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COUNTING SOLUTIONS
OF NONLINEAR ABSTRACT EQUATIONS

JULIAN LOPEZ-GOMEZ — CARLOS MORA-CORRAL

ABSTRACT. In this paper we use the topological degree to estimate the
minimal number of solutions of the sections (defined by fixing a parameter)
of the semi-bounded components of a general class of one-parameter ab-
stract nonlinear equations by means of the signature of the semi-bounded
component. A semi-bounded component is, roughly speaking, a component
that is bounded along one direction of the parameter. The signature con-
sists of the set of bifurcation values from the trivial state of the component
together with their associated parity indices. The parity is a local invariant
measuring the change of the local index of the trivial state.

1. Introduction

Suppose U is a real Banach space, denote by £(U) the set of linear continuous
operators in U, and consider a continuous map §:R x U — U of the form

FAu) = L(N)u + N\, u),

2000 Mathematics Subject Classification. 47J15, 58C30, 47H11, 58C40.

Key words and phrases. Bifurcation theory, counting the number of solutions, fine topo-
logical structure.

Both authors were partially supported by the Spanish Ministry of Science and Technology
under Grant REN2003-00707.

The second author has beeen supported by a postdoctoral grant financed by the Spanish
Sectretaria de Estado de Educacién y Universidades, and co-financed by the European Social
Fund.

©2004 Juliusz Schauder Center for Nonlinear Studies

309



310 J. L6rEz-GOMEZ — C. MORA-CORRAL

where

(HL) £:R — L(U) is a continuous mapping such that £(\) — I is compact
for each A € R; I being the identity operator on U.
(HN) 91:R x U — U is a compact operator, such that

(A
o sup 1T

0
u—=0 ) eK [l

for every compact set K C R.

The main goal of this paper is to analyze some fine properties of the semi-
bounded components of the set of non-trivial solutions of

(1.1) F(Au) =0.

Thanks to (HL) and (HN), (A, u) = (A,0) solves equation (1.1) for each A € R.
This is why any solution of the form (A, 0) will be called a trivial solution, while
solutions of the form (A, u) with u # 0 are referred to as non-trivial solutions.
More precisely, although it may contain some trivial solution, the set of non-
trivial solutions of equation (1.1) is defined by

(1.2) S = {(\u) €Rx (U\{0}): T\ u) =0} U (D x {0}),

where ¥ stands for the spectrum of the family £()\), i.e., the set of o € R such
that £(c) has a non-trivial kernel. Since £(\) is Fredholm of index zero, by the
open mapping theorem, it is an isomorphism if A € R\ ¥. Combining this fact
together with (HN), it is easily seen that ¥ is a closed subset of R and that all
bifurcation values of A to non-trivial solutions of (1.1) from the trivial solution
(A, 0) must lie in ¥. In particular, by the continuity of §, & is a closed subset
of R x U (cf. [6, Section 6.1]). The set & consists of all non-trivial solutions
of (1.1) plus all possible bifurcation points from the trivial solution curve (A, 0).
Although far from necessary, throughout this paper we assume that ¥ is discrete.
Then, one can introduce a parity map P:3 — {—1,0, 1}, as follows

PO = % lia {10 (0, £+ 2)) — Ind (0, £\ — &)

where Ind(0, -) stands for the local topological degree of zero — the index. So
the parity vanishes if, and only if, the local topological degree does not change.
In the sequel, when writing Ind(u, f), it entails that the Leray—Schauder degree
Deg(f, Br(u)) is defined and independent for every R > 0 small enough, and
Ind(u, f) equals this common value; Br(u) being the ball of radius R centered
atuelU.

As usual in global bifurcation theory, throughout this work by a component
of a closed subset S of & it is meant a maximal (for the inclusion) closed and
connected subset of S. The most powerful result available in global bifurcation
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theory establishes that if € is a bounded component of &, necessarily compact,
with

(1.4) B:=¢n (S x {0}) £0,

then

(1.5) > Plo) =0,
cEPAB

where P stands for the projection Py(A,u) = A (cf. P. H. Rabinowitz [9], [10],
E. N. Dancer [1], [74], R. J. Magnus [7], J. Ize [4], [6, Chapter 6] and the references
therein). As a consequence, if we denote by € the component emanating from
(A, 0) at a value A = ¢ € ¥ with |P(0)| = 1, whose existence is guaranteed from
the pioneering results by M. A. Krasnosel’skil [5], then, some of the following

alternatives occurs:

(1) € is unbounded.
(2) € contains another point of the form

(7,0) # (0,0) with P(o)P(0) = —1.

In particular, it must be unbounded if B = {(¢,0)}. This result, found in the
pioneering paper of P. H. Rabinowitz [9], and usually refereed to as Rabinowitz’s
alternative, has been one of the paradigms of nonlinear analysis during the last
three decades, because of its huge number of applications (cf. H. Amann [1],
P. M. Fitzpatrick and J. Pejsachowicz [3], J. Mawhin [8], as well as the refer-
ences therein). Precisely because of the great number of applications — as well
as its really simple statement, easily retained by non-experts — Rabinowitz’s al-
ternative has not facilitated the development of sharper topological tools based
on Leray—Schauder degree towards ascertaining further hidden properties of the
solution components of nonlinear abstract equations. Concretely, it seems that,
in practice, most of nonlinear analysts using these global bifurcation results are
forgetting that the Leray—Schauder degree is a generalized counter of the num-
ber of zeros of F(A, - ), for each value of A, and that Rabinowitz’s Alternative
exclusively expresses the fact that € is unbounded if (1.5) fails.

In this paper we go back to the roots of the theory by using the topological
degree to count the exact number of solutions of € for each of the values of A
where Po€ # (). As a result, rather naturally, we are conducted towards the
problem of analyzing the fine global topological structure of the semi-bounded
and bounded components of &; an analysis which seems to be completely pio-
neering in the field.

