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ABSTRACT. Let M — B, N — B be fibrations and fi, fo: M — N be
a pair of fibre-preserving maps. Using normal bordism techniques we de-
fine an invariant which is an obstruction to deforming the pair f1, f2 over B
to a coincidence free pair of maps. In the special case where the two fibra-
tions are the same and one of the maps is the identity, a weak version of our
w-invariant turns out to equal Dold’s fixed point index of fibre-preserving
maps. The concepts of Reidemeister classes and Nielsen coincidence classes
over B are developed. As an illustration we compute e.g. the minimal num-
ber of coincidence components for all homotopy classes of maps between
S1-bundles over S! as well as their Nielsen and Reidemeister numbers.

1. Introduction and outline of results

Throughout this paper we consider the following situation:
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Here B?, M™ and N™ are smooth connected manifolds of the indicated dimen-
sions, without boundary, B® and M™ being compact. Moreover, pa; and py are
smooth fibre maps with fibres Fiy and Fl, respectively. The (continuous) maps
fi, fo, f, ... as well as homotopies between them are always assumed to be fibre-
preserving (so that e.g. py o f = par ); we also call them maps and homotopies
over B and write f ~p f'if f, f are homotopic in this sense. From now on we
will drop the superscript which denotes the dimension of the manifold, unless
this simplification is going to cause some confusion.

QUESTION 1.1. Can the coincidence locus

Clf, f2) = Az € M| fi(z) = f2(2)}

be made empty by suitable homotopies of f; and fo over B? (If f; and fo can
be deformed away from one another in this way we say that the pair (fy, f2) is
loose over B or, shortly, B-loose).

More generally, we would like to estimate the minimum number of pathcom-
ponents

(12) MCCB(flaf2) = mln{#ﬂ_O(C(f{vfé)) | fZ ~B lev i = 1a2}

of coincidence subspaces in M, achieved by suitable deformations of fi and f>
over B.
For this purpose we study the geometry of the map

(1.3) (fi,fo):M — NxpN ={(y1,y2) € N x N[ pn(v1) =pn(y2)}
U
A ={(y1,y2) € N X N [y1 = ya}.

After small deformations of f; and fo over B this map is smooth and trans-
verse to the diagonal A so that the coincidence locus

(1.4) C=C(f1, f2) = (f1r, f2) (D) = {z € M| fi(2) = fa(2)}

is an (m — n + b)-dimensional smooth submanifold of M.
Moreover, the tangent map of (f1, f2) induces an isomorphism of the normal
bundles

(1.5) G5 1 v(C, M) = ((f1, f2)|C)*(v(A,N x5 N)) 2 f(TF(py))|C
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here TF(py) denotes the tangent bundle along the fibres of py.
A third important coincidence datum is the lifting

Eg(fi1, f2):={(x,0) € M x P(N) | pn 06 = pp(2),
(1.6) o l 0(0) = fi(x), 6(1) = o)}
C———M

g=incl

defined by gp(x) = (z,constant path at fi(x) = fa(x)). Here P(N) (and pr,
respectively) denote the space of all continuous paths 6:[0,1] — N, with the
compact-open topology (and the obvious projection, respectively; compare [10,
diagram (5)]). The bordism class

Wi (f1, f2) = [(C € M,3p,5%)]

of the resulting triple of the coincidence data (1.4)—(1.6) (which keeps track of
the embedding of C in M and of its nonstabilized normal bundle) is independent
of our choice of small deformations. It is our strongest obstruction to making
the pair (f1, f2) loose over B. In certain settings (e.g. if N = B x S"~?) it yields
a complete homotopy classification for maps over B. However, this (“strong”)
w-invariant is often hard to compute.

The stabilized version

wp(f1, f2) = [(C.9B:Gp)] € Un—n+b(EB(f1, f2); )

is much more manageable. It forgets about the map g := progp (cf. (1.6)) being
an embedding, retains only the stable vector bundle isomorphism

(L7) g TCo®g*(ff(TF(pn))) @ RF = g*(TM) & R*, k>>0,

(compare (1.5)) and lies in the normal bordism group of singular (m — n + b)-
manifolds in Eg(f1, f2), with coefficient bundle

(1.8) ¢ = pr*(fi (TF(pn)) = TM) = pr*(f{ (TN) — pp,(TB) = TM)

(compare e.g. [7, (2.1)]). The path space Ep(fi, f2) and the resulting normal
bordism group depend on the maps fi, fo, but homotopies induce group iso-
morphisms which preserve the Wp-invariants (compare [9, (3.3)]). Therefore
wg(f1, f2) vanishes if f; and fs can be deformed to become coincidence free. In
a suitable “stable dimension range” the converse holds.

THEOREM 1.2. Assume that m < 2(n —b) — 2. Then a pair (f1, f2) is loose
over B if and only if ©p(f1, f2) = 0.

In the proof (outlined in the Section 2 below) the path-space Eg(fi1, f2) plays
a significant role: the lifting gp (cf. (1.6)) allows us to construct the homotopies
which deform f1, fo away from one another. Quite generally Ep(f, f2) is a very
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interesting space with a rich topology. Already its decomposition into pathcom-
ponents leads to the fibre theoretical analogue of the (algebraic) Reidemeister
equivalence relation (on 71 (Fx)) and to the corresponding notion of the Nielsen

numbers

Ni(fi, f2) < N (f1, f2) < MCCg(f1, fa).

