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We will consider the number of fixed points of homeomorphisms composed of finitely
many slide homeomorphisms on closed oriented nonprime 3-manifolds. By isotoping
such homeomorphisms, we try to reduce their fixed point numbers. The numbers ob-
tained are determined by the intersection information of sliding spheres and sliding paths
of the slide homeomorphisms involved.
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1. Introduction

Nielsen fixed point theory (see [1, 4]) deals with the estimation of the number of fixed
points of maps in the homotopy class of any given map f : X — X. The Nielsen number
N(f) provides a lower bound. A classical result in Nielsen fixed point theory is: any map
f:X — X is homotopic to a map with exactly N(f) fixed points if the compact polyhe-
dron X has no local cut point and is not a 2-manifold. This includes all smooth manifolds
with dimension greater than 2.

It is also an interesting question whether the Nielsen number can be realized as the
number of fixed points of a homeomorphism in the isotopy class of a given homeomor-
phism. In fact, it is just what J. Nielsen expected when he introduced the invariant N(f).
Assume that X is a closed manifold. The answer to this question is obviously positive
for the unique closed 1-manifold. A positive answer was given by Jiang and Guo [5] for
2-manifolds, and was given by Kelly [7] for manifolds of dimension at least 5.

In [6], Jiang, Wang and Wu proved that for any closed oriented 3-manifold X which
is either Haken or geometric, any orientation-preserving homeomorphism f : X — X is
isotopic to a homeomorphism with N(f) fixed points ([6, Theorem 9.1]). If Thurston’s
geometric conjecture is true, all nonprime 3-manifolds are of this type.

In this paper, we will consider a certain class of homeomorphisms of closed, oriented
3-manifolds that have a connected sum decomposition into prime factors, namely irre-
ducible manifolds and copies of $? x S!, and at least two factors (nonprime manifolds).
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2 Fixed points of slide homeomorphisms

It is known from work of Kneser and Milnor that in the oriented setting, the prime and
irreducible factors of the decomposition are unique. We examine homeomorphisms that
can be expressed as the composition of finitely many slide homeomorphisms. A so-called
slide homeomorphism is the identity away from a certain stratified open neighborhood,
the sliding set, of a torus, and is defined by a family of rotation-like transformations on
this set. According to McCullough’s result (see [8]), an arbitrary homeomorphism of a re-
ducible 3-manifold can be expressed as the composition of homeomorphisms that comes
in four types, one of which is that of slide homeomorphisms.

In [9], the author considered the Nielsen numbers and fixed points of homeomor-
phisms which are compositions of m slide homeomorphisms on nonprime 3-manifolds.
The fixed point index of the complement of the union of the sliding sets was proved to be
zero. When m = 2, we found presentations that are in some sense “standard,” for which
the fixed point numbers, the fixed point class coordinates and the fixed point indices for
all fixed points can be determined. Thus, we were able to give some estimating bounds on
the Nielsen numbers of such kinds of homeomorphisms. The present paper is a continu-
ation of [9]. We will generalize the results for m = 2 there to the case where m can be an
arbitrary positive integer. We will focus on a geometrical method to reduce the number of
fixed points in any given isotopy class of such a homeomorphism. The lower bound prop-
erty of Nielsen number implies that our number of fixed points yields an upper bound
for Nielsen number.

The remaining sections are organized as follows. In Section 2, we will fix notation
which will be used throughout this paper, and recall the definition of slide homeomor-
phism. In Section 3, we will show (Lemma 3.4) that away from the sliding set, f can be
isotoped to a fixed point free homeomorphism by an arbitrary small isotopy. Although
each component of this set has zero fixed point index ([9, Theorem 3.2]), the result
here is not very obvious because we are considering fixed points up to isotopy rather
than homotopy. In Section 4, fixed points over the sliding set are considered. It is ar-
gued that f is isotopic to a homeomorphism with finitely many fixed points, and that
the size of this fixed point set is expressible in terms self-intersection data for the slid-
ing set (Proposition 4.6). Reducing the number of fixed points for homeomorphisms in
the isotopy class of f then involves controlling in some sense the number of self inter-
sections; our main result (Theorem 4.11) gives a lower bound for this number. Finally, a
short Section 5 shows that in some cases, one may simplify and “optimize” the sliding set
so that the bound in Section 4 can be further lowered, that is, the number of fixed points
can be further reduced.

2. Conventions and notations

In this section, we will make necessary conventions in notation, which will be used in
later sections.

(1) The underlying manifold M. In this paper, the manifold M is assumed to be a closed
oriented 3-manifold, which is nonprime. It is known that M can be written as a connected
sum of finitely many prime 3-manifolds, that is, M = M #My# - - - # My # - - - #Myy 1y, In
which M; is irreducible for 1 <i<n’ and M; = 2 x S' forn’ +1 <i <n’ +#". The non-
prime property implies that n" +#»n"" > 1.
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Take a 3-sphere and remove n’ +2n"" open discs to obtain a punctured 3-cell W with
n’ +2n" boundary components. We then have that M = W U (U1"" M), where M] =
M;—Int(D;) for 1 <i<n"and M, =S xIforn +1<i<n"+n" (see [8]). Bach M
admits the orientation coincident with that of M, and each dM;] inherits the orientation
of Mj.

(2) Slide homeomorphisms. Let S be an oriented essential 2-sphere in M, which is
orientation-preservingly isotopic to a boundary component of OM;. Let a: 1 — M be
a path without self intersection in M such that a N M} =anS={a(0),a(l)}. Take two
regular neighborhoods N" and N (N" C Int(N"")) of ¢ U S in M. Then Int(N"" — N’) has
two components which are homeomorphic to §? x (0,1) and T2 x (0,1) respectively. We
write the latter as T(S, «).

Pick a coordinate function c: T(S,a) — T? X (0, 1), where the points in T2 x (0,1) are
labeled by (6, ¢,1), such that the 8-line, ¢~ (6, %, %), is parallel to the oriented path & and
the t-line ¢ 71 (, %, t) moves radially away from the path a when the value of ¢ is increased.