To summarize the main results of this paper, we need to sketch the main
methodology adopted in it. Throughout this paper, for any subset S C R x U
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and A € R we will denote
Sy ={uelU:(\u)eS}
Suppose € is a component of &, not necessarily bounded, set
B:=¢&¢n (X x{0}),

pick A € R\ P,B and consider J € {(—o0,A],[A,00)}. Let {€4}aca be the
family of components of €N (J x U) and set

By =€, N(Zx{0}), acA

Then, {B, }aca is a family of disjoint subsets with union €N (Jx{0}). Except for
a countable set of & € A, B, = 0, since ¥ is countable. Actually, if BN (J x {0})
is finite, then B, = () except for a finite set of & € A. In general, for each A € J,
one has that
Card€, = Y Card(€,)».
a€cA

The main goal of this paper is to get optimal general estimates for Card (€,,) .
For each o € A some of the following alternatives occurs:

(1) €, is bounded in J x U.
(2) €, is unbounded in J x U.

Suppose alternative (2) occurs and set
Jo = PrC,.

Then, Card (€,)y > 1 for each A € J,, while Card (€,), =0if A € J\ J,. In
general, Card (€,), might be arbitrarily large for some A € J,, and hence 1 can
be regarded as the minimal cardinal of (€,)x.

Now, suppose €, satisfies alternative (1); an €, arising in this way is called
a semi-bounded component. The main result of this paper establishes that for
any open isolating neighbourhood of €, in J x U, say €, (cf. Definition 2.1),
and any A* € J \ PrB, there exists p* > 0 such that for any 0 < p < p*

(1.6) Deg(F(\*, +), ()a \ B,) = 2sign J* Z P(o),
oceJ*NPA\Ba
where
(M,00)  if J=[A,00), 1 if J=][A, 00),
J* = sign J* :=
(o0, %) if J = (—o0, A], -1 if J=(—o0,A]

Besides providing (1.5) and, hence, all existing abstract global bifurcation results
(cf. Theorem 2.3), equation (1.6) also gives, in a rather natural manner, the
minimal number of solutions of (€, )y« under some additional non-degeneracy

conditions which are satisfied in many special circumstances of great interest.
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The knowledge of the minimal number of solutions of (€,)x+ in these special
cases conducts rather naturally towards the problem of analyzing all admissible
structures that €, may have in the special case when €, consists of a finite
number of compact arcs of continuous curves in terms of the signature of €,
(cf. Definition 3.4); the signature being defined as the set PyB, together with
the parity value at these points. It seems this is the first work where this problem
has been addressed in the context of global bifurcation theory. We refrain from
giving more details herein.

This paper is organized as follows. In Section 2 we prove (1.6). In Section 3
we use (1.6) to estimate the number of solutions of (€,)x~ and, then, introduce
the concept of signature of €, and the concept of minimal number of solutions.
Finally, in Sections 4 and 5 we analyze the case when €, consists of compact arcs
of continuous curves under certain regularity assumptions. Although the analysis
of this special situation is very simple, it is certainly the beginning of a general
abstract theory that should provide us with the minimal topological structure
that €, should have in order to be an admissible semi-bounded component of €.

2. The main theorem
Throughout this section we suppose that
(2.1) J € {R, (—o0, A],[A, 00)}

for some A € R, and that € is a bounded (hence compact) component of & N
(J x U). The main goal of this section is to study general properties about the
number of elements of €, for each A € J. Most of the results of this section are
new even in the classical case when J = R. Subsequently, we denote by B the
set of bifurcation points from J x {0} of €, i.e.

(2.2) B:=¢n (T x {0}).

The set B is compact and discrete, so finite, possibly empty. The following
concept will play a crucial role in the subsequent analysis.

DEFINITION 2.1. A bounded open set 2 C R x U is said to be an open
isolating neighbourhood of € in J x U if the following conditions are satisfied:

(2.3) CcQ, NG cR\J)xU B=Qn(x{0})

where B is the set defined by (2.2). In the special case when J = R, the second
relation of (2.3) should be read as 902N & = 0.

The following result establishes the existence of open isolating neighbour-
hoods satisfying some adequate properties to calculate the topological degree
of §, which will provide us with the desired multiplicity results. Subsequently,
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we denote by Bgr(A,u) the ball of radius R > 0 centered at (A, u) € R x U, and
by Bpg the ball of radius R centered at the origin in U.

PROPOSITION 2.2. Suppose (2.1) and let € be a bounded component of &GN
(J x U). Then, for each B > 0, € possesses an open isolating neighbourhood
in J x U, say Q, with the property Q@ C € + Bg(0,0). Moreover, for any open
isolating neighbourhood Q of € in JxU and any e > 0 there exists p* = p*() >0
such that for any 0 < p < p* and any

Aed. =T\ U (0 —e,0+¢)
cEPA\B

some of the following alternatives occurs:
(a) Ep Ny =0.
(b) {ue€ B, :§(\u)=0}={0}.

PRrROOF. First, we will construct an open isolating neighbourhood. Fix a > 0
small so that U := € + B,(0,0) satisfies

(2.4) Un (s x {0}) = B.

If oUNG C (R\J)x U, then U provides us with an open isolating neighbourhood
of €in J x U, but, in general, this will not be the case. So, suppose

UNGN(JxU)#£D
and set
M:=UNGN(JxU), A:=¢ B:=oUncn(JxU).

Then, M is a compact metric space and A, B are two disjoint compact non-empty
subsets of M. Moreover, by the maximality of €, no subcontinuum of M connects
A with B. Thus, by a well-known result going back to G. T. Whyburn [11], there
exist two disjoint compact subsets of M, say, M4 and Mp, such that

AC My, BCMpg, M=DMusUDMsg.

Then, the open set neighbouring Q := M4 + B,(0,0) provides us with an open
isolating neighbourhood of € in J x U for any sufficiently small n > 0. Indeed,
by (2.4), we have M4 N (X x {0}) = B and hence, for any sufficiently small > 0,

Qn(E x{0}) =8B.
Moreover, € C M4 C 2. Thus, it remains to check that

(2.5) 9NNG C (R\J) x U.
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Since dist(Ma, Mp) > 0, reducing n > 0, if necessary, one has that 9Q N M = (),
since M = M4 U Mp. Moreover, since M4 C U, for any sufficiently small n > 0,
0 C U. Thus,

P=00NM=00NUNSN(JxU)=d0N&N(JxU).

This concludes the proof of (2.5) and shows that € is an open isolating neigh-
bourhood. Moreover, by construction,

Q C €+ B,(0,0) + B,(0,0)

and a,n > 0 can be arbitrarily small. So for any 5 > 0 we can obtain {2 an open
isolating neighbourhood of € in J x U such that  C €+ B3(0,0).

