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RELATIVE VERSIONS OF THE MULTIVALUED
LEFSCHETZ AND NIELSEN THEOREMS
AND THEIR APPLICATION TO ADMISSIBLE SEMI-FLOWS

JAN ANDRES! — LECH GORNIEWICZ?2 — JERZY JEZIERSKI®

ABSTRACT. The relative Lefschetz and Nielsen fixed-point theorems are
generalized for compact absorbing contractions on ANR-spaces and nilman-
ifolds. The nontrivial Lefschetz number implies the existence of a fixed-
point in the closure of the complementary domain. The relative Nielsen
numbers improve the lower estimate of the number of coincidences on the
total space or indicate the location of fixed-points on the complement. Non-
trivial applications of these topological invariants (under homotopy) are
given to admissible semi-flows and differential inclusions.

1. Introduction

In the theory of ordinary differential equations and, more generally, differen-
tial inclusions, the existence and multiplicity results for solutions with prescribed
properties (i.e. under some constraints) belong to the main interest. If some re-
lated subdomains are (positively) flow-invariant, then a natural question arises,
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whether or not these domains, their complements or the closures of their comple-
ments contain fixed-points, somehow associated to solutions. If so, then another
question follows, namely how many fixed-points are there. Sometimes, the exis-
tence, additivity and excision properties of the fixed-point index can be applied
to this goal, of course, provided it is well defined. However, if e.g. fixed-points
are allowed on the boundaries, then the invariance under homotopy of fixed-point
index cannot be employed in order to simplify the situation. Frequently, simply
connected domains involve subdomains which can contain several essential fixed-
point classes, but the standard Nielsen number on the total domain (equal 1)
informs, in this case, only about the sole existence.

On the other hand, C. Bowszyc [7] introduced in 1968 a relative Lefschetz
number for a compact map of pairs of invariant ANR-spaces (one being involved
in another) whose nontriviality implies the existence of a fixed-point in the clo-
sure of the complement. For this topological invariant, defined in terms of the
relative singular homology on the pair over the rationals Q, the fixed-points on
the boundaries are allowed. Besides another, it can serve to make the more pre-
cise location of a fixed-point. The result of C. Bowszyc has been generalized in
various ways (see e.g. [16], [22], [30], [31]). Nevertheless, the similar idea of ad-
missible index pairs, which is essential in the Conley index theory, based on the
celebrated Wazewski topological principle, can be recognized also there (cf. [21],
[24], [28], [29] and the references therein).

In 1986, H. Schirmer [25] introduced the relative Nielsen number for a lower
bound of the number of fixed-points on the total space X, for compact maps
on pairs of spaces A C X, F : (X,A) — (X, A), which can make better lower
estimate than the standard Nielsen number. Later on, other relative Nielsen
numbers were defined, which provide lower bounds for either the number of fixed-
points on X \ A or on X \ A4, in order to study the location of fixed-points. The
essential idea underlying the definitions, allowing us to make the estimates on the
total space or on the complement, uses the concept of (weakly) common essential
fixed-point classes (for more details and the computation of these topological
invariants, see [9]-[12], [17], [26], [27], [32]-[36] and the references therein).

Although, in the single-valued case, the relative Lefschetz and Nielsen num-
bers have been already several times applied to dynamical systems and ordinary
differential equations (see e.g. [30], [31] and [27]), the application of only nonrel-
ative multivalued Lefschetz and Nielsen-type theorems in this direction is very
rare (see [2]-[5] and [21]). To eliminate this handicap, our applications here are
just oriented in that way.

Hence, the paper is organized as follows. At first, the notion of compact absorb-
ing contractions (CAC-maps), including only a certain amount of compactness,
which are suitable for definitions of the relative Lefschetz and Nielsen fixed-point
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theorems, is established. Then the fixed-point index for CAC-maps is developed.
Finally, the relative theorems are applied to admissible semi-flows and differential
inclusions for obtaining existence and multiplicity criteria concerning, for exam-
ple, periodic trajectories. The obtained results bring new information also in
the single-valued case and we believe that they deserve a further interest into
the future. On this basis, we would like to develope and apply, besides another,
the multivalued Conley index theory (cf. [15], [21]), elsewhere.

2. Compact absorbing contractions

All topological spaces are assumed to be metric. A space X is called an
absolute neighbourhood retract (absolute retract) if, for any space Y and its closed
subset B C Y, any continuous map f : B — X has a continuous extension over
a neighbourhood U of Bin Y (over Y) f : U — X (f : Y — X), where
f(z) = f(x), for every z € B. We let:

X € ANR & X is an absolute neighbourhood retract,
X € AR & X is an absolute retract.

Of course, if X € AR, then X € ANR.
A continuous map p: Y — X is called Vietoris, when:
(i) pis onto, i.e. p(Y) =X,
(ii) p is proper, i.e. p~1(K) is compact, for every compact K C Y,
(iii) p~!(z) is an acyclic set, for every x € Y, where acyclicity is under-
stood in the sense of Cech homology functor with compact carriers and
coefficients in the field Q of rationals (for details, see [15]).

In what follows, the symbol p : ¥ = X (or ¥ =% X) is reserved for Vietoris
maps.

