixed point class, for all fixed
points y1,y2 € Fix(F) := {y € X | F(y) = y}. For full details see Section 5
and [B, Hu, J, McC]. An orbit [x] € R(f) is also called a Reidemeister class.
Note that the orbits of the Reidemeister action induced by the identity are
exactly the ordinary conjugacy classes in G.

Just as the fixed point class functor of [J], it can be shown that R is
actually a functor: let G7 be the category of group endomorphisms (an
object f is a group endomorphism f : G — G; a morphism h : f; — fo from
f1: Gy — Gy to fa: Go — G is a group homomorphism A : G; — G5 such
that foh = hf) and Set, the category of pointed sets. Then R : GI" — Set,
is well defined if the base-point of R(f) is [1], and it is a functor if we define
the base-point preserving function R(h) : R(f1) — R(f2) by R(h)([z]) :=
[h(z)] for all z € Gy and any morphism h : f; — fs. For brevity we set
hy :=R(h).

Now let f : G — G be an endomorphism of a group G. A normal
subgroup H < G is said to be f-invariant if f(H) C H and fully invariant if
this happens for every endomorphism of GG. Let i : H — G be the inclusion
homomorphism and ¢ : G — G/H be the quotient homomorphism. Let
fr : H — H denote the restriction of f to H and f : G/H — G/H the
endomorphism induced on the left coset group G/H. The Reidemeister set
R(f) is also called the Reidemeister set of f relative to H and it is denoted
by R(f; H) :== R(f).

EXAMPLE 1. Let f : G — G be an endomorphism of an abelian (additive)
group and H an f-invariant subgroup. Then R(f) = Coker(Ig—f), R(fu) =

Coker(Iy — fu) and R(f; H) = Coker(Ig,y — f) where Ig, Iy and Ig/u
are the identity endomorphisms of G, H and G/H. Moreover, if i : H — G
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and ¢ : G — G/H are the inclusion and the quotient homomorphisms, then
i, and g, are actually group homomorphisms, and the short sequence

R(fr) == R(f) & R(f; H) — {0}

is exact.

Let G := Z be the additive group of integers; let n,k € Z be given,;
let H := nZ C G be the fully invariant subgroup of multiples of n; let
f G — G be the endomorphism given by f(z) := kx for all x € G. Then
R(f)=R(fu) =2/(1 —k)Z and R(f; H) = Z/dZ where d := ged(1 — k,n)
is the greatest common divisor of 1 — k and n; the short sequence

Z)(1—K)Z 52/~ k)Z — Z/dZ — 0

is exact, where n := i, is the homomorphism induced by the inclusion
i : H — G. It is worth while seeing that n = i, : R(fg) — R(f) is not
injective unless d =1. =

The main problem is to know whether two elements z; and x5 of the
group G are in the same Reidemeister class or not. This is a difficult problem,
even in the simpler case of conjugacy classes. If G is abelian then [z1] = [22]
if and only if 21 — x5 € Im(1 — f); it is the problem of taking the quotient of
G modulo a subgroup, as seen in the previous example. If G is not abelian
we try to take as H C G the commutator subgroup [G,G| of G and to
look at the abelianized images ¢.([z1]) and ¢.([z2]) in R(f;[G,G]); in this
case R(f;[G,G]) is computable as a quotient group, and if the images are
distinct as abelianized classes, they are distinct also in R(f). But what
can we say if they have the same abelianized image in R(f;[G,G])? If f
is eventually commutative, i.e. there exists a positive integer n such that
fM(z1z0x7 25 ) = 1 for each 21, 20 € G, then (see [J]) R(f) = R(f;[G, G])
and therefore the answer is that they are in the same class even in R(f).

In the following we give examples of endomorphisms such that ¢, is not
injective. More generally, a method to distinguish classes could be the fol-
lowing: first choose an f-invariant normal subgroup H of G, e.g. the derived
subgroup, then look at R(f; H) and see if ¢.([z1]) # ¢«([z2]). In this case
we are done, else, we try to see what happens to the counter-images of
¢+ ([21]) = g+ ([2))-

For any x € G, let f* denote the endomorphism of G defined by f*(g) :=
2 f(g)z for all g € G. It is the composition of f with the inner auto-
morphism induced by x. Then there is a canonical bijection of the Reide-
meister sets of f and f* denoted by z. : R(f) — R(f*) and given by
z4([g]) := [gz]. Hence, by replacing f with #71", it can be supposed that
x1 = 1 and hence that ¢.([z1]) = ¢«([z2]) = [1]. We want to study the
surjection i, : R(fr) — ¢ *([1]).
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2. Computing Reidemeister classes. As seen in Example 1 for a
simpler case, given f : G — G and an f-invariant normal subgroup H < G,
the exact sequence in G7

