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A Nielsen theory for intersection numbers
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Christopher K. M cCord (Cincinnati, Ohio)

Abstract. Nielsen theory, originally developed as a homotopy-theoretic approach to
fixed point theory, has been translated and extended to various other problems, such as
the study of periodic points, coincidence points and roots. In this paper, the techniques of
Nielsen theory are applied to the study of intersections of maps. A Nielsen-type number,
the Nielsen intersection number NI(f, g), is introduced, and shown to have many of the
properties analogous to those of the Nielsen fixed point number. In particular, NI(f, g)
gives a lower bound for the number of points of intersection for all maps homotopic to f
and g.

1. Introduction. Nielsen fixed point theory, a homotopy-theoretic ap-
proach to fixed-point theory, grew out of Nielsen’s work in the 1920’s on
surface homeomorphisms. From those origins, Nielsen fixed point theory has
grown into a richly developed theory for fixed points. Moreover, the methods
of Nielsen theory have been translated from fixed point problems into other
domains, such as the study of periodic points, coincidence points, roots, etc.
That is, there are Nielsen coincidence numbers, Nielsen root numbers, etc.,
defined in the similar fashion, and with similar properties, to the original
Nielsen fixed point number. In this paper, we consider another translation
of the Nielsen machinery into a new setting: intersections of maps.

Given f: X — Z and g: Y — Z, the intersection set of f and g is

Int(f,g) = {(z,y) € X xY [ f(z) = g(y)}.

In general, the intersection set can be quite complicated, and the problem
of “describing Int(f, g)” correspondingly intractable. In some settings, such
as the study in algebraic geometry of the intersection of algebraic varieties,
there are highly developed theories which are tailored to that setting. Here,
we will focus on the topological setting, and will assume that all of the
spaces involved are compact, Hausdorff, path-connected and admit universal
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covering spaces. In this setting, the intersection set is clearly compact, and
our attempt to describe it will be limited to counting its components.
Actually, it is not exactly “counting components” for a single pair of
maps f and g that we are interested in. If either f or g is deformed by
a homotopy, the intersection set will change. In particular, we can create
arbitrarily large intersection sets via homotopies of f and g. To discount the
contribution of such spurious intersection points, we instead study

MI(f,g) = min{|mo(I(f, gD f = f, ¢ ~ g}

Note that we count path components, rather than the cardinality of the set,
so that MI(f,g) does not become “trivially infinite” when the intersection
set has positive dimension. Even so, and even if X, Y and Z are all compact,
it is not clear that MI( f, g) must be finite. However, in one important setting,
it will be. Namely, if X, Y and Z are manifolds, then an arbitrarily small
perturbation of f and/or g makes the two maps transverse at all intersection
points. In particular, if dim(X) + dim(Y") = dim(Z), then Int(f, g) will be
discrete, and hence finite.

Now, just as the Nielsen fixed point number provides a lower bound
for MF(f), we will develop a Nielsen intersection number NI(f, g) that will
provide a lower bound for MI(f, g). In broad terms, the development of a
Nielsen theory for intersections parallels that of fixed point theory. It is
patterned even more strongly after the Nielsen theory for coincidences [1],
and the Nielsen theory for roots and generalized roots [2, 4]. The reason
for this is that there is an important property that distinguishes fixed point
theory from both coincidence theory and intersection theory: the ability to
define a fixed point index in great generality. A fixed point index can be
defined for any self-map on a polyhedron. In contrast, a coincidence index is
only defined when the domain and range are compact orientable manifolds
of the same dimension; and an intersection index is only defined when X, Y
and Z are compact orientable manifolds with dim(X) + dim(Y) = dim(Z2).
Since the fixed point index plays an essential role (pun intended) in the
development of Nielsen fixed point theory, the lack of an index forces the
development of coincidence theory down a different path, and suggests that
intersection theory should follow that path.

We begin with a quick survey of the intersection index for manifolds.
Even though this index can only be used in a special case, it is an impor-
tant special case, and will be a valuable tool when available. The Nielsen
intersection number is defined in §3, and its basic properties are established
in the remaining sections. §4 explores the Wecken theorem and §5 estab-
lishes the Jiang condition for intersection numbers. The next three sections
deal with the functoriality of Nielsen intersection numbers, and the ability
to move the computation of Nielsen intersection numbers from one triple of
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spaces to another. §6 provides some of the general functoriality results, while
687 and 8 apply these results to intersection number formulas for covering
spaces and fibrations respectively. For all of these topics, the treatment here
should be considered a preliminary effort. More can be proven about all of
these topics, and there are many other aspects of Nielsen theory that are
not considered at all in this paper. The last section surveys some of the open
questions and directions for development that lie ahead for the theory.

2. The intersection index. The intersection index, like the fixed point
and coincidence indices, can be constructed from either a differential [7]
or homological [5] point of view. In either approach, we require that X,Y
and Z are compact, orientable manifolds of dimensions p,q and n = p + ¢
respectively. Fix orientations for X, Y and Z. A set J C Int(f,g) is an
isolated set of intersections if there exists a neighborhood U C X x Y of J
such that Int(f,g) NU = J.

In the differential definition of the index, we can, by an arbitrarily small
perturbation of f and g, assume that the maps are smooth and transverse
at every point of intersection. For every (z,y) € J, take a basis {vi,...,v,}
for T, X and a basis {w1,...,w,} for T,Y. Then

{Dfe(v1), ..., Dfa(vp), Dgy(wi), ..., Dgy(wg)}

forms a basis for T'y(,)Z. If this basis has the same orientation as that fixed
for Z, we define Ind(f, g; (x,y)) = 1; if it has the opposite orientation, we
define Ind(f, g; (z,y)) = —1. We then define

Ind(f,g;J): Z Ind(f,g;(x,y)).

(z,y)ed

Clearly, Ind(f,g;J) = (—1)??Ind(g, f;J). Of course, to show that this is
well-defined, it must be shown that the quantity Ind(f, g; J) is independent
of the transverse approximations of f and g chosen.

For the homological definition of Ind(f, g; J), choose neighborhoods J C
U CVin X xY such that U C V° and such that V N 1Int(f,g) = J. Then
consider the composition

H,(XxY)—-H, (X xY,XxY\U)
E H,(V,V\U)EXDs H,(Z x Z,Z x Z\ A(Z))
in integer homology. Since X xY and Z are compact orientable n-manifolds,
H,(XxY)2H,(ZxZ,ZxZ\AZ))=Z,

so the image of the generator of H,(X x Y) under this composition gives
an integer quantity Ind(f, g; J). Of course, here the index must be shown to
be independent of the neighborhoods U and V' chosen.
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Omitting a number of proofs (including the proof that the two definitions
coincide), we have an integer index with the following properties:

1. Given F : X x [0,1] = Z and G : Y — Z, consider the “fat homo-
topies” F : X x [0,1] — Z x [0,1] and G : Y x [0,1] — Z x [0, 1], defined
by F(z,t) = (F(x,t),t), G(y,t) = (G(y,t),t). If T C Int(F, G) is an isolated
set of intersections, then so is every J;, = J N {t = to}, and Ind(F;, Gy; Jy)
is independent of t.

2. If J =0, then Ind(f,g;J) = 0.

3. If Jyi,...,J, are disjoint isolated intersection sets, then
Ind (fvg; U Jk) = nd(f, g; Ji)-
k=1 k=1

4. Suppose X = X7 x X5, Y =Y xYs, and Z = Z; x Zs, with dim(X;) +
dim(Y;) = dim(Z;). Given f; : X; — Z; and ¢; : Y; — Z; and isolated
isolated intersection sets J; C Int(f;, g;), define f = f1 X fa, g = g1 X g2 and
J = J; x Jo. Then

Ind(f,g;J) = Ind(f1, g1; J1) Ind(f2, g2; J2).

5. If (x,y) is an isolated intersection of f and g with Ind(f, g; (z,y)) =0
and U x V is a neighborhood of (z,y) in X x Y, then there are homotopies
F and G such that Fy = f, and Gy = g; Int(F1,G1) = 0; and F; = Fj and
Gy =Goon X\ U and Y \ V respectively. Moreover, these homotopies can
be chosen arbitrarily close to f and g.

The index of the total intersection set LI(f,g) = Ind(f,g;Int(f,g))
(#(f,g) in [7]) is the (Lefschetz) intersection number of f and g. It should
be thought of as an analogue to the Lefschetz number for fixed points or
coincidences. From the properties above, it is clear that

THEOREM 2.1. LI(f,g) is a homotopy invariant, and if LI(f,g) # 0,
then for every f' ~ f, ¢’ ~ g, Int(f’,g") is nonempty.

However, LI(f,g) also suffers from the same limitations as the Lef-
schetz number: when nonzero, it does not estimate the number of inter-
sections; and when zero, it does not guarantee that f and g are intersec-
tion-free. Consider the example from [7, Figure 5-3] shown in Figure 1. Let
X =Y =28 Z="T2?4#T?, and consider the submanifolds M and N to be
the images of embeddings f,g: S' — T? # T?2. There are two intersections
of opposite orientation, so LI(f, g) = 0. That is, LI(f, g) = 0 does not imply
that f and g are intersection-free. Moreover, it appears that no deformation
of f or g will remove the intersections, so LI(f,g) = 0 does not even imply
that f and g can be deformed to be intersection-free. This picture is, in some
sense, a motivating example: neither intersection point can be removed indi-
vidually by a deformation of f or g; and the two intersection points cannot
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Fig. 1. Essential intersections in the double torus

be “cancelled” because we cannot deform the image of f into the image
of g. The essence of the definition of the Nielsen intersection number lies in
making these ideas precise and general.