For given two pairs of metric spaces (X, A) and (Y, B), by amap f : (X, A4) —
(Y, B), we understand a continuous map from X to Y such that f(A4) C B.

If f:(X,A) — (Y, B) is a map of pairs, then we denote by fx : X — Y and
fa : A — B the induced mappings by f, i.e. fx(z) = f(x) and fa(z) = f(2),
for every z € X and x € A, respectively.

A map p: (Y,B) — (X, A) is called a Vietoris map of pairs if B = p~1(A)
and both py : Y = X and pg : B = A are Vietoris maps.

Similarly as above, we reserve the symbol p : (Y, B) = (X, A) for Vietoris
maps of pairs.

In what follows, by a multivalued map ¢ : X ~» Y we understand a map
such that, for every x € X, the values ¢(x) are compact nonempty subsets of Y.
A map p: X ~ Y is called w.s.c. (L.s.c.) if, for every open U C Y, the set:

{reX o) cUl ({zeX|pl)nU#0})
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is open. An u.s.c. map ¢ : X ~ Y is called compact if there exists a compact
subset K C Y such that

e(X) = J ¢(=) c K.
zeX
 is called locally compact if, for every x € X, there exists an open neighbourhood
U, of z in X such that the restriction @ : U, ~» Y of ¢ to U, is a compact map.
Assume that we have a diagram X <= T' -4 Y in which ¢ is a continuous
map. The above diagram induces a multivalued map ¢ = ¢(p,q) : X ~ Y by
the following formula:

o(x) = q(p~*(z)) for every z € X.

It is easy to see (cf. [15]) that ¢(p,q) is an u.s.c. map. Moreover, o(p,q) is
compact, whenever g is compact.

A pair (p,q) determines a multivalued map ¢(p,q) = gp~!, although this
presentation is not unique. We shall sometimes overuse the notation and call
(p,q) a multivalued map, where it leads to no misunderstanding. The (p,q) as
above with p Vietoris will be called admissible map (cf. [6]). Note that the class
of admissible maps is quite large, in particular, it contains acyclic mappings and
their compositions.

The following two notations are equivalent:

X<ETr-LyY and (pg):X~Y.

Consider a multivalued map (p,q) : X ~» X. Denoting the sets of coincidence
points and fixed-points as

Cp.q) ={z €T |p(2) =q(2)},
Fix(p,q) ={zr € X |z € q(p~"(2))},
we have:

PRrROPOSITION 2.1. p(C(p,q)) = Fix(p,q). In particular, C(p,q) # O if and
only if Fix (p,q) # 0.

Define the composition of pairs X <¢=T -5 YV and Y £=T" -4 Z as a pair
X =T 5 Z, where T = {(u,u') € T x I | g(u) = p/(«)}, Blu,u') = p(u),
q(u,u") = ¢’(u). Notice that the composition of the corresponding multivalued

maps are equal ¢(p,q) = ¢(p', ') © ¢(p, q).
In this light, for a given admissible map (p,q) : X ~ X, by (p,¢)" : X ~ X
we denote its n-th iterate, i.e.

(r,9)" =(;q)e...o(p,g), n=12,...
—_———
n-times

Obviously, (p,q)! = (p,q).
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DEFINITION 2.2 (cf. [14]). An admissible map (p,q) : X ~ X is called
a compact absorbing contraction (written (p,q) € CAC(X)) if:

e

(2.2.1) there exists an open subset U C X such that the restriction (p,q) : U ~
U of (p, q) to the pair (U,U) is a compact map,
(2.2.2) for every x € X, there exists n = n(x) such that (p,q)"(x) C U, where

() = (.@) and p : p~'(U) — X, la) = pla). §: p~(U) = U,
q(z) = q(x), for every z € p~1(U).

Let us note that the class of compact absorbing contractions contains com-
pact, eventually compact, asymptotically compact and compact attraction map-
pings, provided they are locally compact (for more details see [14] or [15]).

We consider also multivalued mappings of pairs. Namely, a diagram

(X,A4) <= (I,To) == (Y, B)
is called an admissible map of pairs. We shall denote it as follows:
(p,q) : (X, A4) ~ (Y, B).

Then (p,q)x = (pr,qr) : X ~ Y and (p,q)a = (pr,,qr,) : A ~ B are induced
mappings by (p, q).

DEFINITION 2.3. An admissible map (p,q) : (X, A) ~ (Y, B) is compact
(compact absorbing contraction) if both (p, q) x and (p, ¢) 4 are compact (compact
absorbing contractions).

3. The fixed-point index for compact absorbing contractions

A general fixed-point index for admissible maps is studied in [18]. Below, we
shall present a slight generalization and application of results obtained in [18].
Let M denote the class of all triples (X, W, (p,q)), where X € ANR, W is open
in X, (p,q) € CAC and Fix (p,q) NOW = ), where W denotes the boundary of
W in X. The aim of this section is to generalize the fixed-point index over M.

Consider a triple (X, W, (p,q)). Since (p,q) € CAC(X), there exists an open
U C X satisfying conditions (2.2.1) and (2.2.2). Let us observe that Fix (p, q)
is a compact subset of U and U € ANR as an open subset of X € ANR.