W =fusr27-{1

induces an exact sequence of pointed sets

R(fr) = R(f) = R(f: H) — {1}

which is an exact sequence of groups if G is abelian. We have seen that
i. need not be injective. In any case, i.(R(fx)) = ¢; *([1]), where 1 € G
moreover, we try to find a normal f-invariant subgroup 7' < H such that the
map 7, : R(fm;T) = ¢ *([1]) induced by i, is a bijection. If this happens,
then we could work in a group different from G, namely in H/T, because in
this case, for all h € H, [h] = [1] in R(f) if and only if the same equation
holds in R(fu;T). Therefore the sequence of pointed sets

{1} = R(fm: 1) = R(f) * R(f; H) — {1}
would be exact.

For any endomorphism ¢ we define the subgroup Fix(¢) to be {z € G |
o(x) =x};if f: G/H — G/H is defined as above, the subgroup ¢~' Fix(f)
C G is f-invariant and H C ¢! Fix(f). Therefore there exists at least
one f-invariant subgroup K C ¢~ !Fix(f) such that KH = ¢~ !Fix(f).
Let [K, H] denote the subgroup of G generated by all khk~1h~1 such that
k€ K and h € H. If K9 is defined as the smallest normal subgroup of G
containing K, we see that the subgroup [KY, H] = [K, H]¢ of G is normal
and f-invariant. Let the set Oy K be defined by O¢K := {kf(k~') | k € K}.
For any such subgroup K let the subgroup T4(K) be defined as

Ty(K) = [K% H]UOfK,
the smallest subgroup of G containing both [K“ H] and O K.

PROPOSITION 3.1. The subgroup T¢(K) is normal in H, f-invariant and
the equality Ty(K) = {zkf(k') |z € [KY H], k € K} holds true.

Proof. By definition ¢(k) = ¢(f(k)) for all k € K, hence OyK C H.
Since H is normal, [KY, H] C H and therefore Ty(K) C H. Because
hkf (k=R = (kf(K™1) £ (k) (k™ hkh ™) f (k™) (f (k)RS (K™ 1)RTH)
= (kf (k™)) F(R)E, R (R T)[f (), B

for all h € H and k € K, we deduce that Ty (kK) is normal in H.
Again, observe that for k, ki, ks € K,

ko f (ky ko f (ky ') = (kaf(ky Dka(ky f(ky )™ kg D kaka f (koka) ™",
FRYE =k (k) (F(k™ Dk f(R)ETT),
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and thus, each element of T (/) can be written as stated. In fact, by defini-
tion each g € Ty (K) is a finite product g = szo g; where for all i =0,...,j
either g; € [KY, H] or g; € O;K U (O;K)~! (where (OyK)! is the set of
inverses of elements in O;K). Because [K“, H] is normal in G, without loss
of generality we can assume that g; € [K% H] < i = 0. By the second
displayed identity above we can assume that g; € OyK for all j > 1, and by
the first one that j = 1. Therefore

Ty(K) = {9091 | 90 € [K®, H], g1 € OyK}
and the last claim is proved.
As we have seen in Example 1 the natural surjection i, : R(fy) —
¢; 1 ([1]) may not be injective. Nevertheless the following lemma shows that

for a suitable subgroup T' := T(K) C H there exists a natural surjection
in the opposite direction ¢;1([1]) — R(fu;T).

LEMMA 3.2. For any f-invariant subgroup K of G such that
KH = ¢ ' Fix(f)
there exists a surjection

(D) = i R(fE) — R(fu: Tr(K))

defined by A([h ]) [p(h)] where p is the projection p : H — H/T(K); A
is injective whenever R(f) = R(f;[K%, H]).

Proof. Consider the natural projections

ie(R(fu)) & R(fu) % R(fu; Ty (K)).
We will show that p.i; [h] is a single element in R(fm;Ty(K)) forallh € H.
If W = ghf(g~") with h,h/ € H and g € G, then ¢(g) = ¢(f(g)), and hence
g € ¢ 'Fix(f) = KH; then g = k1hy with k; € K and hy € H. Therefore
B’ = kihihf(hyh) f(ky') and the equality

p(h') = p(hahf(hy )k f (ki) = p(ha)p(h)p(f(hy "))
shows that A is well defined and surjective. Note that p(hk) = p(kh) for all
he€HandkecK.
Now assume that R(f) = R(f; [K, H]). If A([h1]) = A([h2]) then there
exists h € H such that

p(h2) = p(R)p(h1)p(f(h™H)).
Thus, from Proposition 3.1, we can find h € H, k € K and = € [K, H|¢
such that hy = hhyf(h~Y)zkf(k™!); as a consequence, there exist h € H,
k € K and 2’ € [KY, H] such that hy = khhy f(R~1) f(k~ 1)/, ie. [hy] =
[h2] € R(f;[K, H]); now, from the assumption R(f) = R(f;[K, H]) we
conclude that [h1] = [ha] € R(f), that is to say, A is injective. m
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COROLLARY 3.3. If Fix(f) = {1} then
i R(fr) — a2 ([1]) € R(f)