A slide homeomorphism s : M — M determined by a and S is defined by

. (2.1)
X otherwise,

) {c—l(eum,(p,t) ifx = c1(6,9,t) € T(S,at),

denoted by s(S,«). The sets T(S,a), S and « are said to be respectively the sliding set,
sliding sphere and sliding path of s(S, ).

(3) Orientations and isotopies. Since all manifolds under consideration are oriented,
including sliding spheres and sliding paths, isotopies here are considered to be ambient
and orientation-preserving. For example, if M = M;#M, is a connected sum of two prime
manifolds, 0M| and oM, are not regarded as isotopic.

(4) Fundamental groups and path classes. Consider the construction M=Wu(U ,"= 1””1\/Ii')
of M. We choose a point xj in W as its base point. To any path y with ending points in W
there corresponds uniquely an element (y.yyz L) in 71 (M, x), where y, and y, are path
from xy to y(0) and p(1) in W respectively. By abuse of notation, we write it simply as
(y). Choose x; € 8M]'~ as base point ofM} for j =1,2,...,n" +n”. Thus, each m (M},xj) is
embedded into 7, (M, xp) in a natural way as above, and hence 77, (M, xo) is the free prod-
uct of (M}, x)), j = 1,2,...,n" +n'". We write simply as (M, x0) = m1(M7) * m (My) *
-« x 11 (M, 4, ), which is also equal to 7 (M) * 711 (M) * - -+ % 11 (M40 ).

(5) The homeomorphism f.From now on, f is assumed to be a homeomorphism com-
posed of finitely many slide homeomorphisms, that is, f = (S, &m) © S(Sp—1,¥m-1) ©

- 05(81,a1). The union U;”=1 T(S;j,a;) of all sliding sets is said to the sliding set of f. For
a simplification in notation, we write s,,...,y for the composition s(Su, &) © S(Spm -1,
Q1) 0+« + 05(Spy, ) for any m” and m” (1 <m’ <m"” < m). In particular, s(S;,«;) is
simply written as s;.

(6) General position. Consider the slide homeomorphisms whose composition is f. We
can ensure the sliding paths ay,az,..., &, and sliding spheres S, S,,...,S, are in general
position relative to the set UL, {a;(0),a;(1)}. Thus, these sliding paths have no intersec-
tion, and «; intersects with S; transversally for i # j. Since each sliding sphere is isotopic
to a component of —0W, we can arrange these sliding spheres to be disjoint. In this sit-
uation, if each sliding set T'(S;,«;) is in a small neighborhood of a; U S;, the number
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Figure 2.1

of components of intersection of two sliding sets T(S;, &) and T(S;~,«;~) is equal to
the number of points in (aj US;j) N (ajr U Sj~) for all j* and j with j* # j”. In this
situation, we say that the sliding set UL, T(S;, ;) of f is in general position.

(7) Components B(s,«;x) of the intersection of sliding sets. If the sliding set U7_, T(S;, t;)
is in general position, the points in a; N'S; (i # j) are denoted by g j1),q(ij2)s--->
qG,j;luns;)) (see Figure 2.1), where the last subscript indicates the order in a; N S; along
the direction of a, that is, ;' (g jx)) < & ' (q(ijkn) in I = [0,1] if and only if k' <
k”. The corresponding components of T'(S;,a;) N T(S;,«;) nearby are written as B ;1)
B(i,j;2)>- > B(i,j;launs; ) - Obviously, we have

ProposiTioN 2.1. Ifthe sliding set UT_, T (S, ;) is in general position, then each B(x sx) is

. . iNS; NS;
homeomorphic to a solid torus, and T(S;, ;) N T(S;, ;) = (u}:i? "B(i,j;k)) U (u;flm ‘B(j,i;l))

forany i and j, where i,j = 1,2,...,m with i # j.

3. Removing fixed points on the complement of sliding set

Consider our homeomorphism f. Since the fixed point set of each slide homeomorphsim
si is just M — T(S;, «;), the points in the complement M — U;'Ll T(S;j,a;) of the sliding set
of f are totally contained in the fixed point set of f. In [9], we proved that this isolated
fixed point set has zero fixed point index. In this section, we will show that this fixed point
set can be removed by arbitrary small isotopy.

The following definition is originally from [2].

Definition 3.1. Let I': N — TN be a vector field on a compact smooth #n-manifold N.
The manifold N is said to be a manifold with corners for the vector field T if T has no
singular points on ON and if ON can be considered a union of (n — 1)-manifolds (with
boundaries) d,N, 0;N and 0_N with 0,N N d_N = & such that I'(x) is tangent to d,N
for x € d,N, points inward to N for x € 0_N and points outward from N for x € 9, N.

Clearly, for an n-manifold N with corners, both of 0N N d,N and d_N N d,N are
(n — 2)-dimensional closed manifolds. A simple example is the following.
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Example 3.2. A constant vector field on R? is given by I'(x,y) = (1,0). Then the subset
N =1[0,1] x [0,1] is a manifold with corners for such a vector field I', with d,N = [0,1] X
{0,1},0-N = {0} x [0,1] and ;N = {1} x [0,1].

The next lemma is a kind of generalization of the Poincaré-Hopf vector field index
theorem. There are some similar statements in dynamical system theory, see for example
[3, Lemma A.1.3].

LemMma 3.3. Let N be a 3-manifold with corners for a vector field T. If the boundary oN is
a disjoint union of m-copies of a sphere such that 0,N is a disjoint union of m-copies of an
annulus, and either N or d_N is a disjoint union of m-copies of a disc, then we can change
T relative to a neighborhood of ON in N into a nonsingular vector field T".