—_—

Consequently, the triple (U, U N W, (p, q)) is in B in the sense of W. Kryszewski

(see [18]).
Therefore, the fixed-point index ind (U, U N W, (p,q)) of the triple (U,U N

W, (/p:/q)) is well-defined, according to [18]. Note that @ : U ~» U is compact
admissible.
We define the fixed-point index Ind (X, W, (p, ¢)) of the triple (X, W, (p,q))

as follows:

e

(3.1) Ind (X, W, (p,q)) = ind (U, U N W, (p, q)).
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The above definition (3.1) is correct, i.e. it does not depend on the choice of U.
In fact, it follows immediately from the additivity property (or, more precisely,
from the localization or excision properties of the fixed-point index in B (see [18]
or [15])).

The fixed-point index Ind defined in (3.1) satisfies all the usual properties
(see again [18] or [15]). Below, we list the properties which are necessary in
Section 4.

(3.2) (Excision) If (X, W, (p,q)) € M and Fix (p,q) C W, then

Ind (X, W, (p,q)) = Ind (X, X, (p,q)).

(3.3) (Contraction) If (p,q)(W) Cc A, A € ANR and the restriction (p,q) :
A~ A (p,q)(x) = (p,q)(x), for every x € A, is a compact absorbing

contraction, then

Ind (X, W, (p,q)) = Ind (A, AN W, (p,q)).

(3.4) (Normalization) Ind (X, X, (p,q)) = A(p, q), where A(p, q) denotes the
generalized Lefschetz number of (p, q) (cf. [14], [15] or [18]).

We left to the reader the formulations of further properties of the fixed-point
index defined in (3.1).

4. The relative Lefschetz fixed-point theorem

Let us recall that in [14] the following theorem is proved.

THEOREM 4.1. If X € ANR and (p,q) € CAC(X), then the generalized
Lefschetz number A(p,q) of (p,q) is well-defined and A(p,q) # 0 implies that
Fix (p, q) # 0.

Observe that (4.1) is the most general formulation of the Lefschetz fixed-point
theorem for multivalued mappings on ANRs.
We shall use the following proposition:

PROPOSITION 4.2 ([15], [16]). Let ¢ : (X, A) ~ (X, A) be an admissible map.
If any two maps of (p,q), (p,q)x, (p,q)a are the Lefschetz maps (subsequently,
the generalized Lefschetz number is well-defined), then so is the third and in that
case

A(p,q) = A(p, @) x) — Al(p, ) )

Now, we are able to prove the following generalization of (4.1).

THEOREM 4.3 (The Lefschetz fixed-point theorem for pairs of spaces). Let
X,A € ANR and (p,q) : (X, A) ~ (X, A) be an admissible compact absorbing
contraction mapping on pairs. Then

(4.3.1) the generalized Lefschetz number A(p,q) of (p,q) is well-defined (al-
though it does not follow from (4.2), it can be proved similarly), and
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(4.3.2) A(p,q) # 0 implies Fix (p,q) N X \ A # 0, where X \ A denotes the
closure of X \ A in X.

PROOF. At first, in view of (4.2) and (4.1), we see that (p,q) is a Lefschetz
map and

(4.4) Alp,q) = A(p,9)x) — A((p, ) a)-

To prove the second part of our theorem, assume that A(p,q) # 0 and (p, q) has
no fixed-points in X \ 4, i.e. Fix (p,q) € X\(X \ A). LettingW = X\(X \ 4) =
intA, then W is an open subset of X and, moreover, W C A. Therefore, from
(3.2) and (3.4), we get

(4.5) Ind (X, W, (p,q¢)x) = Ind (X, X, (p,¢)x) = A((p, ¢) x)-

Analogously, since W = Intx A C A, we obtain:

(46) Ind (A7 VV7 (pa Q)A) = Ind (A7 A7 (p7 q)A) = A(p7 q)A)

Now, using the contraction property of the fixed-point index, we get:
Ind (Xa VV? (pa Q)X) = Ind (Aa VV7 (pa Q)A)

From this, when taking into account (4.4), (4.5) and (4.6), we finally obtain that
A((p,q)) =0, and the proof is complete. O

5. Relative Nielsen fixed-point theorem

By a multivalued map we mean again a pair of (single-valued) maps X <=
I -4 X. In [4], [5], a Nielsen-type number N (p, q) is defined. This is a homotopy
invariant and a lower bound of the cardinality of coincidences (see [4] for details).
Here, we consider multivalued maps between pairs of spaces and we generalize
the Nielsen theory into this situation. In the case of single-valued mapping (i.e.
gp~ () is a singleton, for each z € X), we get the relative Nielsen number
introduced by H. Schirmer in 1986 [25].
We assume that the considered spaces are ANRs. Let us recall that X (as
an ANR) admits a universal covering px : X — X.
We need the following assumptions:
(A) For any = € X, the restriction g|,-1(,) : p~'(x) — X admits a lift g to
the universal covering space i.e. pxq = q.
(B) There exists a normal subgroup H C m X of a finite index, satisfying
@p'(H) C H. Here, ip* denotes a homomorphism of the fundamental
group induced by the admissible map X <= T -4 X, satisfying (A).
If (p, q) represents a single-valued map (i.e. ¢(p~!(z)) is a singleton, for
each z € X), then ¢p' coincides with the induced homomorphism fa.
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It is proved in [14] that, for a CAC-mapping, the generalized Lefschetz number
A(p, q) is well-defined which is a homotopy invariant and A(p,q) # 0 implies
a coincidence. On the other hand, it is proved in [5] (see also [4]) that (A) and (B)
imply a Nielsen number Ng(p,q), a homotopy invariant satisfying Ny (p,q) <
# C(p, q), where C(p, q) denotes the coincidence set of the pair (p, q).