1$ a bijection.
Proof. In this case we can define K to be the trivial subgroup {1}.

Then Ty(K) = {1}, [K%, H] = {1} and hence the assertion follows from
Lemma 3.2. m

EXAMPLE 2. Let
G := (a,b,c,d | aba b tede td ™t = 1)

be the fundamental group of the double torus. For any integer n > 2 let f
be the automorphism of G defined by

a — C_n+1d_1,

b— dc", d—b.

c— a,

It is the homomorphism induced on G by the self-map of the double torus
defined in Example 4 of [DHT]. In [DHT] the question arises if the elements
1 and bab~'a~! belong to the same Reidemeister class in R(f). With purely
topological arguments the authors prove that they do not. Here we give an
algebraic proof.

Let H := [G,G]. Then G/H = Z* and, if F is the matrix representing
f:G/H — G/H, we see that det(I — F) = n # 0 and hence Fix(f) = 0.
Therefore we can use Corollary 3.3 to show that [bab~'a™1] = [1] in R(f) if
and only if the same equality holds in R(fr).

For each © = (1, 2,73, 74) € Z* define the elements

Gz, = a®1b®2 et % aqd T eT T3 2T

Gab = a®r b2 et dTapd e T3 g T
. X11To T3 JT —x4 ,,—1—x373—22 —

Gz,c 1= a"tb"2c"d"™ed " c 3pT*2q7 %1

of H. According to [MKS], pp. 86-98, H is generated by the sets of gen-
erators I 1= {gza | © € Z%, |x2| + |23] + |z4| # O}, Iz := {gup | ® € Z*,
|z3| + |z4] # 0} and I3 := {g,.. | ¥ € Z*, |x4] # 0}. The two generators

9(0,1,0,0),a = bab~'a”! = 9(0,0,0,1),c = ded 'e™!

coincide and therefore Iy U Is U I3 — {g(0,0,0,1),c} 15 a set of free generators
for the free group H. Let the homomorphism ¢ : H — Zy be defined by

5(9&7704) = { L itr = (07 17070) and o = a,

0 otherwise,
and let Hy be the kernel of §. Using the Reidemeister—Schreier rewriting
process applied to the images under fy of the generators (we refer to [MKS]
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for full details) it can be shown that f(H;) C H;. Therefore the quo-
tient map ¢, : R(fu) — R(fu; H1) is well defined. But f(bab~ta™1) =
(bab=ta=1)~! hence the endomorphism induced on H/H; = Zs is the iden-
tity and R(fm; H1) = Zo. Since

qi([l]) 7 q;([g(o,l,o,o),a])

it follows that [1] # [bab~'a™'] € R(fx) and hence 1 and bab~'a~! do not
belong to the same class in R(f). m

4. Additive formulae for Reidemeister sets. In this section we prove
some additive formulae for Reidemeister sets. The main idea is the following:
for a given endomorphism f : G — G and an f-invariant subgroup H < G
with quotient homomorphism ¢ : G — G/H, the Reidemeister set R(f) is
split into the disjoint counter-images ¢; 1(j) of all j € R(f; H). Lemma 3.2
can be applied to any such counter-image and so we can prove the following
theorem. Let S; and S5 be sets. Then we write S; > Sy if there exists a
surjection S7 — Ss. If there is a bijection between S and the disjoint union
ez Sj then we write S =3, S;. Let #5 denote the cardinality of .

THEOREM 4.1. For all j € R(f; H) let z; € G be such that [q(:cj_l)] = J;
for any j € R(f; H) let K; be an f% -invariant subgroup of G such that

¢ Fix(F") = K, H.
Then
R(UN= >, RUE Ty (K))
JER(f;H)

and equality holds if R(f) = R(f; [KJG, H]) for all j.