Proof. Through a coordinate function, each component of dN can be regarded as one of
the following:

Cr={(x,y,2): x| <4, (y—8k)>+z* =4 orx = +4, (y - 8k)> +2* < 4}, (3.1)

where k = 1,2,...,m. Since 0N N d_N = J, we may assume that

9N = UL {(x,9,2) : x| <4, (y —8k)* +22 = 4},
O_N = U {(x,y,2) :x =4, (y — 8k)* +2* < 4}, (3.2)

0N = U {(x,9,2) :x = —4, (y — 8k)* +2* < 4}.

Regard a neighborhood of ON as a subset outside of the cylinders:

Di={(x,y,2): x| <4, (y-8k)*+2* <4}, k=12,..,m. (3.3)

Since N is a manifold with corners for the vector field T, I' points inward for the cylinders
(outward for N) at 0,.N and points outward for the cylinders (inward for N) at 0_N. We
have that T'(p) € {(x,y,2z) : x>0} for p € 0,N UJ_N. It is not difficult to prove that the
restriction of T at each component of dN, as a map from a sphere to R* — {0}, has zero
degree. Hence, we can extend I' to the union U}, Dy such that there is no singular point
on U’ Dy.

Since N U (U}’ Dy) is a closed 3-manifold, its Euler characteristic number is zero.
Using standard methods in differential topology, we can deform I into a nonsingular I
relative to a neighborhood of UL Dy. Then I" |y is our desired vector field. O

Using this lemma, we can prove the following lemma.
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LEmMA 3.4. Assume that the sliding set of f is in general position. Given any positive number
&, there is an isotopy F : M X I — M from f to f' satisfying:

(i) d(F(x,t), f(x)) <eforanyx € M and any t € I,

(ii) the support set {x € M : F(x,t) # f(x) for somet € I} of F is contained in the &-
neighborhood Ne(M — UL, T(Sj,a;)) of the complement of the sliding set
UT:1T(Sj;OCj) in M,

(it} Fix(f") = Fix(f) — (M ~ UL, T(S ).

Proof. Clearly, we can regard a neighborhood N(dW) of 0W in M as a subset of R® so
that oW = — U;’:rlz”” Cj, where

Ci=1(xy2) ER:(x,9,2): x| <4, (y-8j)+z* =4

(3.4)

orx==+4, (y—8j)*+2z* <4},
having the orientation induced from R®. Since oW = — U;‘;l” 0Mj, we may arrange so
that aM} =Cjforl<j=<n 8M;,,+j = Cy12j-1U Cyy2j. The set W is located outside of

these C;’s with respect to the given orientation of C;’s.
Clearly, we can construct a vector field I'y : M — TM on M so that I'/(p) = {1,0,0} for
any p in the neighborhood N(0W) of 0W in M, where

NO@OW) = Ul {(x,9,2) € R : (x,,2) : |x| <3, 1 < (y—8k)? +22 <9
(3.5)
or3<|x| <5, (y—8k)?+2z* <9}.

Thus, W and all M}’s are manifolds with corners for Ty. Apply Lemma 3.3 to W and all
M; ’s, we will get a nonsingular vector field I': M — TM on M so that ['(p) = {1,0,0} for
any p € N(oW).

By definition of slide homeomorphism, each sliding sphere Sy is isotopic to a C; in M.
We then have a well-defined correspondence y: {1,2,...,m} — {1,2,...,n" +2n""} such
that S is isotopic to Cyx) in M for any k = 1,2,...,m.

We take Sy to be the sphere outside of Cy) by a distance of v (0 < v¢ < 1). Moreover,
we can arrange these v1,7,,..., v, to have distinct values. Each sliding path aj attaches the
corresponding sliding sphere Sy at “top” and “bottom” perpendicularly. More precisely,
a(u) = (v, 8u(k),2 + vk + u) and ax(1 — u) = (v, 8u(k),—2 — v + 1 — u) for small u €
I. Each point q(j i) in & N Sk lies on (x(g(jk#))>8u(k) +2 + vk, 0), where all possible
x(q(j k%)) are distinct numbers in (—1,1) (see Figure 3.1).

We can make such an arrangement because any two sliding spheres and any two slid-
ing paths have no intersection by the general position assumption. We then arrange the
sliding set to lie in a sufficiently small neighborhood of U7, (a; U S;).

Let £ : M X R — M be the flow generated by I'. We will show that &(f(p),t) # p for all
points p in a small #-neighborhood N, of M — UL, T(S;,a;) in M provided ¢ is small
enough.

Casel. Ifpe M — U™, T(S;, ), then f(p) = p. Since I has no zero, we have that £(f(p),
t) = &(p,t) # p when ¢ is small enough.
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Figure 3.1

Case 2. If p € UL T(S;, ;), then there is a unique smallest number j with p € T(S;,«;).
There are two subcases.

Subcase 2.1. 1f sj(p) & U}L‘jﬂ T(S;,a;), then f(p) = s;(p). By general position, we can ar-
range «; so that T'(a;(u)) does not parallel to the tangent vector of aj(u) at u for all u € I.
Thus, &(-,t) will not push along (or opposite) to the direction that s; does. It follows that
E(f(p)st) # p when p is closed to the boundary 0T (S;,«;) of T(S;,a;) (see Figure 3.2).
Subcase 2.2. 1f s;(p) € U,*’ljJrlT(S,-,(xi), then there is a unique smallest number k with
k > j such that s;(p) € T(Sk,ax). Notice that p is close to d(U}Z; T(S;,a;)). We have that
sj(p) is also close to dT(Sk,ax) because the difference between p and s;(p) is small, so
sk o sj(p) will not meet any sliding set other than T(Sg,ax) and T(S;,«;). It follows that
f(p) =skesi(p).