3. Nielsen intersection numbers. As with any Nielsen-type number,
the basic steps in the definition of the Nielsen intersection number are to
partition the intersection set into intersection classes, define a notion of an
essential class, and count the number of essential classes. The data required
consists of compact, path-connected spaces X, Y and Z, and continuous
functions f : X — Z and g : Y — Z. We define an equivalence relation on
Int(f,g) by (zo,y0) ~~ (z1,y1) if there exist paths « in X from zg to
and  in Y from yo to y; in Y such that fa ~ gf rel{0, 1}. Alternatively,
we can think of this as requiring a path w in X x Y from (zg,yo) to (z1,41)
such that (f X g)w is homotopic rel{0, 1} to a path in the diagonal A(Z) in
Z x Z. Equivalence classes will be called intersection classes and the set of
intersection classes will be denoted by Z(f,g).

PROPOSITION 3.1. Z(f,g) is finite, and each intersection class J is a
union of components of Int(f,g).

There is also a covering space approach to this partitioning of Int(f,g)
into intersection classes. If X , Y and Z are the universal covers of X ,Y and
Z, and (z,y) € Int(f,g), choose T € py'(z) and ¥ € py'(y). Then there
exists a covering transformation v € D(Z) such that f(Z) = v§(7).

PROPOSITION 3.2. For every v € D(Z), (px x py)Int(f,~g)) is an

intersection class. Further, (px x py)(Int(f,79)) = (px x py)Int(f,~v'g))
if and only if there exist o € D(X), f € D(Y) such that (fpa)y =7 (940).

Otherwise, (px x py)(Int(f,7g)) and (px x py)(Int(f,~'g)) are disjoint.
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Proof. First, suppose (z,9), (z/,y') € Int(f,~g). Choose a path @ from
(Z,7) to (¥,7) in X x Y. Then w = (px X py)@ is a path from (z,y) =
(px x py)(Z,y) to (2',y') = (px x py)(@,¥y'). Since (f X vg)w has its
endpoints in A(Z), it is endpoint-homotopic to a path in A(Z). Clearly, its
image (f X g)w is then endpoint-homotopic to a path in A(Z).

On the other hand, suppose (z,y) € (px Xpy)(Int(f, 79)), and (z,y) and
(2',y’) are in the same intersection class, with a path w connecting them.

>~ o7

Let & be the lift of w in X x ¥ based at (#,7) € (px x py)(Int(f,~3)).
Let (z/,3") = ©(1). Since (f X g)w is endpoint-homotopic to a path in A(Z),
its lift based at (f(Z),7§(y)) is endpoint-homotopic to a path in A(Z). But
since its endpoint is (f(Z),7§(7)), the point (f(Z'),~7g(7)) lies in A(Z),
and (7,7 € Int(f,79).

This establishes that (px x py )(Int(f,~7§)) is an intersection class. Clear-
ly, any two such sets either coincide or are disjoint. If (px Xpy) (Int(fv, vg)) =
(px Epy)(Int(f, v'G)), then there are points (Z,7) € Int(f,v§) and (&,7') €

i~

Int(f,7'g) with (px X py)(Z,¥) = (px x py)(@, 7). That is,
f@ =@, 1@ =797), ¥=a@, 7=50
for some aw € D(X), B € DY), v, € D(Z). Then

f@) =~9@).  (F#a)f@ = (92530,
fa@ =~'g8@),  (f4)9(@) = (948)9(D),
which implies that (fxa)y =~'(gx5). »

We therefore define Reidemeister intersection classes in D(Z) by the
equivalence relation v ~ + if and only if there exist « € D(X), 8 € D(Y)
such that (fga)y = v(gx0). The set of Reidemeister intersection classes
will be denoted by RI(f,g). Of course, if f(z) = z = g(y), then we can
also define the Reidemeister relation in terms of the fundamental group
homomorphisms

m(X,2) T w1(2,2) S m(Yy).
Note that RI(f, g) can be viewed as a double coset:

RI(f,9) = fu(m(X)\m1(Z) /g4 (m(Y)).

This can be approximated by abelianizing the problem (i.e. passing from
homotopy to homology). Let RL.(f,g) = H1(Z)/(im(f1+),im(g1«)). Clearly,
RI(f, g) maps onto RL.(f,g), so we have

ProprosITION 3.3. 1. |Z(f, g)| < |RI(f,g)|-
2. |RL.(f,9)| < |RI(f,g)|, with equality if 71(Z) is abelian.
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The inequality |Z(f,g)| < |RI(f,g)| occurs because there may be Rei-
demeister classes for which the corresponding intersection class is empty. It
will also be useful in later sections to consider intersections on the algebraic
level. That is, given (x,y) € Int(f, g), we define

I(f4: 935 (,9) = fa x e m(X,2) x m(Y,y) | (@) = g4(8)}-

It is a simple matter to check that

PROPOSITION 3.4. For every (z,y) € Int(f,g), I(f#,94;(z,y)) is a sub-
group of m (X, x) x m(Y,y). If (z,y) ~~ (2,y'), with paths a in X and (
i Y relating them, then the isomorphism

ap X Py m(X,2) x T (Y,y) —» m(X,2") x m(Y,y')
maps 1(fy, 9%; (2, y)) to I(f4,94; (2", 4)).

Proof. It is a simple matter to check that I(fx, g4; (z,y)) is a subgroup
of m (X, z) x (Y, y).

Now, given paths a from x to 2’ and 3 from y to vy’ with fa ~ gf, there
is a commutative diagram

(X, ) > 1 (Z, 2) <1 (Y, y)
a#l foag||9B4 lﬁ#
m(X,a') Ty (Z,2) <Z (V)

with (fo)x = (96)%. Now, suppose w € m (X, ), v’ € m(Y,y) such that
fu(w) = g4 (w'). Then

froy (W) = (fa)pfa(w) = (98)p94 (W) = g4 L4 (W),

80 iy X By maps I(fu, g4; (x,y)) into I(fu,gx; (2',y')). Clearly, reversing
the path gives the reverse inclusion. =

We can then unambiguously define I(fx, g»;J) for an intersection class
J. This quantity will be useful in later sections, when we investigate the
functorial properties of the Nielsen numbers.

But first we must complete the definition of the Nielsen intersection
number. To do so, we first need the concept of an essential intersection
class. When an intersection index is defined, we say that an intersection
class J is algebraically essential if Ind(f,g;J) # 0. However, intersection
indices are not defined in general, so we need a more general notion of an
essential class. Following Brooks [1], we can define in full generality a concept
of a topologically essential interesection class, which explicitly captures the
meaning of “essential” as “unable to be removed by a homotopy”.



124 C. K. McCord

To do so, we return to the fat homotopies introduced in the previous
section. There, they were used (in the setting of orientable manifolds of
the appropriate dimensions) to describe the homotopy invariance of the
intersection index. It followed then that intersection classes with nonzero
intersection index cannot be removed by a homotopy. We now use the fat
homotopy construction to describe directly an essential intersection class.
Consider homotopies F' : X x [0,1] — Z and G : Y x [0,1] — Z. Define
F:Xx[0,1] - Zx][0,1] and G : Y x [0,1] — Z x [0,1] by F(x,t) =
(F(z,1),1) and G(y,t) = (G(y,1),t). Then Int(F, G) = U, (9,1 mt(F2, Gy).
Further, the partitioning of Int(IF, G) into intersection classes preserves this
decomposition:

LEMMA 3.5. Supppose J is an intersection class in Z(F,G). Then, for
everyt € [0,1], J, = JN(X xY x{t}) is an intersection class for F; and G.

Proof. If J is an intersection class in Z(F,G), then there are lifts F :
X x[0,1 - Zx[0,1] and G : Y x [0,1] — Z x [0,1] such that J =
(px xid xpy xid)(Int(F, G)). Clearly then, J; = (px xpy )(Int(F;, Gy)) x {t},
so J; is an intersection class of (Fy, Gy).

If (x,y),(2',y") € Jy,, then there exists a path w C X x [0,1] x YV X
[0, 1] such that w(0) = (x,t0,y,%0), w(l) = (2/,t0,¥',to) and Fw ~ Gw in
Z x[0,1] x Z x [0,1]. If w(s) = (z(s),t1(s),y(s),t2(s)), then define ¥(s) =
(x(s),to,y(s),t0). Clearly, ¥ ~ w, so F¥ ~ Fw ~ Gw ~ GW¥. Moreover,
while the homotopy from F¥ to G¥ may run through all of Z x [0,1] x Z x
[0,1], it clearly projects to a homotopy contained in Z x {to} x Z x {to}.
Dropping the “x{to}”, we have a path ¢ in X XY from (z,y) to (z'y’) such
that Ft0¢ >~ Gtow'

The converse is trivial. m

We say that Jy and J; are (F,G)-related, or more informally, that Jy
can be deformed to Ji. This defines an equivalence relation on the union
Useiporeiq Z(f, ') by declaring Jo € Z(f',¢') and Jy1 € Z(f",g") to be
related if there exist homotopies F, G such that Jy and J; are (F, G)-related.
Now, given J € Z(f, g), we declare J to be inessential if it can be deformed
to the empty set. J is essential if, for every F : X x [0,1] — Z and G :
Y x [0,1] — Z with Fy = f, Gy = g, the set Int(F}, G;) is nonempty.

The Nielsen intersection number NI(f, g) is the number of essential inter-
section classes in Z(f, g). Clearly, from its construction, NI(f, g) < |Z(f,g)|.
Moreover, for every f' ~ f ¢ ~ g, NI(f,g) < NI(f’,¢’). That is,

THEOREM 3.6. NI(f,g) is a homotopy invariant, and NI(f,g) <
MI(f, g)-
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Note that NI(f,g) is not a homotopy-type invariant. For example, take
X =Y =7 =5S"and f = g = id. There is only one Reidemeister class, so
there is only one intersection class. And, since any two maps f’, ¢’ homotopic
to the identity must map onto Z, thereisforevery z € Zanz € X andy € Y
such that f/(z) = ¢’(y) = z. In particular, Int(f’, ¢’) # 0, so the intersection
class can never be removed by a homotopy, and so is essential. That is,
NI(id,id) = 1. But, if we replace Z by S! x [0, 1], and define f(z) = (z,0),
9(y) = (4, 1), then Tnt(f, ) = 0, and NI(f, g) = 0.