Let A C X be a closed connected ANR, satisfying ¢(p~'(A4)) C A. Denote
'y = p~1(A) and consider the restriction A L1, LA U CXisan
open subset in the definition of a CAC-mapping, for (p,q), then U N A can be
associated to the CAC-mapping of (p|,q)). Let Hy = z;l(H) C mA. Since
the induced homomorphism iy : (mA)/Hy — (mX)/H is mono, Hy is also
a normal subgroup of a finite order. Hence, A A T'a A4 (where py, g
denote the natural restrictions) also satisfies the assumptions (A) and (B).

Let us note that the diagram

P| 49

A Ta A

TR

X2 1 %2 .Xx

where the vertical lines are natural inclusions, is commutative.

Let px X - X , PA A — A be fixed coverings corresponding to the
subgroups H, Hy, respectively. In view of the results [4], there exist lifts ¢, g
making the diagrams

A

X2 71 Xu A T, 04,4
pxl prl pxl pAl prAl PAJV
X2l 1 1. X Al T, 24
commutative, where
[={@2)eXxIipx@ =px)}, @ 2= pr(7e2) =2
fA:{(Zi,z)ng Ta; pa(a) =pa(2)}, pala,z)=a, pr,(az)=z.

Let Ox = {a: X — )?; pxa=px}, Oa={a: A— ﬁ; pac = pa} denote
the groups of the covering transformations. Recall that Ox ~ m X, O4 =~ m A.

LEMMA 5.1. There exist maps?: A )A(:, i fA —T making the following
diagrams commutative.

fAi—F>F

pa | px | | al

At x Ty —* .1

%
e
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Let us fix such maps i, ir. Then, for any ag € O4, there is exactly one o € O 4y

\X
N

7

making the following diagram

pA aoga

< Ty A

f“\p

S

>

commutative.

PRrROOF. Since (ipA)#(m;l) =iyx(Hy) C H=1im (px)#, there exists a lift 7
making the first diagram commutative. We define ip : Ty - T by putting
ip(a, z) = (i(a),ir(z)), and the second diagram commutes.

Now, we consider the big diagram. The commutativity of all squares, but
the deck ones, follow from the already discussed diagrams. It remains to check
the commutativity of the deck squares. One can easily check that fnﬁp = ?ﬁA.
Then we can examine the right deck square. At first, we notice that p X(Z]ﬁp) =
Dx (gozoqA). Thus, §ir, iagga are lifts of the same map gir = iq), by which there
is exactly one o € Ox such that a(jzp zgaoqA. O

REMARK 5.2. We can replace the lifts ¢, ga by those for which the above
big diagram commutes (i.e. it commutes for oy and « being identities). Then
the mapping O4 > ag — a € Ox defined in the Lemma (5.1) coincides with the
homomorphism 7 A — w1 X, induced by the inclusion A — X. So, we denote it
by i#.

Let us recall that a pair (p, ¢) satisfying (A) induces a homomorphism Gp" :
Ox — Ox, corresponding, in the single-valued case (p = gp~!), to p: m X —
71 X. We define the action of Ox on itself yoa = yagp'(y~1)). By an analogy
with the single-valued case, we define the quotient set, the set of Reidemeister
classes, and we denote it by Ry (p, q). We define the Nielsen class corresponding
to a class [a] € R(p,q), as pr(C(p, aq)). This splits C (p, ¢) into disjoint Nielsen
classes and defines the natural injection 7 : N (p, ¢) — Ru(p,q). UL (p, aq) # 0,
then C (p, aq) # 0, and the Nielsen class corresponding to [a] € Ry (p, q) is called
essential. We define the H -Nielsen number as the number of essential classes and
denote it by N(p,q).
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LEMMA 5.3. The homomorphism iy in Remark 5.2 induces a map of the
Reidemeister sets R(i) : Ru,(p),q)) — Ru(p,q).

PROOF. It is enough to show the commutativity of the diagram

Oax04y —— Oy
iy Xiy l iy l
Ox x Ox —— Ox
where the horizontal lines are given by the Reidemeister action

(y,a) = yoa=ya(@py) "

In fact, iy is a homomorphism which implies i4(y o @) = ig(ya(qp'y)™!) =
; ; sl N1y ; == -1y _ ;
i () igo-ig(@p ) T) = g (7) - iga- (@ (7)) 77) = gy 0 igpa .

LEMMA 5.4. The following diagram commutes

N, (p:q) 0N Nu(p, q)
di di
R, (p),q)) RO, Ru(p,q)

Let Sp(p,q; A) C Ru(p,q) denote the set of essential Reidemeister classes
which contain no essential class from Ry, (p|, q|)-

THEOREM 5.5. Under the assumptions (CAC), (A) and (B), the pair (p,q)
has at least N (p,q) + (#Su(p,q; A)) coincidences.