These are nonnegative integers counting the path-components of Eg(f1, fa2)
which contribute non-trivially to wg(f1, f2) and wﬁ( f1, f2), respectively (for de-
tails see Section 4 below). Clearly these Nielsen numbers form lower bounds for
the minimum number MCCp(fi, f2) (cf. (1.2)); in particular, they are simple
numerical looseness obstructions. Moreover, the Nielsen numbers are obviously
smaller or equal to the geometric Reidemeister number

(1.9) #Rp(f1, f2) = #m0(EB(f1, f2))

(i.e. the number of path-components of the space Eg(fi1, f2), cf. (1.6); its rela-
tion to the classical (algebraic) Reidemeister number will be explained in Sec-
tion 3). Another simplification of our @g-invariant forgets about the path-space
Eg(f1, f2) and the lifting gp altogether and keeps track only of the inclusion
9:C C M (as a continuous map) and of the description of the stable normal
bundle of C given by (1.7). We obtain the normal bordism class

(1.10) wr(f1, f2) = [(C.9,9p)] € Qn—ntb(M; )
where
(1.11) o= f{(TF(pn)) —TM = f{(I'N) —py(ITB) - TM

(compare (1.8)). Homotopies of fo yield bordant triples of coincidence data
(C,9,95) and hence the same wp-invariants.

SPECIAL CASE 1.3 (trivial base space). If the base space B consists of a sin-
gle point we drop the subscript B from our notations and obtain the invariants
w#, N# &, N and w discussed in [8]-[10]. (For further literature concerning this
special case see e.g. [2]-[5], [11] and [12] as well as the references listed there).

SPECIAL CASE 1.4 (trivial target fibration). If the target fibration is a prod-
uct, N = B x Fy, we may write f; =: (pa, f!), i = 1,2. Then the wﬁ—, wp- and
wp-invariants of (f1, f2) are related to the corresponding (unfibered) invariants
of (f1, f5) via bijections (which preserve 0); in particular

NE(fi fo) = N#(f], f5) and  Np(fi, f2) = N(f, f2)-

SPECIAL CASE 1.5 (fixed points). If the two fibrations coincide and f; is the
identity map id, then C(id, f) is the fixed point locus of f, the coefficient bundles
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@ and ¢ are the pullbacks of the virtual vector bundle —T' B under projections,
and our w-invariant can be weakened further to yield the bordism class

- nlid, ) = | (€ 2 B g TC = (o) (1) ) | € (5 -TB)

stably

This procedure neglects the “vertical” aspects of our fixed point data.

On the other hand A. Dold [1] has defined a fixed point index I"(f) of f for
every multiplicative generalised cohomology theory h with unit. In view of the
universality property of stable cohomotopy theory the strongest (“universal”)
version of Dold’s index takes the form

(112) I(f) € ﬂ-:?table(BJr) = h—H}[EkB+aSk]7

and actually classifies certain “horizontal” fixed point phenomena (cf. [1, Theo-
rem 4.3]); here BT denotes the space B with a disjointly added point.

Note that the Pontrjagin—Thom procedure yields a canonical isomorphism
(1.13) PT: 70, (BY) = Q4(B; =TB)
(which will be described in Section 5 below).

THEOREM 1.6. For every map f: M — M over B

I(f) = (PT) ™ (par(wi(id, ).

The proof will be given in Section 5 below.

As in illustration of our notions and methods we calculate the minimum
number MCCp (as well as the Reidemeister and the Nielsen numbers) and the
wp-invariant for all pairs of B-maps involving the torus and/or the Klein bottle
over B = S'. Note that this is way outside of the stable dimension range
discussed in Theorem 1.2.

EXAMPLE 1.7 (S'-bundles over S'). Let M, N be (possibly different) fibre
spaces over S with fibre S*. Thus M (and also N) is either the torus

(1.14) T=8"x8"=Ix8"/0,2)~(1,2), zeS"
or the Klein bottle
(1.15) K=1x8"0,2)~(1,%),2 € S*

with the standard projection to I/0 ~ 1 = S1. We define two sections s., ¢ = +1,
by

(1.16) se([t]) = [(£,)]-
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Given a map f: M — N over S' we have two well defined numerical invari-
ants:

(1.17) q(f) := (degree of f|: Fay — Fn) € Z
(this vanishes if M # N); and

(1.18) r(f) := degree of (B =gt Loy [0,1] x S*/~ — Sl>;

this lies in Z (and in Zs, respectively) if N =T (and if N = K and f preserves
the base point [(0,1)], respectively); this number measures roughly how often
the section f o sy; (assumed to be base point preserving if N = K) “winds
around the fiber in N”. A base point free description of 7(f) in the case N = K
is as follows: r(f) equals the mod2 integer 0 (and 1, respectively) if f o sy; is
homotopic (through sections in K) to s;1 (and to s_1, respectively).

Returning to the base point free setting we obtain:

ProroOSITION 1.8. Two maps f,f:M — N over S' are homotopic over S*

~

if and only if q(f) = q(f) and r(f) = r(f).

Thus each homotopy class can be represented by a map in a rather natural
standard form (enjoying constant angular velocities both along each fibre and
for f os;1). This is very helpful when we analyse coincidence data.