Proof. We have seen that for all x € G there is a bijection =z, :
R(f) — R(f*) where f* is defined by f%(g9) := f(9)®* = 271 f(g)x and
z.([g]) = ([gx]). Moreover, for each y € G we can apply Lemma 3.2 to

the endomorphism fY. Let g, : R(fY) — R(fY; H) denote the function
induced by ¢ on R(f¥). On the other hand, for each y € G, if we choose an

fY-invariant subgroup K, of G such that K,H = ¢~ ' Fix(fq(y)) then there
exists a surjection

Ay sy (1) = R(fEys T (K))
defined by Ay ([h]) := [py(h)] where p, : H — H/Tyy(K,); according to
Lemma 3.2, A, is injective whenever R(fY) = R(fY; [KE,H]) Now, R(f)
is the disjoint union of ¢, 1(j) for all j € R(f; H); if y € G is such that

[q(y=1)] = j then the bijection y. : R(f) — R(fY) induces a bijection
Y. : ¢ '(J) — 45, ([1]). Thus, because of the choice of z; there is a surjec-
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tion Ay a7, ¢ 4y '(j) — R(fF; Ty=s (K;)) for all j, which gives the desired
inequality.

Moreover, R(f*) = R(f";[K{, H]) for all j if and only if R(f) =
R(f; [KJG,H]) for all j, and hence the proof is complete using again
Lemma 3.2. u

COROLLARY 4.2. If Fix(F*“7) = {1} for all j € R(f; H) then
R(H= . RUH)

JER(fH)
Proof. As in Corollary 3.3 it suffices to define K; =1 for all j. m

EXAMPLE 3 (Semidirect product of finitely generated free abelian
groups). Let H = Z" and A = Z* be two (additive) finitely generated
free abelian groups and let M : A — Aut(Z") be a homomorphism from
A to the automorphism group of H, i.e. to the group of all nonsingular
integer matrices with determinant +1. Denote by M, := M(a) the im-
age of each a € A. Let G be the external semidirect product of H and A
via M; it is the set of all pairs (a,h) € A x H, with the group operation
(a1, h1)+(ag, he) = (a1 +az, My, (h1)+hs). The subgroup H = 0x H < G is
normal in G and G/H = A= A x {0} C G. Let f : G — G be an endomor-
phism such that f(H) C H. Then f: A — A and fg : H — H are defined
by two matrices F' € Maty x(Z) and Fy € Mat,, ,(Z). Note that Fix(f) # 0
if and only if det(I — F') = 0, and this happens if and only if #R(f) = oco.
Therefore either R(f) and R(f; H) are infinite or Fix(f) = 0. In this last
case, because A is abelian and so f9(®) = f for all 2 € A, Fix(f?®) = {0}
for all x € A and therefore Corollary 4.2 can be used. For each j € R(f; H)
let a; € A be such that [a;l] = j; thus

R(H= > RUH)

JER(f;H)
by the Corollary; moreover, because
R(f; H) = A/Im(I — f)

it follows that #R(f; H) = |det(I — F)|. For all @ € A and h € H the
conjugation is —(a, 0) + (0,h) + (a,0) = (0, Myh), hence f;; is defined by
the matrix M,, Fy and so #R(f;{) = |det(I — M,, Fg)| if this determinant
is # 0, otherwise it is infinite. Thus if all the determinants involved are
different from 0 then
|det(I—F)|
#R(f)= > |det(M, ' — Fu)l.
j=1
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If |det (DM, L' — Fy)| are constant then we get the product formula
#R(f) = |det(I — F)| - |det(Mg." — Fy)|
=|det(I — F)|-|det(I — Fg)]
because without loss of generality M,, = 1. =

EXAMPLE 4 (The Klein bottle). Let G be the fundamental group of the
Klein bottle, i.e. G := (o, 3 | Ba = a~1F). The subgroup H := (o) < G is
a fully invariant normal subgroup of G and if M : Z — Aut(Z) = {1,-1}
is the homomorphism defined by M(z) = (—1)* for all x € Z then G is
the semidirect product of H and A := Z via M. So let f : G — G be an
endomorphism. As in the previous example, fi : H — H and f : G/H =
A — A are defined by elements of Mat (Z), thus they are integers u
and w. In other words, fz(z) = uz for all z € H and f(y) = wy for all
y € G/H =2 A. If w=1 then #R(f; H) = oo, otherwise, if (—=1)7 —u # 0
forall j =1,...,|1 — w|, then as in the previous example

[1—wl

#R() = D 1(=1) —ul,
j=1

and if v = £1 then #R(f) = oo. It can be seen that if w is even then u
must be zero, hence if w is even then #R(f) = |1 — w|; on the other hand,
w odd, w # 1, u # +1 implies #R(f) = |u(1 — w)|. Thus
(1 —w)| ifw#1oddandu#0,+1,
#R(f) = { [1 —w|  if w even,
00 otherwise.