On the other hand, NI is a topological invariant, in the sense that pre-
composition or post-composition of f and g with homeomorphisms does not
change NI(f, g). More precisely,

PROPOSITION 3.7. If a : X' — X, B:Y' =Y and~ : Z — Z' are
homeomorphisms, then for any f : X — Z <Y : g,

NI(f,g) = NI(vfa,vg8).

Returning to the example at the end of §2, it is clear that the two in-
tersection points lie in different intersection classes. To see this, take the
representation

—1,5-1 —1,5-1
<0617ﬂ1,062752|04151a1 Bi = asfaay By )

of m(S). Then (M) = (1107 67 ") and w1 (N) = (8185 1). Thus, if we
take any choice of paths o and 3 in S! between the intersection points, then

[fagBl = (eaBrag ' BH)™ « Bu(BBy )"
for some choice of m and n. No choice of m and n ever renders the trivial
element, so this loop is essential and the two intersection points are in dif-
ferent intersection classes. Since both classes consist of a single intersection
point with index +1, both classes are essential, and NI(f, g) = 2. Further,
since

NI(f,g) < MI(f,g) < [Int(f,g)|,

it follows that MI(f,g) = 2 as well. That is, the Nielsen intersection number
correctly detects the fact that every deformation of f and g has at least two
intersection points.

4. The Wecken theorem. Having defined the Nielsen intersection
number, we are faced immediately with two natural and interrelated ques-
tions. First, note that if X, Y and Z are compact orientable manifolds
with dim(X) 4+ dim(Y') = dim(Z), we have two alternatives for defining an
essential intersection class, and hence for defining the Nielsen intersection
number. On the one hand, we can count algebraically essential classes (i.e.
those with nonzero index); or we can count topologically essential classes
(i.e. those which cannot be removed by a homotopy). Clearly, we would like
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to know if those two definitions coincide. Second, having established that
NI(f, g) is a lower bound for MI(f, g), we would like to know if it is a sharp
lower bound. What conditions on X,Y, Z and f,g are needed to guaran-
tee that there exist f' ~ f and ¢’ ~ g such that Int(f’,¢’) has cardinality
NI(f,g)? Our exploration of both of these questions closely parallels the
work in [3] and [4].

The two are actually closely related. The one setting in which we will
show NI(f,g) = MI(f,g) is that of compact orientable manifolds, and the
knowledge that algebraically essential classes coincide with topologically es-
sential classes will be an important step in that proof. We begin, then, with
the question of the relation between topologically essential and algebraically
essential classes.

Suppose X, Y and Z are compact smooth orientable manifolds with
dim(X) + dim(Y) = dim(Z). We can assume without loss that f: X — Z
and g : Y — Z are smooth maps which intersect each other transversely.
Suppose J € Z(f,g) is an intersection class. We will show that J is alge-
braically inessential if and only if it is topologically inessential. One direction
is clear: if J is topologically inessential, then it can be deformed to the empty
set, and so has index 0. The other implication requires more work and some
hypotheses. The starting point is the Whitney lemma [11]:

LEmMA 4.1. Consider embeddings f : DP — M and g : D¢ — M,
where M is a compact orientable manifold of dimension p+ q and p,q > 2.
Suppose Int(f,g) consists of exactly two points (r1,y1), (x2,y2) with
Ind(f,g;(x1,11)) = —Ind(f,g;(x2,y2)). If there are paths « from z1 to
xo and B from y1 to ys such that fa is smoothly homotopic to g3, then
there exists a smooth homotopy F : DP x [0,1] — M such that Fy = f and
Int(Fy, g) = 0.

Using this, we can show that

LEMMA 4.2. Suppose X, Y, Z are compact orientable manifolds with
dim(X) + dim(Y) = dim(Z) and max{dim(X),dim(Y")} > 2. If J € Z(f, g)
has Ind(f,g; J) = 0, then there exist homotopies F : X x [0,1] — Z and
G:Y x[0,1] — Z such that J is (F,G)-related to the empty set.

Proof. Since f and g intersect transversely, the only way J can have
index 0 is for J to consist of 2m points, half of which have index +1, the other
half having index —1. To remove J, it suffices to show that we can cancel
a pair of points (z,y), (2’,y’). If we assume without loss that dim(X) <
dim(Y"), we must consider separately the two cases dim(X) < dim(Y") and
dim(X) = dim(Y’). In the former, dim(Z) > 2dim(X), and an arbitrarily
small perturbation will make f an embedding [7, Theorem 2.2.13]. In the
latter, dim(Z) = 2dim(X), and an arbitrarily small perturbation will make
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f an immersion with clean double points [7, Theorem 2.2.12 & Ex. 3.2.1].
That is, there is a finite set Sy C X such that

1. f is injective on X \ S§;
2. for each x € Sy there is a neighborhood U such that f|y is injective;

3.if f(x;) = f(x;), then f(U;) N f(U;) = f(x;), and f|y, and f|y, are
transverse at that point.

Since dim(Z) = 2dim(Y’) as well, a similar deformation of g can be
made, and a similar set S, defined.

Case I: dim(X) < dim(Y). To apply the Whitney lemma, both of
the maps involved must be embeddings. Since embeddings are not dense in
C°(Y, Z), we must “manufacture” an embedding. To do so, consider f x id :
XXxY —-ZxY,andg:Y — Z xY defined by g(y) = (9(y),y). These are
both embeddings of manifolds with dimension at least 3. If § : Y — Y x Y
is the diagonal embedding, then id X6 : X x Y — X x Y x Y maps Int(f, g)
homeomorphically to Int(f x id,g). There are paths a x # from (x,y) to
(¢/,9y')in X xY and 3 from y to ¥’ in Y such that faxf ~gBxBin ZxY.
To apply the Whitney lemma, we must verify that Ind(f x id, g; (z,y,y)) =
Ind(f, g; (z,3)) and Ind(f x id, §; («/, ', 3/)) = Ind(f, g; (a', ).

If {v1,...,vp} is a basis for T, X and {wi,...,w,} is a basis for T,Y,
then

o {Dfy(v1),...,Dfe(vp), Dgy(wr),...,Dgy(wg)} is a basis for Ty, Z;

o {v1 x0,...,0, 0,0 xwy,...,0x wy} is a basis for T, (X x Y);

o {Df,(v1)x0,...,Dfy(vy) x0,Dgy(w1)%x0,...,Dgy,(wg) x0,0xwr,...

..,0x wg} is a basis for T sz, (Z x Y).

If we use these bases for Z, X x Y and Z x Y (which we are free to do),

then
Ind(f,g; (z,y)) = Ind(f x id, g; (z,y,9)) = 1.

We now have to consider Ind(f x id, g; («’,v’,v")) and Ind(f, g; (2, v")).

Since (x,y) and (2,y’) lie in the same intersection class, there are paths
a from z to 2’ and B from y to y' such that fa ~ gB. Let {v],...,v,}

and {w},...,w,} denote the translates along o and 3 of {vy,...,v,} and
{wi,...,wg} toTp X and T, Y. For T,y Z, there are two bases to consider:

{Dfur (V)),...,Dfor(v}), Dgy (wy), ..., Dgy (wy)}
and the basis formed by translating
{Dfu(v1),..., Dfa(vp), Dgy(wr), ..., Dgy(we)}

along fa from T,y Z to T,y Z. If C'is the change of basis matrix relating
these two bases, then Ind(f, g; (2/,y’)) = det(C). Similarly, we can translate
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the basis of T\, (X x Y') to the basis
{v] XO,...,U; X0,0Xwi,...,Oxw;}
for T(x’,y’)(X X Y) Then T(f(:c’),y’)(Z X Y) has the basis

{Dfu(v]) x O,...,wa/(vz’j) x 0,
Dgyr(wy) X 0,...,Dgy (wg) x 0,0 x wi,...,0x w,}

and the basis formed by translating

{Dfy(v1) x0,...,Dfz(vy,) X0,
Dg,(w1) x0,...,Dgy(wy) X 0,0 x wy,...,0x wy}

from T{¢(a),)(Z xY) along g3 x 3. The change of basis matrix relating these

two bases is
cC 0
o= 7]
SO

Ind(f X id7/g\; (wla y/? y/)) - det(D) - det(C) - Ind(fa g; (iL'/, y/))

The Whitney lemma then implies that there exists a G : Y x [0,1] —
Z x Y such that Gy = § and im(G;) N (f x id) = 0. Let G be the projection
010 G:Y x [0,1] — Z of G onto Z. Tt is a simple calculation to see that
f xid and G, are intersection-free if and only if f and G, are. This, then,
is the required homotopy. Moreover, since the Whitney lemma is really a
local result, G and G can be constructed so that ¢ is deformed only in a
neighborhood of (. In particular, no new intersection points are formed.
Applying this process iteratively removes all of the intersection points in J.