Now consider any two maps f1, fa: M — N over S' and put
(1.19) q:=q(f1) —q(f2) and r:=r(f1)—r(f2)

(compare (1.17) and (1.18)).
THEOREM 1.9. The minimum number MCCg(f1, f2) is equal to the Nielsen

numbers Ng(f1, f2) and Ng (f1, f2) (and also to #Rp(f1, f2) whenever this Rei-
demeister number is finite). More precisely:

(a) Assume N = S* x S*. Then (q,7) € Z x Z and we have:

ged(q,7) = MCCpg(f1, f2) = Np(f1, f2) = #Rp(f1, f2) if (q,7) # (0,0);
0 = MCCg(f1, f2) = Np(f1, f2) # #RB(f1, f2) =00 if (¢,7) = (0,0).

In particular, the pair (f1, f2) is loose over B if and only if f1 ~B fo.
(b) Assume N = K. Then (q,r) € Z x Zs and we have: if ¢ # 0 :
lg|/2 if ¢ even, r =1,

MCC =N =#R -
B(f1, f2) B(f1, f2) = #RB(f1, f2) {[|Q|/2]+1 else:

ifq=0:
0 ifr+#0,

MCCg(f1, f2) = Np(f1, f2) = { L ifr=0 # #Rp(f1, f2) = oc.
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In particular, the pair (f1, f2) is loose over B if and only if it consists of two
“antipodal” maps, i.e. —f1 ~B fa.

Note that here the value of the Nielsen number is always 0 or 1 or the
Reidemeister number. A similar result in an entirely different setting was proved
in [12, Theorem 1.31].

Clearly, in all of Example 1.7 the wp-invariant is a complete looseness ob-
struction. Actually, already its weaker version wp(f1, f2) € Q1(M;¢) (ct. (1.10))
allows us to distinguish maps up to homotopy over S!.

THEOREM 1.10. Let (M, N) be any of the four combinations of S*-bundles
over S and let fi, fo: M — N be maps over S'. Then there are canonical
isomorphisms which describe Q1 (M; @) (and correspondingly wp(f1, f2)) as (an
element of) a direct sum of three groups, as follows (compare Proposition 1.8 and
Theorem 1.9)

(M,N) [ (M;¢) wi(f1, f2)

(T,T) | Z@ZDZy | q r

(K,K) | Z®Z2a®Zs | q | 7+ 1+ pa(q) p2(NB(f1, f2))
(K,\T) | 09Z®Zy |q r (comp. Theorem 1.9)
(T.K) | 08 Z2®Zs | q r+1

Here py: 7. — Zo denotes reduction mod 2. In particular, for every map f: M —
N over St the “fibred degree” (or “root invariant”) wp(f,sy1 0 par) determines
q(f) and r(f) and hence the homotopy class (over S*) of f.

REMARK 1.11. In view of Proposition 1.8 the homotopy class of f is already
determined by the first two components of wg(f, s4+1 o par) or, equivalently, by

p(wp(f, 55 opar)) € Hi(M;Zy)

where p1 denotes the Hurewicz homomorphism into the first homology group of
M with integer coefficients (which are twisted like the orientation line bundle
of ¢). This is a very special phenomenon, related to the fact that both the
torus and the Klein bottle are K(m,1)'s. For general M and N the methods
of singular homology theory are often far too weak, and the full power of our
approach (based on normal bordism theory and the pathspace Eg(f1, f2)) yields
better results.

REMARK 1.12. Consider a selfmap of the torus 7" or the Klein bottle K over
S1. Dold’s fixed point index [1] in its strongest form lies in

7T:';:)table((sl)—"_) = Qgr(sl) =7 (&) Zg
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and captures precisely the first and third components of wg(id, f) or, equiva-
lently, +¢ = £(deg(f|F) — 1) as well as the Nielsen number Ng(f,id), taken
mod 2. However, it looses all information about the characteristic winding num-
ber r which together with g-determines f and which measures the “vertical”
aspect of the generic fixed point circles.

2. The w-invariants

Given maps f1, fo: M — N over B, the definition of wg(fl,fz), wp(f1, f2)
and wp(f1, f2) (as outlined in the introduction) is completely analoguous to the
definition (given in [10] and [9]) of the corresponding invariants for ordinary
maps between manifolds (or, equivalently, for maps over B = {point}). There-
fore many of the notions, methods and results of the ordinary (fibration free)
coincidence theory allow a straightforward generalization to the setting of fibre
preserving maps.

In particular, the proof of Theorem 1.2 proceeds in direct analogy to the proof
of Theorem 1.10 in ([9, pp. 213 and 223-224]): we just have to replace N x N
by N xp N. Our (“stable”) dimension condition means that the dimension of
C(f1, f2), augmented by 2, is strictly smaller than the codimension in M. Hence
here Wp(f1, f2) is precisely as strong as wﬁ(fl, f2), and Ng(f1, f2) = Ng(fl, f2);
nulbordism data can be realized by a suitably embedded manifold in M x I with
a nonstabilized description of its normal bundle and, above all, without new
coincidences occurring in its shadow (cf. [9, p. 224]).

REMARK 2.1. The interested reader may check when the methods of [9,
(1.10) and (4.7)], can be generalized to yields the full equality MCCg(f1, f2) =
Ng(f1, f2) (“Wecken theorem”).

Next let us consider the special case where the target fibration is trivial.
Given maps over B,

fi=Wm, f):M - N=BxFy, i=12,

we see that Eg(fi1, f2) can be identified with the path-space E(f1, f4) discussed
in [9] and [10]. Thus the w-invariants and Nielsen numbers over B of the pair
(f1, f2) are equal to the corresponding ordinary (unfibred) invariants of (f7, f5).