PROOF. We choose a point z1,... ,zx € C(f],g)), from each essential class of
f1, 91, and a point wy, ... ,w; € C(f,g) from, each one in Sg(p,q; A). It remains
to show that i(z) # w, for any z = z1,..., 2k, W = wi,... ,w;. Suppose the

contrary. Then, by Lemma 5.4, the essential Nielsen class (of p|,q|) containing z
is involved in the class (of p,q) containing w. Since the last class belongs to
Su(p,q; A), we get a contradiction. O

REMARK 5.6. Since any essential Reidemeister class corresponds always to
a nonempty Nielsen class, in the definition of Sy (p, ¢; A), the name of Reidemeis-
ter can be replaced by Nielsen: Sg(p,q; A) becomes the set of Nielsen classes
(from N (p,q)) which contains no essential Nielsen class (from N, (p|,q|))-

The following theorem gives a lower bound for the number of coincidences
of the pair (p, ¢) lying outside I'4 (cf. the surplus Nielsen number in [35]). Let
SN (p,q; A) be the cardinality of the set of essential classes in Ry (p, ¢)\im R (7).
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THEOREM 5.7. Under the assumptions (CAC), (A) and (B), the pair (p,q)
has at least SN (p,q; A) coincidences in T\ T 4.

ProOOF. We can observe that each essential class from Ry (p,q) \ im R (i) is
non-empty and disjoint from I"4. O

6. Applications to multivalued semi-flows

Following e.g. [28], [29] (in the single-valued case), we give at first suitable
definitions of (periodic) [semi-] processes and proper pairs.

Assume that X is a metrizable space and ® : D ~» X is a CAC-mapping,
where D C R x X xR [D C R x X x R] is an open set. Denoting the mapping
(o, -, t) by ®(,+), we can give the definition of admissible (multivalued) [semi-]
processes as follows.

DEFINITION 6.1. @ is called a generalized local [semi-] process (on the space
X) if the following conditions are satisfied:
(i) forallc e R,z € X : {t e R [t > 0] | (0,t,x) € D} is an interval,
(ii) for all o € R: ®(4) = id,
(iii) for all o,t,s € R [for all o € R, t > 0,5 > 0] : @5 514) C [=]|P(o45,) ©
q)(O',S)'
In the case D = R x X xR [R x X x RI], we call ® a generalized (global) [semi-]
process.
For (0,2) € R x X, under the assumption that

@ (5.4) (%) = {Y(0,t)(7) € X | Y(o,.)(2) is a continuous function with
Y(o,0)(z) = z and (o, z,t) € D},

the set

{0+t y0on (@) € RX X | Yo (x) C P(oy is a single-valued

continuous selection and (o, x,t) € D}

is called the set of trajectories of (o,x) in ®.
If T > 0 is an integer and ® still fulfills

(iv) forallo, t e R [foralloc € R, t > 0] : @54 = Pioirp)s

we call ® a T-periodic local (or global) generalized [semi-] process.
For o = 0 a generalized local (or global) [semi-] process ® (g 4) is called a gen-
eralized local (or global) generalized [semi-] dynamical system.
A local generalized process ® on X determines a local generalized [semi-] flow
®* on R x X by
i (0,2) = (0 +1,P(g,)(7)).
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Denoting
Zt)y={z e X | (t,x) € Z},
for every Z C R x X and o € R, we call the set Z to be T-periodic if, for every
teR,
Z(o)=Z(c+T).

In this case, we put

7 — {(exp (T),x) e St x Z(a)},

i.e. there is a circumference by identifying o and o + T'.

Assuming that (A, B) is a pair of subsets of R x X, where A C B, we can
give
DEFINITION 6.2. (A, B) is called a proper pair if
(i) A(o) and B(o) are ANR-spaces, for each o € R,

(ii) there is a generalized [semi-] process ® on X such that A and B are
[positively-] invariant under the flow ®*, defined as above.

If still
(iii) A and B are T-periodic, then we speak about a T-periodic proper pair.

Now, consider the system
(6.3) y € F(ty),

where F': R X  ~» R™ is an (upper) Carathéodory multivalued function, which
is essentially bounded in ¢ and linearly bounded in y, and Q@ C R" is an open
subset (possibly, the whole space R™). Denoting by y(t) = y(o, z,t), [t > o], its
(Carathéodory-like) solution, satisfying y(o) = =, the generalized [semi-] process
¢ generated by (6.3) takes the form [t > 0]

@(a,t)(x) = 30(0-"777 t) - {y(a,x,t + U)}

In particular, ¢4 () = {y(0,2,t)} or

@(o’,t)(x) = {y(a,x,t + U)} = 30(0+T,t)(x) = {y(U +T,(E,t+ o +T)}a

provided F(t,y) = F(t+ T, y), represent a generalized [semi-] dynamical system
or a generalized T-periodic [semi-] process generalized by (6.3), respectively.