Now, let 2 be any open isolating neighbourhood of €. To show the existence
of p* > 0 satisfying all the requirements of the statement we will argue by
contradiction. Assume that there exists € > 0 such that for each integer n > 1
there exist p, >0, A, € J., and u,, € B, \ {0} such that

lim p, =0, B, N, #0, FA,u,)=0.

n—oo
If {\;}nen is unbounded, then Q, = @ for some k, which is impossible, since
B,, N, # 0. Then, {\,}neny must be bounded. Thus, by extracting an
adequate subsequence, labeled again by n, one can suppose that

lim A\, =0 € J..

n—oo

Since u, # 0 and lim,— oo (An, un) = (0,0), necessarily o € X. Moreover, o ¢
PrB, since o € J.. Thus, o € 3\ P,B and, hence, (0,0) & Q, by the definition
of open isolating neighbourhood. Now, pick a v,, € Fpn Ny, for each n > 1.
Then, for each n > 1, (\n,v,) € Q and

lim (A, v,) = (0,0).

n—oo

Thus, (0,0) € 2\ Q = 9Q, and therefore, (5,0) € 92N & N (J x U), which is
impossible, since 92NG& C (R\ J) x U. This contradiction concludes the proof.(]

Now, we can give the main result of this section.

THEOREM 2.3. Suppose (2.1) and € is a bounded component of &N (J x U).
Let Q be any open isolating neighbourhood of € in J x U. Then, for each \* €
J \ PrB there exists p* > 0 such that for any 0 < p < p*

(2.6) Deg(F(\*, -),Qx~ \ B,) = 2sign J* Z P(o),
ceJ*NP\B
where
(M,00)  if J=1A,00), 1 if J=[A, ),
J = sign J* :=
-1 ZfJ: (7007‘/\]7
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and J* € {(—o0, \*), (A\*,00)} if J =R. Actually, if J =R, then

(27) DegBN', ). 00 \B) =2 Y P@)=-2 3 Pl

oc€(A*,00)NPAB oc€(—00,A*)NPAB
and, therefore,
(2.8) > P(o)=0.
oc€PL\B

In any of those cases, when the set over which the summation runs is empty
the sum should be taken as zero.

PRrROOF. We shall give all details of the proof in the case when J = [A, 00).
Since €2 is bounded, there exists b € J* \ ¥ such that Py C (—o0,b). Now, we
have to distinguish two different cases. Suppose

(2.9) J*NPB=0.

Then, thanks to Proposition 2.2, there exists p* > 0 such that for each p € (0, p*]
and A > \* some of the following alternatives occurs: either Ep NQy =0, or
{u € B, : F(A\,u) = 0} = {0}. Thus, for each A > \*, the topological degree
Deg(F(X, - ), \ B,) is well defined. Moreover, the invariance by homotopy
shows that

Deg(§(A", ), \ By) = Deg(§(b, -), % \ By) =0,

since Q, = 0, which concludes the proof of the theorem under condition (2.9).
Now, suppose

(2.10) J*NP\B={o1,...,0m},

instead of (2.9), where 0; < 0; if 1 < i < j < M. Let § > 0 be such that
B+ B;(0,0) C €,

N<or—0<o1+0<09—-80<...<opy+0d<b,

and, if PAB\J* # 0, sup[PAB\ J*|+d < A*. Pick 0 < p < p*, where p* = p*(§/2)
is the value whose existence was shown by Proposition 2.2. By the homotopy
invariance of the degree, for each 1 < j < M, Deg(§(A, - ), ) is constant in the
interval A € (0 — 6,05+ 6). Indeed, if A € (o; — 0,0, +0) for some 1 < j < M,
and (A, u) € 99, then (\,u) ¢ &, since I2NG C (R\ J) x U, by (2.3), and
A € J. Moreover, (A\,0) € B+ Bs(0,0) C Q, and, hence, (A,0) ¢ 9 either.
Thus, §(A, u) # 0 and, therefore,

(211) Deg<8’(o—j - 5/27 : )aQijé/Q) = Deg(s<0_j + 6/2a . )7chj+5/2)a
for1 <j< M.



COUNTING SOLUTIONS 317

Also, again by the homotopy invariance of the degree, there exists (dy, ... ,dy) €
ZM+1 such that

Deg(3(\, -). U\ B,) =dj, A€ [0 +0/2,0541 —0/2],
1<j<M-1,

), U\ B,) =du, A€ [om +8/2,b],

), 0\ B,) =do, A€ [N,01-6/2]

t suffices to show that F(A\, u) # 0 if

B e

Deg(F (A, -

In order to prove (2.12) i
M-1

A€ [/\*,01 —5/2] U [O'M +5/2,b]U U [Uj +5/2,0'j+1 —5/2]
j=1

and u € 9(Q2 \ B,). Pick (\, u) satisfying those requirements. Obviously, u # 0.
Moreover, by Proposition 2.2, either B, Ny = 0 or {u € B, : F(\,u) =0} =
{0}. Suppose

Ep NQy = 0.
Then Q) \ B, = 2, and, hence, (\,u) € QN (J x U) and (A, u) ¢ &, by (2.3).
Thus, F(A\, u) # 0, since u # 0. Now, suppose
(2.13) {u€ B, :F(\u)=0}={0}.

Clearly, (2 \ B,) C QU 3B,. Due to (2.13), u € 9B, implies F(\,u) # 0,
whereas if u € 9Qy then (A\,u) € 92N (J x U) and, hence, thanks to (2.3),
(A u) ¢ &. Therefore, F(A,u) # 0, since u # 0. This concludes the proof
of (2.12). Further, note that, since Qp =0, dpy = 0.
On the other hand, for each sufficiently small p > 0 and 1 < 7 < M, we have

that

Deg(&(oj — 5/2, '), ng,(;/Q) = dj_l + IDd(O,E(Uj — 5/2)),

Deg(%(aj + 5/2, . ),ng+5/2) = dj + Ind(O,S(oj + 5/2)),
and, hence, using (1.3), the identity (2.11) can be written in the form
dj_1 —dj = nd(0, £(0; + 6/2)) — Ind(0, £(o; — §/2)) = 2P(0;), 1<j < M.