3. The algebraic Reidemeister classes
over B and the space Eg(f1, f2)

In this section we fix maps f1, fo: M — N over B. We will give an algebraic
description of the (geometric) Reidemeister set mo(FEp(f1, f2)) (compare (1.9)).
This generalizes and refines the classical approach. As an application we will
compute Reidemeister numbers for maps into the Klein bottle.
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Choose a coincidence point xzo € C(f1, f2) (if it does not exist, the pair
(f1, f2) is loose and our initial Question 1.1 needs no further answer). Put
Yo = fi(zo) = fa(zo) and let Fy C N be the fibre over by := pas(zo).

Using homotopy lifting extension properties (compare [13, 1.7.16]) of the
(Serre) fibration py we construct a well defined operation

xpg:m (M, zo) X m1(Fn,y0) — m1(Fn,yo)

as follows. Given loops ¢: (I,0I) — (M, xq) and 6: (I,0I) — (Fn,yo), lift the
homotopy

(3.1) h:IxI— B, h(s,t):=ppoc(s),

to a map h:I x I — N such that

(3.2) R(0,8) =0(t), h(s,0) = fioc(s), h(s,1)= fsoc(s)

for all s,t € I. Then the loop @ defined by 0'(t) := h(1,t) lies entirely in Fy.
Due to the very special form of h (cf. (3.1)) the homotopy class [0'] of §' in Fy
(and not just in N) depends only on the homotopy classes of ¢ and §. We put

[c] #p 6] := 6]
DEFINITION 3.1. Two elements [6], [0'] € m1(Fn,yo) are called Reidemeister
equivalent over B if there exists [¢] € m1 (M, xg) such that [¢] x5 [0] = [0'].

The algebraic Reidemeister set Rp(f1, f2,x0) is the resulting set of equiv-
alence classes (i.e. of orbits of the group action *p of m(M,xo) on (the set)

m1 (N, Y0))-
Its cardinality is called Reidemeister number of f1, fo over B.

There is also the classical group action (without any reference to B)
iy (M, x0) X T1(N,y0) — m1(N, yo)
determined by the induced homomorphisms f;.: w1 (M, z9) — m (N, y0), j = 1,2,
ie.
(3.3) [c]  10] := fra([e]) ™" - 6] - fou([e])

for [c] € m1 (M, ) and [0] € m1(N, yo) (compare e.g. [9, (2.1)]).
In view of the boundary conditions (3.2) of the lifting h (which takes its value
in N and, in general, not already in Fi) we see that

(3.4) [¢] % 0. ([0]) = . ([c] %5 [0])

for all [c] € w1 (M, ), [0] € m1(Fn,¥yo); here i: Fy — N denotes the inclusion.
In particular, the standard action * (cf. (3.3)) restricts to an action of m (M, x¢)
on i.(m1(Fn,y0)). In general this yields a coarser equivalence relation than the
one defined by our action #p (e.g. when py = py:S*+L — CP(k), k > 1,
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is the Hopf fibration, then Rp(f1, f2,z0) = m(S') = Z, but i, (71 (Fy)) = 0).

However, if i, is injective (e.g. when m2(B) = 0) then (3.4) can be used to
compute
(3.5) Rp(f1, f2;w0) = m1(Fn,y0)/ ~ x5 = ix(m1(FN,Y0))/ ~ *.

In particular, when B = {by} and hence Fy = N, our definition of an algebraic
Reidemeister set coincides with the usual one.

More general, injectivity criteria for i, may be extracted from the exact
sequence

- — (B, bo) — m1(Fi, y0) ~ 1 (N, yo) 225 m1(B, b).

Next let us compare our algebraic and geometric Reidemeister sets (cf. Def-
inition 3.1 and (1.9)). By definition Ep(fi, f2) is the space of pairs (x, ) where
x is a point in M and 6 is a path in N from fi(z) to fo(z) which stays entirely
in one fibre of px. In view of the very special form of the homotopy A (cf. (3.1))
its lifting I determines a path

sel — ((c(s),h(s,—)) € Eg(fi, f2)

joining (g, 8) to (xg,0"). Actually every other path in Ep(fi, fo) which starts
and ends in the fibre pr=t({zo}) = {z0} x Q(Fn,y0) of pr (cf. (1.6)) can be
obtained in this way from some lifted homotopy & as in (3.1) and (3.2). In other
words, two classes [], [0'] € m1(Fn,yo) are Reidemeister equivalent over B if and
only if (zg,60) and (z¢,0’) lie in the same path-component of Eg(f1, f2). Thus
the map

Rp(f1, f2;20) — mo(EB(f1, f2)),

which is induced by the fibre inclusion Q(Fy,v0) ~ pr—*({zo}) C Ep(f1, f2)
and by the resulting map

1 (FN,Y0) = mo(UFN, y0)) — mo(EB(f1, f2)),

is injective. It is also onto. Indeed, given any point (z,0) of Ep(f1, f2), we can
pick a path in M from x to zy and lift it to a path in Eg(f1, f2) which joins
(x,0) to some point in pr—!({zg}).