The commutator subgroup of G is [G,G] = (a?) and the quotient
G/|G, G] is the direct sum Zo & Z. Let a := (1,0) and b := (0, 1) be the gen-
erators of Zo and Z respectively. Let ¢ denote the endomorphism induced
on the abelianized group Zs @ Z. Then ¢(a) = (u,0) and ¢(b) = (v, w)
for an integer v mod 2 and w even implies © = 0. We want to compute
Coker(1 — ¢). It is not difficult to see that

2(1 —w)| ifw#1and u(v—1)=1mod 2,
#R(f;[G,G]) =< |1 —w| if w#1and u(v —1) =0 mod 2,
00 ifw=1,
and so if w is even then R(f) = R(f;[G,G]) but if w is odd then either
both R(f) and R(f;[G,G]) are infinite or #R(f) is strictly greater than
#R(f;[G,G]). =
EXAMPLE 5. Let N be a nilpotent, finitely generated and torsion free

group and f : N — N an endomorphism. Then, as shown e.g. in [McC],
there exists a fully invariant central series {N;} C N with torsion free and
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finitely generated factors. In other words, for ¢ = 0,...,n + 1 there exist
subgroups N; C N such that 1 = N,,1 C N, C ... C Ny C Ny = N,
[Ni—i, N] C N;, f(N;) C N; and the factors N;_1/N; are torsion free abelian
finitely generated groups. By Corollary 4.2 it is easy to see that if Fix(f) # 0
then R(f) is infinite. Hence, as shown in [McC], either R(f) is infinite or

R(f) =] |det(1 - f
i=0
where f|n,/n,., : Ni/Niy1 — N;i/Niq1 are the restrictions of f to N;/N;yq
and the determinants are all nonzero.
Now let G be a group and f : G — G be an endomorphism such that
there exists an f-invariant series

1=Gp+1 CG,C...CGy CGy=G

with nilpotent torsion free finitely generated factors. Again, either #R(f) =
oo or we can compute R(f) step by step: forany i =0,...,n—1land y € G
the sequence

Ni/Ni+1)|

{1} = Git1 — Gi = Gi/Gip1 — {1}
is exact; Fix(fg,/q,,,) = 0 because otherwise #R(f) = oo, and hence
Corollary 4.2 can be used to obtain

R(UE)= D, RUME,)

jeR(fgi/Gi+1 )

where [;17]_1] =7 R(fL. /G'+1) can be computed as in the previous example
because G;/G;11 is nilpotent torsion free and finitely generated; we omit
the quotient homomorphisms in writing for simplicity. In the following lines

we write j instead of x; for the same reason. Using the previous formula we
can thus prove that either R(f) = oo or

R(f) = > > R

J1€ER(faq/cq) jzeR(féll/cJ

- Y X x Rm
1E€R(feo/c1) j2€R(FE, 16,) Ts€R(FE2,)

= Y > > > R(fE720m). m

71€R(fao/61) jzeR(fjcll/Gz) jSGR(félzj/ZGs) Jn ER(fJGjiU]g;l)

As seen in the previous examples, the easiest way of computing R(f) is to
reduce it to the abelian case in which only the Coker of some endomorphisms
has to be computed. In the following two corollaries we apply this idea to



12 D. Ferrario

more general settings. We want to compute R(f) as a sum of quotients of
subgroups.

COROLLARY 4.3. For all j € R(f; H) put K; := ¢~ * Fix(fqmj)) where
as before [q(:vj_l)] = 4. Then

R(f)> D>, H/Tp(K))
JER(f;H)
and equality holds whenever R(f) = R(f; [KJG, H)) for every j.
Proof. By Theorem 4.1 it suffices to show that, for every j,
R(f's Tyei (K;)) = H/ Ty (K;)
where the right hand side is a quotient of groups. In fact, since H C Kj, the
homomorphism ¢; induced by fflj on the quotient
i H/ Ty (Kj) — H/ Ty (K;)
is the identity homomorphism and hence R(g;) = R(f}/; T=s (K;)) is the
set of conjugacy classes in H/Ts=; (K;). But H/T=; (K;) is an abelian group
because [H, H| C [K;, H] C Ty=; (Kj) for all j and hence
Rlpj) = H/Tj= (Kj),
which completes the proof. m
COROLLARY 4.4. If R(f) = R(f;|G, H]), then
1 e 79(E5)
R(f)= Y H/Tp(  Fix(F).
JER(fH)

In particular, if R(f) = R(f;[G,G]) (for example, if f is eventually com-
mutative), then

R(f) = G/T(G).