It follows from the following investigations that if (A, B), where B C A C
R x X, is a proper pair for a generalized [semi-] process ¢ : (A(0),B(o)) ~
(A(o),B(0)), then the generalized Lefschetz number A(y) is well-defined, for
every o € R, satisfying A(¢) = A(va(0)) —A(¢B(s)), Where (5 : A(o) ~ A(0)
and ¢p(,) : B(o) ~ B(o) are particular [semi-] flows on A(c) and B(c), o € R.
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Moreover, for every 0 € R, t eR [t € R(ﬂ? P(o,t) = P(c,0) = id, a homotopy
is given by ©(o,ke), k € [0,1].
In particular, for a T-periodic proper pair (A, B), T > 0

Po = PT ¢ (A(0)7 B(O)) e (A(t)>B(T))7
by which (in view of the invariance under homotopy)

A(pg) = Alpr) = Alpo) = x(A(0)) — x(B(0)),
where y stands for the Euler—Poincaré characteristic.
Thus, if x(A(0)) # x(B(0)), then there exists a fixed-point z* € {0} x
A(0) \ B(0) of the semi-flow ¢%. : {0} x A(0) ~ {T} x A(T), ie. z* € ph(z*),
and subsequently also a T-periodic trajectory of (0, 2*) is 4.

Hence, we can give the first statement of this section.

THEOREM 6.4. If (A, B), where B C A C R x X, is a T-periodic proper
pair for the T-periodic semi-flow ¢* : (A, B) ~ (A, B), determined by some T -
periodic semi-process p on X X X, then there exists a T-periodic trajectory of
some point (0,2*) € {0} x A(0) \ B(0) in w4 : A(0) ~ A(T), provided

0a0) (@) = {y0.)(x) € A(t) | Yo,.) () is a continuous function
with Y0y (x) = x and (z,t) € A(t) x [0,T]}.

For the differential system (6.3), where F(t,y) = F(t + T,y), a T-periodic
semi-process can be generated by means of the associated Poincaré translation
operator along the trajectories of (6.3) at the time kT, k € [0,1], defined as
follows:

(6.5) O = {y(x,kT) | y(z, -) is a solution of (6.3) with y(z,0) = z}.

It is known (see e.g. [1], [15]) that ® is admissible. More precisely, it is a compact
composition ® = )5 0 1)1 of an Rg-mapping ¢ and a continuous (single-valued)
evaluation mapping 15, which is homotopic (in the same class of maps) to iden-
tity.

Therefore, if Ay, By, where By C A; C Q C R", are compact ENR-spaces
such that

(6.6) Opr(Ar) C Ay and @pp(By) C By forallk €[0,1],
then @47 becomes a CAC (in fact, compact) -mapping. We can even put
P57 (0,2) = (KT, (0 17) (7)) = (KT, Ppr()),

in order to demonstrate the correspondence to a T—periodic generalized semi—
flow in the above sense.
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After all, assuming (6.6) and

(6.7) X(A1) # x(B1),

system (6.3) admits a T-periodic solution y(t) with y(0) € A; \ By.

Condition (6.6) can be expressed more explicitly by means of locally Lip-
schitzean bounding functions. For this, we use the following lemma, which is
stated without the proof, because it is only a slight modification of the well-
known results (see e.g. [13], [19], [23], and the references therein).

LEMMA 6.8. Let V,(t,y) = V,(t +T,y) € C([0,T] x Q,R) be a family of
(bounding) functions and c € R. Set M = [V, <] ={y € Q| Vi (t,y) < c}; the
set [V, > ¢] is defined analogously. Assume that, for each u € OM and t € [0,T],
there exists € > 0 such that Vi, is locally Lipschitzean in [V, > ¢] N B(u,¢),
uniformly w.r.t. t € [0,T], and

1
limsup — [V, (t + h,y + hf) — Vu(t,y)] <0,
h—0*t h

for every y € [V, > ] N B(u,e) and f € F(t,y). Then M is positively flow-
invariant for (6.3), i.e. ®pr(M) C M, k € [0,1], where ® is the associated
translation operator in (6.5).

We are in position to give the second theorem of this section.

THEOREM 6.9. Let Ay and By, where By C Ay C Q C R", be compact
ENR-spaces such that (6.7) holds. Assume the existence of a family of bound-
ing functions V,(t,u), W, (t,y) and constants c1, co satisfying the conditions
of Lemma 6.8, for Ay = [V, < c¢1] and By = [W, < c¢o]. Then the sys-
tem (6.3), where F(t,y) = F(t + T,y), admits a T-periodic solution y(t) with
y(0) € A1\ By.

REMARK 6.10. Instead of Lemma 6.8, we could employ other criteria (see
e.g. [13]) ensuring the strong positive flow-invariance of Ay, By, when the bound-
aries 0A; and 0B; are not reached by a solution from the interior of A; and B;.
Then, the additivity, excision and existence properties of the fixed-point index
could be also applied for the same aim (see e.g. [15]). However, since fixed-points
of the translation operator in (6.5) are allowed in Theorem 6.9, for any k € [0, 1],
on the boundaries dA; and dB;, Theorem 6.9 can be regarded as a nontrivial
example of an application of the relative Lefschetz number. The same is all the
better true for Theorem 6.4.