Case II: dim(X) = dim(Y). If dim(Z) = 2dim(X) = 2dim(Y), then
arbitrarily small perturbations make f and g immersions with clean double
points and with transverse intersections. Moreover, since f and g each have
only a finite number of self-intersections, we may assume that Int(f, g) is
disjoint from X x S, and Sy x Y; and that if o and 3 are paths connecting
points in J, then the homotopy H : fo =~ g3 is likewise disjoint from f(Sy)
and g(S,). Now, take a neighborhood V' of «([0,1]) which avoids Sy, and
whose only intersections with J are x1 and z2. The Whitney lemma implies
that there is a homotopy F': X x[0,1] — Z such that Fy = f, F; = f outside
of V for every t, and F (V)N g(Y) = 0. Applying this process successively
to pairs of points in J eventually eliminates all intersections in J. m

Thus we know that

THEOREM 4.3. If X, Y and Z are compact orientable manifolds with
dim(Z) > dim(X) + dim(Y) and max{dim(X),dim(Y)} > 2, then for any
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f: X —>Zand g:Y — Z, an intersection class J is topologically essential
if and only if it is algebraically essential.

Now, apart from its own intrinsic importance, this result is also a signifi-
cant step towards establishing the Wecken theorem for intersection numbers.
For fixed points, it is true for almost all spaces that, given f : X — X, there
isan f’ ~ f such that f’ has exactly N(f) fixed points. For coincidences and
roots, the results are more restrictive, requiring that the spaces be manifolds
of sufficiently high dimension. Our results for intersection numbers parallel
these, requiring the same restrictions for the same reason—to allow use of
the Whitney lemma. It is not clear, however, that such restrictions are truly
necessary. While certainly not the last word on the subject, we do have the
following

THEOREM 4.4. If X, Y and Z are compact orientable manifolds such that
dim(Z) > dim(X) +dim(Y") and max{dim(X),dim(Y")} > 2, then for every
f: X —Zandg:Y — Z, there exists ' ~ f and ¢’ ~ g such that [’ and
g' have exactly NI(f, g) points of intersection.

Proof. The case dim(Z) > dim(X) + dim(Y") is trivial: in this case,
transversality allows us to perturb f and g to be intersection free. The
case we are really interested in is dim(Z) = dim(X) + dim(Y). As with
Lemma 4.2, we assume dim(Y’) > dim(X). We follow the canonical con-
struction to obtain f’ ~ f, ¢’ ~ g such that |Int(f’, ¢')| = NI(f, g):

1. If an intersection class J has index 0, deform f and g to remove J.
2. If an intersection class has nonzero index and contains more than one
point, deform f and g to consolidate the class into a single point.

Lemma 4.2 takes care of the first step. For the second step, suppose J is
an intersection class with Ind(f, g; J) = v # 0. We may apply the same pro-
cess to cancel all intersections in J with indices of opposite sign, so we may
assume that J consists of |v| intersection points, all having the same index.
We may also assume that either f is an embedding (if dim(X) < dim(Y")) or
both f and g are immersions with clean double points (if dim(X) = dim(Y)).
Choose a point (zg,yo) € J, and euclidean neighborhoods V' of yg and W of
g(yo) such that VMoo (Int(f, g)) = yo; VNS, = 0 and WN(f(Sf)Ug(S,)) =0
(if S¢ is nonempty); and f(V) C W. Now, f(X)N W is a submanifold of
W, so we are in the same setting as [4, §3.3]. The argument used there may
be employed to produce points yi,...,yp|, ¥ € V and g’ ~ g such that

1. ¢’ = g outside of V.

2. 02(Int(f,9')) OV =A{wo, 41, -,y U}
3. All intersection points in V lie in a single intersection class, which is

related to J.
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4. Tnd(f, ¢'; (x0,90)) = Ind(f,g; (x0,90)), Ind(f’, g; (Z,7)) = v and, for
1= 17 ey |V|7 Ind(f/vg’ (%,?/z)) = - Ind(fvg7 ($07y0))-

Thus J is deformed to an intersection class with 2|v|+ 1 intersection points.
Of these, |v| have index +1, |v| have index —1 and one has index v. Applying
the arguments used in Lemma 4.2 again, we can cancel the 2|v| points with
index +1, and deform J to the single point (Z,7) with index v. m

It is worth noting in this result that, in all cases, we realized the lower
bound NI(f,g) by first deforming one map to an immersion with at most
finitely many self-intersections, then deforming the other to eliminate all
extra intersection points. We can interpret this as saying that the Nielsen
intersection number is “almost” one-sided. That is, if we allow one arbitrarily
small perturbation of one of the maps, we can eliminate all inessential classes
by then holding that map fixed, and performing all deformations on the other
map.

5. The Jiang condition. At this point, we have established some of
the properties that make Nielsen intersection numbers useful. However, we
have not established any properties that help us to actually compute them.
In the remaining sections, we turn to computational issues. In this section,
we consider the Jiang condition as an aid in directly computing NI(f, g). In
the remaining sections, we consider methods by which Nielsen intersection
numbers for one intersection problem can be related to intersection numbers
for other (presumably solved) intersection problems.

The Jiang condition is a well-known computational technique for Nielsen
fixed point numbers [8]. It has been generalized to coincidence numbers [1].
Its generalization to intersection theory is similar, and arises quite naturally
in the process of defining Nielsen intersection numbers. To determine if an
intersection class J € Z(f,g) is essential, all homotopies F' and G based
at f and g are considered. If J cannot be deformed to the empty set, it is
essential—and so is any class that J can be deformed to. Now, among all
of the homotopies based at f, there may be cyclic homotopies: maps F' :
X x[0,1] — Z such that Fy = F}; = f. Then Jy and J; are both intersection
classes in Z(f, g) and they are either both essential, or both inessential. This
suggests that there should be an equivalence relation on Z(f, g), generated
by examining cyclic homotopies, and that given a “Jiang equivalence class”,
either all intersection classes in that Jiang class are essential, or all are
inessential. If this equivalence relation can be clearly understood, it can
greatly simplify the computation of NI(f, g).

To make this idea precise, we begin by considering the Jiang subgroup
for a single map f : X — Z. If we fix a “reference lift” f : X — Z of f,
then any other lift of f has the form v f, v € D(Z). If we take the lift F' of
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a cyclic homotopy F' with ﬁo = 'y]?, then I} = 5]? for some 6 € D(Z). We
then declare v and § to be Jiang equivalent, written v ~j §. This is easily
seen to be an equivalence relation. In fact, equivalence classes are actually
cosets of D(Z). To see this, define

J(f)={y€D(Z)|3 a cyclic homotopy F : f ~ f with lift F
such that Fy = f and F} = ’yf}
LEMMA 5.1. J(f) is a subgroup of D(Z). If 6 € D(Z), then J(6f) =

§1I(f)8.
_ Proof If F': f~ fand F': f ~ f are cyclic homotopies that lift to
F:f~~fand F': f~{f, then

v [ F(x,2t), t<1/2,
Fi(w,t) = {F’(az,Qt— 1) t>1/2,

is a cyclic homotopy that lifts to

B 1) = {ﬁ@:, 2t), t<1/2,
’ yF' (2,2t — 1), t>1/2.

That is, FVZ . f ~~8f, 5076 € J(f). Similarly, if F(z,t) = F(x,1—t), then
F lifts to F : 7]7: f, or v 1F: f: 7*1]?. That is, v~ € J(f)
If v € J(6f), then there is a cyclic homotopy F': f ~ f with lift F' such

that Fyp = ¢ f and Iy = 74 f. Then 5~ Fisa homotopy from fto 5_175]?,
sod o e J(f) m

We refer to J(]?) as the Jiang subgroup of f based at f Clearly, the
Jiang equivalence classes are just the cosets of D(Z)/J(f).
_ In its covering space formulation, the Jiang subgroup depends on the lift
f chosen as the reference lift. There is a fundamental group formulation,
which replaces this dependence on the lift with a dependence on a base
point. If f(z) = z, define

J(f,x) ={[w] € m(Z,2) | w(t) = F(x,t) for some F : f ~ f}.

It is easy to check that J(f,x) is a subgroup of m(Z,z). To determine
the dependence on z, take 2’ € X, and choose a path a from z to z’.
Then F(z,—) * fa is endpoint-homotopic to fa * F(2', —), with homotopy
H(s,t) = F(a(s),t), so the isomorphism (fa)4 : m1(Z,2) — m(Z, 2') maps
J(f,x) isomorphically to J(f,x’).

Let @7 : D(Z) — m1(Z, z) denote the isomorphism that identifies v with

the projection of a path from f(z) to 7f(Z). Then the two formulations of
the Jiang subgroup coincide:

PROPOSITION 5.2. @7 maps J(f) isomorphically to J(f,z).
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We will find it more convenient to work with the fundamental group
formulation, but we will move back and forth between the two whenever it
is convenient to do so.

The two most important properties of the Jiang subgroup (cf. [8, Lemmas
11.3.3, 11.3.4]) are:

PROPOSITION 5.3. Given X LV % Z with f(z) =y, g(y) = z, we have

L. g4 J(f,z) C J(gf,x) and J(g,y) C J(gf,v);
2. J(f,.ﬁU) C ZTrl(Y,y)(f#(Trl(va)))‘

Proof If F: f ~ fhas F(z,t) = w(t), then gF : gf ~ gf has gF (z,t) =
gw(t), so gxlw] € J(gf,x). Similarly, given G : g ~ g, Gf : gf ~ gf has
Gf(z,t) = Gy, 1), s0 [G(y,1)] € J(9f, ).

Finally, given [a] € m (X, z) and [F(z,t)] € m1(Y,y), define H : [0,1] x
[0,1] = Y by H(s,t) = F(a(s),t). Then the two “edges” of the square are
fax F(x,—) and F(z,—) * fa, and F(z,—) centralizes [fa]. m

COROLLARY 5.4. The isomorphism (fa)y @ J(f,x) — J(f, ') is inde-
pendent of the path o from x to x'.

In particular, if we take ¥ = Z and g = id then the Jiang group
J(Y) = J(id,y) is an abelian subgroup (since J(id,y) C Z(m1(Y,y))).
Then composing idy with any f : X — Y, we see that J(Y) C J(f,z) C
Zr (v (fpmi(X, ). If Y is a Jiang space (ie. J(Y) = m(Y,y)), then
m1(Y,y) must be abelian, and J(f,z) = m1(Y,y) for every f.