We have showed

THEOREM 3.2. For every pair f1, fo: M — N of maps over B and for every
choice g € C(f1, f2) andyo = f1(xo) = fa(xo) of base points there is a canonical
bijection

Rp(f1, f2,x0) = mo(EB(f1, f2))

between the algebraic and geometric Reidemeister sets.
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COROLLARY 3.3. The Reidemeister number depends only on the (base point
free) homotopy classes of f1 and fo over B.

PROOF. Indeed, any pair of homotopies f1 ~ fi, fo ~ f4 over B induces a fi-
bre homotopy equivalence Eg(f1, f2) ~ Eg(fi, f5) over M (comp. [9, (3.2)]). O

EXAMPLE 3.4 (Maps into the Klein bottle). We illustrate the previous dis-
cussion by a calculation which we will need in the proof of Theorem 1.9.

PROPOSITION 3.5. Consider maps f1, fo: M — K over S* where M is the
torus T or the Klein bottle K (and use the notations (1.17)—-(1.19)). If M =T
or ¢ =0, then the Reidemeister number #Rp(f1, f2) is infinite. If M = K and
q#£0, then

lal/2 ifq=0(2), r#0,

#Rp(f1, f2) = { llql/2] +1 else.

PRrROOF. In view of Corollary 3.3 fo map z¢ = [(0,1)] to yo = [(0,1)] (cf.
(1.14) and (1.15)). Let us use these base points for computing the algebraic
Reidemeister set. Then 71 (M) (and 71 (K), respectively) is generated by

an =im+(g9) and bar = s41.(g)

(and by a :=i.(g) and b := s11.(g), respectively) where ips, i, s41 denote fibre
inclusions and the section defined in (1.16); g is the standard generator of 71 (S*).

Since o (S*t) vanishes, i, is injective and we have to evaluate only the stan-
dard action (3.3) of m1 (M) on 71 (Fy) = Z. Given k € Z, we obtain

ay * a® = gh—a(f)—alf2)) — gh—a

bar % a® = fr(bar) - a® - fau(bar)

—p L. ) gk gr(Fe) L = gr(F)—r(f2)—k

where we consider r(f;) € {0,1} as an integer so that fj.(bar) = a"Fi) b, j = 1,2
(compare (6.1)). Therefore we can interpret 7 (Fn)/ ~ *p (cf. (3.5)) as the orbit
set of the involution ¢ on Z/qZ defined by

u([k]) == [r(fr) —r(f2) — k], [K] € Z/qZ.

In particular, its cardinality is infinite if ¢ = 0. This is e.g. always the case
when M =T, since the map f;j|: Fyy — Fy = S! is freely homotopic to its own
complex conjugate and hence has degree ¢(f;) =0, j =1, 2.

For the remainder of the proof it suffices to consider the case where M = K
and ¢ > 0. Then

(3.6) #Rp(f1, f2,20) = (q+ #Fix(1))/2.
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Clearly the fixed point set Fix(¢) of ¢ consists just of the solutions of the
linear equation

2[k] = [r(f1) = r(f2)]
in Z/qZ. Therefore it is easy to see that
1 if ¢ is odd,
#Fix(1) = ¢ 2 if¢=0(2), r(f1) =7r(f2),
0 ifq=0(2), r(f2) # r(fa).

In view of (3.6) this completes the proof. O

4. Nielsen coincidence classes over B

In this section we extend J. Jezierski’s notion of Nielsen classes over B (cf. [6])
in the obvious way from fixed points to coincidences of maps f1, fo over B. The
resulting decomposition of the coincidence set turns out to correspond precisely
to the decomposition of the space

Ep(fi, f2) = U A

Aemo(EB(f1,f2))

into path-components and yields the description of

(4.1)  wB(f1, f2) = {(@B(f1, f2))a} € Qu(EB(f1, f2); #) = ©a(4; 9]4)

as a direct sum. We will discuss the Nielsen number

(4.2) Np(f1, f2) := #{A € m1o(EB(f1, f2)) | (WB(f1,f2))a # 0}

(which counts the nontrivial direct summands of ©5(f1, f2)) and its nonstabilized
analogue

(4.3) NE (f1, f2) = #{A € m(Eg(f1. f2)) | (W (f1, f2))a # O}

In classical fixed point theory (where B consists of a single point) both definitions
(4.2) and (4.3) just yield the familiar notion of the Nielsen fixed point number.

DEFINITION 4.1. Let f1, fo: M — N be maps over B. Two coincidence
points z, " € C(f1, f2) are called Nielsen equivalent over B if there exist a path
c: I — M joining x to z’, as well as a homotopy hiIx I — N from fiocto faoc
which keeps the end points fixed and such that for each s € I the whole image
E({s} x I) lies in the fibre of pn over pas o ¢(s).
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PROPOSITION 4.2. The coincidence points x and x' are Nielsen equivalent
over B if and only if the map

gB:C(f1, f2) — EB(f1, f2)

(defined by gp(x) = (z,constant path at f1(x) = fa(x)) takes them into the same
path-component A of Eg(f1, f2). Therefore the Nielsen classes of (f1, f2) over B
are just those inverse images g~ *(A), A € mo(Ep(f1, f2)), which are nonempty.

PROOF. (Compare also the proof of Theorem 3.2). The data (c, ) in the
Definition 4.1 represent just another way of describing a path in Eg(f1, f2) from
G5(z) to gu(2’). Indeed, for every s € I the pair (c(s), h(s, -)) lies in Eg(f1, f2),
since h(s, -) is a path joining fi(c(s)) to fa(c(s)) in the fibre py (par(c(s))). O

COROLLARY 4.3. Each Nielsen class is open and closed in C(f1, f2).