The component of T'(Sg, ax) N T(S;,«;) around p and f(p) have two types: B j;+) and
B(jk;+)- In the first type, we explain the behavior of £(f(p),t) in two parts of Figure 3.3.
The first two stages from p to si o s;(p) is shown on the left part. The last stage is illus-
trated in the right part, where s;(p) is behind f(p) = sk o s5j(p). Let p = (xp, yp>2p), We
have

Sj t e

r’ 4 S 44 / E( ’) a4 4
(xp’yp)zp) — (xp:}’pazp) - (xp>)/p )Zp) — (xp »Vp ’Zp)- (3.6)

This implies that in R®, p and &(f(p),t) will have different x-values when ¢ is small
enough. It follows that £(f(p),t) # p. The proof for the type B i) is the same.
Define an isotopy Fs, : M X I — M by

&(p,ot) if pe M- U, T(S),q5),

Fé,q(p)t) = .
E(p,max{ﬂ - d(p,UTzlaT(S]‘,(Xj)),O}(St) lfp S UT:IT(S]',(X]').

(3.7)
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T(Sj, «j)

£ (poe ”
P )

Figure 3.3

Note that the arguments for & still work for Fj ,, so we can prove that Fs ,(f(p),t) # p
for all t € I and p in the #-neighborhood N, of M — U;?LIT(Sj,ocj) in M. Thus, when ¢
and # are small enough, Fs , will be a desired isotopy. O

CoOROLLARY 3.5. Any slide homeomorphism is isotopic to a fixed point free map.

4. Fixed points on sliding sets

In this section, we try to reduce the fixed points of the homeomorphism f on its slid-
ing set UL, T(S;,a;). For an arbitrary fixed point x of f on its sliding set, we exam-
ine its “trace” x,$1(x),$21(x),...,Sm...1(x) under the sliding homeomorphisms composing
f. Lemma 4.1 will show that the sliding sets of individual slide homeomorphism meet-
ing this trace is totally determined by x itself provided that each sliding set T'(S;,«;) is
small enough. Hence, a fixed point x will determine a unique sequence consisting of the



Xuezhi Zhao 9

components of the intersection of sliding sets, which we call the accompanying sequence
(Proposition 4.2). All the possible accompanying sequence will be given in Lemma 4.3.
Next, we will isotope the given homeomorphism f so that different fixed points on slid-
ing set of f have different accompanying sequences (Lemma 4.4). When the sliding set
of f is in general position, there is a unique point (e&; U S;) N («; U S;) near an arbitrary
component of T(S;,a;) N T(Sj,«;). Thus, in some sense, reducing the number of fixed
points is equivalent to reducing the number of intersection points between the sliding
paths and sliding spheres. The minimal number MI({a1,...,%u}, {S1,...,Sm}) of the in-
tersection of sliding paths and sliding spheres gives a possible number of fixed points for
homeomorphisms in the isotopy class of f (Theorem 4.11). Since the Nielsen number
N(f) is a lower bound of the number of fixed points for maps in the homotopy class of
f> the minimal number MI({ay,...,%n},{S1,...,Sm}) also provides an upper bound of

N(f).

LEmMA 4.1. If any three of these sliding sets T(S;,«;)’s have no common points, then to each
fixed point x of f there is associated a unique sub-sequence {i,i,...,ix} of {1,2,...,m} with
k > 2 such thats; o -« - os;, 05; (x) =x € T(S;),a;, ), and such that s;,_, o - - - os;, 05, (x) €
T(Si,, i) for j=2,3,....k.

Proof. Let x be a fixed point of f in U2, T(S;, ;). There is a unique minimal i such that
x € T(S;, ;). We write this number as i;. A sequence {i},,...,ix} will be defined induc-
tively:

ij = min{n n> l'jfl, Sij, 008 (x) e T(Sj,ocj)}. (4.1)

Since x € T(S;,,;, ), we have s;, (x) # x. If there was no such a number 7y, s;, (x) ¢ T(S;,a;)
for all i > ;. Thus, f(x) = sp...1(x) = $pm...;, (x) = s;, (x). This would contradict the fact
that x is a fixed point of f, so we always have that k > 2.

By definition of i;, we have that s,...;(x) = s;, (x) if iy < n <1i,, and that s,...1(x) =
si, © si, (x) if iy < n < i3. Inductively, we will get that s,...1(x) = s;,, © = -+ o5, o5, (x) if
ip—l =n< ip.

When our induction stops at a stage i, we have that s;,...1(x) = s;, 0 - - - 0’5, 055, (x)
does not lie in any sliding set T (S, ;) with 1 >ip, SO Sp...i, 0 5i, , 0 === 055 (x) = si, ©
Si,, © *++ 08 (x). It follows that f(x) = sp...1(x) = si, 0si, , © - -+ 055 (x). This point is
just x because x is a fixed point of f. Thus, this i, is the final number, say i, in our
subsequence of {1,2,...,m}.

Let us prove the uniqueness of such a subsequence. If there is another subsequence
{j1> j2>...»ji} satisfying the same conditions as {i},i,...,%}, then we will get that x €
T(Sj,,a;,). Since any three of the sliding sets have no common points, j; is equal to either
i or ix. If the last case happens, that is, j; = i, by the choice of ix, we have that s;(x) = x
for all j > ix. Thus, there would be no j,. It follows that i} = j;.

Assume that j, = i, for p = 1,2,...,n — 1. By the property of the subsequence {iy, i3,...,
i}, wehaves;, | o...os;(x) € T(S;,,w,); by the property of the subsequence {ji, j2,..., ji},
we have s; | o...05; (x) € T(Sj,,«j,). Our assumption implies that s; , o...os; (x) and
$j,, ©...05;j (x) are the same point. Since this point lies in the image of T'(S;,_,a;, ,) =
T(S;, ,>«j, ) under homeomorphism s;,_, = s;, . It also lies in T(S;,_,,q;,_,). Since any
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three of the sliding sets have no common points, T(S;,,;,), T(S;,,«;,) and T(S;,_,a;, ;)
are at most two different sets. Because i, # i,—1 and j, # jn—1 = in—1, the unique possibil-
ity is that j, = i,. Thus, we can prove by induction that j, = i, for n = 1,2,...,min{k,/}.
It remains to show that k = I. If k <[, then from the property of the subsequence
{j1> j2s--> j1}> we have that sj, o - -+ o5 (x) € T(Sj,,,;,.,). Since we have proved that
jn=inforn=1,2,....k,sj 005 (x) =s; 0---0s;(x)=x. Thus, xliesin T(S;;, ;,) N
T(Si, i) N T(S;,,,>aj,,,). Since ix > i1, jk+1 is equal to either ij = ji or i, = ji. This is a
contradiction. Symmetrically, the case k > [ cannot happen. O