It is also worth noting that, since J(f,z) centralizes fy(m(X,x)), their
product

J(f,x) [ (m (X, @) = fa(m(X,2))J(f, 2)
is a subgroup of m(Z,z). We will denote this subgroup by J.(f,x). Like

J(f,z), J«(f,x) is in some sense independent of the basepoint chosen, in
that we can canonically identify the subgroups defined at different points.

PROPOSITION 5.5. If o is a path in X from x to x’, then (fa)y maps
J«(f,x) isomorphically to J.(f,x').

To make contact with intersection theory, consider cyclic homotopies
F:Xx[0,1] » Zand G : Y x[0,1] — Z. Suppose that J is an intersection
class of f = Fy and g = Gj. Choose lifts f and g such that J has the
form (px X py)(Int(f,g)), and lift F' and G to F and G with Fy = f and
Go =g. Then F —71f7 Gh = 759 for some 1 € J(f) Y2 € J(g), and J is
(F, G)-related to

(px % py)(Int(y1f,729)) = (px x py) It (f, 77 723)),
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which we label as J, . Clearly, J is essential if and only if J g is; and
if an intersection index is defined, Ind(f, g; J) = Ind(f, g; Jvf1W2)'

This motivates the definition of a Jiang equivalence relation: J ~j J'
it J5 = J,,4, for some 1 € J(f), y2 € J(g). Similarly, we can define
an equivalence relation on the set of Reidemeister classes RI(f,g) =
fa(m(X,2)\m1(Z, 2)/g4(m1(Y,y)) by taking a further double quotient by
J(f,x) and J(Y,y). That is, v ~3 v in m(Z, z) if

v = fu(a)y1vv294(0)

with o € m(X), B € m(Y), 71 € J(f) and v2 € J(g). The set of equivalence
classes is the double coset J.(f,z)\m1(Z,2)/J(g,y).

PROPOSITION 5.6. If J ~j3 J' in Z(f,g), then J is essential if and
only if J' is. If there is an intersection index defined, then Ind(f,g;J) =

Ind(f,g;J").

This analysis is most valuable when all intersection classes lie in a single
Jiang class. In fixed point theory, the Jiang condition is a condition on the
fundamental group level which guarantees that there is a single Jiang classs.
The efficacy of that condition depends heavily on the ability to iterate self-
maps. Since there is no such ability in the intersection problem, the “Jiang
condition” takes a rather different form, but the significance of the condition
remains the same.

THEOREM 5.7. If J is an intersection class in Int(f, g) and

J*(f,x)J*(g,y) = 7T1(Z, Z)

for some (x,y) € J, then every intersection class is Jiang equivalent to
J. That s, either all intersection classes are essential, or all are inessen-
tial; and either NI(f,g) = 0 or NI(f,g) = |RI(f,g)|. If the intersection
index Ind(f, g) is defined, then all intersection classes have the same indez,

and
_ 07 LI(f7 g) = O’
NI(f,g) = { IRI(f,g)|, LI(f,g)#O0.

Some comments on the quantity J.(f, z)J.(g,y) are in order. First, since
the two subgroups J.(f,x) need not normalize each other, their product is
not a subgroup of 71 (Z, z) in general. Second, while J,.(f,z)J.(g,y) is con-
stant (or canonically isomorphic) as (z,y) varies across an intersection class,
it can vary as (x,y) moves from one intersection class to another. On the
other hand, the Jiang condition J.(f,z)J.(g,y) = 71(Z, z) is independent
of the intersection class (z,y) lies in. That is,
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ProprosITION 5.8. If J.(f,x)J«(g,y) = m(Z,2) for some (z,y) €
Int(f,g), then
J*(f7 x/>J*(gv y,) = 771(27 Z/)
for all (z',y") € Int(f,g).

Proof. Choose paths « from z to ' and 3 from y to 3. Then

Jo(fs2) (9, 9') = (fo) ™ s Ju(f, ) * (for) % (98) " * Ju(g, ) * (98).

Now (fa) x (gB8)~! is a loop at z, and so is an element of J.(f,z)J.(g,y).
That is,

J*(fa :L‘/)J*(g’ y,) = (fa)_l * J*(f7 ﬂU)J*(g, y) * (gﬁ)
= (fa) ™t xmi(Z,2) x (98) = m1(Z,2). =

Thus, the Jiang condition is satisfied at every point in Int(f,g), or at
none.

Finally, if Z is a Jiang space, then J(Z) = m1(Z, z), so J(f,x) = J(f) =
m(Z,z) for all f : X — Z, and the Jiang condition is satisfied for all
intersection problems. Of course, if Z is a Jiang space, then m1(Z,z2) is
abelian, and Proposition 3.3 allows us to replace RI(f,g) with the more
computable RL.(f, g).

THEOREM 5.9. If Z is a Jiang space, then for every X and Y and every
f:X —>Zand g : Y — Z, either all intersection classes in Z(f,g) are
essential, or all are inessential. Thus, either NI(f,g) = 0 or NI(f,g) =
IRL.(f, g)|- If the intersection index Ind(f, g) is defined, then all intersection
classes have the same index, and

(o, LI(f.g) = 0,
NI(f.9) = { RL(f.g)l, LI(f.g) #0.

Let Z be the n-torus 7™, and let X, Y be tori of dimension p and ¢ = n—p
respectively. Z is a Jiang space, so

fo, LI(f,g) = 0,
NI(f.9) = { RL(f.g)l, LI(f.g)#0.

If LI(f,g) # 0, then RL.(f,g) = H1(T") /(im(f1+),im(g1)) is just the coker-
nel of the n x n matrix A = [f1. g1.) : H1(T?; Q) ® H1(T%;,Q) — H1(T™;Q),
so NI(f,g) = |det(A)|. In fact, by exploiting the relationship between Nielsen
intersection numbers and root numbers, we will show [10] that

NI(fyg) = |LI(f7 g)’ = |det[f1* gl*”

for all maps from tori to tori.

6. Functoriality. As with any topological invariant, the range of com-
putability in Nielsen theory is expanded by the ability to relate Nielsen
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numbers from one problem to those from another. In particular, computa-
tional formulas for fibrations and finite covering spaces have been extensively
developed. An important preliminary to developing these formulas for in-
tersection theory is the establishment of the basic functorial properties of
Nielsen intersection numbers. We consider then the following diagram:

X, f1 7 g1 Y,

X, 2 Z <92 Y,
That is, if we wanted to define a category of intersection problems, we could
consider X; RN Zy <~ v, and X5 ELN Zo 22 Y5 to be objects in the

category and the trio of maps (a, b, c) to be a morphism.
Some of the basic questions to be asked here are:

e Do intersection points map to intersection points, and intersection
classes to intersection classes?

e Given a class Jo € Z(f2,92), how many classes in Z(f1, g1) map to it?

e Do essential classes map to essential classes? Do inessential classes map
to inessential classes?

If we could answer all of these questions, we could relate NI(f1, g1) and
NI(f2, g2). Unfortunately, we will not be able to answer these questions in
general. However, we will establish some partial results, which will be useful
in the examination of finite covers and fibrations.

PROPOSITION 6.1. The map (axb) : X7 xY; — X5 x Yy maps Int(f1, g1)
to Int(fa,92). Moreover, if Jy is an intersection class in Int(f1,q1), then
(a x b)(J1) is contained in a single intersection class in Int(fa, g2).

Proof. It is trivial to check that a x b maps Int(f1, g1) into Int(fz, g2).
If (z,y) ~~ (2/,y’) in Int(f1,91), with paths o in X7 and 8 in Y] relating
them, then aa and b3 are paths in X5 and Y3 with aa : a(z) ~ a(z’),
b3 : b(y) ~ b(y') and fraa >~ gob. m

There is then a well-defined map Z(a x b) : Z(f1,91) — Z(f2,g2). Simi-
larly, ey : m1(Z1, z21) — m1(Z2, 22) maps Reidemeister classes to Reidemeis-
ter classes, so there is a well-defined map RI(c) : RI(f1,91) — RI(f2,g2).
Moreover, these maps are intertwined.

PROPOSITION 6.2. There is a commutative diagram
IZ(f1, 1) —RI(f1,91)

ll’(axb) \LRI(C)

Z(f2,92) —RI(f2, g2)-



136 C. K. McCord

Now, given J, J' € Z(f1, 1), we would like to know when Z(a x b)(J) =
Z(a x b)(J'). As approximation of this, we would like to be able to com-
pute the cardinality of RI(c)™![y2] for any [y2] € RI(fa,g2). This is slightly
less useful, because we may not know whether or not Int(}:z,’)/zgz) (or its
preimages) is essential, or even non-empty. That is, we do not know if we
are obtaining information about intersection classes when we get informa-
tion about Reidemeister classes. On the other hand, since RI(c) is defined
algebraically, we might expect it to be more easily understood.

Unfortunately, even calculations with RI(c¢) are difficult. Following [8,
Proposition 1I1.1.15], we can determine the cardinality of RI(c)~! in one
important case. Suppose that

im(ay) < m(Xo,x2), im(bg) <mi(Ye,y2), im(cy) < m(Zs,z22).