Indeed, it is not hard to see that each path-component A is open and closed
in Eg(f1, f2)-

We want to consider only those Nielses classes which survive (in some sense)
all possible B-homotopies of f1, fo. We try to detect them with the help of our
w-invariants.

After a suitable approximation of f, fo the coincidence set C is a clossed
manifold, and so is each Nielsen class Cy := g5'(A), A € m(Eg(fi, f2)).
We call it strongly essential, and essential, respectively, if the corresponding
triple (Ca,gp|Ca, g#)|Ca) of restricted coincidence data is not nullbordant (in
the nonstabilized, and stabilized sense, respectively). Define Ng( f1, f2) and
Npg(f1, f2) to be the resulting numbers of (strongly) essential Nielsen classes.

THEOREM 4.4. For all maps f1, fo: M — N over B we have:

(a) the Nielsen numbers Ng(fl, f2) and Ng(f1, f2) depend only on the ho-
motopy classes of f1, fo over B;

(b) Nfi(f1, f2) = N (f2, 1) and Ng(f1, f2) = No(f2, f1);

(¢) 0 < Np(f1, f2) < Nj(fr, f2) <MCCp(f1, f2) < o0 and N (f1, f2) <
#Rp(f1, f2);

(d) in classical fized point theory (over B=point) both versions of our Niel-
sen numbers coincide with the classical notion of the Nielsen numbers.

The proof proceeds as in [9, (1.9)], and [10, (1.2)].

Unlike the wp-invariants which lie in (possibly very complicated) bordism
sets (varying with f1, f2) our Nielsen numbers are simple numerical looseness
obstructions. To what extend are they less powerful?
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PROPOSITION 4.5. Ng(f1, f2) =0 if and only if O (f1, f2) = 0.

This follows from the direct sum decomposition (4.1).

It is not clear whether the corresponding statement holds for Ng and wg. If
Ng( f1, f2) = 0, then the Nielsen classes C'4 allow individual embedded nullbor-
disms in M x I. But these may not fit together disjointly to yield an embedded
nullbordism for all of C(fy, fo) (which is needed to show that w#(f1, f2) = 0).

5. Relation to Dold’s index

In this section we study the special case 1.5 where the two fibrations py; and
pn coincide, f; is the identity map id and we are interested in the fixed point
behaviour of a map fo = f over B.

We will see that our weakened normal bordism invariant pas.(w(id, f)) de-
termines the strongest version of Dold’s fixed point index (which generalizes the

Lefschetz index, cf. [1]).

First let us describe the Pontrjagin-Thom isomorphism PT (cf. (1.13)) which
relates these invariants. Given a real number R > 0, let Ek(R) (and DF(R),
respectively) denote the compact (and open, respectively) ball of radius R in
euclidian space R* and identify the quotient space

D"(R)/0D"(R) = R*/(R* — D*(R))
with the sphere S¥ = R* U {co} in the standard fashion. Moreover, define
(5.1) E% .= Bx D'(R) C E* .= B x RF.
Then we can interpret the suspension
(52)  TFB* = Bx S*/(B x {c0}) = EF/(E* — E&) = EL/OEY
as a one point-compactification of %k = B x D*(R). Now, given a map
u: (BFBT,00) — (§%,00), k >>0,
up to homotopy, we may assume that u|£o? % is smooth with regular value 0 € R* C
Sk, Thus its inverse image u~1({0}) is a smooth submanifold of B x R* whose
normal bundle is trivialized via the tangent map of u. The resulting normal bor-

dism class [(u=*({0}), first projection, gz)] is the value of [u] € 7, ,;,.(B™) under
the Pontrjagin-Thom isomorphism PT (cf. (1.13); compare (1.7) and (1.12)).

PROOF OF THEOREM 1.6. In view of the homotopy invariance of Dold’s
index I(f) (cf. [1, (2.9)]) we may assume that the map (id, f): M — M xp M is
smooth and transverse to the diagonal A. Then the fixed point set

(5.3) C=C(id, f) = (id, )7 (A)
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is a smooth submanifold of M with the description
(5.4) Gh:v1 = v(C, M) = TF(py)|C

of its normal bundle as in (1.5).

For large k there exists a smooth embedding M C B x R¥ over B whose
normal bundle v, := v(M, B x R¥) can be identified with a “vertical” subbundle
of T(B x R¥) which, together with TF(pas), spans the tangent bundle along the
fibres of BxR*¥ — B. Let V (and V, respectively) be a corresponding compact
(and open, respectively) tubular neighbourhood of M in B x R* and consider
the composite map

(5.5) Fov Rrodection, ar JoNf ¢ Bx R

over B. Clearly its fixed point set is also equal to C' (cf. (5.3)). Hence there exists
a radius R > 0 such that v — ]?(v) ¢ B x D*(R) for every v € V. Moreover, we
can pick a radius p > 0 such that the space V lies in B x Ek (p). Collapsing its
complement and using (5.1) and (5.2) we obtain the composite map