For such a fixed point x, we write B; for the component of T(S;,,a;, ) N T(S;,,a;,) con-
taining x, and write Bj, j = 2,3,...,k, for the component of T(Sij_l,ocij_l) N T(S,-j,oc,-j)
containing Sij, 005,08 (x). The sequence {Bj,B,,...,Bx} is said to be the accom-
panying sequence of x in the components of the intersection of sliding sets. Clearly, the set
{B1,Bs,..., B} itself is just the set of all components of the intersection of sliding sets
containing s,...1(x) for some . In other words, we have

ProrosITION 4.2. Let x be a fixed point of f and {i,,12,...,ix} be its associated sub-sequence
of {1,2,...,m}. Let {By,B,,..., Bk} be a set consisting of some components of the intersection
of sliding sets such that By is a component of T(S;,, ;) N T(Si, i), and such that Bj, j =
2,3,...,k, is a component ofT(Sijfl,oc,-Jfl) N T(S,»}.,oc,»}.). Assume that any three of these sliding
sets have no common points. Then, {B1,B,,...,Bx} is the accompanying sequence of the fixed
point x of f if and only if x belongs to the following set:

Six ©Sj_, 0 OS,‘I(B]) M Sj 08j_, 0~ OS,'Z(Bz) N=-- ms,-k(Bk) N By. (4.2)

LEmMMA 4.3. Assume that the sliding set UJ_, T(Sj, ;) of f isin general position. If s;(Bji))
N B jk) = D unless i =i’ and k = k', then the accompanying sequence of each fixed point
of f in sliding sets has either one of the following forms:

{Bligsivs)s Blining)> Blisyiss)s - > Bl yis) §
(4.3)
{Bliv,ixs)s Blinis)> Blisyins)- - - Blii 15%) §»

where 1 < iy <iy < --- <ir <m (see Figure 4.1).

Proof. Let x be a fixed point of f in the sliding set with accompanying sequence {Bj,
Bs,...,Bi}. Then, by definition, there is a set {i},i2,...,0} with 1 < <iy <--- <ix <m
such that B, is the component of T(S;,,«;,) N T(S;, ;) containing x, and such that Bj,
j=2,3,...,k is the component of T(Sij,l,(x,-jf]) N T(S;;,a;;) containing s;, , o s;, o s;, (x). If
there is a B; is of the form Bx,;;+), that is, a component which is not near to a;;, then
Bj = Bi.i;;%) for j =1; Bj = B(,’].fl,,'j;*) for j + 1.

When j <k, we have thats;; o5, o - -+ o5; (x) € 5;,(Bj) € Bj+1. Since s;; (B(x,ij;)) does
not meet any component of the form Byy,i;«) but itself, Bji1 = B(;, «;x). Because Bji;
lies in T(S;;,,, i, ), we have Bj.1 = By ). Similarly, we can prove that By = Bj,,i;«) if
Bi = Biy_ixs)-

Notice that each B; is only one of two types: either Bj = B(;, ,,i;*) Or B, ;). The
above arguments have shown that if one component B; in an accompanying sequence is
of the first type, the others are the same as it. Thus, we are done. O

ijyijs1s
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Figure 4.1

This lemma in fact implies that the components in one accompanying sequence are
distinct. The next lemma will show that after some suitable isotopies on the slide home-
omorphism, there is a one-to-one correspondence between the fixed point set on the
sliding set and the set consisting of the above accompanying sequences.

Lemma 4.4. If the sliding set U7L, T(Sj, ;) is in general position, we can isotope the slide
homeomorphisms s(S;,;), relative to a neighborhood of M — T(S;, ), to s;, where i = 1,
2,...,m, so that for each sequence B of components of the intersection of sliding sets of the
form given in Lemma 4.3, there is unique fixed point of f' = s, 0s,,_ 1005, with B as
its accompanying sequerce.

Moreover, the fixed point index of the fixed point of f’ having

{Blissinsji)> Blivsizsja)» Blinsissja)» - > Blis i) § (4.4)

as its accompanying sequence is —Ii, ii.inlii i) -+~ Ll i) the fixed point index of the
fixed point of f" having

{Biviji)s Bligyinsjn)> Bliingjs)s- > Blivinsin) } (4.5)

as its accompanying sequence is (—1)' I, isi)Iinivjo) - * * Liniysj» Where I sk is the intersec-
tion number of the oriented path a; and the oriented sphere S; in M at the kth point q(; j.x)
Of(X,' N Sj.

Remark 4.5. Although f' =), 05, _;o---os] is no longer a composition of standard
slide homeomorphisms s’, we still say that {By, Ba,..., B} is the “accompanying sequence”
of x in the following sense: B, is the component of T'(S;,,a;, ) N T(S;,, ;) containing x,
Bj, j =2,3,...,k is the component of T(S;, ,,a;; ;) N T(S;;, ;) containing Sl{j,l o---08 0
si, (x). The proof of Lemma 4.1 still works as long as s; and s; have the same support set
T(S;,a;) for each j.