There is then a commutative diagram of groups and homomorphisms

f
(X1, 21) 1y (21, 21) <2 w0 (Ye, 1)

f:
m1 (X2, x2) i>7T1(Zz,Zz)<gi7T1(Yz’y2)

coker(a4) —— coker(cu) <—2— coker(b)

Just as Int(fay,goy; (v2,92)) is a subgroup of m(Xa,22) x m1(Y2,92),
Int(f,g) is a subgroup of coker(ay) x coker(by). Further, (0, X 05) maps
Int(foy, go#; (x2,y2)) into Int(f,g). Indeed, while we will not make use of

the fact, (0o x 0b)(Int(fas, g2; (z2,y2))) is a normal subgroup of Int(f, 7).
In any event, we define

P(f,g; (x2,12)) = [Int(f,g) : (0a X o) Int(fou, gos: (€2,y2))|.

PROPOSITION 6.3. P(f,g; (z2,y2)) depends only on the intersection class
of (w2, y2).

Proof. Take (z1,y1),(21,%1) € Int(fi,91) such that (z2,92) =
(a(z1),b(y1)) and (5, y5) = (a(z)),b(y])) are in the same intersection class
in Int(f2, g2). We must show that the diagrams

71 (X2, 22) %W1(22722)<927#771(Y27y2)

T

coker(a ) I coker(cy ) <—2— coker(by)
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and

m1(Xa, 7h) 225 11y (Za, 2h) <22 1y (Ya, ub)

i@; lgi l@lb
/

coker(a’y,) . coker(cly) <7 coker (/)

are conjugate. Now, there are paths a from x5 to x4 and ( from yo to v}
such that v = foa =~ go3. There is then a commutative diagram

f:
1 (X2, 22) i>7T1(Z27Z2)<g2;#7T1(Y2,y2)

m1(Xa, ) L2 1 (2o, 25) <22 11 (Ya, 1))

Since im(ay ) is normal in 71 (X2, 22), ay maps im(ay) to im(al,). Thus ay
defines an isomorphism @ : coker(ay) — coker(al,). Likewise, Bz and vz

define isomorphisms B# and 7. These isomorphisms conjugate the diagram
at (z2,y2) to the diagram at (x%,y5), and so map (g, X op)(Int(faz, gox;

(w2,92))) and Tnt(F,g) to (o}, x o) (Int(fage, o (¥, 95))) and Int(f',7). m

We can then speak of P(f,g;J2) for Jo € Z(f2,g2). This quantity is of
interest in determining how intersection classes in Int(f;,¢1) map to inter-
section classes in Int(f2, g2).

PROPOSITION 6.4. Suppose J; € I(fi,g;) are intersection classes such
that Z(a x b)(J1) = Ja. Fiz basepoints (x1,y1) € J1 and let x5 = a(xy),
yo = b(y1), zi = fi(ws) = 9i(ys). If cy : m1(Z1,21) — w1(Za, 22) is injective
and

im(ag) < m(Xe,22), im(by) <m(Ya,y2), im(cy) < mi(Z2,22),
then RI(c)~*(J2) has cardinality P(f,g; J2).

Proof. We will work with the diagram

f
(X1, 21) 1y (21, 21) <2 (Y, )
FETE
f:
7T1(X2,902)i>ﬂ1(22,22)<ﬁ771(y2,y2)
In these coordinates,

RI(c) "' (J2) = {Im] € RI(f1,91) | 11 = fosn(02)gan (85 )
for some ay € m(X2), B2 € m(Y2)}
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= im(fig)\cz' (im(fog) im(gag) Nim(cx))/ im(g14)

= im(fogay)\ im(foz) im(g24)/ im(g14b% ).
Similarly,

Int(f,9)/(0a % ob)(Int(foz, gay; J2))
= (0o % 0v) " (Int(f,9))/ Int(fog, g2p; J2) (im(ag) x im(by)).

Define ¥ : (04 % 05) " (Int(f,g)) — im(fog) im(gog) Nim(cy) by ¥(az, f2) =
fg#(ag)gg#(ﬁgl). Clearly, ¥ maps into im(fox)im(gag). And, if (ag, B2
€ (00 x 0b) *(Int(f,7)), then ocfou(az) = 0cgou(B2), 50 fou(az) =
cu(1)g24(B2), and foy(an)gox (B ') = cp(n) € im(eg). If (o,8) €
Int(fag, gog; J2)(im(ay) xim(by)), then (o, B) = (@’ay (1), B'by(B1)) with
fag (@) = g4 (B'). Then ¥(a,B) = fopag(a1)gayby(B1), so ¥(a,3) be-
comes trivial in the double coset im(fogpax)\(im(fox)im(gox) Nim(cy))/
im(g14bx). There is then a well-defined function

(0 % 0v) " (Int(f, 7))/ Int(fag, gog; Jo) (im(ag) x im(by))
iw
im(fagay)\im(foy) im(gax)/ im(giyby).

We claim that ¢ is a bijection. ¥ is surjective, so ¢ is surjective. To see
that 1 is injective, take (az, 32) and (b, 35) € (04 X 0p) t(Int(f,g)) such
that ¥(ao, f2) and ¥(ah, 45) lie in the same double coset. That is,

Jou(05) g2 (85 Y) = fapay(on) fosu(oz)gos (B ') gauby (B )

for some a; € 71(X1), 1 € 71(Y1). Then (o tay(ay )b, By bu (B 1)B) €
Int(fas, gog; J2). Since im(ax) < m1(X2) and im(by) < w1 (Y2), there exist
o) € m(X1) and B] € m1(Y1) such that

ay(a)) = abay(an)as,  by(B)) = Bbu(B)Bs
Then
(g, B8) = (02, B2) (03 "y )y, By b (57 1) BE) (s (@), by (B1))
and [a4, B3] = [0z, 3] in
(0a % 0b) " (Int(f, 7))/ Int(fop, g2g; J2) (im(az) x im(by)).

In the settings we will be concerned with in the remaining sections, this
will give us sufficient information about the behavior of Z(a x b) and RI(c).
However, this provides no information about the relation between essential
and inessential classes in Z(f1,¢91) and Z(f2,g2). Here too, there do not
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appear to be any strong general results, but there are some partial results
that will be of use.

PROPOSITION 6.5. Suppose that ¢ : Zy — Zs has the homotopy lifting
property. If Jy is an essential intersection class in Z(f1,g1), then Jo =
Z(a x b)(J1) is an essential intersection class in I(fa,g2).

Proof. Suppose Js is inessential. Then there exist homotopies Fo and
G4 such that Jy is (Fy, Ga)-related to the empty set. Lift Fha and Ga2b to
homotopies F; : X7 x [0,1] — Z; (based at f1) and G : Y1 x [0,1] — Z;
(based at g1). Then J; is (Fy,G1)-related to an intersection class which
maps into the empty set. That is, J; is (F1, G1)-related to the empty set,
and so is inessential. m

7. Finite covers. As our first application of these functoriality results,
we consider how the computation of Nielsen intersection numbers can be
facilitated by lifting the problem to a finite cover. This analysis will follow
that of [9, §5]. Its results will be of particular interest in two settings. First,
when Z has finite fundamental group, we can lift the problem to a compact
simply connected space, in which there is only one intersection class. Second,
when X, Y and Z are manifolds, but not all are orientable, we can lift the
problem to orientable manifolds, where we can employ the intersection index.
In general, consider the following diagram:

where all of the vertical maps are finite regular covers. Denote the covering
groups by D(px), etc., and the induced maps from D(px) and D(py) to
D(pz) by fp# and gp%. We want to consider NI(f, g) as the quantity we are
trying to compute, and NI(]?7 g) as a quantity that we know how to compute.
The problem is to relate the two.

In this setting, the hypotheses of Propositions 6.4 and 6.5 are satisfied,
so we know that

o If J € I(f,g), then RI(c)"1(J) is either empty, or has cardinality
P(f,9;J).

e If J is inessential, then every J € Z(a x b)~1(J) is inessential.

The additional structure supplied by the covering maps allows us to
refine these results considerably. If X, Y and Z are the universal covers of
X, Y and Z respectively, then they are also the universal covers of X, Y
and Z. There are lifts f and g of f and § forming a commutative diagram
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N
e

B e
3
=

-
3
N
T@ Tlez

NI
<

% l;d l‘w

p bz Py

f g

X—Z<—Y

S
-

The compositions px = pxpx, Py = PyPy, Pz = pzp; are of course the
universal covering maps of X, Y and Z. Moreover, for any v € D(Z), there
is a7y € D(pz) such that yp; = p;7.

Thus, if J = (px x py)(Int(f,¥§)) is an intersection class in Z(f, g), then

J = (px * py)(px * py)(Int(f,79))
with J = (px x py)(Int(f,7§)) an intersection class in Z(f,7g).

PROPOSITION 7.1. For every J € I(f,g), there is a unique 7 € D(pz)
such that J is in the image of Z(f,7g) under Z(px X py).

Thus, as we range over D(pz), we range (without repetition) over
Z(f,g). We can then concentrate on a single choice of lifts f and g, and
determine the relationship between Z(f,g) and its image in Z(f,g) under
Z(px X py)-

PROPOSITION 7.2. If J € Z(f,g) is in the image of Z(f,q), then there
are P(f,g;J) intersection classes J in I(f,g) such that Z(px X py)(J) =
J. Each of these sets J is a covering space over .J, with covering group
(ox x oy)(Int(fy, gg;J)) = Int(fy, g4;J)/(Dx4 X py#) Int(f4, Gy J).

Proof. We know that there are P(f,g;J) Reidemeister classes covering
J, and that at least one of them is non-empty. We must show that in fact
all of them are non-empty. Consider J = (pg X py)(Int(f,q)) and J' =
(pg xp?)(lnt(f, vg)) for some v € D(Z). Suppose that J is non-empty, and
that both J and J’ map into J.

Now 7 can also be viewed as an element of D(Z), and

(px x py)(J') = (px % py)(p * py)(Int(f,~7))
= (Px x by)(Int(f,73)) = J.

That is, J' maps onto J, and so must be non-empty.

