482 BOOK REVIEWS

BULLETIN (New Series) OF THE
AMERICAN MATHEMATICAL SOCIETY
Volume 8, Number 3, May 1983 i
©1983 American Mathematical Society

0273-0979/82 /0000-1259 /$02.50

Solvability of nonlinear equations and boundary value problems, by Svatopluk
Futik, Mathematics and its Applications, vol. 4, D. Reidel Publishing
Company, Dordrecht, Holland /Boston, USA, London, England, 1980, 400
pp., $29.95.

Someone said it first: “Having a theory of nonlinear differential equations
as opposed to a theory of linear differential equations is comparable to having
a theory of nonchickens as opposed to a theory of chickens”. (Professor Jean
Mawhin has informed the reviewer that “bananas” is sometimes substituted
for “chickens”.) Since the book under review is mainly concerned with
nonlinear differential equations and since it is impossible to review an area as
broad as that of nonchickens, past, present, and future in only a few thousand
words, the reviewer must restrict his attention to those types of nonlinear
differential equations genuinely dealt with by the author. A more “global”
discussion can be found in the review [11] of another book co-authored by
Futik.

In the reviewer’s opinion a suitable subtitle of the book would be A4 survey of
the boundary value problem

(1) Au+g(u) =h(x), u|3Q=0

and variations thereof. The most common variations considered are higher-order,
semilinear, elliptic boundary value problems, ordinary differential equations
with periodic boundary conditions, and periodic-boundary value problems for
semilinear wave equations. A case may be made against this description on the
basis that much of the book concerns the operator equation

(2) Lu = Nu

where u is in a Banach space, L is linear, and N is nonlinear. However, those
familiar with the book would probably agree that most of the theory developed
for (2), by the author, was motivated by specific results for the problem (1) and
not the other way around. In any case, this review is for the nonexpert and for
this reason we emphasize the more concrete object (1).

Let us suppose, for simplicity, that g is at least of class C' and that 4 and the
bounded domain @ C RY (N = 1) are sufficiently regular. The generality of the
nonlinearity makes it difficult to give a useful classification of problems of the
form (1) but there are four types which stand out in the current literature.
These types, which are emphasized in the book, are nonresonance problems,
resonance problems, problems with rapid nonlinearities, and problems with
jumping nonlinearities.

Although there does not seem to be any precise definition of what a
nonresonance problem is, most of the persons who have used the term would
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probably agree that (1) is a nonresonance problem if g(s)/s remains in a
closed interval which does not contain any eigenvalues of the linear problem

3) Au+Au=0, u|aQ=0

for | s| sufficiently large. It appears that a special case of the condition was
first considered in a classic paper of Hammerstein [32] on nonlinear integral
equations. The results of this paper, applied to an integral equation, equivalent
to (1), show that if N < 2 and g(s)/s <y <A, for | s| sufficiently large, where
A, is the least eigenvalue of (3), then (1) has at least one solution for any
smooth A. Using variational methods, Hammerstein was able to show more
generally that if G’ = g, y is as above, and for some constant C the weaker
condition G(s) < ys?/2 + C holds for all s, then (1) is solvable; he also
showed that if the stronger condition g’(s) < y holds for all s, then (1) has a
unique solution. Dolph [23] extended the work of Hammerstein by showing
that if I is a closed interval containing no eigenvalue of (3) and g(s)/s € I for
| s | large, then (1) is solvable; moreover, he showed that the stronger condition
g’(s) €I for all s implies unique solvability. Very recently, Dancer [22]
established the following complementary result: If the range of g’ contains an
eigenvalue of (3) in its interior, then there exists a smooth 4 for which (1) has
more than one solution.

One type of nonresonance problem which has been investigated after Fu¢ik’s
death in 1979 is the question of existence of nonzero solutions of (1) in the case
where h is identically zero and g(0) = 0. For example, a recent abstract result
obtained by Amann and Zehnder [3] shows that if lim . g'(s) =
lim,_ _, g'(s) = g'(o0), g(0) = 0, g’(o0) is not an eigenvalue of (3), and the
half-open interval (g’(0), g'(cc)] contains an eigenvalue of (3), then Au + g(u)
=0 has a nonzero solution. Chang [16] has given a short proof of their
underlying abstract principle. Stronger multiplicity results have been obtained
with more assumptions on g—see for example, Ambrosetti and Mancini [6]
and Hempel [34] and Clark [18, 19] for the case g even.