Proof of Lemma 4.4. We will give the proof in three steps.
Step 1. Isotope each s(Sj,a;).
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Consider an arbitrary component By; j;x) of the intersection of the sliding sets. Since it
is a component near the kth point in «; N S, we can assume that

B(,-)j;k)CC{I({(H,gD,t): |9_§(i,j;k;i)| <6’OS¢<2n’0<t<1}) (4.6)
R 4.6
Cei ({(8,9,0): 10 = Bijukj) | <85 |9 = Puijiksiy | <8, 0<t<1}),

where § >0, and all é(,-,j;k;*) and (i j;k;+) are constant. Note that the “length” of B; k) in
T(S;,«;) and the “area” of B(; j;x) in T(S;, ;) can be arbitrary small. The range of ¢;(B; j;x))
in 0-coordinate, the range of ¢;(B; j;x)) in 8-coordinate and the range of ¢;(B; jx)) in ¢-
coordinate can be arbitrarily small. All of B, 4;4)’s share the same §.

By a small perturbation, we assume that the intervals [é(i,j;k;*) -0, é(l-,j;k;*) + 4] and
[P(ijiksx) — 0> P(ijsksx) + O] are disjoint for all possible i, j, k, *. Moreover, we can assume
that

A~ A 7 N N T
[G(i,j;k;,-) — 5,9(1',]‘;1{;,‘) + 8] C (7‘[, ?) N [e(i,j;k;j) -9, 0<,~,j;k;j) + 8] C <0, g) (4.7)

Fori=1,2,...,m, we isotope s(S;,®;) to s; so that

g 0 7 . T 5 7
<2ﬂt+g’¢’_ﬂ+ﬁ> 1f0<0<§’ﬁ<t<ﬁ’
_ 51 6 13 47 5 7
cisici H(0,9,t) = (2 f— == ——+—> if =< — 4.8
isic; (6,9,1) s PRl T 17T<9<3,12< <12, (4.8)
. 1 5
(0 +2mt,¢,t) 1f0<t<8°r8<t<1’

and so that s/(x) = s;(x) for x & T(S;,a;). Thus s; is isotopic to s; relative to M —
¢ '({(6,9,1) 1 1/6 < t < 5/6}). Thus, f’ =5, 0s),_; ©---os| is isotopic to f relative to
M- U,’-’llci’l({(e,go,t) :1/6 <t < 5/6}) which is a neighborhood of M — U, T(S;, ;) in
M.

Since ¢j o s}c;l preserves ¢-levels, the condition that all possible intervals [§(; jsk;x) —
8, Qi jsk;+) + 6] are disjoint implies that s(B(;jx)) N B(i,jk) = @ unless i = i and k = k'.
Clearly, the sliding set here is in general position when § is small enough. By Lemma 4.3,
the accompanying sequence of each fixed point of f” is of one of two types listed there.
Step 2. Fixed points having accompanying sequences of the first type.

Consider a sequence {B(i, i;j)>B(iririjr)> Blisissjs)s- - > Blir_rirsjr) } of the components of
the intersection of sliding sets.

Since By;;j,) ranges in t-direction from one component of 0T (S;,«;,) to the other
component of 9T (S;,,a;, ), its image under s; will form a circle “parallel” to &;,. Thus,
s;, (B(i,ir;j,)) meets any component of the form By, «;«). Note that B(; ,;j,) € ¢;, ({(6,9,1) :
7 < 0 < 7m/6}). The behavior of s on Bi;j,) (see (4.6), (4.7), and (4.8)) implies that
s;, (B(iyin;jy)) will be parallel to By, i,;j,) in 0-direction of T(S;,a;, ). Thus, s; (B(i,i;j)) N
B(iy ir;j,)» which is a solid torus, also ranges in ¢-direction from one component of 9T'(S;,,
«;,) to the other component of 0T'(S;,,a;,). Its image under s;, meets By, ;;;j;). We then
get a solid torus s;, (sj, (Biisj1)) N Biivinsja)) N Bliningjin) = 83, © 8, (Blisinsji)) N 8, (Bivsinsj)) N
B(iz»is;]'s) in B(iz)ia;js) (see Figure 42)
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B(ik)il 3j1)

B(iz,iz;js)

.
siy °Siy (Bliinsjn)

Figure 4.2

Repeating the above argument, we will get a solid torus in B, ;;;j,):

’ ’ ’ ’

/ 4 /
St 08t © 08t (Bliginj) N i, 08 © =+ 085 (Biiingin)) N - = 08G (Blig1iesj)) N Blioinsjo)-
(4.9)

By Proposition 4.2 and the Remark 4.5 following the present lemma, a fixed point x of f’
will be contained in this set if x has {By,B,,...,Bx} as its accompanying sequence. Note
that f” has unique fixed point on above set. Thus, the fixed point of f" with accompany-
ing sequence {By,Bs,..., Bk} is unique.

Let x4 be the unique fixed point of f” in the set in (4.9). Then c;, (x4 ) is a fixed point
of cjy o f'oc;': U — ¢ (T(Si,,;,)), where U is the ¢; image of the set in (4.9). Using
the coordinates of T? X I, the three eigenvalues A1, A, A3 of the derivative of ¢;, o f” o c 1
at ¢;, (x4 ) will satisfy the condition: one eigenvalue has absolute value greater than 1, the
other two have absolute values less than 1. We assume that |A;] > 1, |A;| <1 and |A;5] < 1.

From Figure 4.3, we know that the 6-direction of B(; jx) is mapped by s} into the 6-
direction of B(j «;x) if I(;,j;k) > 0; the 6-direction of By j) is mapped by s; into opposition
of the -direction of B(j x;x) if I(; j;xy < 0. Thus, the eigenvalue Ay > 1if I, 550 L insj) = *
i) = 1 and Ay < =1if T isjo Do) =~ Licvij) = — 1.

Note that the fixed point index of an isolated fixed point of a map is just (—1)*, where
x is the number of real eigenvalues which are greater than 1 of the derivative of this map
at this fixed point, provided that 1 is not an eigenvalue of this derivative (see [4, pagel2,
3.2(2)]). We have that ind(c;, o f" o ¢; ', i, (x4)) = —IiivjnLiininsjo) * * * Lli_rinsji)> Which is
also the fixed point index ind( f’,x,) by the commutativity of fixed point index.