We now want to show that every J that maps onto .J is in fact a covering
space, with covering group Int(fx, gx;J)/(px# X Py #) Int(f#,y#; J). Sup-
pose (Z,y) € J, and (a(Z),B(y)) € J for some a € D(px), B € D(py).
Then there are paths w; from T to «a(Z) and Wy from § to B(¥) such
that f(w;) ~ g(w2) in Z. Thus [fpxwi] = [gpyws] in 71 (Z). That is,
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([pxw1], [pyw2]) € Int(fx, gx;J). On the other hand, suppose ([w1], [w2]) €
Int(fy, gx;J). Lift wy to a path W; based at Z, and wy to a path Wy based
at 7. Then fw;(0) and gw2(0) coincide, and their projections are endpoint-
homotopic. Thus fw; and gws are endpoint-homotopic, and in particular,
fw1(1) = gwa(1). Thus there is an element of J corresponding to every

([w1], [wa]) € Int(fy, g4;J). It is easy to check that the kernel of this repre-

sentation is (pxg X py) Int(fy,gy;J). =

It remains to determine the relation between essential classes in Z(f,g)
and essential classes in Z(f,g). We already know from Proposition 6.5 that
inessential classes in Z( f, g) are covered by inessential classes. Unfortunately,
the converse is false: we will see below (Example 7.7) that it is possible for an
essential class in Z(f, g) to be covered by an inessential class in Z(f,g). On
the other hand, while it is possible that an essential class could be covered
by inessential classes, it cannot occur that some of the P(f, g; J) intersection
classes are inessential and some are essential.

PROPOSITION 7.3. If J, z/ are intersection classes in Z(f,9) such that
(px X py)(J) = (px X py)(J'), then J is essential if and only if J' is.

Proof. Write J as (px X py)(Int(f,§)) and J as (pg x ps)(Int(f,79))
for some v € D(Z). Now, since (px x py)(Int(f,g)) = (px x py)(Int(f,~7))
in X x Y, Proposition 6.4 implies that, when ~ is viewed as an element
of D(2), v = fu(a™1)gx(B) for some a € D(X), B € D(Y). Then J =
(px % py)(Int(fa,gB)). Let @ € D(px) and B € D(py) be the covering
transformations generated by « and (. Then, if J can be deformed to the

empty set by homotopies F' and G, J can be deformed to the empty set by
Fa and GG. =

We are now in a position to compare NI(f,g) with the intersection
numbers NI(f,7g), with 7 ranging over D(pz). Every essential class in
Z(f,g) is covered by either P(f,g;J) essential classes, or by none. Further,
|P(f,g;J)| < dxdy, where dx = |D(px)| and dy = |D(py)| are the orders
of the covering spaces. That is, each essential intersection class in Z(f,g)
is covered by at most dxdy essential intersection classes in the covering
spaces. In summary, we have

THEOREM 7.4. Given a diagram

f

X —1>7<27v
ipx lpz ipy
x-tlez<9 vy
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in which all of the vertical maps are finite reqular covers, we have

1 s
NI(f,9) > —— > NI(f,79).
dxdy _
¥€D(pz)
If this is viewed as a way of estimating NI(f, g), we can ask how differ-
ent choices of covering spaces will effect the estimate. That is, what is the
dependence of the quantity

1 .
T 2 N

¥€D(pz)

on the covering spaces X, Y and Z chosen? In fact, it is independent of the
choice of Z, in the following sense.

PROPOSITION 7.5. Given f: X — Z and g:Y — Z, suppose p : Z —Z
18 a finite reqular cover such that f and g liftto f : X — Z andqg:Y — Z.

Then NI(f,9) = > 5 cp(p NI(f,79)-

Proof. We can apply the analysis leading up to Theorem 7.4, with
X =X and Y =Y. Then D(px) and D(py) are trivial, so P(f,g;J) = 1
for every intersection class J. Thus every intersection class in Z(f, g) is also
an intersection class in Z( f,7g) for some (unique) covering transformation 7.

We already know from Proposition 6.5 that if J is essential as an in-
tersection class in Z(f,7g), then it is essential as an intersection class in
Z(f,g). Conversely, suppose that J is inessential in Z(f,7g). Then there
are homotopies F : X x [0,1] — Z and G : Y x [0,1] — Z such that J is
(F,G)-related to the empty set. If we compose F and G with p, then J is
(pF, pG)-related to the empty set, so .J is inessential as in intersection class
inZ(f,g). m

COROLLARY 7.6. Consider the diagram

71
fi lp g1
=7 fa g2 " —
X —=4y=<=—Y

with all of the vertical arrows finite reqular covers. If p1z = p2zP, then

1 - 1 - _
Jvd > NI(f1,7.9) = Tvdv > NI(f2,7295).
XY 51eD(pi2) XY 50eD(pas)

Having established that the sum is independent of Z, it is now clear that
it cannot be independent of X and Y in general. For, if it were, then the



A Nielsen theory for intersection numbers 143

sum would be independent of all of the lifts involved, and in particular, the
inequality in Theorem 7.4 would be an equality for all lifting diagrams. This
in turn would imply that essential classes are always covered by essential
classes. Again, Example 7.7 will show that this is not true in general.

At the beginning of the section, we indicated two natural applications
of these results: first, if Z has finite fundamental group; second, if X, Y
and Z are compact manifolds, but not all are orientable. In the first case,
we can take Z to be the universal cover of Z, and X and Y to be the
covering spaces with im(pxx) = ker(fx) and im(py4) = ker(gx). It is
then a simple calculation to see that Int(f,g) = (ox X oy ) Int(fx, gx; J), so
|P(f,g;J)| =1 for every J. That is, we have recovered the construction that
defines NI(f, g): every intersection class J € Z(f,g) is covered by a single
intersection class J € Z(f,vg) for a single v € D(Z), and J is essential if
and only if .J is. This gives us the (hardly surprising) formula

NI(f,9) = Y NI(f,79).

v€D(2)

A more interesting application arises when all of the spaces X, Y and
Z are compact manifolds, but not all are orientable. There are a variety of
cases to consider (e.g. Z non-orientable, both X and Y non-orientable; Z
non-orientable and one of X, Y orientable; etc.). For the sake of definiteness,
we will consider a single case: suppose Z is non-orientable, and X and Y
are orientable. In this case, Z has an orientable double cover Z, so we have
the beginning of a lifting diagram:

Z

lpz
f g

X—7<—Y

Since im(pz4) is a normal subgroup of index 2 in (%), f;l(im(pz#))
is a normal subgroup of index at most 2 in m(X), and likewise for

g#l(im(pz#)) in 71 (Y). There are finite regular covers X and Y such that
im(px4) = f#;l(im(pz#)) and im(pyy) = g#l(im(pz#)). Thus the lifting
condition is satisfied, and fpx and gpy liftto f: X - Zandg:Y — Z.
We then have a lifting diagram

Dy O v
ipx lpz ipy
x-tlez<9 vy
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in which all of the covering spaces are orientable manifolds; pz is a dou-
ble cover; and px and py are regular covering spaces of order 1 or 2. If
dim(X),dim(Y) > 3, then the intersection index can be used to compute
Nielsen intersection numbers in Z, and so provide a lower bound for Nielsen
intersection numbers in Z.

EXAMPLE 7.7. Consider the map « : S' — RP? that generates m; (RP?).
If we represent RP? as a quotient space of the 2-disk D?, with the antipodal
identification on the boundary, then « can be represented by the intersection
with D? of any line through the origin. Any two distinct lines a1, a5 intersect
transversally at the origin, and at no other points. Thus Int(aq, ) consists
of a single point, and Z(«, ) consists of a single intersection class. We
claim that this class is essential. If o/ is homotopic to «;, then o/ is an
essential loop in RP2. It can be represented by a path 3; in D? which
intersects the boundary circle in at least one pair of antipodal points. Thus
(31 must separate D?, and in particular, must separate every pair of antipodal
boundary points. In particular, it either separates or coincides with the pair
of antipodal boundary points of (5. In either case, #; and B> must intersect,
so o) and o), must intersect. That is, we cannot remove the intersection of
a1 and ay by a homotopy, so NI(a, o) = NI(ay, an) = 1.

Now, if we take the double covering p : S' — S and the covering
q: 5% — RP?, then o lifts to &; : S' — 52, and there is a commutative
diagram

Sl @1 52 @2 Sl

Pr b

Sl $RP2<&S1

Since a; and ay are two distinct lines through the origin in RP2, their
lifts &; and &y are two distinct great circles in S?. As such, they intersect
twice, with opposite orientation. Since S? is simply connected, these two
intersection points must lie in the same intersection class. That class must
then be algebraically inessential. Moreover, it is topologically inessential: any
two images of S1 in S? can be deformed to be disjoint. Thus NI(ay, asz) = 0,
and the same is true if we compose ay with the covering transformation
v(z) = —z: NI(ay, —a2) = 0.
The formula in Theorem 7.4 in this case yields the result
1=NI(a,a) > Y NI(@~a) =0.
Y€D(Z)

That is, the formula does not always produce equality. And, in this example,
the failure of equality to obtain can be traced back to the failure of essential
classes to lift to essential classes: the single transverse intersection of a; and
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ay in RP? is lifted to two transverse intersections in S2. These lay in the
same intersection class, but had opposite orientation, so the essential class
in RP? was covered by an inessential class in S2.

8. Fibrations. Finally, we want to consider intersection numbers for
fibrations. Suppose we have the following diagram:

f g

D——F<——F

L
bbb

A——(C~<—28B

The columns are fibrations, and the maps f and g are fiber-preserving. The
natural questions are:

e For (a,b) € Int(f,9g), let f, : D, — F. and g, : E, — F. denote
the corresponding fiber maps. Under what conditions is NI(f,, gs) constant
across Int(f,q)?

e If NI(f,, g) is constant across Int(f, ), when does the equality NI(f, g)
— NI(f,5) NI(fa, gv) hold?

e If this naive product formula does not hold, do modifications analogous
to those of [12] hold?