Now, we would like to make a nontrivial application of the relative Nielsen
number. If Q is a nilmanifold (for its definition and more details, see e.g. [20], [33]
and the references therein), for example, a torus or an open disk with one hole
in R?, then the well-known result of D. Anosov asserts that, for a single-valued
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self-map f : Q@ — Q, we have N(f) = |A(f)|, where N and A stands for the
(well-defined) Nielsen and Lefschetz numbers, respectively. If € is an AR-space
(not necessarily a nilmanifold), then N(f) = A(f) = 1.

Furthermore, if ,ws are compact ANR-spaces such that Qs C 9y (25 is
assumed to be closed) and f : (Q1,Q2) — (Q1,Q2), then (cf. e.g. Definitions 2.2.
and 2.3 in [27])

N(f;941,Q2) = N(fa,) + N(fa,) — N(fai, fa,),

where N(fq,, fa,) is the relative Nielsen number of the map f : (21,Q2) —
(Q1,92), N(fq,) is the Nielsen number of f|q, : Q1 — Q1, N(fq,) is the one of
fla, : Q2 — Qo and N(fq,, fa,) is the number of essential common fixed-point
classes of f|q, and f|q,. Let us note that, under suitable assumptions, P. Wong
generalized in [33] D. Anosov’s result to N(f;$4,3), for compact manifolds.

Therefore, if (M7, M) = (RxQq,Rxs), where Qs C Q1 C X are connected
nilmanifolds or AR-spaces (€29-closed) having (if they are not compact) finitely
generated abelian fundamental groups (= B-property; see [5]), is a proper pair
for the semi-flow ¢* : (M, M) ~ (M, Ms), determined by a semi-process
@ =1s01; on X x X, where ¢; is a Rg-mapping and s is a continuous (single-
valued) mapping (= A-property; see [5]), then (in view of the obvious invariance
under homotopy) we arrive at (see the foregoing section and cf. [4], [5])

Nu(p,q) + (S (p, ¢;Q2)) = Nu(f o oo,1); 1, Q2) = N(f 0id; Q1, Q)
N(f;QhQZ) :N(fﬂ1) + N(fﬂz) - N(fﬂl?fﬂz)
IA(fo )l + [A(fa,)| = N(fay fa,),

where

L Troper —— U and Qo <= Ty, — Qo
In many situations N(f;Q,Q2) = |A(fq,)| when A(fq,) # 0, according to P.
Wong’s result in [33], by which “only” N(f;€1,2) = N(fq,). Thus, a nontrivial
situation can be mostly expected, when A(fq,) = 0. In our (more general, but
not so explicit) situation, there exist at least

[A(fa)| + [A(fo)| = N(fay; fo, ) (= [A(fa,)])

coincidences of the pair (p,q) associated to the mapping f o 1) : Q1 ~ O

Moreover, there is a one-to-one correspondence between the coincidences
and the trajectories (£, (z*)) € [0,T] x Q1 in @), satisfying ye o) (2*) =
(o, (x*)), where 2* is a fixed-point of f o (o 7y, provided

Y(o,-)(x) C 41 is a continuous selection,

P4 (x) = {y(o,t)(ﬂf) €M

P = Uy(o,A)(x) and ¢ Zi/Jzol/Jl}-
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If the homotopy endomorphisms
(fgq)* H*(QlaQ)*)H*(Qla@)a Z:]-aza

are known for nilmanifolds €2; (for AR-spaces Q;, we have A(fq,) = 1), then still
(cf. [20])

(6.11) [A(fa,) = , i=1,2.

S (1) tr(fa e

n

We can summarize our investigation about the relative Nielsen number (on the
total space) as follows.

THEOREM 6.12. Assume that (My, M3) = (R x Q1,R x Q5) is a proper pair
for the semi-flow ¢* : (My, M) ~ (My, Ms), determined by some generalized
semi-process ¢ = g 011 on X X X, where 2y C Uy C X are connected nilman-
ifolds or AR-spaces (2 is closed), having finitely generated abelian fundamental
groups, 1 is an Rs-mapping and 1o is a continuous (single-valued) mapping
such that 0 () = {yon(®) € Q | Yo, (x) C 1 is a continuous selec-
tion, Y1 = Uyo,.)(x) and ¢ = o 0 1}, Furthermore, let f : (21,Q) —
(Q1,92) be a continuous (single-valued) mapping. Then there exist at least
(IAGa)| + A0l = N(far, fa,)) trajectories (£ yio.0(a%)) € [0,T) x 9 in
®0,), satisfying yo,0)(x*) = f(yo,r)(x*)), for some (one or more) x* € Q.
For nilmanifolds Q;, the generalized Lefschetz number |A(fq,)|, i = 1,2, can be
computed by means of (6.11) and N(fq,, fa,) denotes the number of essential
common fized-point classes of fa, = fla, and fa, = fla,-

We have already pointed out that the translation operator in (6.5), associated
to (6.3), generates a generalized semi-process @, 7y () as well as the generalized
semi-flow ®*(0,t) = (0 + kT, (4 x7)(x)), which are exactly of the type as above.
Moreover, there is a one-to-one correspondence between the coincidences and
the solutions of (6.3). Hence, Theorems 6.9 and 6.12 can be still specified in the
following way.