Proof. The first assumption implies that R(f) = R(f;[K;, H]®) for
each j € R(f; H), where K; = ¢! Fix(fq(zj)). Applying Corollary 4.3 we
obtain the stated formula. If we take H = G we obtain

R(N= > G/T(G)=G/Ty(G). =
JER(f;G)={1}

EXAMPLE 6. Let G be a nilpotent group. Then there exists a fully in-
variant central series

1=Gp4+1CG, CGr1C...CGLCGy=G

where [G;_1,G] C G; for all i = 1,...,n+ 1. For any i,k = 0,...,n+ 1
let fa,/q, + Gi/Gr — Gi/Gi denote the endomorphism induced by f on
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G;/Gy. Because [G;-1/G;,G/G;] = 1, the hypothesis of Corollary 4.4 is true
for the short exact sequence
{1} — Gifl/Gi — G/GZ g G/G1‘71 — {1}
and therefore
Gi—1/G;
R(fG/Gi) = Z 1 1‘/ @i (z;)
Tpes (q; Fix(fg,57 )

JER(fa/c;:Gi-1/G4) fcj/cl- G/Gi-1

where z; € G/G; is such that [qz(:c;l)] = j for all j. Now since

R(fajc; Gi-1/Gi) = R(fe/a,_,)
and R(fg/a,) = Coker(l — fq/q,) we can compute R(f) starting from

R(fa/c,) and using the previous formula a finite number of times if every
R(fa)q,) is finite. We recall that

Ty (a7 Fix(FEe) ) = (U= &) 0 Fix(FE)E) )

and that G;_1/G; is abelian. Hence the problem becomes that of computing
quotients of abelian groups. =

The following corollary is an easy consequence of the preliminaries in
Sections 2 and 3.

COROLLARY 4.5. Let f be an endomorphism of a group G and H C G
a normal f-invariant subgroup. If R(f};) = 1 for all y € G then R(f) =
R(f; H).

Proof. For all j € R(f; H) let z; € G be such that [q(:rj_l)] = j, where
as usual ¢ denotes the projection ¢ : G — G/H. For each y € G we have
iy R(fE) = a2 ([1]), where qu, : R(fY) — R(fY; H) and i., : R(f};) —
R(f) are the maps induced by i : H — G and ¢. Hence if R(f};) = 1 for all
y € G then ¢} ([1]) = {[1]}. Moreover, as in the proof of 4.1, if y = x; then
the bijection y. : R(f) — R(f¥) induces a bijection v, : ¢ '(j) — ¢z, ([1])
and hence each counter-image ¢, !(j) consists of a single element. Thus
R(f) =R(f; H) as claimed. m

If we apply this corollary to the case of the commutator subgroup H :=
[G, G] then a weaker condition occurs than the eventual commutativity of f.
In fact, if f is eventually commutative, then R(f3) =1 for all y; as shown
in the following example, the converse is not true.

EXAMPLE 7. Let G := U(3,Z) be the group of 3x 3 (upper) unitriangular
matrices over Z, that is, matrices with 1 on the diagonal and 0 below it. It
is a nilpotent torsion free group, generated by the elements a := 1 + Fi3,
b := 1+ Ei2 and ¢ := 1 + Ey3 where E;; is the matrix with 1 in the
ij entry and O elsewhere. It is easy to see that ab = ba, ac = ca and
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bc = cba. The commutator subgroup H := [G, G| = (a) = Z is generated by
a and the quotient is G/H = Z + Z. Let f : G — G be the endomorphism
defined by f(a) := a?, f(b) := b=t and f(c) := c72. It is well defined
because f(bc) = f(cba). Then f}, : H — H is the multiplication by 2 for
all y € G, therefore R(f7;) = 1 for all y and hence the corollary implies
that R(f; H) = R(f). On the other hand, f is not eventually commutative,
because f*(bcb~lc™t) = f"(a) # 1 for all n.

For i € {1,2} let the integers u, x;, y; and z; be given. Then it is
possible to define an endomorphism f : G — G by setting f(a) := a*,
f(b) :=a™b¥1¢* and f(c) := a®b¥2c* if and only if u = y1 29 — 21y2. Every
endomorphism of G can be defined in this way. Again, if 4 = 2 it turns out
that R(f) = R(f; |G, G]) even if f is not eventually commutative. m

5. Nielsen numbers of fibre maps. In this section the previous results
are directly applied to the study of Reidemeister sets of fibre maps. In a
straightforward way Theorem 4.1 and Corollaries 4.2, 4.3 are translated
into Theorem 5.1 and Corollaries 5.2, 5.3. Some preliminaries are needed;
results are in Subsection 5.3.