@B = BEjoEY — VoV “=L, B /(Bh - BY) = $FBT

Now, according to [1, (2.15), (2.3) and (2.1)], Dold’s indices of f and of f|V
(cf. (5.5)) agree and are defined to be the value of 1 € 7% ., (BT) under the
induced homomorphism of w. In other words, we can represent I(f) by the
obvious composite map

wYFBt L vkpt s sk ({point} t) = S

Let us apply the Pontrjagin—Thom procedure (as described above) to I(f) =
[u]. Clearly u=1({0}) is just the fixed point set C' of f (cf. (5.3)). The trivial-
ization

G5:v(C, B x RF) = 1y ® 15|C — TF(pas) ® 10|C = C x R

is induced by the tangent map of id — f. On v; it coincides with §§ (cf. (5.4))
and on vs it is given by the identity map (since f is constant along each normal
ball in the tubular neighbourhood V of M in B x R¥). Thus the data (C C
B xR¥ — B.gg), k >> 0, which describe PT(I(f)) are just the stabilized
coincidence data of (id, f), projected down to B. This proves the identity claimed
in Theorem 1.6. ]

REMARK 5.1. A key point in the previous proof is the fact that Dold’s index
remains unchanged by the passage f ~ f (cf. (5.5)). This parallels closely the
stabilizing transition w? (id, f) ~ @(id, f).
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6. S'-bundles over S!

In this section we study the Example 1.7 of the introduction in some detail.
In particular, we prove Theorems 1.9 and 1.10.

Given possible values g and r of the numerical invariants discussed in Propo-
sition 1.8, let us describe the corresponding map f: M — N in standard form:
for any element [(¢,z)] in the domain (cf. (1.14) or (1.15)), the standard map is
defined by

[(t,e2™rtz9)] if N =T,

(6.1) f((@,2)]) = { [(t,(—1)729)] if N = K.

Using the linear structures on the universal covering spaces of T' and K we
see that every map over S can be deformed over S! into standard form. This
proves Proposition 1.8.

Next we calculate the group Q;(M; ¢) in which the (weakened) coincidence
invariant wg(fi, f2) of maps fi, fo: M — N over S! lies. Here ¢ is trivial if
M = Nj; ¢ is the pullback pj;(\) of the nontrivial line bundle over B = S if
M # N (cf. (1.11)).

From [7, Theorem 9.3], we obtain the exact sequence

(6.2) 0 — QF =5 01 (M;p) =5 Qi (M; ) — 0

where v forgets about stable vector bundle isomorphisms and retains only the
corresponding orientation information. If M = N, then v maps the classi-
cal framed bordism group QfF(M) to the oriented bordism group Qi(M) =
Hy(M;Z), and the obvious forgetful homomorphism Qf (M) — QfF yields a split-
ting of (6.2). If M # N then a splitting can be extracted from the exact Gysin
sequence
QfF (M) <= QF (M) 22 0, (M3 ) — 0

where M is the double cover (or SY-bundle) corresponding to the line bundle
Ay = pis(A) over M, d takes double coverings and proj denotes the obvious
projection. (This is essentially the exact sequence of the pair (Ans, Aps — s0(M))
and uses the Thom isomorphism

Qi(Aar, Aar — so(M); —An) 2 QF (M)

obtained by intersecting transversely with the zero section sg of Aps).
Recall that any connected closed smooth 1-manifold S can carry two distinct
stable framings:

(i) the invariant framing obtained from a nonstable parallelization TS =
S x R (which is essentially invariant under rotations along the circle
S = 81); and

(ii) the boundary framing induced from a disk D which bounds S = 9D.
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The corresponding bordism classes are 1 and 0, respectively, in Qff = 7Z,.

Now we can describe the direct sum decomposition of Q4 (M; ) in Theo-
rem 1.10. The projection to the first (and the second, respectively) component
group is obtained via intersecting circles in M with the fibre Fj; (and with the
section s_1(B) at —1, respectively); the three direct summands are generated
by the circles sy1(B) and Fj; (both with the boundary framing) and by

§(1) := [(invariantly framed S*, constant map)].

In order to compute the summands of wg(f1, f2) (corresponding to this de-
composition of Q1 (M;)) we may assume that fi, fo are in standard form (cf.
(6.1)). Then the pairs (f1, f2) and (f := fiofy ', fo := f2ofs ' = s410par) have
the same coincidence locus C' which consists of “parallel” circles in M. (Here we
use fibrewise complex multiplication of standard maps; it is compatible with the
gluing diffeomorphisms of T and K, cf. (1.14) and (1.15)). The transverse inter-
sections of C' with Fj; and s_1(B) determine ¢ and r (as indicated in the first
two columns concerning wg(f1, f2) in the table of Theorem 1.10; the correction
terms 1 and p2(q) result from the fact that the sections s;;1 and s_; have each
a self-intersection in K).

Furthermore each circle S in the coincidence locus C'is invariantly framed and
hence contributes nontrivially to the third component of wg(f1, f2); it constitutes
a full Nielsen class which therefore must be essential (see also the following
proof). This establishes Theorem 1.10.