THEOREM 6.13. Let Ay and By, where By C Ay C © C R"™, be bounded
connected either nilmanifolds and ENR-spaces or AR-spaces; By-closed and A, -
having a finitely generated abelian fundamental group, when it is not closed.
Furthermore, let f : (A1, B1) — (A1, B1) be a continuos (single-valued) mapping
such that f|z-: A, — Ay, when A is assumed to be open. At last, assume the
existence of a family of bounding functions V,(t,u), W, (t,u) and constants ¢y, ca,
satisfying the conditions of Lemma 6.8, for A; = [V, < c¢1] and By = [W,, < ¢q].
Then system (6.3) admits at least (|A(fa,)| + |[A(fa,)| — N(fa,, fa,)) solu-
tions y(t), with y(0) = f(y(T)), y(0) € Ay. For nilmanifolds A;, the gener-
alized Lefschetz number A(fa,), i = 1,2, can be computed by means of (6.11)
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and N(fa,, fa,)) denotes the number of essential common fized-point classes of
fa, = fla, and fa, = fla,-

REMARK 6.14. If A; is assumed to be open, then another possibility con-
sists in application of a different criterion of a flow-invariance of Ay, under the
translation operators, namely the one ensuring a strong positive flow-invariance
of A1, as mentioned in Remark 6.10 Then we need not assume (rather unnatu-
rally) that f|: Ay — Ay If Ay is an AR-space, then |A(fa,)| > N(fa,, fa,),
by which the lower estimate of solutions y(¢) of (6.3) with y(0) = f(y(T")) reduces

either to 1 or to |A(fa,)|-

REMARK 6.15. In fact, in Theorems 6.12 and 6.13, the same amount of
trajectories (t + o,y) and solutions y exists, for every o € R, satisfying

Y(0.0)(T5) = [ (Yo (25)) and y(o) = f(y(o +T)),

respectively. Therefore, only the notion of local semi-dynamical systems was
appropriate for conclusions in Theorems 6.12 and 6.13. On the other hand, if
e.g. f =1id, then we can get at least (|x(21)|+|x(Q2)| — N(fa,, fa,)) T-periodic
trajectories or (|x(A1)| + [x(A2)| — N(fa,, Fa,)) T-periodic solutions, for every
o € R, under the suitable T-periodicity assumptions, as in Theorems 6.4 and 6.9.
For f = —id, much more interesting multiplicity results can be obtained (cf. [4]),
under suitable restrictions, for anti-periodic trajectories or solutions.

As we could see, the relative Lefschetz number was concerned to the existence
of a fixed-point on the closure of the complement, while the relative Nielsen
number to the lower estimate of the number of coincidences on the total space.
We conclude, therefore, this section by the application of a special relative Nielsen
number (introduced for the first time in [34]), estimating from below the number
of coincidences just on the complement (see Theorem 5.7 and, in the single-valued
case, cf. the surplus number in [35]).

If Qq, Q9 are ANR-spaces such that Qs C Q7 (22 is assumed again to be
closed connected), then

(SN(f;82) 2)N(f; 0\ Q2) = N(fa,) — E(fa,, fa,)

is the so called Nielsen number of essential weakly common fixed-point classes of
fa, and fq,, i.e. if there exists a path a from a point zp of an essential fixed-
point class to a point in Q5 so that « is homotopic to f o «, under a homotopy
of the form (I,0,1) — (1, 20,82), I = [0,1]; for more details (including the
computation of N(f;Q \ Q2)), see [26], [27], [33]-[36].

Replacing the relative Nielsen number (on the total space) by the above
Nielsen number on the complement; Theorems 6.12 and 6.13 can be reformulated
as follows.
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COROLLARY 6.16. Under the assumption of Theorem 6.12, there exist at
least |A(fa,)| — E(fa,, fa,) trajectories (t,yq0(x*)) € [0,T] x Q1 \ Q2 in @ 4,
satisfying y(o,0)(x*) = f(yo,r)(x¥)), for some (one or more) x* € Q1 \ Qa. The
number of essential weakly common fized-point classes E(fq,, fa,) of fo, and
fa, is defined as above and, for a nilmanifold Q1, A(fq,) can be computed by
means of (6.11).

COROLLARY 6.17. Under the assumption of Theorem 6.13, there exist at
least |A(fa,)| — E(far, fa,) solutions y(t) of (6.3) satisfying y(0) = f(y(T)),
y(0) € A1 \ Aa, where E(fa,, fa,) stands for the number of essential weakly
common fized-point classes of fa, and fa,, and A(fa,) can be computed, for a
nilmanifold Ay, by means of (6.11).

Let us still add two concluding notes. In the single-valued case, {25 need not
be connected (cf. [27]). Moreover, if Q; or 5 is particularly the 2-dimensional
disk containing a finite number of fixed-points on the boundary 9y or 0€s,
then, under certain special additional restrictions, some further fixed-points can
be implied in the interior intQ; or intQy (see e.g. [6], [8]).

If we would have used for our applications (in the single-valued case) contin-
uos flows @, ;), where ¢ can take also negative values, then, for every o,t € R,

®~d:(A(0),B(0)) — (A(o +1t),B(o +1)),

a homotopy is given by

~

Dot (1-s)t,st) © Plott,—st) © P(oyy for s € [0,1].

Nevertheless, the semi-flows seem to be more appropriate for our applications,
in the single-valued case, as well.
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