Thus, adding these equalities and using the fact that dy; = 0 we obtain that

M M
do =) (dj1—d;) =2 P(o))
j=1 j=1
Therefore, thanks to (2.12),
M
(2.14) Deg(3(A*, ), Q+ \ B,) =2 P(0;).
j=1

Thanks to (2.10), (2.14) provides us with (2.6) when J = [A, 00).
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Now, we will explain the changes that one has to implement to get the result
in the case when J = (—o0, A]. First, pick a € J* \ ¥ such that P,Q C (a, ).
As in the previous case, if J* N Py\B = 0, then the invariance by homotopy of
the degree gives, for small p > 0,

Deg(g()‘*v : )7 QA* \EP) = Deg(%(a, : )7 Qa \EP) = 07
which concludes the proof. So, suppose (2.10), let 6 > 0 satisfy B+ Bs(0,0) C Q,
a<o1—0<01+0<02—0<...<opy+06<N\,

and, if PaAB\J* #£ 0, \* < inf[PAB\J*]—0d. Pick 0 < p < p*, where p* = p*(6/2)
is the value whose existence was shown by Proposition 2.2. Then, adapting the
argument of the previous case, one is led to the identity

M
Deg(g()‘*’ ')’QX" \Fﬂ) = _2ZP(UJ')7
j=1

which is (2.6) for this special case.

Finally, suppose J = R, let € be a bounded component of &, 2 an open
isolating neighbourhood of € in R x U, and A* € R\ PaB. Pick up a A < \*
such that © C [A,00) x U. Then, € is a component of & N ([A,00) x U), and 2
is an open isolating neighbourhood of € in [A, 00) x U. Therefore, thanks to the
first part of the proof,

Deg(g()‘*’ ')79/\* \FP) =2 Z P(U)

oc€(A*,00)NPAB
Analogously, we get the second relation of (2.7), and, as an immediate conse-
quence, (2.8). This completes the proof of the theorem. (|
3. Practical consequences of the main theorem
In this section we use Theorem 2.3 to estimate the number of elements of €y.

THEOREM 3.1. Suppose (2.1) and € is a bounded component of &N (J x U).
Suppose, in addition, that there exist \* € J\ PaBB, and n € N different isolated
zeros of F(N*, ), u; € €x+, 1 < j <mn, such that

Ind(uj, (A%, -)) € {-1,0,1}, 1<j<n.

Set
ny = Card{j € {1,...,n} : Ind(u;, F\*, -)) = £1}.
Then,
(3.1) Card€y« >n+1 whenever 2 Z P(o)| # [ny —n_|.

cEeJ*NPAB
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In particular, Card€y» >n+1ifny +n_ € 2N+ 1.

PROOF. Suppose €x- = {u1,...,un}. Necessarily u; # 0foreachl < j <n,
since \* € J \ PaBB. Thus, €y« N Ep = () for sufficiently small p > 0.
The set € is compact and has empty intersection with

Z ={N}x{ueU\Cy:F(A\*,u) =0},

which is closed due to the fact that each u;, 1 < j < n is an isolated zero of
F(A*, -). Therefore, there exists 3 > 0 such that (€ 4+ B(0,0)) N Z = (). By
Proposition 2.2, there exists {2 an open isolating neighbourhood of € in J x U
such that QN Z = 0. Then,

C = {u €\ B, : F(\*,u) = 0}.

Thus, the additivity property of the degree gives
Deg(F(A", ), 2 \ By) = Y Ind(uj, FA", -)).
j=1
Hence, it follows from (2.6) that

2sign J* Z P(a):ZInd(uj,S()\*, s

ocJ*NPA\B
and, therefore,

2 =|ny —n_|.

Y. Plo)

oceJ*NPL\B
This completes the proof of (3.1).
Finally, if ny +n_ is odd, then n, — n_ is as well odd, and, hence,

> Plo)

oceJ*NPL\B

2

# Iny —n_|.

This concludes the proof. O
Subsequently, we will use the following concept.

DEFINITION 3.2. Suppose € is a component of SN (J x U) and A* € J\PrB.
Then, A* is said to be a regular parameter value of € if €y« consists in exactly
n € N points, u;, 1 < j <n, isolated zeros of F(A\*, -), such that

Ind(ujag<A*a ))E {_17()’1}7 1§]§n
In such case, we set
ny = Card{j € {1,... ,n} : Ind(u;, F(\*, -)) = £1}.

Further, A* is said to be a strongly regular parameter value of € if, in addition,

n=ny+n_.
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Note that the regular-value formula of the degree ensures that A* € J\ P,B
is a strongly regular parameter value of € when D,F(\*,u) exists and is an
isomorphism for all u € €.

THEOREM 3.3. Suppose (2.1), € is a bounded component of & N (J x U),
and \* € J\ PrB is a reqular parameter value of €. Then,

Z P(o)|.

oceJ*NPL\B

(3.2) Card €y« > 2

Moreover, Card €y« € 2N if A\* is a strongly reqular parameter value of €.

PROOF. It has been assumed that €y« is finite. Moreover, 0 € €y« since
A* & PaB. Set n := Card€y- and suppose that €x» = {u},... ,u’}. Then,
reasoning as in the proof of Theorem 3.1 gives

2sign J* Z P(o) = Zlnd(ujvg(A*v 2))-
oceJ*NP\B j=1

Thus,

> Plo)| =

ceJ*NP\B

> (s, 5O, )

j=1

< Id(uy, FA, ) =ny +n- < Card €y
j=1

and, therefore, (3.2) holds.
Now, suppose Card €y« = ny + n_. The last assertion of Theorem 3.1 gives
ny +n_ € 2N. This concludes the proof. g

Strongly motivated by Theorem 3.3, we give the following fundamental con-
cepts.