5.1. The generalized Lefschetz number. Let X be a connected, finite CW-
complex. A self-map f of X with a path w in X such that f(w(0)) = w(1)
is called path-based and denoted by (f,w). Let AM,y, be the category of all
path-based self-maps. If (f,w) and (g, v) are path-based self-maps of X and
Y respectively, then a morphism h : (f,w) — (g,v) isamap h: X — Y
such that gh = hf and h(w) = v.

We are going to define a functor 7 : AMyp, — G7 which can be viewed
as an extension of the concept of the fundamental group functor. Let (f,w)
be as before and let 7(f,w) be the endomorphism of (X, w(0)) defined
by m(f,w)(a) = wf(a)w™! for every a € w1 (X,w(0)). If h : (f,w) —
(g, h(w)), then 7(h) := (m(h) : (X, w(0)) — 71 (Y, h(w(0)))). Now we
take the composition of m and R to obtain a functor Rm : AMy, — Set
which, by an abuse of notation, we still call R.

Let Fix(f) = {x € X | f(x) = x} be the space of fixed points of f.
Define the function cd : Fix(f) — R(f,w) as follows: for every x € Fix(f)
choose a path A, from w(0) to z and set cd(z) := [A.f(A\;H)w™!]. The
counter-image cd ™' (&) of every € € R(f,w) is a set of fixed points, to which
we can associate an integer Ind(€) := Ind(cd™*(€)) (cf. [B, J]). The integer
Ind () is the Fized Point Index of . We now define the generalized Lefschetz
number (cf. [Hu])

L(fiw)y:= Y Tnd()-¢
EER(f,w)
as an element of the free abelian group ZR(f,w) generated by the elements
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of R(f,w). The number of £ € R(f,w) such that Ind(£) # 0 is the Nielsen
number of f (cf. [Hu]); the sum of the indices coincides with the classical
Lefschetz number.

Let w and w’ be two base paths for f. If A is a third path such that
A(0) = w(0) and (1) = w’(0), define the bijection A, : R(f,w) — R(f,w’)
(called “change of coordinates”) by A.[a] := [A~tawf(A)w'~1]; it is easy to
check that at the free group level, A\, L(f, w) = L(f,w") because Ind(\.§) =
Ind(&) for every £ € R(f,w).

5.2. Fibre maps. Let p : (f,w) — (f,p(w)) be a morphism of AMy
represented by a commutative diagram

E—>pB

|,

E—>pB

If p: F — B is a fibration with path-connected fibres, the map f is called
a fibre map. Some of the results about fibre maps can be summed up in the
formula

(1) Lifw)= > Ind(j) A iL(fo,iv;)

JER(fip(w))

in which b; is chosen arbitrarily in cd1(4), fv, is the restriction of f to
p~1(bj), vj is a base path for f;, in the fibre, i, is induced by i : p~*(b;) — E,
and \j, : R(f,w) — R(f,v;) is the change of coordinates determined by the
path A; such that \;(0) = w(0) and A;(1) = v;(0) (cf. [He, Y, HKW, JJ).
The formula holds true also in the case in which we have empty fixed point
classes since in that situation, although there is no f3,, the index is zero.

In order to establish a connection between the Nielsen numbers of f and
of fp; and f, we note that from the previous formula we deduce that

(2) Ny = D by
JEER(f.p(w))
where ER = {£ € R(f,p(w)) | Ind(£) # 0} is the set of all the essential

classes in R(f), and ¢(b;) is the minimum number of distinct, nonzero sum-
mands in 4, L(fp,,v;) viewed as an element of ZR(f,v;) (for full details see

[HKW]). To see this, observe that )\j_liz'*R(fbh ;05,)N /\]-_2162'*72(fbj2 $0j,) # 0
if and only if j; = jo. Thus, we must study c(b;).

5.3. Additive formulae for fibre maps. Associated with every j €
ER(f,p(w)) there is the exact sequence

71 (F;,0;(0) 5 (B, v;(0) 25 m (B, by) — 1
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where I}, is the fibre over b € B. Let
k:mi(Fy,,v5(0)) — w1 (Fy,;,v5(0))/Ker(iy) ~ Ker(pr)

be the quotient homomorphism; moreover, let fr; := 7(f,v;) and frj =
7(f,p(v;)) be the images by the functor 7.