Step 3. Fixed points having accompanying sequences of the second type.
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i

B fsfe)
o; qu,;@qm a;

L1~
i

1412

Q;

Figure 4.3

Note that the inverse (f')™! =35 0§ 0---03, of f is also a homeomorphism com-
posed of finite isotoped slide homeomorphisms, where each §; is isotopic to the slide
homeomorphism s(S;, —«;) determined by S; and the inverse —a; of path «;. Clearly,
the fixed point sets of f” and (f’)~! are the same. Moreover, a fixed point of f" having
{B(iyiis)> Blinsivs)> Blis,ins) -+ - -» Biiy %)} @s its accompanying sequence is also a fixed point
of (f")~! have an accompanying sequence of the first type discussed in last step.

Using the same argument as above, we can prove that there is a unique fixed point y
of f" having {Bi, is%)> B(ip,ir;)> Blis,ins)>- - -» Blinii_ ;%) } as its accompanying sequence. The
only difference is in the fixed point index. Because the three eigenvalues A;, A5, A5 of
the derivative of ¢; o (f')"!o c{ll at ¢;, (yx) satisfy the conditions: [A;| > 1, [A;] < 1 and
[A3] < 1, the three eigenvalues p, ps, ps of the derivative of ¢;, o f' o c{ll at ¢, (y+) will
satisfy the conditions: [y | = [1/A1] < 1, |u2| = |1/A;] > 1 and 3| = [1/A3] > 1. Since both
of f" and f are orientation-preserving, we have that ;1,43 >0 and ppops > 0.

Note that at a point in &; N S, the algebraic intersection number of a; with §; is op-
posite to the algebraic intersection number of —a; with S;. If (=1, i;j)) (= I(iy,isj) - - -
(L) = (=DM iiisj Lissinsj) * * * Lini1sjn) > 0, by using the proof of the last step, we
have that A, > 1, and therefore 0 < y; = 1/, < 1. Thus, gop3 > 0. There are three possibil-
ities: (1) pa,p3 > 1, (2) pa,p3 < —1 and (3) pz and y3 are conjugate complex numbers. In
each case, the number of real eigenvalues which are greater than 1 is even. We have that
ind(f',y+) =ind(c;, o f o c; 'yci (y5)) = 1.

If (=), isj Liinsivsj) =+ Liniasjy < 0, by using the proof of last step, we have that A; <
—1, and therefore —1 < y; = 1/A; < 0. Thus, g3 < 0. Hence, either yp < —1, y3 > 1 or
pa > 1, u3 < —1. It follows that there is only one real eigenvalue which is greater than 1, so
ind(f’,y«) = ind(c;, o f’ oci_ll,c,-l(y*)) =-1.

Combining these two cases, we have that ind(f”, y«) = (=)', isjp Linivijp) * * * Liirsjn)-

O

This lemma is a generalization of [9, Lemma 4.2]. The proof here is more descriptive
than the direct computation there. The fixed point class coordinates of these fixed points
can be computed in the same way.

PrOPOSITION 4.6. Let f = s(Sp,&m) © S(Sm-1,%m—1) © - = - 0 s(S1,01) be a homeomorphism
composed of finitely many slide homeomorphisms. Assume that the S;’s are pairwise disjoint,
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and that any a; and any Sj, i, j = 1,2,...,m (i # j), intersect transversally. Then f is isotopic
to a homeomorphism with

> (lapnS;|la; NSl laj, NS |
1<ji<---<jx<m (4.10)
+laj, nSj [ aj, 0S| -+ laj NS, |)

fixed points.

Proof. The assumptions on «;’s and Si’s imply that we can arrange the union of all sliding
stes in general position provided T(S;,a;) is close to «; U S; for each i. Using above lemma
and Lemma 3.4, we get immediately our conclusion. (]

By this proposition, the number |a; N S;| determines in some sense the number of
fixed points. In order to reduce the number of fixed points of such homeomorphisms,
the intersection numbers (|a; N S;[’s) should be reduced. In [9, page 184], we defined

MI(a;,S;) =:min {|anS;| : @ = a;rel{0,1}, a has no self intersection}. (4.11)

From this definition, we have

ProposiTION 4.7. Let S; be an oriented sphere isotopic to a component of the boundary
8M]'<(j) of a summand M,'c(j), and let (a;) = a1brayby - - - apybyans where by consists of words
inm (M,Q(j)), aj does not contain any word in m (M,;m) and all a;’s and b;’s are non-trivial
except possibly for ai and ans1. Then MI(a,S;) = 2n if My ;) # §* x I; MI(«;,S;) = n if
M,L(j) = §? X I. Here, the number n is just the number of word “groups” of (a;), consisting of
the words from m (M,'c(j)).

In particular, we have MI(w;,S;) = 0 if S; is isotopic to S;.

Proof. See [9, Proposition 4.4].
It should be noticed that all MI’s can not be minimized at same time if any two S;’s are
disjoint and if there are isotopic sliding spheres.

Example 4.8. Let M = T} #T5#T; be the connected sum of three 3-dimensional tori. For

j =1,2,3, we write gj1, gj> and g3 for the generators of the free abelian group (T?).
Let S; and S; be oriented spheres isotopic to the boundary of the summand T; —

Int(D?), and S, an oriented sphere isotopic to the boundary of the summand T5 —

Int(D?). Three paths are given by (&) = 81> (@) = g32812833, and (a3) = 231922833925
(see Figure 4.4).

The numbers of |a; N S;|’s in two cases are listed as follows:

oy | | a3 oy | ap | a3
Si|— | 2 2 Si|— | 2 0
S 12 | —1 4 S 12 | —1 4
S31 0 2 | — S| 2 2 | —
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Figure 4.4

Thus, the sum in Proposition 4.6 is

()0(3ﬂ81| |(X1082| |062ﬁ83)+|061083| |0Qﬂsl| |(X3ﬂSz|)

+(|062081| |0£1082|+|0€1082| |a2m81|)
(4.12)
+(|oc3mSI| |(XlﬂS3|+|(X1083| |(X3ﬁsl|)

+(|(X3ﬂSz| |(X20$3|+|(X2083| |0€3ﬂSz|).