DEFINITION 3.4 (Signature and minimal cardinal). Suppose (2.1) and € is
a bounded component of & N (J x U). Consider B := &N (J x {0}). If J #R
suppose €5 # 0 and A € P,B. Then:

(a) When PaB = {o1,... ,on} with 0; < 0441, the signature of € in J x U
is defined by

Signature [€; ] x U] := (P?;l) P((TCJTVN)> ’

where P(o;) stands for the parity of o; € £, 1 < j < N, whereas the
signature of € in J x U is said to be empty if B = 0.
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(b) When PaB = {o1,...,on} with 0; < 0411, the minimal cardinal of €
in J x U is the map MCie,sxp):J \ {01,... ,0n} — N defined by

N
Qmax{l, ZP(O’j) } if A e[A o1),
j=1
N
MC[C;JXU](A) = 2max{1, Z P(O’j) } if A e (Uia0i+1)a
j=i+1
1<i<N-1,
0 if A € (on,00),

if J =1[A,00), by

2 max {1,

N
Zp(aj) } if A € (on, Al

MCre. (A) = ¢
el Qmax{l, S P(oy) } if A€ (0i,001), L<i< N —1,
j=1
0 if A e (—00,0'1),
if J = (—o0,A], and by
0 if/\E(—O0,0'l)U(UN,OO),
MCe. A) = ¢
fesrxv)(M) Qmax{l, 3" P(oy) } if A€ (0i,0101), 1<i< N —1,
j=1

if J =R, whereas we take MCig,jxy) := 0 if B = 0.

Note that MCjg, 7y is uniquely determined from the Signature of € in JxU.
With this concept Theorem 3.3 may be rephrased as follows: MCie,7xp]()) is
a lower bound of Card € for any A € J\ P»B being a strongly regular parameter
value of €. In the subsequent discussion we will assume that J = [A, 00).

In the case when the signature of € in J x U is empty we have defined
MCi¢,sxv) = 0. Although € might have an arbitrarily large number of solutions
for some set of values of the parameter A > A, it can have zero for each A > A.
Indeed, this is the case if PA€ = {A}.

Now, suppose

saeies v (7). (7). (7))

Nle ()\) 2 if)\E[A,O’l),
SOV 7N 0 i A > oy

Although Figure 3.1(a) shows a possible component exhibiting less than two
solutions for a value A € [A,071), it should be noted that MCe,7xv](\) equals

Then,
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the minimum number of solutions of €, guaranteed by Theorem 3.3 at any
strongly regular parameter value A € [A,00) \ {01} of €. In Figure 3.1(b), (c)
we have represented two typical situations where any A € [A,07) is a regular
parameter value of €. It should be clear why zero is the minimal number of
solutions of €y if A > oy, though the compact might have an arbitrarily large

number of solutions for some range of A.

FIGURE 3.1. Three admissible components

In the case when

. . 01 g2 g1 09
(3.3) Slgnature[Q,JxU]G{(l 1),(1 1)},

then,

4 1f)\€ [A,O’l),
(3.4) MC[Q:;JXU]()\) = 2 if \e (01,02),
0 if A>o9.

Figure 3.2 shows some admissible components with signature (3.3) in the special
case when any A € [A,00) \ {01,02} is a strongly regular parameter value of €,
and Card €y = 4.

It should be noted that, thanks to Theorem 3.3, €y must possess an even
number of solutions for each A € [A,00) \ {01,02}. The analysis carried out in
the next section shows that all situations illustrated in Figure 3.2 are admissible.
The five cases shown by Figure 3.2 correspond with each of the possible cases
accordingly to the number of arcs of € connecting {A} x €, to (01, 0). Note that,
(3.4) provides the minimal number of solutions in the general case. Of course,
in all cases, (01,0) and (02,0) must be connected by some arc of curve, since €

is connected.
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FIGURE 3.2. Some admissible components with Card €y =4

Now, suppose
(3.5) Signature[C;J x U] € {(ill ;21> ’ (ill 22) ’

(5 2)(5 %)

2 fAe[A o1)U(01,02),
0 if A> o9.

(a) (b)

FIGURE 3.3. Some admissible components with Card €5 = 2

323
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Figure 3.3 shows some admissible components with signature in the set (3.5)
in the special case when any A € [A, 00)\ {01, 02} is a strongly regular parameter
value of € and Card €y = 2.

Again, (3.6) provides the universal minimal number of solutions in all these
cases.

When some degenerate points appear along any of these curves of €, the
number of solutions might drastically increase, or decrease, of course, but it
seems the previous diagrams provide us with the minimal topological patterns
that € should contain. We momentarily refrain from going further into the
analysis we are carrying out; it will be completed in the next section.

3.1. The special case when U = R. Although in one dimension it is
very easy to construct examples of components satisfying all requirements of
the theory developed in this section, one should take into account the following
general result, which excludes many different cases which might appear in higher

dimensions.

THEOREM 3.5. Suppose (2.1) and € is a bounded component of &N (J x R)
such that PaxB = {o1,... ,on} with o1 < ... < on for some N > 2. Suppose, in
addition, that there exist1 < i < j < N such that P(c;)P(c;) # 0 and P(op) =0
for each i < h <j. Then P(0;) = —P(0j), and therefore MCi¢, 751 € {0,2}.

PRrOOF. It is clear that for each 1 < h < N — 1, either

(3.7) €N (0,00) £ 0, A€ (o, 0ns1)
or
(38) cy N (7007 0) 7é @, A E (crh,crh+1).

Take 1 < h < N — 1 satisfying (3.8). Consider the family 3:R? — R defined as
a reflection of §,

_ - ~ NN, u) ifu <0,
§u) = £Nu+NAu), - NAw) = { “MA, —u) ifu> 0.

Note that § satisfies assumptions (HL), (HN) of Section 1, it is an odd function
of u, and the parity map P is the same for § and for § Let & be the set of
nontrivial solutions, as defined in (1.2), relatively to 3. Let € be the component of
S containing (op,,0); note that it is bounded. Let El, - ,Em be the components
of & with non-empty intersection with

S, X {0}, S, = (Uh,Uh+1) ﬂPil({fl,l}).
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Necessarily, they are bounded because they have empty intersection with ¢ (re-
call that U = R). Then,

Z P(u)=0, 1<k<m,
(M70)€Ek

by Theorem 2.3. Thus,

and Card Sy is even. An analogous reasoning for the case (3.7) proves that
Card Sy, is even for any 1 < h < N—1. As a consequence, (0;,0;)NP~1({-1,1})
is even and this concludes the proof. O

Subsequently, we will suppose that o1 < 09 < 03 < 04, and, given «; > 0,
1<i<4, as < as, consider the function F;:R? — R defined by

Fl()\,u) = [u2 — 041()\ — 0’1)(02 — )\)][u2 — ag(/\ — 02)(0'3 — /\)]
u? — az(\ — 2) (03 — N)][u? — as(A — 03) (04 — N)]u

for each (\,u) € R%. The set of zeros of Fy consists of the straight line u = 0
plus a bounded component, €; conformed by 8 elliptic arcs of curve looking like
Figure 3.4(a). It should be noted that

DuFl ()\, 0) = 0610620630[4()\ — O’1)(>\ - 0'2)3()\ — 0'3)3()\ — 0'4)

changes of sign at each o}, and, hence,

Signature [¢1; R?] = (011 012 031 014) .