We do not by any means attempt here an exhaustive investigation of
these questions. Instead, we will content ourselves with some partial results
on the first two points. For this first investigation, we will assume that all
of the fibrations are locally trivial fiber bundles, and the spaces involved
are compact orientable manifolds, with dim(A) + dim(B) = dim(C) and
dim(D) + dim(E) = dim(F).

PROPOSITION 8.1. If (a,b) and (a’,b") are in the same intersection class
inZ(f,q), then NI(fa,g5) = NI(far, gu). If Z = C is an orientable fibration,
then NI(fo,95) = NI(far, gvr) for all (a,b) and (a’,b") in Int(f,q).

Proof. For any two (a,b),(a’,t’) € Int(f,g), choose paths a from a to
a’ and 8 from b to b'. There is then a homotopy-commutative diagram

Da fa FC 9b Eb




146 C. K. McCord

with the fiber translation maps 7 all homeomorphisms. Now, under either
hypothesis, 77, ~ 753, s0

NI(fa’7gb') = NI(TfafaTa*1 9 Tgﬁng,B*l) = NI(TfafaTa*1 ) Tfangﬁfl)‘
But pre- and post-composition by homeomorphisms does not change the
Nielsen number (see Proposition 3.7), so

NI(TfafaTa—l ) Tfagb’Tﬁ—l) = NI(fa, gb)- n

COROLLARY 8.2. If NI(f,9) =1, or ifr: Z — C is orientable, then
RI(fa,gp) and NI(fq, g») are constant across (a,b) € Int(f,q).

We turn now to the “naive product formula”

NI(fa g) = NI(.f? g) NI(faagb)

Certainly, experience with the product formula for Nielsen fixed point num-
bers suggests that this product formula will not hold in general. We limit
ourselves here to some simple sufficient conditions for the naive product
formula.

Actually, we will start with the “naive addition formula”, analogous to
the formula in [6] for fixed points. For this, we do not require NI(f,, gs) to
be independent of the intersection class in Z(f,g). Instead, if Jy, ..., Jn are
the essential intersection classes of Int(f,q), choose representatives (a;, b;) €
Ji. The naive addition formula is satisfied if NI(f,g) = >, NI(fa;, gb;)- Of
course, the naive product formula follows if NI(f,,gs) is independent of 7.
To obtain conditions that imply the naive addition formula, we need the
following to be true:

1. Every intersection class in Int(f, g) projects to a single intersection
class in Int(f, ), and intersects each fiber in a single intersection class.

2. An intersection class in Int(f, g) is essential if and only if its projec-
tion is essential in Int(f,g), and its intersection with a fiber is essential in
Int(fav gb) .

Of course, if the map m (F') — 71(Z) is injective, Proposition 6.4 shows
that the first condition is satisfied if

Int(f4, 945 (p x a)(J)) = (P# X qu)(Int(fs, 943 J)).
For the second, we know from Proposition 6.5 that if J is an essential class
in Z(f, g), then its projection is an essential class in Z(f,q). However, to say
more, we need the additional structure of the intersection index.

PROPOSITION 8.3. Suppose the bases A, B, C' and the fibers D, E, F
are all compact orientable manifolds, with dim(A) + dim(B) = dim(C) and
dim(D) + dim(F) = dim(F). Let J be an intersection class in Z(f,g) such
that, for every (a,b) € (pxq)(J), JN(Dy X Ey) is a single intersection class
in Z(faygu). Then J is an algebraically essential intersection class if and
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only if (p x q)(J) and J N (D, x Eyp) are algebraically essential intersection
classes.

Proof. We may assume without loss that f and g intersect transversely,
and that f, and g, intersect transversely. Then (p x ¢)(J) = {(a1,b1),...
. (an,bn)}, and Jz =JnN (Dai X Ebl) = {(di1,6i1>, - ,Jdim,eim)}. In a
neighborhood of (d;;, e;;), f and g can be identified with f x f; and g x g;,
SO
Ind(f, g; (dij, ei;)) = d(f, ; (ai, b)) nd(fi, gi; (dij, €ij))-
Thus

Ind(f, g; J;) = Ind(f, g: (ai, b;)) Ind(fi, gi; J5)
and

Ind(f,g; J Zlnd (i, bi)) Ind(f;, g5 J;).

Now Ind(f;, g:; J;) is constant over (p x q)(J) (since all of the maps f; are
homotopic, as are all of the maps g;, and the classes J; are (F, G)-related),
SO

Ind(f,g; J Zlnd £.3; (i, b)) Ind(f;, g3 J;)

—IIld fl,gl, ZIHd f g; au z))

=1
—Ind(fzagza )Ind(f g; (qu)(J))

Clearly, then, J is algebraically essential in X x Y if and only if (px ¢)(J)
is algebraically essential in A x B and J; is algebraically essential in D x . m

THEOREM 8.4. Consider the diagram
f

D—>F<’—F

L,

X A Z7<2—vy
Pl
A I c<?*—B
Suppose that the columns are fibrations, the maps f and g are fiber-pre-
serving, and the bases A, B, C' and the fibers D, E, F' are all compact ori-
entable manifolds, with dim(A)+dim(B) = dim(C) and dim(D)+dim(E) =

dim(F). Let {(a;,b;)} be a set of representatives of the essential intersection
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classes of Int(f,q). Then

NI(fag) = ZNI(famgbL)

provided

1. m (F) — m1(Z) is injective;
( 2. )Int(f#,g#;(p x q)(J) = (pg x qg)(Int(fg, g4;J)) for every J €
Z(f,9);
3. max{dim(A), dim(B)}, max{dim(D),dim(E)} > 3.

Proof. The first two conditions give the product formula on Reidemeis-
ter classes, leaving only the need to show that essential classes in X x Y
correspond to essential classes in A x B and D x E. The restrictions on the
dimensions are of course required to guarantee that topologically essential
classes correspond to algebraically essential classes. With that, the previous
proposition completes the proof. =

COROLLARY 8.5. If, in addition to the hypotheses of Theorem 8.4, the
fibration F' — Z — C is orientable, then

NI(fa g) = NI(f? g) NI(fa,gb)

9. Concluding remarks. These results show that the ideas of Nielsen
theory can be applied in a natural way to the study of intersections. However,
they by no means establish the entire Nielsen canon in the intersection
number setting. A number of further developments and applications suggest
themselves at this point.

First, there are several noticeable gaps in the theory presented here. Most
obviously, the naive product formula presented can certainly be refined, a
la You [12], to a more general product formula. Since this will presumably
involve mod K intersection classes, the theory of mod K classes, and more
generally, the full functoriality of the Nielsen intersection numbers, needs to
be established. And finally, as the last hypothesis in Theorem 8.4 reflects,
there is an awkward gap in the theory for low-dimensional manifolds. If
X, Y and Z are compact orientable manifolds, then we have defined what
it means for an intersection class to be algebraically essential, and to be
topologically essential. But if 1 < dim(X),dim(Y) < 2, we do not know
if those two concepts agree. Of course, if a class is algebraically essential,
then it must be topologically essential. But is the converse true? Similarly,
is the Wecken theorem true for intersections on low-dimensional manifolds?
Since low-dimensional manifolds are likely to be of particular interest in
applications, these are questions that are well worth resolving. At the same
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time, the well-known difficulties for Nielsen fixed point theory on surfaces
suggest that these questions are also likely to prove difficult.

In this paper, an attempt was made to suggest the analogues in the inter-
section problem for many of the basic results in Nielsen fixed point theory.
However, there are some topics in Nielsen fixed point theory that have not
been considered here at all: relative Nielsen numbers; equivariant Nielsen
numbers; Nielsen numbers for compact maps on non-compact domains; ...
All of these are reasonable directions for further work.

Clearly, the Nielsen theory for intersections owes much to the already
established theories for coincidences and roots. The definitions, the results
presented, and the future directions suggested are all based on analogies
with the other domains of Nielsen theory. However, the connection between
Nielsen intersection theory and the other subjects is more than just reason-
ing by analogy. It is possible, in a very explicit way, to transform a problem
from any one of these three subjects into a problem in one of the other
subjects. That is, given any intersection problem, there is a natural trans-
formation into a coincidence problem so that the intersection set of one
corresponds to the coincidence set of the other. How do the Nielsen num-
bers behave under these transformations? Are Nielsen coincidence numbers,
intersection numbers and root numbers all, in some sense, “the same thing”?
This will be explored in [10].

To be of real use, Nielsen theory must be able to reach beyond itself, and
make contact with other problems. One direction for Nielsen intersection
theory is the study of embeddings. Given f : X — Z, when can f be
deformed to an embedding? As an indication that Nielsen theory may be
able to make a contribution to this problem, we present the following results,
which give necessary conditions, in terms of Nielsen intersection numbers,
for a map to be deformable to an embedding.

THEOREM 9.1. If f : X — Z has NI(f, f) > 2, then f is not homotopic
to an embedding.

Proof. If f is an embedding, then Int(f, f) is the diagonal in X x X.
Since Int(f, f) is thus path-connected, there is only one intersection class,
and hence at most one essential class. m

THEOREM 9.2. If X and Z are compact orientable manifolds such that
2dim(X) = dim(Z) > 6, and f : X — Z has NI(f, f) # 0, LI(f, f) = 0,
then f is not homotopic to an embedding.

Proof. As in the previous argument, if f is an embedding, then Int(f, f)
is the diagonal in X x X. There is then a single intersection class, and that
intersection class has intersection index LI(f, f). If LI(f, f) = 0, then Z(f, f)
has no essential intersection classes, and NI(f, f) =0. m
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