In Futik’s book nonresonance problems are discussed in two brief chapters
which comprise a part of the book entitled Nonlinear perturbations of linear
invertible operators. As explained in the book this part serves mainly to
introduce the part entitled Nonlinear perturbations of linear noninvertible opera-
tors which, in keeping with current terminology, concerns resonance problems.

The prototypic resonance problem is a problem of the form (1) in which
lim,_  g(s)/s = lim,_ _,, g(s)/s = A, where A, is an eigenvalue of (3). A
large portion of the book is concerned with the special case where g(s) = As
+ f(s) and f(s) is bounded on the real line. As was shown in [37], if the limits
lim_. o, f(s) = f(= o) exist, if A, is a simple eigenvalue of (3), and either of
the conditions f(-00) < f(s5) < f(%0) or f(-00) > f(s) > f(0) hold for all s,
then a necessary and sufficient condition for solvability of (1) can be given.
For example, if f satisfies either of these conditions, k = 1, ©, is an eigenfunc-
tion corresponding to A,, and (, ) denotes the usual L(Q) inner product, then
the necessary and sufficient condition is that (4, 0,)/(1,0,) belong to the
range of f. Even if one or both of the limits f(-—o0), f(+ 00) are infinite, this
condition is necessary and sufficient for solvability if f(—o0) > f(s) > f(o0) for
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all s € (—o0, 00). This result is a special case of a theorem of McKenna and
Rauch [43] which also applies to distributional solutions of higher-order,
semilinear boundary value problems with strong nonlinearities, that is, nonlin-
earities which do not map L?*() into itself. The work of de Figueiredo and
Gossez [25] also gives a unified treatment of some resonance and nonresonance
problems for higher-order, semilinear problems with strong nonlinearities.

Recently, there have appeared several research papers (for example [20, 26])
which have considered the case g(s) = A,s + f(s) where f(*00) = 0 and have
given sufficient conditions for solvability of (1) when £ = 1. Since the methods
of these papers rely strongly on the fact that an eigenfunction corresponding to
A, does not vanish in £, there do not seem to be any immediate extensions to
the case k > 1.

Futik’s book contains discussions of several abstract theorems dealing with
resonance problems which are mainly due to members of the Prague school
[27, 29, 44]. The book also contains a section on resonance and nonresonance
problems for periodic ordinary differential equations and one on the use of
critical point theory in the study of resonance problems. The section on
periodic differential equations is largely influenced by results of Mawhin and
his co-workers (see, for example, [8, 31, and 41]) while the one on critical point
theory extends the approach used in [1].

An important reference for resonance problems, which supplements the
book, is Chapter II of the substantial paper by Brezis and Nirenberg [12]. This
paper obtains many results concerning resonance as applications of theorems
concerning the range of the sum of two nonlinear operators. The reviewer also
recommends the recent monograph of Haraux [33] which discusses resonance
problems for abstract evolution equations.

Following Fuctik, (1) is said to be a problem with a rapid nonlinearity if
lim,_ . (g(s)/s) = 0, e.g. g(s) = s>; the solvability of (1) when g(s) = —s>
follows from Hammerstein’s paper if N < 2 and from the well-known method
of subsolutions and supersolutions [49] for arbitrary N. In contrast, it appears
to be unknown if Au + u3 = h(x), u| 92 = 0 is solvable if N = 2.

Problems with rapid nonlinearities are better understood when N = 1. Using
the “shooting method” Ehrmann [24], Fut¢ik and Lovicar [28], and others have
shown that if N = 1 and g is a rapid nonlinearity, then (1) has infinitely many
solutions. Fuc¢ik and Lovicar were also able to prove the existence of at least
one solution when the boundary conditions are periodic. Cesari [14] has given
a functional-analytic proof of the solvability of (1) when N = 1, g(s) = s and
h(x) = sin x and he has treated similar problems with different boundary
conditions in [15]. Variants of Cesari’s method have also been used to
investigate resonance problems (see [27, 29, or 37]).