(a) (b)

OO |

() (d)

FIGURE 3.4. Some admissible one-dimensional components
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In Figure 3.4(b) we have represented the connected set €2 of nontrivial so-
lutions of
Fy(\u) =[u? — a1(A —o1) (02 — N)][u* — aa(A — a1) (02 — N)]
. [u2 - a3()\ - 0'2)(03 - )\)][u2 - 044(/\ - 03)(0'4 - /\)]
. [u2 — a5()\ — 0'3)(04 — )\)]u,

where a; > 0, 1 <7 <5, with a; < as and a4 < as. Now,

Signature[QQ;R2]:<Ul o2 03 04)

0 -1 1 0

In Figure 3.4(c) we have represented the connected set €3 of nontrivial solutions
of

Fg(/\,u) = [u2 — al()\ — 0'1)(02 — )\)][u2 — 042(/\ — 02)(0'3 — /\)]
u? — az(\ — 03) (04 — N)]u,

where a; > 0, 1 <i < 3. Now,

Signature [€3; R?] = (Ul 72 % 04)

-1 0 0 1

Finally, in Figure 3.4(d) we have represented the set €4 of nontrivial solutions of
Fi(\u) = [u* = a(X = 01) (04 = N]F3(X, w),
where a > 0 is sufficiently large. Now,

Signature [€4; R?] = <‘71 o2 03 04)

0 0 0 O

4. Counting the exact number of solutions

Throughout this section we suppose that J satisfies (2.1), and € is a bounded
component of &N (J x U). When J # R we also assume A € P,BB and €, # 0.
Moreover, we impose the following non-degeneracy conditions:

(1) Dy& (A, u) exists and, for each (A, u) € €N[J x (U \ {0})], is an isomor-
phism
(2) There exists an open neighbourhood O of €\ (X x {0}) such that the
map
O — LU), (\u)r— Dyg(\u)
is continuous.

Our main goal is to analyze how Card €, changes as A varies along the whole
interval J. Many results are stated and proved for the case J = [A, 00), but it
should be clear which modifications are to be implemented for the other cases
of (2.1).
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THEOREM 4.1. Under the general assumptions of this section, Card €y is
finite and locally constant in J \ P \B. Consequently, it is constant on each
connected component of J\ PrB.

To prove Theorem 4.1 we use the following version of the implicit function

theorem.

THEOREM 4.2. Let Z, U, V be Banach spaces, ) an open subset of Z x U,
and G:Q — V a continuous map with the property that D,G exists and it is
continuous in Q. Suppose there exists a point (2o, up) € Q such that G(zg,ug) =0
and D,G(zp,ug) is an isomorphism. Then, there are open balls B,.(z0) C Z and
Bg(ug) C U such that, for each z € B, (z0), there is a unique u = u(z) € Bs(ug)
satisfying

G(z,u(z)) =0.

Moreover, the mapping z — u(z) is continuous.

PROOF OF THEOREM 4.1. To prove that €, is finite for any A € J \ PAB
it suffices to show that it is compact and discrete. As € itself is compact, any
section €y, A € J, must be compact. The fact that €, is discrete follows at once
from Theorem 4.2, since D, F(\, ) is an isomorphism for each (\,u) € € with
A€ J\PrB.

We now show that Card €y is locally constant on J \ PrB. Pick up \* €
J \ P»B and suppose

r:=Card €+, Cy« ={uj,...,ur}.

If r = 0, the compactness of € shows that €, = @ for A ~ \*. Suppose, then,
r > 0. We have that u} # 0 for each 1 < ¢ < r. Moreover, thanks to Theorem 4.2,
there exist ¢ > 0 and r continuous maps u;: (A* — 0, A* +6) — U, 1 <i <r, such
that
(A ui(A) =0, ui(N*) = uj,

if |\ =X <dand 1<i<r. Moreover, if F(A,u) =0 with |\ — A\*| < § and
|lu —uf| < § for some 1 < ¢ < r, then u = u;(A). Furthermore, reducing §,
if necessary, one can assume that each of the r curves (A, u;(A)), |A — \*| < 4,
1 <i <r,is bounded away from R x {0}, that u;(X) # u;(X) if ¢ # j, and that

(A" =0, X"+ ) NPB=10.

Thus, since € is a component of &N (J x U),
Ufvw) s A= x| <6, AeJpce
i=1
and
Card€y > Card €y« =7 fAe (N =0, A" +d)NJ
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To complete the proof of the local constancy of Card €y, we will argue by con-
tradiction. Suppose that there are sequences { A, }n>1 C (A* =9, \* + )N J and
{vn}n>1 C U, such that

lim A, =X, v, €€y, \{u1(M\n), .. yur(An)}, n> 1.

n—oo
Necessarily,

v, —uf| =6, 1<i<r n>1.
Moreover, by compactness, one can extract a subsequence, labeled again by n,
such that
lim (A, v,) = (A, u*) e €

n—oo

for some u* € €y«. Necessarily,
lu* —ui| >0, 1<i<m,

and, hence, Card €y« > r + 1, which is impossible. This completes the proof of
the theorem. ]

As an immediate consequence of Theorem 4.1, one gets the result that a
change of Card €, entails the existence of some bifurcation value from the trivial
solution. Moreover, from the regular-value formula of the degree, every \ €
J\ PaB is a strongly regular parameter value of €. The following result is then
obtained.