THEOREM 5.1. Suppose that, for every j € ER(f,p(w)), there exists a
subgroup K; C m(E,v;(0)) such that

K;jKer(pr) = pr ' Fix(fry)
and fr;(K;) C K;. Then
N(f)= > N(f;Hj)
JEER(f p(w))

where Hj := k=Y (Ty, ,(K;)). If

R(w(f,0;)) = R, v3); [K;, Ker(p)] ™ %)
for every j, then
N(f): Z N(fbj;Hj).
JEER(f,p(w))
Proof. Let
™1 (Fb,,05(0))/Ker(ix) s m(E,v;(0)) 5 m(B,b;)

be the exact sequence associated with j € ER(f,p(w)). Now, using
Lemma 3.2, we obtain a surjection

with H; := k=1 (T}, (K;)). Thus, c¢(b;) > N(fy,; H;). If
R(x(f,05)) = R(n(f,v;); [K;, Ker(pr)] ™ ®))
then A; turns out to be a bijection and hence c(b;) = N(f,; H;) because es-

sential classes correspond to essential ones. The conclusion stated is reached
on adding over all j and using formula (2). m

COROLLARY 5.2. If Fix(f;) =1 for every j € ER(f,p(w)), then
N(f)y= Y.  N(f,;Ker(ix)).
JEER(f,p(w))

Proof. Apply Corollary 4.2.

COROLLARY 5.3. If there is b € Fix(f) such that R(f; [m1(E), i, (71 (F}))])
=R(f), then

N(f) = Z N(fv,; Hy)

JEER(f p(w))
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where H; = ¢ (T}, (p;" Fix(fr;))); we can distinguish the fized point
classes by just computing the quotient groups Ker(pr)/Ty, (¢ Fix(frj))-

Proof. Note that if the hypothesis holds true for a b € Fix(f) then it is

satisfied for every b € Fix(f). Then apply 4.4.

EXAMPLE 8 (Well known, the Klein bottle). The computations of the
Nielsen classes for the Klein bottle were first given by Halpern [Ha]. Here
we show a different approach, following the lines of this paper. Let G be
the subgroup of the isometries of R? generated by a : (z,y) — (x + 1,y)
and b : (z,y) — (1 — z,y + 1). The orbit space R?/G is the Klein bottle
K, and G is the fundamental group of K with presentation (a,b | ba =
a~'b). Two self-maps of K are homotopic (with base point fixed) if and
only if the induced endomorphisms on G are the same, because the Klein
bottle is a K(m(K),1). It is easy to see that for all u,v,w € Z such that
u(l 4+ (=1)*) = 0 the endomorphism f; : a,b — a",a’b" is well defined,
and every endomorphism of G belongs to this family. Let fy : R2 — R2 be
defined by

. B (vy, wy) if w is even,
fo(z,y) = (uz + %(v —u+1)(1 —cosmy),wy) if w is odd.

It is an equivariant map and it induces a self-map f : K — K. Moreover,
fria,b— a% a’b¥. Therefore every self-map of K is homotopic to such a
self-map.

We want to compute the Nielsen number N (f) and the minimum number
MF(f) of fixed points among all the maps homotopic to f. Consider the
projection p : K — S! of the Klein bottle onto the unit circle S* = R/Z
given by p(z,y) := [y]. Then p is a fibration with total space K, base space S*
and fibre S*. The map induced on the base space is f : S1 3 [y] — [wy] € S*.
If w # 1 then all the |1—w| classes of R(f) = {0,...,|1—w|—1} are essential
and consist of the points {b; := [j/(w — 1)]} of S for j =0,...,|1 —w|—1;
on the other hand, if w = 1 then N(f) = 0 and it is possible to find a
map homotopic to f without fixed points, just “rotating” along the y-axis.
So consider the case w # 1. For every j = 0,...,|1 —w| — 1, Fix(f) = 1,
therefore, conditions of Corollary 5.2 are satisfied and hence as in Example 4,

[1—w|—1
N(f)= D> N(fi)
j=0

Let us remark that Ker(i,) = 1. We have to compute the maps f, restricted
to the fibres F},. If w is even they are constant maps, hence N(f,) = 1
and N(f) = |1 —wl|. If w is odd then f,, is defined as follows: if we let
dj(a) == (1) + £(1 — (=1)7) then
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fo, : [2] = {dj (ua:Jr ;(v—u+1)<1 — cos 1?@))}’

which is a self-map of degree (—1)7 on S*. Therefore N(fy,) = |1 — (—1)7u|
and hence N(f) = |u(l — w)|. Note that for all the maps involved the
number of fixed points of f is equal to N(f), up to homotopy in case w = 1.
This means that the Klein bottle is Wecken, i.e. N(f) = MF(f) for all

self-maps f.
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