Proof of Theorem 1.9. If N = S!' x S!, we are in the special case of
a product fibration (c.f. special case 1.4), and our coincidence theory of maps f1,
f2 over B reduces to the classical coincidence theory of their projections f{, f4
to the fibre S*. But this situation has been thoroughly discussed in [9, Theorem
1.13 and Section 6], where even the fibre homotopy type of E(f7, f5) over M is
described. In particular, the Reidemeister number is just the cardinality of the
cokernel of the induced homomorphism

flo = fo  Hy(M,Z) — Hi(S,Z) = Z

whose image is generated by the greatest common divisor of (q(f1) — q(f2))
and (r(f1) —r(f2)). The Reidemeister number equals MCC(f1, f4) = N(f1, f3)
except in the selfcoincidence case f1 ~p fo when (fi, f2) is loose (cf. [9], (1.9)).
If N = K the only sections (up to homotopy) of py are s., ¢ = £1 (cf.
(1.16)); each can be deformed away from itself until it has only one selfinter-
section point in K. Therefore, if maps f;: M — K over S' are homotopic to
Se; 0P, &= 1,2, (e.g. if M =T), their coincidence data can be represented by
a whole fibre (or by (), respectively) when 1 = g5 (or ;1 # €9, respectively), and
MCCg(f1, fo) = NE (f1. f2) = Ng(f1, f2) equals 1 (or 0, respectively).
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It remains to study the coincidence behaviour of maps fi, fo: K — K over
S' in standard form or, equivalently, of maps fi o f, L= fand fyo fa 1=
s1+1 0 pr =: fo (here we use fibrewise complex multiplication). In view of the
previous paragraph we may assume ¢ # 0. Then the locus C(f1, f2) consists of

“horizontal” circles which are ¢

fibre St in n,nz,... ,nz‘1q|71 where z; = €>™/14l and n = e™"/l4l for r = 0, 1.

‘parallel” to the sections s4+; and intersect each

Given 0 < k < k’ < |q|, we need to know when the coincidence points nz¥,
nzf/ are Nielsen equivalent over B. This happens precisely if there is a path
¢ =1-¢ from nz¥ to nzF in K (consisting of a loop [ at nz¥, followed by a path
¢ in the fibre) such that foc = (fol)-(f o¢) is homotopic to fooc ~ fyol
keeping end points fixed. In other words, the loop f o¢ which winds &' — k + jg,
J € Z, times around the fibre is Reidemeister equivalent to the trivial loop. Since
72(St) = 0 (cf. (3.5)) this means that &’ is equal to k or to —k + ((—1)" —1)/2
mod |g|, or, equivalently, that 7z¥ and nz¥" lie in the same coincidence circle (due
to the glueing reflection of K). Thus each Reidemeister class corresponds to an
essential Nielsen class which consist of a single “horizontal” circle with winding
number +1 or 42 with respect to the base S*.

Recall that the Reidemeister numbers were computed in Proposition 3.5. [J

REMARK 6.1. It is intriguing to compare the roles of the involution ¢ (in
the proof of Proposition 3.5) on the one side and of complex conjugation (in the
proof above) on the other side.

REFERENCES

[1] A. DovLp, The fized point index of fibre-preserving maps, Inventiones math. 25 (1974),
281-297.

[2] A. DoLp AND D. L. GONGALVES, Self-coincidence of fibre maps, Osaka J. Math. 42
(2005), 291-307.

[3] D. L. GoNgALVES AND M. KELLY, Coincidence properties for maps from the torus to
the Klein bottle, Chinese Ann. Math. Ser. B (to appear).

[4] D. L. GoNGALVES AND D. RANDALL, Self-coincidence of maps from S9-bundles over
S™ to S™, Special issue in honor of Francisco “Figo” Gonzdlez Acuna, 3 serie, Bol. Soc.
Mat. Mexicana (3) 10 (2004), 181-192.

, Self-coincidence of mappings between spheres and the strong Kervaire invariant
one problem, C. R. Acad. Sci. Paris Sér. I 342 (2006), 511-513.

[6] J. JEZIERSKI, The Nielsen relation for fibre maps, Bulletin de ’academie Polonaise des
Sciences XXX, no. 5-6 (1982), 277-282.

[7] U. KOSCHORKE, Vector Fields and Other Vector Bundle Morphisms — a Singularity
Approach, Lecture Notes in Math., vol. 847, Springer—Verlag, Berlin, Heidelberg, New
York, 1981.

, Self-coincidences in higher codimensions, J. Reine Angew. Math. 576 (2004),

(5]

(8]

1-10.

9] , Nielsen coincidence theory in arbitrary codimensions,, J. Reine Angew. Math.

598 (2006), 211-236.



COINCIDENCE THEORY OF FIBRE-PRESERVING MAPS 103

[10] | Nonstabilized Nielsen coincidence invariants and Hopf-Ganea homomorphisms,
Geometry and Topology 10 (2006), 619-665.

[11] — | Geometric and homotopy theoretic methods in Nielsen coincidence theory, Ar-
ticle ID 84093, Fixed Point Theory and Applications (2006), 1-15.

[12] — | Selfcoincidences and roots in Nielsen theory, J. Fixed Point Theory Appl. 2

(2007), 241-259.

[13] G. WHITEHEAD, Elements of Homotopy Theory, Springer—Verlag, Berlin, Heidelberg,
New York, 1978.

Manuscript received December 20, 2007

DACIBERG L. GONGALVES

Dept. de Matemética — IME — USP
Caixa Postal 66.281, CEP 05314-970
Sao Paulo — SP, BRASIL

E-mail address: dlgoncal@ime.usp.br

ULRICH KOSCHORKE
Department of Mathematics
Universitat Siegen
Emmy-Noether-Campus
D-57068 Siegen, GERMANY

E-mail address: koschorke@mathematik.uni-siegen.de

TMNA : VOLUME 33 — 2009 — N° 1