THEOREM 4.3. Suppose J = [A,00). Under the general assumptions of this
section, B # 0. Moreover, if

B:{(Ul,O),...,(UN,O)}, 0; < Oj41, ISZSNfl,

then
(a) PA€ =[A,on] and €,, = {0}.
(b) Card€, € 2N is constant in each of the intervals [A,01), (04,0i41),
1<i<N-1
(c) Card€y > MCie,sxu(A) for each A € [A,on]\ {01,... ,0Nn}.
(d) € can be expressed as

¢ = [ v(lay. ),

el

where T' is a finite set of continuous curves 7:[ay,by] — R x U such
that ay < by, v(ay) € ({A} X €A)UB, v(by) € B, Pr(y(N)) = A for any
A€ [ay, by,

V((ay, 7)) NBU({A} x €a)] =0,

and ¥(lay, by]) N n([ay, by]) C B for v,n €T, v #n.
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Moreover, for each i € {1,... ,N — 1} and s, t € J such that
(4.1) [$,{] N PAB ={0s}, s<o;<t,
one has that
(4.2) Card €, + s, 0;] = Card €, + f[t, 4],
where
o[s,04] ==Card {y €T :a, <s<by, by =05},
it,0:;] :==Card {y €T :ay =0y, ay <t <by}.
Thus, 4[s, 03] +[t, 0:] > 2 is an even natural number. Also, 4lt,o1] > 1 if N > 2.

PROOF. Theorem 4.1 clearly implies that B # ().

It is plain that [A, on] C Pr€. Theorem 4.1 proves the equality immediately.
The fact that €,,, = {0} can be proved by contradiction by using a standard
continuation argument based on the fact that Px€ = [A, on]. This proves (a).

Parts (b), (c) are immediate consequences of Theorems 4.1 and 3.3. Part (d)
is an easy consequence of the previous features using the continuation method
of the proof of Theorem 4.1.

Now, suppose s,t € J satisfy (4.1). Then, exactly 4[s, o;] points of {s} x €
are connected by f[s, ;] curves of T to (0;,0). Therefore, by assumptions (1)
and (2), using a standard global continuation argument based on the implicit
function theorem, the remaining

R, := Card €, — ts, o]

points are connected by R, curves of I', separated away from J x {0}, to Rj
points of {t} x €;. The remaining points of {t} x &,

Rt := Card €t - Rs,

must lie in R; curves of I' going back necessarily to (o;, 0), because of assumptions
(1) and (2). Moreover, no additional arcs of I' can connect (o;,0) to {t} x &;.
Therefore,
Ry = tft,0;] = Card €; — Card €, + t[s, 0],

which concludes the proof of (4.2). The fact that s, o;] + 4[t, ;] is even follows
easily from part (b) and (4.2); it cannot vanish, since (0;,0) € € and € is
connected. Finally, if ¢ = 1 (and, hence, N > 2) then [t, 01] > 1, since otherwise,
denoting I'y the set of v € T" such that (o1,0) € y([ay,b,]), then

U 2a0)), U llays b))
vyelr; ~yEM\I'y

would be two disjoint non-empty closed subsets with union €, thus contradicting
that € is connect. This concludes the proof. O
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Note that in the statement of Theorem 4.3 the quantities f[s, o;] and s, ;1]
do not depend on s as soon as s € (0;_1,0;). In the following discussion we
assume J = [A, 00).

In general, MC¢, s <) provides us with an optimal estimate of the number of
solutions of €. Indeed, under condition (3.3), the counter (3.4) provides us with
the exact number of solutions of the components shown in Figure 3.2(a) and (b).
Similarly, under condition (3.5), (3.6) gives the exact number of solutions of the
components represented in Figure 3.3(a), (b), though in Figure 3.2(c)—(e) and
Figure 3.3(c) one has that

Card €, > MC[C;JXU]()\), AE (0’1,0’2).

Subsequently, we will focus our attention in the case when (3.3) is satisfied. The
minimal number of solutions of €, in this case is 4. Suppose this is the case and
pick A < s < 01 <t < g9. Then, thanks to (4.2),

(43) Card ¢; = Card &, + h[t,dl] — h[S, 0'1] =4+ h[t,dl] — h[S, 0'1].
On the other hand, accordingly to Theorem 4.3(c),
Card Q:t Z MC[C;JXU] (t) = 2.

Suppose Card €; = 2. Then, it follows from (4.3) that s, o1] — ¢, 01] = 2, and,
therefore, [s, o1] > 3, since §[t,01] > 1. Consequently, if f[s, o1] < 2, then

Card¢; > 4 > MC[C;JXU] (t) = 2.

Actually, if f[s,01] = 2 (respectively, b[s,o1] = 1), then the minimal admissible
value for f[t,01] is 2 (respectively, 1), and, in that case, Card €; = 4, whereas if
i[s,o1] = 0, then the four arcs of curve starting at A = A must end at (o2,0)
and, since (o1, 0) must be connected with (o2,0) as well, and solutions arise by
pairs, the minimal admissible number of solutions of €; must be 6. This is the
case already represented in Figure 3.2(e). More generally, one has the following
general consequence of Theorem 4.3.

COROLLARY 4.4. Suppose J = [A,00). Under the general assumptions of

this section, assume that

. 1 ON o1 ... ON
¢ .
Slgnaure[Q,JXU]€{<1 1)’<1 1)}

for some N > 2, and pick t € (01,02). If Card€p = 2N, then € must adjust to
some of the following structural patterns:
(a) Card€; =2(N — 1), i[A,01] € {3,4,... ,2N}, b[t, 01] = 4[A, 01] — 2.
(b) Card€; = 2N, A, 01] =1ft,01] € {1,... ,2N}.
(c¢) Card€; =2k with k € N, k > N, g[A,01] < 2N, gft,01] = 2(k — N) +
h[Avgl]'
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Corollary 4.4 characterizes the admissible structural patterns of € in the in-
terval [A, o1]. Among the several possibilities, the number of solutions of € may
decrease by 2 when we cross each of 0;’s, as predicted by the minimal cardinal
function. In Figure 4.1 we have represented three different admissible compo-
nents in case N = 3, each of them satisfying one alternative of Corollary 4.4.

(a) (b) ()

FIGURE 4.1. Some admissible components with N = 3 and Card €y = 6

5. The case when € consists of continuous arcs of curve

Instead of assumptions (1), (2) of Section 4, in this section we suppose the
following:

(A) There exists an open neighbourhood O of €\ (¥ x {0}) such that the
map
O—LRxU;U), (MAu)— DF(\u)
is continuous.
(B) For each (A, u) € €N [J x (U\ {0})], DF(A, u) is surjective.

This section also assumes that J = [A, 00). The following result establishes that
¢ consists of a union of compact arcs of curve ending in ({A} x €4) U B.