Although the book does not discuss problems with rapid nonlinearities for
N > 1, some progress has been made in this direction, especially for the case
where g(0) = 0 and 4 is identically zero. For special forms of g there are results
for such problems that follow from an old theorem of Lyusternik [40] concern-
ing constrained critical points of even functionals on real Hilbert spaces. For
example, if N <3 an application of this theorem implies the existence, in a
suitable Sobolev space, of a sequence of functions {u,,}5-, with norms equal
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to one and a corresponding sequence of positive numbers {A,, }5_, such that
Au,, + \,u=0,u,|0Q =0, and lim,,_ A, = 0. Setting v,, = N'/?u,, one
obtains an unbounded sequence of solutions of Au + u3 = 0, u| 92 = 0. This
is also implied by a rather general result obtained by Ambrosetti and Rabino-
witz in [5]. They have shown that if g is odd, g(s) does not grow fast as
s(N+2/(N=D a5 | 5| - o0, and there exists a constant ® > 2 such that 0 < G(s)
< ©7'sg(s) for | s| large, where G’ = g, G(0) = 0, then (1) has solutions with
arbitrarily large norms when 4 is identically zero.

If g is not odd but satisfies the extra conditions g(0) = 0 and g’(0) <A,,
then the “mountain pass theorem” can be used to ascertain the existence of at
least one nonzero solution of Au + g(u) =0, u|9Q = 0. Benci and Rabino-
witz [9] have obtained other conditions for the existence of a nontrivial
solution when g is not necessarily odd. Very recently and simultaneously, Bahri
and Berestycki [7] and Struwe [S51] have shown that if g(s) is a rapid
nonlinearity which satisfies certain technical assumptions and which does not
grow faster than a certain power depending on N, then the inhomogeneous
problem (1) has infinitely many solutions.

On p. 279 of the book under review Fuéik poses the question of whether or
not the problem Au + |u|*u = h(x), u|9Q = 0 is solvable if ¢ >0 is suffi-
ciently small. When N = 3 the result of Bahri, Berestycki, and Struwe answers
the question in the affirmative if ¢ < 0.693.

The term “jumping nonlinearity” was first used by Fucik in [30] although it
appears that Ambrosetti and Prodi [4] wrote the first paper on the subject. In
the current literature (1) is usually called a problem with a jumping nonlinear-
ity if it is not a nonresonance problem, as defined above, and

limsup g(s)/s < lim+infg(s)/s.
R iad e o)
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Ambrosetti and Prodi showed that if g is strictly convex and the limits g'(*o0)
satisfy 0 < g’(—00) <A; < g’(c0) <A, then, under standard regularity as-
sumptions, there exists a closed, connected manifold M in the space C*(Q)
(0 < a < 1) of codimension one such that the complement of M consists of
two open, disjoint, connected sets U, and U, having the properties that (1) has
zero, exactly one, or exactly two solutions depending on whether /4 belongs to
Uy, M, or U,, respectively. Subsequent work of Kazdan and Warner [36] and
Berger and Podalak [10] elucidated the form of U,, M, and U,. Results of the
first of these papers showed that if lim sup,, _., g(s)/s < A; <
liminf,_ | g(s)/s and h(x) = h(x) + sO(x), where O is a positive normal-
ized eigenfunction corresponding to A, and 4, is orthogonal to ®, then there
exists a number s, depending on A, such that

(4) Au+ g(u) =h(x) +s6(x), u|dQ2=0

is solvable if s > s and is not solvable if s < s,,.

Futik’s book discusses extensions of the Ambrosetti-Prodi theorem through
the work of Kazdan and Warner, but many other papers on this subject have
appeared in the last few years. A wide-open problem concerns the multiplicity
of solutions of (4). In this direction it was simultaneously shown by Amann