In the case shown on the left, it is (8 +0) + (4+4) + (0 +0) + (8 + 8) = 32; in the other
case, itis (0+16)+(4+4)+(0+0)+ (8 +8) = 40.

Note that in both cases |a; N S;| = MI(«;,S;) except for (4, j) = (1,3) or (3,1). Since S3
and S; are isotopic, we have that MI(«1,S3) = MI(a3,S1) = 0. But, these two numbers can
not be realized simultaneously if the intersection of S; and Ss is assumed to be empty. [

Thus, we need the following.

Definition 4.9. Given slide homeomorphisms s(S1,a1),5(S1,a1),...,5(Sm, &m) whose com-
position is f, we define MI({a1,...,&m}, {S1,...,Sm}) to be:
n’,nsrfl Z (|a;kms}l||“}lms}2{-..|“}k—lms}k|
Y2) 1< < <jr<m (4.13)

+|oc;-lﬂS;-k||oc}zﬁS}l| |oc}kﬂS;k71|),

where each &} and S}, j = 1,2,...,m, range over all oriented paths and spheres such that
o} and S; are isotopic to a; and S;, respectively, with &; N S} = {a}(0),«}(1)}, and such
that any two &;’s and any two S;’s have empty intersection.

In Example 4.8, we have MI({a1, 02,3}, {S1,52,S3}) = 32. The relation between this
“totally” minimal intersection number and the individual MI’s is given by the following
proposition.
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ProrositioN 4.10. The number MI({a1,...,0n},1S1,...,Sm}) is greater or equal to the
following sum:

z (MI(‘Xjk’Sﬁ)MI(“j])sz) tr .MI(ajk—l’Sjk)
1<ji< - <jk<m (4.14)
+MI((Xj1,Sjk)MI((Xj2,Sj1) i 'MI(OCijjk,l))-

If any two sliding spheres are not isotopic, then the above two numbers are the same.
Now, we can state our main theorem.

THEOREM 4.11. Let f = s(Sp,am) © S(Sm—1,0m—1) © - - - 0 5(S1,a1) be a homeomorphism
which is composed of finitely many slide homeomorphisms. Then, f is isotopic to a homeo-
morphism with MI({a,...,0m},{S1,...,Su}) fixed points.

Proof. By definition, MI({a1,...,%n},{S1,...,Sm}) can be realized as

> ([0S [af 0S| -+ [a) NS, ]|
I<ji<---<jk<m (4 15)
+ |oc}1 mS}k| |oc}2 mS}l| e |a;kms;k71 1),
where for each j = 1,2,...,m, (x} and S;- are isotopic to & and S, respectively with oc} N
S} = {05}(0),04;-(1)}, and that any two a;’s and any two S; ’s have no intersections. Thus,
s(Sj,a}) is isotopic to s(Sj,a;). Applying Proposition 4.6 to the homeomorphism

’

S(S,,00,) 0 5(Sp_1,00,_1) © - - - 05(S],a1), we will obtain our conclusion. O

By the lower bound property of Nielsen number, we immediately get the following
corollary.

COROLLARY 4.12.
OSN(f)SMI({OCl,...,OCm},{S],...,Sm}). (4.16)

5. Some remarks

In this final section, we will show that in some cases, the fixed point numbers can be
further reduced.

Consider our homeomorphism f. If some successive sliding spheres, say S;,Sy+1,.. .,
Sn+ps are isotopic, we have

S(Sn+px‘xn+p) O °5(Sn+la‘xn+1) OS(Sn:‘xn) = S(Smﬁn)r (5.1)
where (B,) = (a1 - - Anip).

Combine all possible slide homeomorphisms which are in succession and have the
same sliding spheres. We will get a shorter expression for f, denoted as follows:

£ =5(SmysBm,) © - ©5(SnysPBmy) © S(SmysPrmy)s My < . (5.2)
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Using the main theorem (Theorem 4.11), we can isotope f to a homeomorphism with

MI({Bs s By Bomy b LSy S-Sy 1) (5.3)

fixed points. This number is no more than MI({«ay,...,am},{S1,...,Sm})-

In some cases, the two sliding spheres on two ends of the original expression of f are
isotopic, that is, S,, is isotopic to S;. This implies that S,,, is isotopic to S,,,. Consider the
homeomorphism

8= S(Sml’/jml) OS(Smp)ﬁmp) ° S(Smpfl’/‘;mp—l) o OS(Sle)ﬁmz)

= S(Smp’ﬁmpﬁml) OS(Smpfl’lepfl) O OS(Sle’:Bmz)'

(5.4)

Here, [Smpﬁml can be considered as a path satisfying </3mp/3m1> = ([Smp)qiml ). Notice that
& =5(Sm»Bm) o f o (s(Smy>Pm )L that is, g is conjugate to f. The fixed point set of f
and g are the same. Such a relation is preserved under isotopy. Thus, using the main the-
orem (Theorem 4.11) again, we can isotope f to a homeomorphism with MI({B,,,...,
ﬁmp,l,/}mpﬂml 1, {va""SmP}) fixed points.

Furthermore, if (B, Bm,) = 1 € m (M), we get that g = s(Sp, ,>Bm, ) © -+ © (S,
Bm,), and therefore the resulting fixed point number is just MI({Bmy;..>Bm, 1>} {Smys- -
Sm, . }), so we can repeat the above procedure if S, , is isotopic to Sp,.

Apply this method to Example 4.8, we will get a new homeomorphism

g =5(85,a301) 05(S2, ) = 5(S3, (€31922933823221) ) © (52, (32812833 )- (5.5)

Thus, the homeomorphism is isotopic to one with MI({ay, 3001}, 1{S2,S83}) = 16 fixed
points, and so is the homeomorphism s(S3,a3) © s(Sy,a2) © s(S1,a1).
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