THEOREM 5.1. Suppose assumptions (A), (B) are satisfied, and € is a bound-
ed component of & N (J x U) with A & P\B. Then, € can be expressed as

¢ = |J (0. 1),

veT

where T is a set of continuous curves y: [0,1] — Rx U such that v((0,1))NB =10
and
{7(0),7(1)} € ({A} x €A) UB.

Furthermore, v([0,1]) N n([0,1]) C B for v,n € T', v # n. Moreover, for each
A € J\ PaAB, the set of v € T satisfying A € Px(v([0,1])) is finite.
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PROOF. Pick (Ag,up) € € with ug # 0. As D,F(XNo,uo) is Fredholm of
index 0, then DF (Ao, uo) is Fredholm of index 1 and surjective, so

dim N[DS'()\(), UO)] =1.

Pick up w € N[DF (Ao, uo0)] \ {0}. Subsequently we denote by (-, -) the duality
between R x U and (R x U)’. Let ¢ € (R x U)’ be such that (¢,w) = 1, and
consider the operator &:R x U x R — R x U defined by

S\, u,t) = ({0, (A — Ao, u—up)) —t,F(A\,u)).

By construction, &(Ag, ug,0) = 0 and

(G

(5.1) Dy 8(Ao, uo, 0) = <DS(/\0 o)

) € LR xU),
which is an isomorphism, since
N[Dx,u)®(Xo, w0, 0)] = N[DF (Ao, uo)] N N[p] = {0}
and for any (a,b) € R x U, there exists (z,y) € R x U such that
DF (Ao, uo)(x,y) = b,

and the image of (x,y) + (a — (¢, (x,y)))w under (5.1) is (a,b). Consequently,
thanks to the implicit function theorem, there exists T > 0 and a continuous
map

T, 7] Y Rx U, e (A1), ult))

such that (A(0),4(0)) = (Ao, up) and
S(A(t),u(t),t) =0, te[-T,T).

Moreover, those are the unique zeros of & in a neighbourhood of (\g, ug, 0).
The uniqueness of the implicit function theorem allows us to conclude that

there exists a maximal continuous curve v: I — J x U, for some interval I C R,

such that v(0) = (Ao, uo) and &(y(t),t) =0, t € I, maximal with the property

~y(I)NnB=4.

A simple continuation argument shows that v can be extended with continuity
to I, the closure of I in R U {—00, 00}, and

{7(inf I),y(sup 1)} € ({A} x €4) UB.

As € is compact and connect, then v(I) C €. Reparametrizing, we can suppose
that this « is defined on [0, 1]. This proves the existence of I with the properties
indicated by the statement of the theorem.

Now we prove the last part of the proof. Suppose there exist Ag € J \ PrB
and a sequence vy, € I';, n > 1, such that A\g € Px(7,([0,1])) for each n > 1.
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Then, for each n > 1, there exists u,, € U such that (Ao, un) € 7,([0,1]). By
compactness, we can assume that

Uso = LM uy,.
n—oo

Necessarily uo, # 0, since A\g € PaBB and (Mg, uso) € €. The uniqueness of the
implicit function theorem applied to the function & concludes that -, is the
same curve for any n > ng and some ng € N. This concludes the proof. O

Strongly motivated by Theorems 4.3 and 5.1, we give the following definition.

DEFINITION 5.2. Suppose assumptions (A), (B) are satisfied, A € R, J =
[A, 0), € is a bounded component of & N (J x U) with A € PaB, (Ao, uo) € €,
ug # 0, and D,F (Ao, up) is not an isomorphism. Consider the set T' of the
statement of Theorem 5.1 and take v € I" such that v(t9) = (Ao, uo) for some
to € [0,1]. Then, (Mg, up) is said to be

(a) a subcritical turning point of € if Px(y(t)) < Ao for ¢ in some neighbour-
hood of tg in [0, 1],

(b) a supercritical turning point of € if Pxy(t) > A for ¢ in some neigh-
bourhood of ¢y in [0, 1],

(c) a hysteresis point of € in any other case.

In Figure 5.1 we illustrate each of the situations described by Definition 5.2.
Figure 5.1(a) shows a genuine subcritical turning point, Figure 5.1(b) shows a
supercritical turning point (actually, a segment filled in with this kind of points),
while Figure 5.1(c) shows a genuine hysteresis point.

(a) (b) (©

FIGURE 5.1. Turning and hysteresis points

It should be noted that in Theorem 5.1 the component € might consist of a
single point in {A} x U, say (A, up). If this is the case, necessarily D,F(A, uo)
fails to be invertible. Also, Theorem 5.1 does not entail the number of curves
conforming € to be finite, as their number might grow to infinity as A approaches
some of the values of PyB. This is the situation illustrated by Figure 5.2(a),
where there is an infinity family of closed loops shrinking to the unique point
of B.
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(a) (b)

FIGURE 5.2. Two admissible semi-bounded components

Actually, Card €, might be infinity for some A € J \ P,B, as illustrated by
Figure 5.2(b) where a curve exhibiting infinitely many turning points around
some of those A’s can be shown. Therefore, under the general assumptions
of Theorem 5.1 there is not, in general, limitation for the number of curves
conforming €, or for Card €y, though all results of Section 3 remain valid in this

context.

G 8%

(a) (b)

FIGURE 5.3. Two equivalent components satisfying assumptions (A) and (B)

At this stage of our analysis it should be clear that, under assumptions (A),
(B), the integer number MCie, 7xv](A) equals the minimal number of solutions if
€\ B consists of strongly regular parameter values, though this is not the case,
in general, because of the eventual formation of turning and hysteresis points
when those components vary as a result of the variation of some additional
parameter in the problem setting. Actually, from a topological point of view,
the bounded components adjusted to the same signature (—1, —1,1,1) shown in
Figure 5.3 are admissible. In both cases, MCje, 7x0](A), A € J\ PaB provides us
with a lower bound of the number of solutions of €, and of the number of arcs
passing through €, estimations which are exact in case (a). Both components
are equivalent from the point of view of graph theory, which strongly suggests
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FIGURE 5.4. Unfolding of Figure 5.3(a)

the use of graph theory in order to classify all admissible components under

assumptions (A) and (B).

A quite suggestive feature relies into the fact that Figure 5.3(a) might be

unfolded, by adding some additional parameter, into a component of the type

shown in Figure 5.4, but this analysis is outside the scope of this work.
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